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Discussion 
Tropical land snails are known to possess high allopatric and sympatric 
diversity, especially those inhabiting limestone karsts (as discussed in 
Chapters 2 and 3). The spatial isolation of limestone hills greatly contributes 
to this diversity and ultimately leads to the high incidence of local endemism 
(Clements et al., 2008). A few studies have shown that this isolation does not 
only induce endemism, but also leads to cryptic diversity in land snails (e.g., 
Köhler and Burghardt, 2016; Rundell, 2008; von Oheimb et al., 2019). This 
study was conducted to understand the evolutionary history of the genus 
Georissa of Borneo, which is particularly distributed in karst areas.  
 
Land snails of the genus Georissa Blandford 1864 were collected at various 
localities in Malaysian Borneo (Sabah and Sarawak). I then applied molecular 
and morphological approaches to understand (i) the systematics, taxonomy, 
and biogeography, (ii) morphological variation, and, (iii) shell character 
evolution. In this chapter, I will summarize the most important findings of this 
study. In addition, I will briefly discuss the future prospects and potential 
further studies of Georissa. 
 
Systematics, taxonomy, and biogeography 

In general, species identification in Georissa and other minute land snails is 
done by applying detailed morphological assessment and biogeographic data. 
By doing so, a geographically and morphologically coherent species can often 
be defined. For the Bornean Georissa, our study shows that these two 
approaches could be improved by adding molecular data in species 
delimitation, because I found: 

a. cryptic molecular diversity of two or more morphologically similar 
species, and 

b. high degrees of morphological variation within a single, 
genetically uniform population, suggesting morphological 
plasticity. 

Therefore, I did a comprehensive systematic evaluation of the Bornean 
Georissa by combining these three approaches in species delimitation. 
Initially, I grouped the species into two informal groups, namely, (i) the “scaly 
group” (Chapter 2) and (ii) the “non-scaly group” (Chapter 3). As a result, I 
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identified a total of 13 scaly species, of which six were new to science (i.e., 
Georissa anyiensis sp. n., Georissa muluensis sp. n., Georissa bauensis sp. n., 
Georissa silaburensis sp. n., Georissa kinabatanganensis sp. n., and Georissa 
sepulutensis sp. n.) and 16 non-scaly species, of which three were new to 
science (i.e., Georissa corrugata sp. n., Georissa insulae sp. n., and Georissa 
trusmadi sp. n.).  
 
Overall, the defined species show strong bootstrap support (Chapters 2 and 
3). On the one hand, high COI genetic divergences were observed between 
species with similar features (e.g., Georissa bauensis and Georissa hosei). On 
the other hand, I found species with very distinct morphological features that 
might be genetically closely related (e.g., Georissa hadra and Georissa 
muluensis). This already suggests that morphological evolution is not neutral, 
and may include both stasis and rapid divergence (see further below).  
 
In Chapter 2, I carried out web-based delimitation by using Automatic 
Barcode Gap Discovery (ABGD) (Puillandre et al., 2012) and Poisson Tree 
Processes (PTP) (Zhang et al., 2013) on the “scaly” group Georissa. I found 
that ABGD divided the Bornean Georissa into 6 species, while PTP divided 
the species into at least 15 species. These results were obtained based on the 
molecular data of what I argue are in fact 11 species of the “scaly” Georissa. 
Therefore, I could conclude that it is not advisable to identify a species of the 
Bornean Georissa based on molecular data alone. Moreover, it is widely 
known that many land snails have a highly fragmented population structure 
(see Liew et al., 2014; Rundell, 2008; Tongkerd et al., 2004), which increases 
the possibility of cryptic diversity of the Georissa. For this reason, I further 
refrained from algorithm-based species delimitation in the “non-scaly” 
Georissa (Chapter 3). 
 
Despite the many challenges in species delimitation in the Bornean Georissa, 
the approaches that I took eventually provided a comprehensive and pragmatic 
arrangement into species. Therefore, I would suggest that future species 
delimitation of Georissa would best be done by complementing 
morphological assessment and biogeographic data with molecular analysis.  
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Morphological variation 

The Bornean Georissa show two distinct shell surface sculpture types. First, 
there is the “scaly group”, which comprises species with scale-like 
protuberances on the shell surface, and second, the “non-scaly group” which 
comprises species without such scales; instead, there may be raised and/or 
weak radial and/or spiral sculpture in this latter group.  
 
Georissa species vary based on their morphological features. This could be 
observed even within small populations. For this reason, I conducted a 
molecular study to understand the shell variation of Georissa in a small-scale 
geographical area (Chapter 4). Interestingly, I found that the seemingly high 
shell variation of Georissa silaburensis is in fact due to a morphological 
parallelism in two sympatric species (i.e., G. silaburensis + G. “sp. Silabur”). 
These sympatric species are derived from ancestors from the outer part of the 
cave (Chapter 4). This finding is similar to Haase and Schilthuizen (2007), 
who found a sister species (Georissa filiasaulae) of Georissa saulae, which 
had strongly diverged from a “scaly” to a smooth (non-scaly) shell. In 
addition, the findings also highlight the fact that locally endemic species may 
render the ancestral species paraphyletic (Schilthuizen et al., 2005).  
 
Shell character evolution 

Based on shell morphology, the two informal groups of the Bornean Georissa 
show distinct shell characteristics, as stated earlier in this chapter. The 
phylogenetic approach with which I studied the shell evolution of Georissa 
(Chapter 5) showed that both groups to a large extent correspond with 
monophyletic groups (the “scaly” and “non-scaly” groups). The only 
exception is Georissa saulae, the only “scaly” species that is phylogenetically 
contained within the “non-scaly” clade of Georissa.  
 
Furthermore, the phylogenetic reconstruction (Chapter 5) shows little 
geographic structure, with species from Sabah, Sarawak, and non-Bornean 
species mixed across the tree. This further indicates their long history of 
dispersal. However, some shell traits seem to be geographically restricted. For 
example, I found Georissa hadra and Georissa niahensis are the largest forms 
of Bornean Georissa (adult shell height > 2.5 mm) and they are both found in 
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the northern part of Sarawak (Miri district). On the other hand, Georissa xesta, 
Georissa nephrostoma, Georissa flavescens, and Georissa bangueyensis are 
the smallest Bornean species with shell heights around 1.0 mm or less. These 
species are mainly distributed in the Kinabatangan region (Sabah). 
 
Additionally, I found that shell coloration of Georissa varies widely, even 
among individuals of the same species (as discussed in the taxonomy sections 
in Chapters 2 and 3). The cause of this variation remains unknown. Future 
research could possibly investigate associations between shell coloration and 
the environment to unravel this variability, which may be genetic or 
phenotypically plastic. I did, however, find that Georissa which inhabit the 
hypogean environment show less pigmentation as compared to the epigean 
species. For example, the hypogean G. filiasaulae is white in color, while the 
ancestral species G. saulae is orange to red. A similar situation is seen in 
epigean G. pyrrhoderma with orange to red shells and the hypogean G. 
silaburensis with less pigmentation, rendering it light orange (Chapter 4). In 
both cases, the hypogean species also have larger shell size as compared to the 
epigean species. Such shifts in shell color and size in cave snails might be due 
to the effects of a combination of ecological factors, such as the abiotic 
environment (Baur, 1988; Cameron and Cook, 1989; Chiba, 2004; Chiu et al., 
2002; Goodfriend, 1986; Haase and Misof, 2009), predation pressure 
(Moreno-Rueda, 2009; Schilthuizen et al., 2006), and physical restrictions 
(Okajima and Chiba, 2009). It is also not known by what developmental means 
Georissa shell color can change. Recent papers on snail shell coloration 
provide indications of the chemical compounds that could play a role (e.g., 
Jordaens et al., 2006; Schilthuizen et al., 2018).  
 
Future prospects 
Haase and Schilthuizen (2007) described the genitalia structures of G. saulae 
and G. filiasaulae, and this is the only complete description of a Georissa’s 
genitalia. Given the genus's uniformity in shell shape, an additional set of soft 
anatomy characters could certainly help improving the taxonomy. Moreover, 
a focus on the evolution of their genitalia might give indications of 
reproductive isolating mechanisms in sympatric species. Additionally, 
molecular studies that focus on the genus Georissa at a larger geographical 
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scale could improve our understanding on their phylogeographic pattern and 
mode of dispersion. 
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identified a total of 13 scaly species, of which six were new to science (i.e., 
Georissa anyiensis sp. n., Georissa muluensis sp. n., Georissa bauensis sp. n., 
Georissa silaburensis sp. n., Georissa kinabatanganensis sp. n., and Georissa 
sepulutensis sp. n.) and 16 non-scaly species, of which three were new to 
science (i.e., Georissa corrugata sp. n., Georissa insulae sp. n., and Georissa 
trusmadi sp. n.).  
 
Overall, the defined species show strong bootstrap support (Chapters 2 and 
3). On the one hand, high COI genetic divergences were observed between 
species with similar features (e.g., Georissa bauensis and Georissa hosei). On 
the other hand, I found species with very distinct morphological features that 
might be genetically closely related (e.g., Georissa hadra and Georissa 
muluensis). This already suggests that morphological evolution is not neutral, 
and may include both stasis and rapid divergence (see further below).  
 
In Chapter 2, I carried out web-based delimitation by using Automatic 
Barcode Gap Discovery (ABGD) (Puillandre et al., 2012) and Poisson Tree 
Processes (PTP) (Zhang et al., 2013) on the “scaly” group Georissa. I found 
that ABGD divided the Bornean Georissa into 6 species, while PTP divided 
the species into at least 15 species. These results were obtained based on the 
molecular data of what I argue are in fact 11 species of the “scaly” Georissa. 
Therefore, I could conclude that it is not advisable to identify a species of the 
Bornean Georissa based on molecular data alone. Moreover, it is widely 
known that many land snails have a highly fragmented population structure 
(see Liew et al., 2014; Rundell, 2008; Tongkerd et al., 2004), which increases 
the possibility of cryptic diversity of the Georissa. For this reason, I further 
refrained from algorithm-based species delimitation in the “non-scaly” 
Georissa (Chapter 3). 
 
Despite the many challenges in species delimitation in the Bornean Georissa, 
the approaches that I took eventually provided a comprehensive and pragmatic 
arrangement into species. Therefore, I would suggest that future species 
delimitation of Georissa would best be done by complementing 
morphological assessment and biogeographic data with molecular analysis.  
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