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Preface 

Human activities during the Holocene have induced a sixth biodiversity crisis and initiated 

rapid changes in the climate. The anthropogenic pressures put on ecosystems can result in direct 

or indirect environmental degradation, fragmentation and defaunation. Understanding local 

patterns of wildlife population structure, species interactions and initial biodiversity are all 

crucial to making well-informed decisions that leads to population sustainability and 

conservation of global biodiversity. 

This thesis is focused on the genus of giant land snail Placostylus and seeks to improve our 

overall knowledge of the genus and its potential to store information about the local 

environment (such as temperature and humidity) during shell formation. Placostylus is a genus 

endemic to the southwest Pacific and the many species present a valuable opportunity to 

integrate studies of ecology and environment at a scale relevant to current anthropogenic 

climate change. The characteristics of Placostylus shells can be used to investigate extant and 

extinct morphological variation within the genus, and their chemical composition can be used 

to track the environmental conditions in which the snails lived. In parallel to shell analysis the 

generation of genetic data can be used to infer phylogenetic relationships between distant taxa, 

and at a fine-scale patterns of population structure allow us to infer gene flow and 

differentiation. Understanding the extent to which shell shape and size is controlled by genetic 

differences and how much phenotypic plasticity leads to differences is essential if we are to 

correctly interpret the significant of phenotypic variation. For example, arid conditions can lead 

to Placostylus snails maturing when much smaller in size. Potentially, intraspecific shell shape 

and size variation and shell chemistry can all inform us about the local environmental 

conditions that existed as snail shells were formed.    

Three main axes are developed throughout the thesis. First the diversity of Placostylus and 

extended species of the super-family Orthalicoidea are introduced using a phylogenetic 

investigation. Evolutionary relationships are inferred from DNA sequences of mitochondrial 

and nuclear genetic datasets. Second, morphological variation is examined in detail where two 

Placostylus snail species are sympatric (the Isle of Pines, New Caledonia). The variation in 

shell shape of taxa living and growing in the same environment must represent genetic 

differences rather than phenotypic plasticity. However, genetic data from the Placostylus 

species present on the Isle of Pines was needed when a third snail morphotype was discovered. 

On the Isle of Pines giant land snails of the species P. fibratus are harvested for food, where 
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they are sympatric with the vulnerable species P. porphyrostomus. Understanding local 

population structure of both species and their interaction will inform management decisions for 

both species. Third, the stable isotopic composition of extant Placostylus shells is analysed 

from Placostylus shells from New Zealand and New Caledonia. This works has the aim to 

establish a climate proxy system which through the analysis of fossil shells could inform us 

about past environmental conditions. A protocol to sample high-resolution isotopic signatures 

from Placostylus shells is developed and the stable isotopic composition of shells are examined 

in light of the environmental variables of the snail collection locations. 
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Thesis structure 

In chapter 1, I use high-throughput sequencing technologies to assemble the full DNA 

sequences of mitochondrial genomes and multi-copy nuclear genes for five species of 

terrestrial snail from the Pacific (Placostylinae sub-family). Phylogenetic relationships among 

these taxa and other related species are investigated. This chapter has been formatted for the 

journal Molluscan Research and is currently under review. 

In Chapter 2 I study morphological variation within of a sample of Placostylus shells collected 

on the Isle of Pines, New Caledonia. The morphological variability of shells is analysed 

through geometric morphometric and machine learning methods. Using supervised learning 

algorithms and unsupervised learning algorithms I found that not all shells can be confidently 

assigned to either or other of the two Placostylus species and that a third shell phenotype is 

present on the island. This paper has been formatted for Journal of Molluscan Studies and was 

published in February 2020.  

In Chapter 3 I develop nuclear markers for population genetic studies involving the two species 

P. fibratus and P. porphyrostomus. To do this I use high-throughput paired-end genomic library 

dataset to design primer pairs surrounding potentially variable sequences. I successfully 

amplify four microsatellite markers and two Single Nucleotide Polymorphism markers and test 

them on two population samples of P. fibratus and P. porphyrostomus. 

In Chapter 4 I study the genetic structure of Placostylus snails on the Isle of Pines and use 

genetic data to investigate the nature of the third morphotype of snails present on the island. 

Using both mitochondrial DNA phylogenetic analysis and clustering analysis of neutral nuclear 

genetic data I find that snails of the third morphotype are not hybrids, and they do not represent 

a third taxon. Genetically the sample of snails with the third morphotype cannot be 

distinguished from morphologically identified P. fibratus snails on the Isle of Pines. 

In Chapter 5 I generate stable isotopic data from Placostylus shells from New Zealand and New 

Caledonia. I compare the isotopic signal from snail shells to environmental isotopic signals and 

climate in these two regions. A high-resolution sampling protocol is developed and used to 

sample multiple shells of different origins. Stable isotopic variability is compared between 

snails from two geographical origins and between sympatric species of snail, providing 

important base line data for future use of these species as paleoclimatic proxies. 
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Chapter 1: Generation of large mitochondrial and nuclear nucleotide 

sequences and phylogenetic analyses using high-throughput short-read 

datasets for endangered Placostylinae snails of the Southwest Pacific 
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Abstract 

Placostylinae are a sub-family of terrestrial land snails endemic to the southwest Pacific. 

Some species are harvested for food, and other are critically endangered. Here I assemble and 

characterise complete mitochondrial genomes, as well as three nuclear markers (partial 45S 

ribosomal cassettes and the two histone genes H3 and H4) of five snail species from three 

geographical regions (New Zealand, New Caledonia and the Solomon Islands). These 

multicopy markers are excellent targets for ancient DNA studies using the abundant fossil 

shells of terrestrial snails. Mitogenomes of Placostylinae snails ranged between 14,544 bp 

and 14,711bp, with minor variation in the position of tRNA tyrosine (Y) and tRNA 

tryptophane (W). The 45S ribosomal cassette contained intra-genomic nucleotide variation in 

ITS 2. Cassettes containing histone genes H3 and H4 and their non-transcribed spacer region 

were assembled for three species, with the two genes coded in the same direction. 

Phylogenetic analysis on this large dataset (mitochondrial genome + nuclear markers) 

supported geographical clustering of species but could not confidently infer monophyly of the 

four Placostylus species with respect to Eumecostylus cleryi. Analysis based on shorter Cox1 

sequences with a wider taxon sampling found species representing the genera Eumecostylus 

and Placocharis were nested within the phylogenetic diversity of Placostylus. Multi-locus 

phylogenetic analysis containing mitochondrial and nuclear sequences did not support 

Placostylinae as a monophyletic group. 
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Introduction 

With approximately 85,000 recognised extant species, Mollusca is the second most diverse 

animal phylum on earth (MolluscaBase eds. 2021). Systematics within this phylum still needs 

improvements, and many species complexes are yet to be fully described or understood 

(Lydeard et al. 2004). To identify management units molecular tools can be used and 

complement morphological data (Moritz 1994). Short DNA sequences have been widely used 

for inferring phylogenetic relationships among molluscs in the last few decades (e.g. Wade et 

al. 2006; Herbert and Mitchell 2009; Ramirez et al. 2009), but the emergence of high 

throughput Next Generation Sequencing (NGS) technologies has now made possible analysis 

of significantly larger genetic data sets (Hunter et al. 2016). For phylogenetic inferences to be 

reliable genomic regions targeted by NGS technologies must be both conserved enough to 

allow sequence alignment and at the same time display enough nucleotide variation to permit 

inference of statistically robust phylogenetic relationships. Technologies such as exon-based 

recapture (Teasdale et al. 2016) or anchored phylogenomics (Lemmon and Lemmon 2012) 

can now be used to sample up to hundreds of genomic regions with phylogenetic signal. They 

are, however, associated with a high methodological cost and require either the generation of 

transcriptomic data in parallel to generation of genomic libraries (exon-based recapture) or 

the use of probes to enrich genomic datasets in regions of interest (anchored phylogenomics). 

One simpler phylogenomic approach is to use mitochondrial and multi-copy nuclear gene 

data reconstructed from genomic libraries as input for phylogenetic analysis. Both types of 

markers are overrepresented in shotgun sequencing genomic libraries and therefore the 

methodological and economical cost associated with their generation is minimal. In addition, 

because they are present in high number they will usually be a good target in analysis of 

fossil shells, which are now providing opportunities to incorporate ancient DNA into tests of 

evolutionary change through phylogenetic analysis (Daly et al. 2020; Der Sarkissian et al. 

2020; Ferreira et al. 2020). Here I use high-throughput short-read sequencing to assemble 

whole mitochondrial genomes, 45S nuclear ribosomal DNA cassettes and the histone genes 

H3 and H4 of five species of Placostylinae, a sub-family of giant terrestrial land snails 

endemic to the south-west Pacific region. I use these data to infer phylogenetic relationships 

among Placostylinae species living on separate islands and other related species. 

The Placostylinae belong to the superfamily Orthalicoidea (Breure et al. 2010; Breure and 

Romero, 2012) and contain among others the three genera Placostylus (Martin, 1784), 

Eumecostylus (Martens in Albers, 1860) and Placocharis (Pilsbry, 1900) that are endemic to 
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islands in the south-west Pacific. Most of the recognised species in these genera live on 

Melanesian islands from the Bismark and Solomon archipelagos to Vanuatu, New Caledonia 

and Fiji but also on islands further south (Lord Howe, Three Kings, and the Far North of New 

Zealand). Many of these snail taxa are under threat of extinction from anthropogenic habitat 

change and predator introduction, and some are already considered extinct (Brescia et al. 

2008; Stringer et al. 2014). In many places extensive fossil deposits of Placostylus provide a 

potential resource for studies of changing environmental conditions (Brook 1999). In New 

Caledonia at least six species are recognised (Dowle et al. 2015) and they are culturally and 

economically important as food (Quenu et al. 2020). On Grande Terre itself, the main island 

of New Caledonia, Placostylus populations have declined and some species are at risk 

(Brescia et al. 2008), but on Île Des Pins (Isle of Pines) just south of Grande Terre, 

Placostylus snails are still harvested for food by indigenous Kanak people. New Zealand 

Placostylus species are considered vulnerable and today survive only in highly fragmented 

remnant colonies (Parrish et al. 1995; Daly et al. 2020), and Lord Howe P. bivaricosus is 

critically endangered (Ponder et al. 2003). On other island systems such as Fiji and the 

Solomon Islands Placostylinae are subject to similar threats, although information on these 

populations is limited (Brodie 2012). 

Previous molecular work on Placostylinae has relied on application of universal PCR primers 

to target short fragments (<850 bp) of mitochondrial genes. Using partial mtDNA 

cytochrome c oxidase subunit 1 (Cox1) sequences, the Lord Howe species, Placostylus 

bivaricosus (Gaskoin, 1855), was identified as sister to the two New Zealand mainland 

species, Placostylus ambagiosus (Suter, 1906) and Placostylus hongi (Lesson, 1830; Ponder 

et al. 2003), while the third New Zealand species, Placostylus bollonsii (Suter, 1908), which 

is endemic to the Three Kings Islands is phylogenetically more distant. A similar result was 

obtained using mtDNA Cox1 and ribosomal RNA16S sequences in a study that also included 

representatives of the New Caledonian species Placostylus fibratus (Martyn, 1789), 

Placostylus porphyrostomus (Pfeiffer, 1851) and Placostylus caledonicus (Petit, 1845; 

Trewick et al. 2009). The New Caledonian species were inferred to be a sister group to New 

Zealand mainland and Lord Howe Island species. Further molecular analysis of New 

Caledonian Placostylus spp. used sequences of the faster evolving mtDNA NADH 

dehydrogenase 2 (ND2) gene in combination with shell shape analysis and nuclear SNP 

markers to explore population level diversity (Dowle et al. 2015). Deeper phylogenetic 

relationships have also been investigated within the superfamily Orthalicoidea using 



5 
 

concatenated short DNA sequences (Breure and Romero 2012), including data from 

Placostylus ambagiosus (New Zealand), Placostylus eddystonensis (Pfeiffer 1855, New 

Caledonia), and Eumecostylus uligunosus (Kobelt, 1891) and Placocharis strangei (Pfeiffer 

1855, Solomon Islands). The 2,079 bp alignment of concatenated sequence (Cox1, ITS2/28s, 

Histone H3) supported the Placostylinae as a clade within the Bothriembryontidae. 

Until now, no full mitochondrial genome or 45S ribosomal RNA cassette has been assembled 

for any Placostylinae species, and the gene arrangement of histone H3 and H4 genes is not 

known. Mitochondrial DNA is in high copy number and therefore is likely to be most 

appropriate for ancient DNA studies from fossil shells (Shtolz and Mishmar 2019). Nuclear 

45S ribosomal cassettes, which include the conserved regions 18S, 5.8S, 28S and the 

unconstrained Internal Transcribed Spacers 1 and 2 (ITS 1 and 2), are multicopy. The 

ribosomal subunits 18S, 5.8S and 28S are conserved by their function in the translation of 

cytoplasmic mRNA of eukaryotic cells (Kressler et al. 2010). ITS 1 and 2 separate the 

different subunits within the 45S cassette and their nucleotide sequences are highly variable. 

The 45S ribosomal cassettes are present in numerous tandem copies usually on several 

chromosomes in the nuclear genome (Dalet et al. 2014) and are thought to evolve via 

concerted evolution (Nei and Rooney 2005). Intra-individual variation of nucleotide 

sequences is common in ITS, and can produce statistical noise when ITS sequences are used 

in phylogenetic or population genetic analysis (Hillis and Dixon 1991; Nei and Rooney 2005; 

Sochorová et al. 2018). The two Histone genes H3 and H4 code for protein subunits of the 

nucleosome complex. They are usually linked by a non-coding spacer region, and in molluscs 

they have been reported to be coded on opposing strands in some species (Armbruster et al. 

2005; Harl et al. 2014), but not all (e.g. Mytilus edulis Albig et al. 2003). Due to their high 

copy number in animal cells all three loci (mitochondrial genome, 45S ribosomal cassette and 

Histone genes H3/H4) can be reconstructed using high-throughput short-read NGS data 

(Koot et al. 2020; Gemmell et al. 2020). Here I sample five species of Placostylinae: two 

from New Zealand (P. ambagiosus, P. hongii), two from New Caledonia (P. fibratus, P. 

porphyrostomus) and Eumecostylus cleryi (Petit de la Saussaye, 1850) from the Solomon 

Islands. By doing this I provide genetic tools that will be useful in future population genetic 

analysis of endangered Placostylinae, and in analysis of ancient DNA extracted from fossil 

shells. I compare phylogenetic inferences from few taxa with long sequences to phylogenetic 

inferences obtained using limited amounts of data but a larger taxon sample. To achieve this, 

three distinct phylogenetic analyses are generated. First, phylogenetic relationships between 
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the five taxa are estimated using large mitochondrial and nuclear sequence datasets. Second, 

we extract a short Cox1 sequence for the five taxa and incorporate the new sequences in 

phylogenetic analysis of Placostylus and other closely related taxa (Trewick et al. 2009). 

Third, a multi-locus phylogenetic analysis containing mitochondrial and nuclear sequences is 

generated to investigate the relationships of sampled Placostylinae snails in relation to other 

Orthalicoidea sub-families (Breure and Romero 2012). 
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Methods 

Tissue collection 

I used foot muscle tissue samples from four species of land snail of the genus Placostylus. 

The samples of the New Zealand species, Placostylus ambagiosus and Placostylus hongii, 

were from a frozen tissue collection originally developed from whole body samples harvested 

for allozyme analysis (Triggs and Sherley 1993). Placostylus ambagiosus (PS185; NZ 

National Arthropod collection code GS4 of Triggs and Sherley 1993) was collected by G. 

Sherley from Cape Maria van Diemen, New Zealand. The specimen of P. hongii (PS257; NZ 

National Arthropod collection code WG865) came from eastern Far North, North Island. 

Although the precise provenance of PS257 is not recorded it was confirmed as P. hongii on 

the basis of shell morphology and region of origin. The two New Caledonian specimens, P. 

fibratus (PS28) and P. porphyrostomus (PS45), were collected in the field from populations 

on the Isle of Pines (Dowle et al. 2015). The Solomon Island specimen, Eumecostylus cleryi 

(PS127), was collected in Honiara, Guadalcanal.  

DNA extraction  

Foot muscle samples of approximately 50 mg of were cut from specimens using sterile 

scalpel blades. Each tissue was pressed in a clean paper towel to remove excess storage 

ethanol and cut into smaller pieces. Whole genomic DNA was extracted using incubation at 

55 °C in CTAB buffer (2% hexadecyltrimethyl ammonium bromide, 100 mM Tris-HCL pH 

8.0 20 mM EDTA) with proteinase K (Trewick et al. 2009). Following tissue digestion the 

solution was purified using an equal volume of 24:1 chloroform-isoamyl alcohol and 

centrifugation. DNA was precipitated from the aqueous fraction using sodium acetate (3M 

NaOAC) and chilled 95% ethanol. This extraction method has been found to be the most 

effective for isolating high molecular weight DNA from neogastropods while avoiding the 

problems of mucopolysaccharide contamination (Winnepenninckx et al. 1993). DNA was re-

suspended in 50 µl or 100 µl TE buffer (10 mM Tris, 0.1 mM EDTA) and quantified using 

Qubit fluorometry (Life Technologies, Thermo Fisher Scientific Inc).  

Illumina sequencing 

Total DNA extracts from the five Placostylinae specimens were processed through massive 

parallel, high-throughput sequencing using the ThruPLEX DNA-seq kit (Rubicon Genomics). 

Fragmented genomic DNA was pair-end sequenced on an Illumina Hiseq 2500. Reads were 

de-multiplexed using standard indexes. Resulting Illumina short reads were trimmed of 



8 
 

adapters and passed through standard quality filters using the software fastp (Chen et al. 

2018). Reads were paired in Geneious v8 (Kearse et al. 2012). 

Genome and gene assemblies 

Mitochondrial genomes were assembled from each of five sets of 101 bp paired-read data 

files. Initially the mitochondrial genome of Placostylus ambagiosus PS185 was assembled 

starting with available Sanger sequenced partial sequences of Placostylus mtDNA 

cytochrome c oxidase 1 as a reference using the Geneious v8 mapping tools (Kearse et al. 

2012). I then used iterative remapping to consensus sequences from each previous mapping 

round using medium-low sensitivity with 25 iterations to assemble the full circular 

mitochondrial genome. Once assembled, this mitochondrial genome served as the initial 

reference for mapping of paired-end reads of other individuals, which were then iteratively 

remapped until maximum read coverage was achieved. 

I used the MITOS web server (Bernt et al. 2013) to estimate gene annotations for one of the 

novel mtDNA genomes and used amino acid translation tools in Geneious to verify that each 

protein-coding sequence had an uninterrupted translation frame and the expected start and 

stop codons. I used ARWEN (Laslett and Canbäck, 2008) to confirm secondary folding of 

transfer RNAs then transferred annotations to the other four similar genomes. Annotations 

were further checked for homology across the five genomes. 

The same mapping approach was used to assemble the 45S nuclear ribosomal DNA cassettes 

of the five species, using available 5.8S and 28S sequences as our starting reference, and then 

mapping reads at medium-high sensitivity in Geneious (Kearse et al. 2012). 

Fragments of histone 3 (H3) were also reconstructed by mapping reads of the five 

Placostylinae species onto reference sequences. Five 267 bp H3 fragments were reconstructed 

based on GenBank data from the Placostylinae species Placocharis strangei (JF514684, 

Breure and Romero 2012) and five 291 bp H4 fragments were reconstructed based on 

GenBank data from Orcula dolium (KY512728, Harl et al. 2014). To reconstruct whole 

histone H3/H4 complexes (containing their noncoding spacer region), we first used one of the 

H4 fragments as a reference (PS127, Eumecostylus cleryi) and iteratively mapped 

corresponding reads at low sensitivity until the H3 fragment of the same individual could be 

mapped to a reference sequence. I then mapped paired-end reads of other specimens to the 

PS127 consensus sequence, but only reads of the New Caledonian species P. fibratus and P. 
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porphyrostomus mapped continuously to the reference sequence. I identified coding direction 

of the histone genes using the Geneious amino acid translation tool. 

Phylogenetic analysis 

Mitogenome and combined nuclear markers analysis of five Placostylinae 

Phylogenetic analysis was performed for mitochondrial genomes and nuclear markers 

separately. Whole mitochondrial genomes, ribosomal cassettes and histone genes were 

aligned using the software MUSCLE (Edgar 2004), with default options. Alignments were 

then checked visually and regions with ambiguous alignment were manually removed. For 

mitochondrial genome phylogenies I concatenated all coding DNA sequence (CDS) regions, 

and all the tRNA regions which are likely to hold phylogenetic signal (total length of this 

alignment was 10, 981 bp). An additional phylogenetic analysis using only the CDS regions 

was also performed. I used BLAST (Madden 2013) to find the closest mitogenome to our 

dataset on the GenBank database (Naesiotus nux) and used it as an outgroup in the 

mitochondrial phylogeny (Hunter et al. 2016). Nuclear markers (45S cassette, H3, H4) were 

also concatenated after aligning each marker separately (total length of the alignment was 

8,216 bp). Nuclear sequences for closely related species were not found on GenBank and 

therefore nuclear analysis had to be run without an outgroup. Phylogenetic relationships 

among taxa were estimated using both Maximum Likelihood (ML) and Bayesian Inference 

(BI) approaches. PartitionFinder2 (Lanfear et al. 2017) was used to find the most appropriate 

models of nucleotide evolution, using the corrected Akaike Information Criterion (AICc) as a 

model evaluation metric. I used PhyML for the ML approach (Guindon et al. 2010) and 

MrBayes 3.0 for BI phylogenies (Huelsenbeck and Ronquist 2001). Bayesian analyses were 

run on the CIPRES science gateway 3.3 server (Miller et al. 2010), taking advantage of cloud 

computing processing power. For mitochondrial analyses I used a partition of three 

nucleotide models for the CDS concatenated region (GTR + gamma; GTR + I + gamma and 

GTR + gamma), and one model for the tRNA region (GTR + gamma). Only one model of 

nucleotide substitution was needed for the phylogenetic analysis of nuclear markers (GTR + I 

+ gamma). 

Mitochondrial Cox1 analysis of 10 Placostylinae  

I extracted a 538bp Cox1 fragment from our five mitochondrial genomes to produce 

phylogenetic trees containing a wider sampling of Placostylinae, based on much shorter DNA 

sequences. Sequences were extracted from GenBank for Placostylus species of New Zealand, 
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New Caledonia, Three Kings Islands and Lord Howe Island (Trewick et al. 2009) and 

Placostylinae species of the Solomon Islands (Breure and Romero 2012). Total alignment 

included 10 putative species and 71 individuals. The same methods were applied for this 

phylogenetic analysis, I used both ML and BI approaches with only one model of nucleotide 

substitution (GTR + I + gamma).  

Multilocus analysis of multiple Orthalicoidea species 

Finally, to assess phylogenetic relationships of the five Placostylinae species within the 

context of the wider Orthalicoidea superfamily I also performed a phylogenetic analysis using 

concatenated multi-locus alignment of Cox1 sequences, partial histone H3 sequences and 

partial 28S sequences (Table 1, Breure and Romero 2012). I used 13 sequences of total 1,730 

bp length for this analysis, using sequences of Megaspira eliator as an outgroup, and only 

one model of nucleotide substitution (GTR + I + gamma).  
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Table 1. GenBank accession number and collection information of all sequences used in phylogenetic analysis in this study. 

 

species name Locality  Collector Mt genome 45S Cox1  H3 H4 Partial 28S 

Naesiotus nux San Cristobal Island, Galapagos S. Hunter KT821554.1   KT821554.1       

Placostylus fibratus Isle of Pines, New Caledonia F. Brescia MT163270 MN567952 MT163270 MT559980 MT602525 MN567952 

Placostylus porphyrostomus Isle of Pines, New Caledonia F. Brescia MT163271 MN567955 MT163271 MT559981 MT602524 MN567955 

Placostylus hongii Far North, New Zealand G. Sherley MT163273 MN567954 MT163273 MT559984 MT602521 MN567954 

Placostylus ambagiosus Far North, New Zealand G. Sherley MT163272 MN567951 MT163272 MT559983 MT602522 MN567951 

Eumecostylus cleryi Guadalcanal, Solomon Islands R. Richards MT163274 MN567953 MT163274 MT559982 MT602523 MN567953 

Eumecostylus uligunosus Rokera, Solomon Islands A. Delsaerdt 
  

JF514642 JF514685 
 

HM027505 

Bothriembryon dux Mt Caitlin, Western Australia 
   

JF514643 JF514686 
 

HM027490 

Botrhriembryon indutus Walyunga national park, Australia C. Whisson 
     

EU622023 

Prestonella Bowkeri Glen Avon, South Africa D. Herbert 
  

KF129392 JF514711 
 

EU622021 

Prestonella nuptialis Craddock area, South Africa D. Herbert 
  

KF129349 
  

EU622022 

Discoleus aguirrei Rio Negro, Argentina M. Guezzo 
  

KT371414 
  

KT371389 

Discoleus ameghinoi Rio Negro, Argentina M. Guezzo 
  

KT371415 JF514698 
 

JF514753 

Placocharis strangei New Georgia, Solomon Islands A. Delsaerdt 
  

JF514641 JF514684 
 

HM027504 

Megaspira eliator Rio de Janeiro, Brasil A. Galdino dos Santos 
  

JF514610 JF514715 
 

JF514721 

Placostylus eddystonensis Mount Koghis, New Caledonia C. Wade           AY841297 
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Results and discussion 

Mitochondrial genomes and nuclear loci characteristics 

The five mitochondrial genomes range from 14,652 bp to 15,187 bp (Table 2). All contain the 

expected 37 genes found in most metazoans, including 13 protein-coding genes, 2 rRNAs and 

22 tRNAs genes. Of these genes 24 are encoded on the heavy strand and 13 on the light 

strand. Nucleotide composition is skewed towards a high proportion of adenine and thymine, 

which is a common observation for invertebrate mitochondrial genomes (Table 2; Shioiri and 

Takahata 2001). The size of the noncoding region varies from 539 bp to 1,577 bp, i.e. 3.7–

10.8% of the total mitochondrial genome. Arrangement of mitochondrial genes remains 

mostly unchanged across sampled taxa, with only the respective position of two tRNA genes 

differing among species (Figure 1). In New Caledonian and Solomon Island species tRNA 

tyrosine (Y) is adjacent to Cox2 and followed by tRNA tryptophan (W), whereas in New 

Zealand species these two tRNAs are swapped and it is tRNA W that is adjacent to Cox2. 

Start codons for protein coding genes include the common ATG, ATA and ATT but also 

TTG and GTG. Start codons for invertebrate mitochondrial protein coding genes are quite 

variable (Gaitán-Espitia et al. 2013; Shen et al. 2012) and within our dataset there is evidence 

of start codon mutations for the genes ND5, ND4L, ND3, ND4, Cox3 and ND2 (Table 2). 

Stop codons include the common TAA and T. I noticed the hardest region to reconstruct was 

ATP8, which also seems to be the most variable protein coding gene of the mitochondrial 

genome. Length of this gene is extremely reduced in all five Placostylinae species (around 

200 bp; Table 3). This observation suggests that ATP8 could be under relaxed selection in 

Placostylinae, which could be linked to the low mobility of the snails (Sun et al. 2017).  
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Table 2. Summary statistics of five reconstructed mitochondrial genomes of Placostylinae species, assembled using 101 bp paired reads. P. = 

Placostylus, E. = Eumecostylus 

 

  

P. ambagiosus 

(PS185) 

P. hongii 

(PS257) 

P. fibratus 

(PS28) 

P. porphyrostomus 

(PS45) 

E. cleryi 

(PS127) 

Size (bp) 14,652 14,711 15,187 15,118 14,737 

A+T proportion  0.76 0.76 0.73 0.73 0.75 

Noncoding region (bp) 

and (%) 
539 (3.7%) 900 (6.1%) 1,041 (7.2%) 1,026 (7.0%) 

1,577 

(10.8%) 

Genes  37 37 37 37 37 

Gene regions (bp) 14208 14490 13657 13837 13518 

tRNA 22 22 22 22 22 
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Table 3. Position and length of the 13 protein coding genes and 2 rRNA genes found across five mitochondrial genomes of Placostylinae species. 

For protein coding genes, the nature of start and stop codons is indicated. Gene abbreviations Cox: Cytochrome oxidase, NADH: NADH 

dehydrogenase, Cyt: cytochrome reductase, ATP: ATP synthase. PS28: Placostylus fibratus, PS45: Placostylus porphyrostomus, PS127: 

Eumecostylus cleryi, PS185: Placostylus ambagiosus, PS257: Placostylus hongii 

 

Name Type Direction Position Length 

      PS127 PS45 PS28 PS185 PS257 PS127 PS45 PS28 PS185 PS257 

Cox1 CDS f 1->1542 1->1494  1->1488  1->1533  1->1533 1542 1494 1488 1533 1533 

       TTG/TAA TTG/TAG TTG/TAG TTG/TAA TTG/TAA           

16S  rRNA f 1743->2665 1740->2658 1739->2660 1649->2684 1652->2685  923 919 922 1036 1034 

             
Nadh6 CDS f 2912->3388 2915->3394  2914->3393  2953->3433 2965->3450 477 480 480 481 486 

       ATG/TAG ATG/TAA ATG/TAA ATG/TAG ATG/TAA           

Nadh5 CDS f 3414->5057  3417->5057 3416->5056  3455->5104  3470->5119  1644 1641 1641 1650 1650 

   
GTG/TAG GTG/TAG  ?/TAG GTG/TAG ATG/TAG 

     
Nadh1 CDS f 5044->5964 5044->5964 5043->5963  5091->6008  5106->6023  921 921 921 918 918 

       ATG/TAA ATG/TAG ATG/TAG ATG/TAA ATG/TAA           

Nadh4L CDS f 5972->6268  5972->6271  5971->6270  6016->6313  6031->6328 297 300 300 298 298 

   
 ATA/TAA ATG/TAG GTG/TAG ATA/T ATA/? 

     
CytB CDS f 6276->7361  6276->7367  6275->7366  6320->7402  6332->7417 1086 1092 1092 1083 1086 

       ATA/TAA ATA/TAA ATA/TAA ATA/TAA ATA/TAA           

Cox2 CDS f 7599->8260  7588->8250  7588->8250  7637->8296 7662->8327 662 663 663 660 666 

   
ATG/TA ATG/TAA ATG/TAA ATG/TAA ATG/TAA 
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ATP8 CDS r 8920->8747  9499->9293 9497->9291 8987->8742  9053->8802 174 207 207 246 252 

      ATG/TAA ATG/TAA ?/TAA ?/TAA ?/TAA           

ATP6 CDS r 9661->9008 10239->9586 10241->9588   9781->9128 9851->9198 654 654 654 654 654 

   
ATG/TAA ATG/TAA ATG/TAA ATG/TAA ATG/TAA 

     

12S rRNA r 10627->9879 

11237-

>10478 

11228-

>10471 10744->9979 

10832-

>10048 749 760 758 766 1519 

                          

NadH3 CDS r 

11044-

>10702  

11649-

>11307 

11640-

>11298  

11162-

>10818 

11242-

>10903 343 343 343 345 340 

   
ATG/T ATG/T ATG/T ATA/ATT ATA/T 

     

NadH4 CDS f 

11174-

>12487  

11795-

>13108  

11786-

>13099  

11298-

>12608  

11382-

>12692 1314 1314 1314 1311 1311 

      ATG/TAA ATG/TAA GTG/TAA ATG/TAA ATG/TAA           

Cox3 CDS r 

13409-

>12561  

14022-

>13183  

14013-

>13174  

13538-

>12687  

13601-

>12756 849 840 840 852 846 

   
ATG/TAG ATG/TAG ATG/TAG ATT/TAG ATT/T 

     

NadH2 CDS f 

13552-

>14478  

14165-

>15088 

14157-

>15080  

13628-

>14614  

13690-

>14673 927 924 924 987 984 

      ATG/TAG ATG/TAG ATA/TAG ATT/TAA ATG/TAA           
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Figure 1. Comparison of mitochondrial genome gene order in five Placostylinae snail species. 

Full name of tRNA and CDS genes can be found in table 3. 

 

The 45S region contained the five expected components of the transcription unit: the three 

RNA coding regions 18S, 5.8S and 28S and two Internal Transcribed Spacers (ITS1 and 

ITS2). Mapped reads of the 45S ribosomal cassette displayed evidence of intra-genomic 

variation at some nucleotide positions of the ITS1 and ITS2 regions in all five sampled 
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species genomes. This pattern of intraspecific variation has been reported for this marker in a 

number of other Gastropoda, and is widespread in metazoans (Stothard et al. 1996; Hoy and 

Rodriguez 2013; Davison 2002; Harris and Crandall 2000; Itskovich 2020). Relaxed selection 

combined with independent mutations in different sets of copies could lead to this pattern in 

ITS, while constraining selection minimises intragenomic nucleotide variation in the 

transcribed 18S, 5.8S and 28S regions (Pereira and Baldwin 2016). This needs to be taken 

into consideration when using ITS 1 and ITS 2 in phylogenetic or population genetic 

analysis, as intra-genomic nucleotide variation could potentially confound conclusions 

reached from comparative ITS analyses. Sequencing methods based on polymerase chain 

reaction amplification are more likely to yield invariant sequences whereas high throughput 

sequencing followed by mapping is more likely to make read variants apparent.  

Histone genes H3 and H4 were reconstructed for the five Placostylinae species based on 

GenBank fragments from related species. Whole histone cassettes containing histone genes 

H3 and H4 and their noncoding spacer region could only be reconstructed for the Solomon 

Island species E. cleryi (GenBank accession number: MT726982) and the two New 

Caledonian species P. fibratus and P. porphyrostomus (GenBank accession numbers: 

MT726983 and MT726984). In these cassettes both genes were coded on the same strand, 

and were separated by a noncoding spacer region of 707 bp (P. porphyrostomus), 772 bp (E. 

cleryi) and 800 bp (P. fibratus). Histone genes H3 and H4 have been reported to be orientated 

in opposing directions in gastropod genomes (Armbruster et al. 2005; Harl et al. 2014), but 

other configurations have been reported in bivalves (Albig et al. 2003). Our findings confirm 

that histone gene cassettes are not configured consistently in gastropods. For the two New 

Zealand species, P. ambagiosus and P. hongii, the configuration of histone genes could not 

be retrieved from our data. Mapping reads from New Zealand species to consensus sequences 

of other species only led to discontinuous mapping reconstructions, with gaps and poor 

mapping resolution in the noncoding spacer region. It is hard to know if this result reflects 

read limitation in our data or indicates real biological information. If it were real, it would 

imply that histone genes H3 and H4 have physically distinct genome locations in P. 

ambagiosus and P. hongi rather than being organised in cassettes. 
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Phylogenies 

Mitogenome and combined nuclear markers analysis of five Placostylinae 

Phylogenetic relationships inferred from both mitochondrial and nuclear DNA sequences 

were similar and suggest geographical clustering of Placostylus species, with a sister 

relationship between the two New Zealand species, and between the two New Caledonian 

species (Figure 2). Using another bulimulid species, Naesiotus nux, as an outgroup, 

Eumecostylus cleryi (Solomon Islands) was placed in a sister relationship to the New 

Caledonian clade in the mitochondrial phylogeny (Figure 2). However, this branch was not 

strongly supported by ML bootstrapping (71) and BI posterior probability varied when 

incorporating tRNAs in the analysis (0.9675 in the phylogeny with both CDS and some 

tRNA regions; but only 0.8292 in a phylogeny using just CDS – tree not shown). Inferences 

of phylogenetic relationship among snail species from different geographical regions is 

therefore ambiguous with this dataset. Given the amount of data used in this analysis it is 

likely these uncertainties rise from either conflicting information in the different regions of 

the mitochondrial genome, and/or from insufficient taxon sampling (Jantzen et al. 2019).  

 

Figure 2. Phylogenetic relationships inferred for five giant terrestrial snails of the Pacific. The 

shells of four Placostylus and one Eumecostylus species are shown, and Naesiotus nux 

(Bulimulidae) was used as the outgroup in the mitochondrial. Placostylus fibratus and P. 
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porphyrosotmus are from New Caledonia, P. ambagiosus and P. hongii are from New 

Zealand and E. cleryi is from the Solomon Islands. The tree on the left is based on whole 

mitochondrial genome DNA sequences (10,981 bp), that on the right is based on nuclear loci 

(ribosomal cassette 45S + histone genes H3/H4; 8,216 bp). Both were inferred using a 

Bayesian phylogenetic approach.  

 

Mitochondrial Cox1 analysis of 10 Placostylinae  

Phylogenies based on short Cox1 sequences grouped E. cleryi and other snails from the 

Solomon Islands in a clade sister to Placostylus bivaricosus (Lord Howe Island) with strong 

support (BI posterior probability = 1; Figure 3). Sister to this group is a monophyletic clade 

containing the Placostylus species from New Zealand, New Caledonia and Three Kings 

Islands. Placostylus bollonsi, the species from the Three Kings Islands, appears more closely 

related to species from New Caledonia than species from New Zealand. This is an odd result 

given the geographical setup of those islands (Three King Islands are 55 km north of New 

Zealand), but similar results have been found based on allozyme data (Triggs and Sherley 

1993). Based on these data, the nesting of Eumecostylus and Placocharis within Placostylus 

suggests taxonomic redundancy, and using only one genus name for all species would seem 

more appropriate.  

 

Figure 3. Phylogenetic relationships of 10 putative Placostylinae snail species from the 

southwest Pacific, inferred using a Bayesian phylogeny of partial mtDNA Cox1 (538 bp). 

Numbers at nodes refer to posterior probabilities indicating the level of support for clades. 

Species are colour coded on the map and phylogeny according to their geographical origin. 
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Multilocus analysis of multiple Orthalicoidea species 

Multi-locus analysis involving both mitochondrial (Cox1) and nuclear (H3, 28S) sequences 

did not support the monophyly of the Placostylinae (Figure 4). Some Placostylinae species 

from the Solomon Islands (Placocharis strangei, Eumecostylus uligunosus, Eumecostylus 

cleryi) were grouped with species from other sub-families (Bothriembryon dux, Discoleus 

ameghinoi, Prestonella nuptialis, Prestonella Bowkeri, Plecostylus peruvianus), but support 

for the corresponding branch is low (BI posterior probability 0.87). This differs from 

previous findings in this group, which used the same combination of loci, but fewer taxa 

(Breure and Romero 2012).  

 

Figure 4. Multi-locus Bayesian phylogenetic relationships of 13 species of Orthalicoidea. The 

phylogeny is based on 1,730 bp nucleotide alignment including concatenated sequences from 

Cox1, H3 and 28S loci. 
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Overall, all phylogenetic relationships reported here supported monophyly within 

geographical regions (or islands), but relationships among species in the wider Pacific rarely 

received strong branch support. Furthermore, phylogenetic relationships among the five 

Placostylinae species were different in each analysis. Long branch attraction caused by rapid 

molecular evolution within the Solomon Islands lineage and a relatively deep internode could 

be the source of this phylogenetic incongruence. Sampling of large NGS datasets for other 

species of Placostylinae will be needed to confidently infer phylogenetic relationships among 

these species (Uribe et al. 2019). From a biological perspective, dispersal from island to 

island is thought to be the main evolutionary process explaining the current distribution of 

Placostylinae species in the southwest Pacific (Trewick et al. 2009). This scenario provides 

no prediction of phylogenetic relationships as dispersal events to new locations could have 

happened in any order, and there is no limit to additional migration events that would overlay 

phylogenetic signal. 

In conclusion, I provide full DNA sequences for the mitochondrial genome, and the nuclear 

45S cassette, and Histone 3 and 4 for five giant land snails. These data provide the 

opportunity for developing better conservation genetic markers for a group of molluscs that 

are particularly vulnerable to human disturbance. In addition, because these genetic markers 

exist in multiply copies per cell, they provide an excellent resource for future study of aDNA 

from fossil snail shells.  
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Supplementary 

 

Supplementary table 1: Summary statistics of mitochondrial genome and ribosomal cassette assemblies of five different Placostylinae species. 

PS28: Placostylus fibratus, PS45: Placostylus porphyrostomus, PS127: Eumecostylus cleryi, PS185: Placostylus ambagiosus, PS257: 

Placostylus hongii 

 

  Mitochondrial genome Ribosomal cassette 

  PS28 PS45 PS127 PS185 PS257 PS28 PS45 PS127 PS185 PS257 

Initial number of reads 19,457,636 17,740,626 24,869.360 21,795,718 37,663,184 19,457,636 17,740,626 24,869.360 21,795,718 37,663,184 
Number of mapped reads 1,279 2,770 14,969 16,999 14,136 17,750 22,483 42,198 23,556 14,944 
Mean read depths 8.89 19.21 103.64 134.2 98.23 217.37 249.05 860.32 258.7 237 
Maximum read depth 24 36 148 203 176 465 632 1028 699 582 
Minimum read depths 1 4 40 16 9 119 137 156 79 50 
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Chapter 2: Geometric morphometrics and machine 

learning challenge currently accepted species limits of the 

land snail Placostylus (Pulmonata: Bothriembryontidae) on 

the Isle of Pines, New Caledonia. 
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ABSTRACT 

Size and shape variation of shells can be used to identify natural phenotypic clusters and thus 

delimit snail species. Here we apply both supervised and unsupervised machine learning 

algorithms to a geometric morphometric dataset to investigate size and shape variation of the 

shells of the endemic land snail Placostylus from New Caledonia. We sampled eight 

populations of Placostylus from the Isle of Pines, where two species of this genus reportedly 

coexist. We used neural network analysis as a supervised learning algorithm and Gaussian 

mixture models as an unsupervised learning algorithm. Using a training dataset of individuals 

assigned to species using nuclear markers, we found that supervised learning algorithms could 

not unambiguously classify all individuals of our expanded dataset using shell size and shape. 

Unsupervised learning showed that the optimal division of our data consisted of three 

phenotypic clusters. Two of these clusters correspond to the established species Placostylus 

fibratus and P. porphyrostomus, while the third cluster was intermediate in both shape and size. 

Most of the individuals that were not clearly classified using supervised learning were 

classified to this intermediate phenotype by unsupervised learning, and most of these 

individuals came from previously unsampled populations. These results may indicate the 

presence of persistent putative-hybrid populations of Placostylus in the Isle of Pines. 
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INTRODUCTION 

Species are defined using many different criteria, in order to classify individuals into distinctive 

groups (Darwin, 1859; Mayr, 1942; Mahner, 1993; Mallet, 1995; De Queiroz, 2007). However, 

the continuity of evolution means that probably no single species concept can effectively serve 

all circumstances. Instead it has been argued that practical and useful definitions (operational 

criteria) should be prioritized when applying empirical data to the issue of species delimitation 

(Dubois, 2011; Vaux, Trewick & Morgan-Richards, 2016). The definition of species as 

morphological or genotypic clusters of individuals (Mallet, 1995) allows for the presence of 

individuals that are morphologically or genetically intermediate between two species, as long 

as these individuals are relatively uncommon. In this view, species are groups of individuals 

that interact and reproduce mostly together and morphological and genotypic clustering is a 

consequence of the correlation of their traits. This definition accommodates evolutionary flux 

and so allows speciation, gene flow and selection to be studied without the circularity of 

defining a species by reproductive isolation. In this framework, we need to be able to delimit 

groups of individuals using character data and, if intermediate individuals between clusters 

exist, be able to determine whether they are strongly under-represented (Mallet, 1995). Robust 

analytical tools are necessary to both identify groups and detect intermediates. Recent advances 

in machine learning using supervised and unsupervised learning approaches allow 

identification of specimens with and without a priori labels and so provide less subjective ways 

of delimitating species’ limits. 

In parallel with advances in machine learning, since the 1980s there have been 

developments in the analysis of morphological variation (reflecting the development of a 

formal theory of shape and geometric morphometric methods) (Kendall, 1986; Mitteroecker & 

Gunz, 2009). Landmark-based geometric morphometrics use the relationships between a set of 

landmarks to study the shape of organisms, rather than a set of traditional distance 

measurements (Bookstein, 1991). In this approach, shape differences between individuals are 

defined as any variation found among a set of homologous landmarks after they have been 

scaled, rotated and translated to the same criteria; a process called generalized Procrustes 

analysis. Two types of landmarks are most commonly used. Fixed landmarks sample 

homologous features in different individuals, whereas semi-landmarks can be used to sample 

the same positions on any surface located between two fixed landmarks (Zelditch, Swiderski 

& Sheets, 2004). Statistical analyses can then quantify the differences in shape between 

individuals by considering variation in a set of aligned landmarks, typically after steps of 
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ordination and dimension reduction (Zelditch, Swiderski & Sheets, 2004). Geometric methods 

are more sensitive to shape variation than traditional morphometry (Rohlf & Marcus, 1993; 

Maderbacher et al., 2008) and have been usefully applied to the study of shell shape variation 

of molluscs (Carvajal-Rodríguez, Conde-Padín & Rolán-Alvarez, 2005; Cruz, Pante & Rohlf, 

2012; Gustafson et al., 2014; Dillon & Jacquemin, 2015; Gustafson & Bolek, 2016; Vaux et 

al., 2017, 2018; Rao et al., 2018; Verhaegen et al., 2018). In the present study we combine the 

use of geometric morphometry, with supervised and unsupervised learning algorithms, to test 

whether the current species-level taxonomy of the land snail Placostylus on the Isle of Pines, 

New Caledonia corresponds with patterns of shell morphological variation. 

Placostylus is a genus of large terrestrial pulmonate snails that is native to the islands 

of the western Pacific ocean (Breure, Groenenberg & Schilthuizen, 2010). In New Caledonia, 

six species are recognized according to current taxonomy (Neubert, Chérel-mora & Bouchet, 

2009), but a combination of genotypic and geometric data indicate that the two most  abundant 

nominal species-level taxa Placostylus fibratus (Martyn 1789) and P. porphyrostomus 

(Pfeiffer, 1851) may contain additional undescribed species on the main island, Grande Terre 

(Dowle et al., 2015). These two species are also locally common on the Isle of Pines, a small 

island (152 km2) south of Grande Terre, where P. fibratus is still harvested for food (Brescia, 

2011). 

Analysis of 26 specimens from the Isle of Pines has shown that shell morphology seems 

sufficient to discriminate the two sympatric Placostylus species, with concordance between 

shell morphology and nuclear genetic clusters being unequivocal (Dowle et al., 2015). Shell 

differences in sympatry indicate that the size and shape of adult Placostylus shells are largely 

controlled by genetic factors, rather than environmental differences. Placostylus fibratus is 

larger and has a wider ventral aperture than P. porphyrostomus, which is usually smaller with 

a thicker lip around a smaller aperture. Although shell morphology was concordant with two 

genetic clusters in a previous sample from the Isle of Pines, some crucial snail populations on 

the island were not sampled. Those from the Comwagna district are of particular interest 

because adult snails are intermediate in size to the two recognized species on the island and 

thus difficult to identify (Brescia, 2011). Available mtDNA sequence data suggest some 

historical genetic exchange consistent with hybridization between the two species (Dowle et 

al., 2015), and this may explain why these populations are intermediate in size to  P. fibratus 

and P. porphyrostomus.  
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Based on geometric morphometric analyses of data on shell size and shell shape data, the aim 

of this study is to apply supervised and unsupervised learning algorithms to test whether the 

recognition of two Placostylus species on the Isle of Pines is sufficient, and quantify the 

frequency of potential novel phenotypes.  
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METHODS 

Rationale 

Supervised learning is a type of algorithm that is ‘taught’ to create a function that will link a 

set of features (inputs) to a set of labels (outputs) (Hastie, Tibshirani & Friedman, 2009). This 

is done by providing example data, called the training dataset, for which features are already 

associated with some known labels. A training process is then used to find the optimal function 

that links feature values (shell shape and size) to label values (species identification). Here we 

use a class of artificial neural networks called a multilayer perceptron for supervised learning 

(Ripley, 1994). Multilayer perceptrons are recognised for their predictive efficiency, and rely 

on the use of gradient descent and backpropagation algorithms. Associations of these 

algorithms with geometric morphometrics can be used to classify individuals into different 

categories based on shape and size information (Baylac, Villemant & Simbolotti, 2003; Dubey 

et al., 2006; Soda, Slice & Naylor, 2017). We chose to use this algorithm as it requires few 

assumptions and can be applied to a wide range of data types (Ripley, 1994). A sample of snails 

where we have both morphometric and genetic information from a previous study was used as 

a training dataset (Dowle et al., 2015). These shells form two separate morphological groups 

that could also be separated using population genetic tools with nuclear loci; using the 

genotypic cluster definition they are regarded as two species. If the current taxonomy of 

Placostylus reflects biological reality and shell morphology can be used to separate individuals 

into two distinct species, we expect the supervised learning algorithms to classify without 

ambiguities all (or almost all) individuals in our expanded sample. 

We also use Gaussian Mixture Models (GMMs), a class of unsupervised learning 

algorithm, to find the optimal number of morphological groups in our new (expanded) dataset. 

Unsupervised learning is a class of machine learning algorithms, which infer structure in 

datasets that do not have a priori labels (Hastie, Tibshirani & Friedman, 2009). In the case of 

GMMs, the dataset is considered to be a mixture of population samples with different Gaussian 

distributions, and the modelling process divides the data into different classes, each one 

corresponding to a single Gaussian distribution (Fraley & Raftery, 2006). We use GMMs 

because this approach can model any kind of data, as long as the data can be separated into 

different Gaussian components.  Different models are created for a different number of 

hypothetical clusters. Bayesian information criteria (BIC) scores are used to determine which 

model is the best fit to the data and in this way the optimal number of clusters in our sample is 
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estimated. If the current shell-based taxonomy of Placostylus in the Isle of Pines is correct, we 

expect an optimal GMM that divides our dataset into two groups, corresponding to the two 

currently recognized species.  

Sampling strategy 

A total of 337 Placostylus snails was sampled across eight sites on the Isle of Pines in April 

2015 (Fig. 1). Sample sites were arrayed along a set of elevation gradients from the coast to 

the centre of the island (Fig. 1). All live snails within 20m radius of a fixed point were collected 

by hand, at three locations along each of eight transects. Two-dimensional geometric 

morphometric data were gathered from the 337 shells sampled in 2015 and from the 26 shells 

that were collected and analysed previously (Dowle et al., 2015). Among the eight population 

samples examined, five had previously been sampled (Vao, Gadji, Kere, Youaty, Touete), and 

three were sampled for the first time (Comagna, Wapan, Waatchia) (Fig. 1). Once snails are 

sexually mature, age-related variation in shell shape and size are considered to be minimal (F. 

M. Brescia et al., 2008). Only shells of adult snails (identified by the thickened lip) were 

photographed for shape analysis. As these snails are hermaphroditic it was not necessary to 

consider sexual dimorphism. 
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Figure 1. A. Topographic map of the Isle of Pines, New Caledonia, highlighting the different 

locations where snails were sampled. Colours represent different elevation levels. B. Two live 

Placostylus fibratus in their natural environment (image: Rod Morris).  

 

Geometric morphometrics (GM)  

The set of two-dimensional landmarks used for this study was derived from a set of optimal 

landmarks and semi-landmarks established in an analysis of New Zealand Placostylus (Daly, 

2017). A total of 40 landmarks and semi-landmarks were used, consisting of nine fixed 

landmarks and 31 sliding/semi-landmarks (Fig. 2). Digital images of the ventral surface of each 

shell were obtained using a Canon EOS 600d with EF100 mm f2.8 USM macro lens after 

careful positioning of the shell in a bed of sand of contrasting colour. The camera equipment 

was mounted on a high-precision Kaiser stand to allow reproducible positioning and orientation 

(Dowle et al., 2015). All images were captured with the lens fixed at the same distance from 

shell, and shells were positioned by the same person to minimize operator error (Schilthuizen 

& Haase, 2010). In order to place the semi-landmarks along the curves of the shells, two 

‘combs’ were placed manually using Adobe Photoshop CS6, with their teeth perpendicular to 

a line from the shell apex to the intersection of the lips and outer shell (Fig. 2). Digitization of 

landmarks and semi-landmarks was conducted using the programme tpsDig2 v.1.1 (Rohlf, 

2015). Landmark type assignment and Procrustes analysis were then performed using 

Coordgen v.8.0 (Zelditch, Swiderski & Sheets, 2004). Principal component analysis (PCA) 

was executed on the covariance matrices of the aligned landmark coordinates using MorphoJ 

(Klingenberg, 2011).  

The size of the shells was incorporated into the analysis using the ‘centroid size’ tool 

included in the Procrustes analysis in Coordgen8. This size estimation is calculated as the 

square root of the sum of the arrays coming from the centroid position of a shape to each of the 

landmarks (Klingenberg, 2016). Both shape information (principal components (PCs)) and the 

centroid size estimate (from here on referred to as ‘shell size’) were used as input variables in 

the supervised and unsupervised learning algorithms. 

Errors linked to shell manipulation and digitization were assessed by experimental 

replication; this involved taking five photographs of the same shell and comparing the variance 

attributed to the repeat process with the variance of the whole dataset using the 

morphol.disparity() function in the package geomorph v.3.1.2 (Adams, Collyer & 
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Kaliontzopoulou, 2018) in R v.3.6.1 (R Development Core Team & R Core Team, 2017). 

Overall, the variance linked to manipulation and digitization error corresponded to <0.3% of 

the variance of the rest of the dataset, which we deemed to be negligible for subsequent 

analyses. 

 

Figure 2. A. Shell of New Caledonian Placostylus fibratus with the 40 landmarks used in the 

geometric morphometry analysis. Digitizing combs are in blue and the orientation is indicated 

by the white dashed line. Red and yellow dots indicate permanent and semi-landmarks 

respectively. B, C. Relative displacement of landmarks using thin-plate splines, showing shell 

shape variation for PCs 1 (B) and 2 (C) of the geometric morphometric analysis of the whole 

dataset. PCs 1 and 2 explained 35.3% and 15.5% of total variance, respectively. Length of 

lollipop lines is proportional to warping in shape space for each PC. 

Supervised learning algorithms 

For the training process of the supervised learning algorithm, we used 26 shells genetically 

assigned to one of two species (our training dataset). These specimens had been unequivocally 

assigned by Dowle at al. (2015) to one of the two recognized Placostylus species on the basis 

of a nuclear DNA dataset comprising 661 SNP. Neural network models were built using the 

neuralnet() function in the R package neuralnet v.1.44.2 (Fritsch et al., 2016). Input data (shape 

and size) were normalized and scaled using a minmax function. Neural network models 

containing two hidden layers of five and three neurons were used (Fig. 3).  

We first tested the efficacy of different neural network models using exhaustive cross 

validation on our training dataset (n = 26). For model validation purposes, this dataset was split 
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into different train and test datasets of various proportions, using different numbers of input 

variables (for split proportions, number of input variables and other details see Supplementary 

Material Table S1). The objectives of this process were to estimate whether we had a 

sufficiently large training dataset and to determine the optimal number of input variables.  

Efficacy of the models was assessed by looking at the mean proportion of individuals assigned 

correctly in the test datasets for a large number of replicates. We found the optimal models 

used only two PCs and one size variable. In these models the cross validation correctly 

identified all snails most of the time (mean proportion of correct assignment was between 

98.8% and 99.8% for different sized training datasets; Supplementary Material Table S1). 

We then trained neural network models using the whole training dataset and used 

trained models on our new dataset of 337 shells to assign each snail to one of the two species. 

We repeated this process for a large number of neural network models (x1000) to avoid 

overfitting issues arising from single model interpretation (Zhou, 2009), retaining the average 

value of the neural networks outputs as assignment score for each individual (ensemble 

learning). 

 

Figure 3. Schematic of a multilayer perceptron used for the supervised learning algorithm 

examining classification of Placostylus land snail shells with the two shape PCs and centroid 

size. Neural networks contained two hidden layers of five and three artificial neurons, 

respectively. Here weight and bias parameters are represented by black and blue arrows. 

 

Unsupervised learning algorithms 
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For Gaussian mixture models we used the R package mclust v. 5.4 (Fraley & Raftery, 2006). 

Gaussian mixture models were built using shell size and the same number of PCs as in the 

supervised learning analyses (1 and 2). Different models were built for a range of a priori 

clusters in the dataset, with the optimal model being selected on the basis of BIC scores 

(Supplementary Material Fig. S1). Results of the modelling process with additional input 

variables (PC1–5, shell size) were also computed and yielded similar results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

41 
 

RESULTS 

First and second PCs of variation of the geometric morphometric analysis accounted for 35.3% 

and 15.5% respectively of the total variance in shell shape. Warp transformation grids indicate 

that spire height, aperture size and lip thickness varied the most (Fig. 2).  

Supervised learning algorithms 

Using the supervised learning algorithm, individual specimens were assigned to one or other 

of the two species, Placostylus fibratus or P. porphyrostomus, if their assignment probability 

was >95%. On the basis of this criterion, 224 individual snails were identified as P. fibratus 

(67%) and 61 as P. porphyrostomus (18%); 51 (15%) could not be assigned to either species 

(Table 1, Figs 2B, 4A). Most of the unassigned individuals came from two populations: 

Comwagna (28 individuals) and Wapan (15 individuals). The six other population samples 

contained individuals that could be confidently identified to either P. fibratus or P. 

porphyrostomus, with only a few unassigned individuals (Table 1). Youaty was the only 

population sample with just one snail species (P. fibratus). 

Unsupervised learning algorithms 

The shell size and shape variation had an optimal fit to a GMM with three clusters (elliposidal, 

equal volume, shape and orientation (EEE) model; Supplementary Material Fig. S1). 

Assignment probabilities to the three phenotypic clusters were computed for each of the 337 

individuals (Table 1, Fig. 4). Two of the phenotypic clusters identified using shell size and 

shape variables correspond to the recognized species P. fibratus and P. porphyrostomus. A 

third cluster was also observed. This consisted mostly of individuals from Comwagna and 

Wapan, which were unassigned by the supervised learning algorithm (Fig. 4, Supplementary 

Material Table S1). The snails in the third cluster were intermediate in shell size and shape to 

P. fibratus and P. porphyrostomus (Fig. 5). 

Using GMMs, 226 (67%) individuals were assigned to the P. fibratus cluster, 56 (17%) 

to the P. porphyrostomus cluster and 54 (16%) to the intermediate group. The assignment of 

individuals was similar to the result produced by the supervised learning algorithm, with 

specimen assignment probabilities <0.95 (from supervised learning) placed in the third cluster 

(Fig. 4). Only 11 of 337 snails (3.27%) were classified in different ways by the two methods, 

as explained here: of the three individuals not assigned by supervised learning, two were 

assigned by GMM to P. fibratus and one to P. porphyrostomus; eight shells classified as P. 
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porphyrostomus by the supervised learning algorithm were classified as either P. fibratus or 

the intermediate type by GMM. The geographic source of the snails that contribute to the three 

morphological clusters identified by GMM suggests that the intermediate shell phenotype has 

a limited distribution. The Youaty population sample consisted only of P. fibratus, but the 

Touete, Waatchia, Gadji, Kere and Vao population samples contained both P. fibratus and P. 

porphyrostomus. The Wapan population sample contained examples of all three clusters, while 

the Comwagna population sample consisted mostly of individuals assigned to the intermediate 

type, with a few individuals of P. porphyrostomus (Table1). 

 

Table 1. Numbers of Placostylus in the three phenotype clusters (species) as assigned by 

supervised and unsupervised analysis of shell size and shape for eight population samples from 

the Isle of Pines, New Caledonia. Individuals were accepted as assigned to a cluster only if 

their assignment score was > 0.95.  

 

Population 
Comwagna Gadji Kere Touete Vao Waatchia Wapan Youaty Total 

Supervised learning 

classification 
        

  

P. fibratus  0 29 31 26 52 38 23 25 224 

P. porphyrostomus  8 9 7 7 16 9 5 0 61 

Not assigned 28 1 2 1 3 1 15 0 51 

Unsupervised learning 

classification 
          

P. fibratus  0 29 32 26 53 38 23 25 226 

P. porphyrostomus  4 9 7 7 15 9 5 0 56 

Intermediate 

phenotype 
32 1 1 1 3 1 15 0 54 
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Figure 4. Assignment probabilities calculated for shell shape and size variation in eight 

population samples of Placostylus from the Isle of Pines. A. Neural network supervised 

learning analysis for two phenotypes (the two recognized species). Colour coding: red, P. 

fibratus; yellow P. porphyrostomus.  B. An unsupervised analysis based on an optimal GMM 

that found three phenotypes (the two recognized species and the intermediate phenotype) 

Colour coding: red, P. porphyrostomus; blue, P. fibratus; green, intermediate phenotype.  

 

Figure 5. A. Relative frequency of three phenotypes of Placostylus in eight population samples 

from the Isle of Pines, New Caledonia, as indicated by the optimal GMM. The first two PCs of 

variation in shell shape (50.8% of total shape variation) and shell size. B. GMM-based 

classification of Placostylus in relation to variation of shell size and shape along PC 1 (35.3%). 

Colour coding: red, P. porphyrostomus; blue, P. fibratus; yellow, intermediate phenotype.   
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DISCUSSION 

Shell morphology, separable into shape and size components through geometric 

morphometrics, is controlled by a suite of heritable characters that can be influenced by 

environmental factors. Aquatic gastropods have provided evidence that phenotypic plasticity 

of shell size and shape is widespread (Bourdeau et al., 2015). The New Zealand land snail 

Placostylus ambagiosus shows size variation that is, in part, due to environmental factors 

(Parrish, Stringer & Sherley, 2014). However, previous work on the two New Caledonian 

Placostylus species P. fibratus and P.porphyrostomus has shown they are genetically distinct, 

despite coexisting at many locations on the Isle of Pines ( Brescia et al., 2008; Dowle et al., 

2015). Distinct shell traits of sympatric species are unlikely to be due to phenotypic plasticity, 

as the snails experience the same environment. 

When applied to our new dataset, supervised learning algorithms failed to 

unambiguously assign all snails into one or other of the two species that are recognized on the 

basis of traditional shell-based taxonomy. Most of the specimens with low assignment 

probabilities originate from two newly sampled locations on the Isle of Pines. The presence of 

many unassigned snails suggests that the classification into two morphological groups (species) 

is too simplistic in the context of our expanded dataset. At the same time, unsupervised learning 

algorithms indicate the presence of a third group and this result is consistent our finding that 

supervised learning failed to classify some individuals. This third group is intermediate in both 

shape and size to the two recognized species (Fig. 5). 

The snails from the Comwagna district, which constitute the majority of intermediate-

type individuals, have never been harvested for commercial purposes due to their smaller size. 

To date, these individuals have been considered to be a sub-group of P. fibratus (Brescia et al., 

2008). Our analysis suggests that they are distinct and could potentially represent an unusual 

population of hybrid individuals. While available data on mtDNA haplotype distributions 

suggest historical hybridization between P. fibratus and P.porphyrostomus, the presence of 

morphologically and genetically distinct sympatric populations had not indicated on-going 

hybridization (Dowle et al., 2015). Here, though, our morphological data suggest hybridization 

could go beyond simple mitochondrial introgression and could be the origin of an exclusively 

hybrid population at Comwagna, and rare hybrids at other localities.  

Hybridization can be viewed as a gradient that extends from rare introgression through 

stable hybrid zones to the formation of exclusively hybrid populations (Nieto Feliner et al., 
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2017). Introgression can generate gene flow between distinct species, but parental lineages can 

remain distinct when hybrids normally backcross to one of the parental forms (Anderson, 1953; 

Folk et al., 2017). Observations of five populations of Placostylus from the Isle of Pines (Gadji, 

Kere, Touete, Waatchia, Vao) seem to be consistent with the rare introgression hypothesis 

suggested by mtDNA haplotype data; this is because of the presence of just two distinctive 

parental phenotypic clusters and a small number (1.4–2.9%) of individuals with intermediate 

shell phenotype in these five populations (Fig. 3). Given the absence of intermediates at 

localities where P. fibratus and P.porphyrostomus are sympatric, we could apply the genotypic 

cluster definition (Mallet, 1995) and recognize two species. On the other hand, the numerical 

dominance of the intermediate phenotype in the population samples from Wapan and 

Comwagna suggests that if hybridization explains this phenotype, then hybridization has been 

locally common and has led to the loss of distinct parental phenotypic clusters at these sites.  

Environmental conditions instead of interspecific hybridization may potentially explain 

the prevalence of individuals with an intermediate phenotype. Of the eight locations where 

snails were sampled, Comwagna is situated on red ferralitic (=laterite) soils, whereas all the 

others are on uplifted coral reef terrain (Lagarde & Ouetcho, 2017). Experiments have shown  

a positive correlation between calcium availability and shell growth in some terrestrial 

gastropods (Beeby & Richmond, 2007). Phenotypic plasticity is likely to account for a part of 

the morphological diversity observed for New Caledonian Placostylus (Brescia et al., 2008; 

Dowle et al., 2015). Lower calcium availability on ferralitic soils is, therefore, a plausible 

explanation for the intermediate phenotype at Comwagna, but this is challenged by the 

presence of that phenotype on calcium rich substrate at Wapan. Although hybridization and 

recent gene flow between P. fibratus and P.porphyrostomus seems to be the most likely 

explanation for the presence of the intermediate phenotype, at this stage we cannot  rule out 

the possibility that the intermediate phenotype represents a novel lineage distinct from P. 

fibratus and P.porphyrostomus, or the possibility of an explanation based on environmental 

factors. 

Here we used two approaches to classify samples: one uses a training dataset, the other 

does not. The first method seeks to classify individuals within a framework of knowledge, 

while the second explores a dataset to find optimal divisions. Both methods are subject to 

overfitting issues (Adams, Rohlf & Slice, 2004). Supervised learning can misclassify 

individuals that are not inside the range of variance of the training data and unsupervised 

learning can under- or overestimate the number of clusters in a dataset. We suggest that low 
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support values for individual classification from supervised learning can be biologically 

interesting. While low support assignment can arise from technicalities such as a small training 

dataset or mislabelling, here the concordance of supervised learning results with unsupervised 

learning classification suggests our models were not lacking power. Our results, therefore, 

support the use of both methods, rather than either of them individually. Overall, our work 

joins the growing number of studies that have demonstrated that the association of geometric 

morphometrics and machine learning can be useful in addressing biological questions 

(Dobigny, Baylac & Denys, 2002; Dubey et al., 2006; Bocxlaer & Schultheiß, 2010; Mapp et 

al., 2017; Nattier et al., 2017; Soda, Slice & Naylor, 2017; Fang et al., 2018). 
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Supplementary  

 

 

Supplementary Figure 1: Bayesian Information Criterion (BIC) values for the different 

Gaussian Mixture Models created in the Mclust 5.4 package. The X-axis refers to the number 

of Gaussians used in each model, and different shapes of points indicates a different set of 

Gaussian parameters used in the models. 
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Supplementary figure 2: Average landmark positions for three morphological groups of 

Placostylus shells (as detected by GMM modelling; Red = ‘porphyrostomus’ group, green = 

‘intermediate’ group; blue = ‘fibratus’ group’). 

 

Supplementary table 1: Proportions of Placostylus shells correctly assigned to their genetic 

groups in test datasets during exhaustive cross validation of supervised learning algorithms. 

Results are presented for different number of input variables (in this case principal component), 

and for various split proportions of the cross validation dataset. Centroid size was used as an 

input variable in each one of the models, alongside the indicated number of Principal 

Components.  

 

Division of the training data set (proportion / number of snail)   Number of PCs used by NN models 

training dataset test dataset 2 3 4 5 6 

80% / 21 20% / 5 99.70% 49.60% 50% 62.30% 72.10% 
70% / 18 30% / 8 99.80% 54.50% 53.90% 64.10% 73% 
60% / 16 40% / 10 99.10% 50.90% 50.90% 64.50% 72.60% 
50% / 13 50% / 13 98.80% 53.40% 52.90% 66.20% 72.60% 
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Supplementary table 2: Classification of 337 shells from the Isle of Pines, New Caledonia, 1 

according to supervised and unsupervised learning algorithms, based on shell shape and size. 2 

ID 
Supervised learning 
classification 

Unsupervised learning 
classification 

ID 
Supervised learning 
classification 

Unsupervised learning 
classification 

COMAGNA-
1 

Not assigned Intermediate VAO-29 Fibratus Fibratus 

COMAGNA-
10 

Not assigned Intermediate VAO-3 Fibratus Fibratus 

COMAGNA-
11 

Not assigned Intermediate VAO-30 Porphyrostomus Intermediate 

COMAGNA-
12 

Not assigned Intermediate VAO-31 Porphyrostomus Porphyrostomus 

COMAGNA-
13 

Not assigned Intermediate VAO-32 Fibratus Fibratus 

COMAGNA-
14 

Not assigned Intermediate VAO-33 Fibratus Fibratus 

COMAGNA-
15 

Not assigned Intermediate VAO-34 Fibratus Fibratus 

COMAGNA-
16 

Not assigned Intermediate VAO-35 Fibratus Fibratus 

COMAGNA-
17 

Not assigned Intermediate VAO-36 Fibratus Fibratus 

COMAGNA-
18 

Not assigned Intermediate VAO-37 Fibratus Fibratus 

COMAGNA-
19 

Not assigned Intermediate VAO-38 Fibratus Fibratus 

COMAGNA-
2 

Not assigned Intermediate VAO-4 Fibratus Fibratus 

COMAGNA-
20 

Not assigned Intermediate VAO-40 Fibratus Fibratus 

COMAGNA-
21 

Not assigned Intermediate VAO-41 Fibratus Fibratus 

COMAGNA-
22 

Porphyrostomus Intermediate VAO-42 Fibratus Fibratus 

COMAGNA-
23 

Not assigned Intermediate VAO-43 Fibratus Fibratus 

COMAGNA-
24 

Not assigned Intermediate VAO-44 Fibratus Fibratus 

COMAGNA-
25 

Not assigned Intermediate VAO-45 Porphyrostomus Porphyrostomus 

COMAGNA-
26 

Not assigned Intermediate VAO-46 Porphyrostomus Porphyrostomus 

COMAGNA-
27 

Not assigned Intermediate VAO-47 Porphyrostomus Porphyrostomus 

COMAGNA-
28 

Porphyrostomus Porphyrostomus VAO-48 Porphyrostomus Porphyrostomus 

COMAGNA-
29 

Not assigned Intermediate VAO-49 Porphyrostomus Porphyrostomus 

COMAGNA-
3 

Porphyrostomus Intermediate VAO-5 Fibratus Fibratus 

COMAGNA-
30 

Not assigned Intermediate VAO-50 Porphyrostomus Porphyrostomus 

COMAGNA-
31 

Not assigned Intermediate VAO-51 Porphyrostomus Porphyrostomus 

COMAGNA-
32 

Not assigned Intermediate VAO-52 Porphyrostomus Porphyrostomus 

COMAGNA-
33 

Porphyrostomus Porphyrostomus VAO-53 Porphyrostomus Porphyrostomus 

COMAGNA-
34 

Not assigned Intermediate VAO-54 Porphyrostomus Porphyrostomus 

COMAGNA-
35 

Not assigned Intermediate VAO-6 Fibratus Fibratus 

COMAGNA-
36 

Porphyrostomus Porphyrostomus VAO-7 Fibratus Fibratus 

COMAGNA-
4 

Porphyrostomus Porphyrostomus VAO-8 Fibratus Fibratus 

COMAGNA-
5 

Not assigned Intermediate VAO-9 Fibratus Fibratus 

COMAGNA-
6 

Porphyrostomus Intermediate VAO-A17 Fibratus Fibratus 

COMAGNA-
7 

Porphyrostomus Intermediate VAO-A18 Fibratus Fibratus 
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COMAGNA-
8 

Not assigned Intermediate VAO-A19 Fibratus Fibratus 

COMAGNA-
9 

Not assigned Intermediate VAO-A20 Fibratus Fibratus 

GADJI-1 Fibratus Fibratus VAO-A21 Fibratus Fibratus 

GADJI-10 Porphyrostomus Porphyrostomus VAO-A22 Fibratus Fibratus 

GADJI-11 Porphyrostomus Porphyrostomus VAO-A23 Fibratus Fibratus 

GADJI-12 Porphyrostomus Porphyrostomus VAO-A24 Fibratus Fibratus 

GADJI-13 Porphyrostomus Porphyrostomus VAO-A25 Fibratus Fibratus 

GADJI-14 Porphyrostomus Porphyrostomus VAO-A26 Fibratus Fibratus 

GADJI-15 Fibratus Fibratus VAO-A27 Fibratus Fibratus 

GADJI-15 Fibratus Fibratus VAO-A28 Fibratus Fibratus 

GADJI-16 Fibratus Fibratus VAO-A29 Fibratus Fibratus 

GADJI-17 Fibratus Fibratus VAO-A30 Fibratus Fibratus 

GADJI-18 Fibratus Fibratus VAO-A31 Fibratus Fibratus 

GADJI-19 Fibratus Fibratus VAO-A32 Fibratus Fibratus 

GADJI-2 Fibratus Fibratus VAO-A33 Fibratus Fibratus 

GADJI-20 Fibratus Fibratus VAO-A34 Fibratus Fibratus 

GADJI-21 Fibratus Fibratus VAO-A35 Fibratus Fibratus 

GADJI-22 Fibratus Fibratus VAO-A36 Fibratus Fibratus 

GADJI-23 Fibratus Fibratus 
WAATCHIA-
1 

Fibratus Fibratus 

GADJI-24 Fibratus Fibratus 
WAATCHIA-
10 

Fibratus Fibratus 

GADJI-25 Fibratus Fibratus 
WAATCHIA-
11 

Fibratus Fibratus 

GADJI-26 Porphyrostomus Porphyrostomus 
WAATCHIA-
13 

Porphyrostomus Porphyrostomus 

GADJI-27 Porphyrostomus Porphyrostomus 
WAATCHIA-
14 

Porphyrostomus Porphyrostomus 

GADJI-28 Fibratus Fibratus 
WAATCHIA-
15 

Porphyrostomus Porphyrostomus 

GADJI-29 Fibratus Fibratus 
WAATCHIA-
16 

Porphyrostomus Porphyrostomus 

GADJI-3 Fibratus Fibratus 
WAATCHIA-
17 

Porphyrostomus Porphyrostomus 

GADJI-30 Fibratus Fibratus 
WAATCHIA-
18 

Porphyrostomus Porphyrostomus 

GADJI-31 Fibratus Fibratus 
WAATCHIA-
19 

Porphyrostomus Porphyrostomus 

GADJI-32 Fibratus Fibratus 
WAATCHIA-
2 

Not assigned Intermediate 

GADJI-33 Fibratus Fibratus 
WAATCHIA-
20 

Porphyrostomus Porphyrostomus 

GADJI-34 Fibratus Fibratus 
WAATCHIA-
21 

Porphyrostomus Fibratus 

GADJI-35 Fibratus Fibratus 
WAATCHIA-
21 

Fibratus Fibratus 

GADJI-36 Fibratus Fibratus 
WAATCHIA-
22 

Fibratus Fibratus 

GADJI-37 Fibratus Fibratus 
WAATCHIA-
23 

Fibratus Fibratus 

GADJI-38 Fibratus Fibratus 
WAATCHIA-
24 

Fibratus Fibratus 

GADJI-39 Porphyrostomus Porphyrostomus 
WAATCHIA-
25 

Fibratus Fibratus 

GADJI-4 Fibratus Fibratus 
WAATCHIA-
26 

Fibratus Fibratus 

GADJI-5 Fibratus Fibratus 
WAATCHIA-
27 

Fibratus Fibratus 

GADJI-7 Fibratus Fibratus 
WAATCHIA-
28 

Fibratus Fibratus 

GADJI-8 Not assigned Intermediate 
WAATCHIA-
29 

Fibratus Fibratus 
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GADJI-9 Porphyrostomus Porphyrostomus 
WAATCHIA-
3 

Fibratus Fibratus 

KERE-1 Fibratus Fibratus 
WAATCHIA-
30 

Fibratus Fibratus 

KERE-10 Fibratus Fibratus 
WAATCHIA-
32 

Fibratus Fibratus 

KERE-11 Fibratus Fibratus 
WAATCHIA-
33 

Fibratus Fibratus 

KERE-12 Not assigned Fibratus 
WAATCHIA-
34 

Fibratus Fibratus 

KERE-13 Porphyrostomus Intermediate 
WAATCHIA-
35 

Fibratus Fibratus 

KERE-14 Porphyrostomus Porphyrostomus 
WAATCHIA-
36 

Fibratus Fibratus 

KERE-15 Porphyrostomus Porphyrostomus 
WAATCHIA-
37 

Fibratus Fibratus 

KERE-16 Porphyrostomus Porphyrostomus 
WAATCHIA-
38 

Fibratus Fibratus 

KERE-17 Fibratus Fibratus 
WAATCHIA-
39 

Fibratus Fibratus 

KERE-18 Fibratus Fibratus 
WAATCHIA-
4 

Fibratus Fibratus 

KERE-19 Fibratus Fibratus 
WAATCHIA-
40 

Fibratus Fibratus 

KERE-2 Fibratus Fibratus 
WAATCHIA-
41 

Fibratus Fibratus 

KERE-20 Fibratus Fibratus 
WAATCHIA-
42 

Fibratus Fibratus 

KERE-21 Fibratus Fibratus 
WAATCHIA-
43 

Fibratus Fibratus 

KERE-22 Fibratus Fibratus 
WAATCHIA-
44 

Fibratus Fibratus 

KERE-23 Fibratus Fibratus 
WAATCHIA-
45 

Fibratus Fibratus 

KERE-24 Fibratus Fibratus 
WAATCHIA-
46 

Fibratus Fibratus 

KERE-25 Fibratus Fibratus 
WAATCHIA-
47 

Fibratus Fibratus 

KERE-26 Fibratus Fibratus 
WAATCHIA-
48 

Fibratus Fibratus 

KERE-27 Porphyrostomus Porphyrostomus 
WAATCHIA-
49 

Fibratus Fibratus 

KERE-28 Porphyrostomus Porphyrostomus 
WAATCHIA-
5 

Fibratus Fibratus 

KERE-29 Porphyrostomus Porphyrostomus 
WAATCHIA-
6 

Fibratus Fibratus 

KERE-3 Fibratus Fibratus 
WAATCHIA-
7 

Fibratus Fibratus 

KERE-30 Not assigned Porphyrostomus 
WAATCHIA-
8 

Fibratus Fibratus 

KERE-31 Fibratus Fibratus 
WAATCHIA-
9 

Fibratus Fibratus 

KERE-32 Fibratus Fibratus WAPAN-1 Not assigned Intermediate 

KERE-33 Fibratus Fibratus WAPAN-10 Fibratus Fibratus 

KERE-34 Fibratus Fibratus WAPAN-11 Not assigned Intermediate 

KERE-35 Fibratus Fibratus WAPAN-12 Not assigned Intermediate 

KERE-36 Fibratus Fibratus WAPAN-13 Not assigned Intermediate 

KERE-37 Fibratus Fibratus WAPAN-14 Not assigned Intermediate 

KERE-38 Fibratus Fibratus WAPAN-15 Porphyrostomus Porphyrostomus 

KERE-39 Fibratus Fibratus WAPAN-16 Porphyrostomus Porphyrostomus 

KERE-4 Fibratus Fibratus WAPAN-17 Fibratus Fibratus 

KERE-40 Fibratus Fibratus WAPAN-18 Fibratus Fibratus 

KERE-5 Fibratus Fibratus WAPAN-19 Fibratus Fibratus 

KERE-6 Fibratus Fibratus WAPAN-2 Not assigned Intermediate 

KERE-7 Fibratus Fibratus WAPAN-20 Fibratus Fibratus 
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KERE-8 Fibratus Fibratus WAPAN-21 Fibratus Fibratus 

KERE-9 Fibratus Fibratus WAPAN-22 Fibratus Fibratus 

TOUETE-1 Fibratus Fibratus WAPAN-23 Fibratus Fibratus 

TOUETE-10 Fibratus Fibratus WAPAN-24 Fibratus Fibratus 

TOUETE-11 Fibratus Fibratus WAPAN-25 Fibratus Fibratus 

TOUETE-12 Fibratus Fibratus WAPAN-26 Fibratus Fibratus 

TOUETE-13 Fibratus Fibratus WAPAN-27 Fibratus Fibratus 

TOUETE-14 Fibratus Fibratus WAPAN-27 Porphyrostomus Fibratus 

TOUETE-15 Fibratus Fibratus WAPAN-29 Not assigned Intermediate 

TOUETE-16 Fibratus Fibratus WAPAN-3 Not assigned Intermediate 

TOUETE-17 Fibratus Fibratus WAPAN-30 Not assigned Intermediate 

TOUETE-18 Fibratus Fibratus WAPAN-31 Fibratus Fibratus 

TOUETE-19 Not assigned Intermediate WAPAN-32 Fibratus Fibratus 

TOUETE-2 Fibratus Fibratus WAPAN-33 Fibratus Fibratus 

TOUETE-20 Porphyrostomus Porphyrostomus WAPAN-34 Fibratus Fibratus 

TOUETE-21 Porphyrostomus Porphyrostomus WAPAN-35 Fibratus Fibratus 

TOUETE-22 Porphyrostomus Porphyrostomus WAPAN-36 Fibratus Fibratus 

TOUETE-23 Porphyrostomus Porphyrostomus WAPAN-37 Not assigned Intermediate 

TOUETE-24 Porphyrostomus Porphyrostomus WAPAN-38 Fibratus Fibratus 

TOUETE-25 Porphyrostomus Porphyrostomus WAPAN-39 Fibratus Fibratus 

TOUETE-26 Porphyrostomus Porphyrostomus WAPAN-4 Not assigned Intermediate 

TOUETE-27 Fibratus Fibratus WAPAN-41 Fibratus Fibratus 

TOUETE-29 Fibratus Fibratus WAPAN-42 Fibratus Fibratus 

TOUETE-3 Fibratus Fibratus WAPAN-43 Porphyrostomus Porphyrostomus 

TOUETE-30 Fibratus Fibratus WAPAN-44 Porphyrostomus Porphyrostomus 

TOUETE-31 Fibratus Fibratus WAPAN-5 Not assigned Intermediate 

TOUETE-32 Fibratus Fibratus WAPAN-6 Not assigned Intermediate 

TOUETE-33 Fibratus Fibratus WAPAN-7 Fibratus Fibratus 

TOUETE-34 Fibratus Fibratus WAPAN-8 Not assigned Intermediate 

TOUETE-35 Fibratus Fibratus WAPAN-9 Not assigned Intermediate 

TOUETE-36 Fibratus Fibratus YOUATY-1 Fibratus Fibratus 

TOUETE-4 Fibratus Fibratus YOUATY-10 Fibratus Fibratus 

TOUETE-6 Fibratus Fibratus YOUATY-11 Fibratus Fibratus 

TOUETE-7 Fibratus Fibratus YOUATY-12 Fibratus Fibratus 

TOUETE-8 Fibratus Fibratus YOUATY-13 Fibratus Fibratus 

TOUETE-9 Fibratus Fibratus YOUATY-16 Fibratus Fibratus 

VAO-1 Not assigned Intermediate YOUATY-17 Fibratus Fibratus 

VAO-11 Not assigned Fibratus YOUATY-18 Fibratus Fibratus 

VAO-12 Not assigned Intermediate YOUATY-19 Fibratus Fibratus 

VAO-13 Porphyrostomus Porphyrostomus YOUATY-2 Fibratus Fibratus 

VAO-14 Porphyrostomus Porphyrostomus YOUATY-20 Fibratus Fibratus 

VAO-15 Porphyrostomus Porphyrostomus YOUATY-21 Fibratus Fibratus 

VAO-16 Porphyrostomus Porphyrostomus YOUATY-22 Fibratus Fibratus 

VAO-18 Fibratus Fibratus YOUATY-23 Fibratus Fibratus 
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VAO-19 Fibratus Fibratus YOUATY-24 Fibratus Fibratus 

VAO-2 Fibratus Fibratus YOUATY-25 Fibratus Fibratus 

VAO-20 Fibratus Fibratus YOUATY-26 Fibratus Fibratus 

VAO-21 Fibratus Fibratus YOUATY-27 Fibratus Fibratus 

VAO-22 Fibratus Fibratus YOUATY-3 Fibratus Fibratus 

VAO-23 Fibratus Fibratus YOUATY-4 Fibratus Fibratus 

VAO-24 Fibratus Fibratus YOUATY-5 Fibratus Fibratus 

VAO-25 Fibratus Fibratus YOUATY-6 Fibratus Fibratus 

VAO-26 Fibratus Fibratus YOUATY-7 Fibratus Fibratus 

VAO-27 Fibratus Fibratus YOUATY-8 Fibratus Fibratus 

VAO-28 Fibratus Fibratus YOUATY-9 Fibratus Fibratus 

 3 
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Abstract 

Neutral nuclear markers were developed in two Placostylus species. Using genomic libraries 

primer pairs were designed in microsatellite containing sequences, and in anonymous nuclear 

loci regions. Four microsatellite markers were successfully developed out of 96 potential primer 

pair combinations, and two SNPs markers were developed out of 13 potential primer pair 

combinations. Markers were amplified on population samples of the two species Placostylus 

fibratus and Placostylus porphyrostomus. Number of alleles per marker were 2-10 for 

microsatellite markers and two for the SNPs markers. Amplification success were higher for all 

markers in the P. fibratus population. Departures from Hardy-Weinberg expectations were 

observed in only one marker for the P. fibratus population sample, and for two markers in the 

P. porphyrostomus population sample. 
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Introduction 

Population genetic studies require polymorphic genetic markers. To investigate variation in 

allele frequency and infer population structure species-specific allelic nuclear markers need to 

be developed. Traditionally nuclear markers have been used to target a few polymorphic loci, 

but recently the advancement of high-throughput Next Generation Sequencing (NGS) 

technologies has made available techniques that allows sampling of hundreds to thousands of 

nuclear loci across whole genomes (Elshire et al., 2011; Peterson et al., 2012; Rowe et al., 

2011). Most of these methods (RAD sequencing, double digest RAD sequencing, Genotyping 

by sequencing) use a combination of restriction enzymes and NGS techniques to access to a 

range of Single Nucleotide Polymorphism (SNPs) alleles. Advantages of these techniques are 

numerous as they provide a huge amount of raw data, but they also come with limitations. They 

are more expensive than traditional markers, and can be challenging to develop for a non-model 

organism where no reference genome is available (Lowry et al., 2017). They also require 

consistently high quality and high quantity DNA extractions for all specimens. As these 

approaches incorporate a digestion step using restriction-fragment enzyme the DNA must be 

devoid of enzymatic inhibitors (sometimes a problem for molluscs) and because there is limited 

DNA amplification in the pipeline the starting quantities required can be prohibitive. 

Combining new samples into existing analysis is also not straightforward, and because of 

financial limitations they often end up being made on relatively small sample size (Hollenbeck 

& Johnston, 2018). Simulation studies have shown that a limited number of highly polymorphic 

markers can match results obtained with hundreds of SNPs loci, even though the latter generally 

have more statistical power (Hodel et al., 2016; Lemopoulos et al., 2019; Mesak et al., 2014). 

Single nucleotide polymorphisms are limited to four states (A, T, G, C) but are often scored as 

two states. In contrast, in a system where there are numerous possible alleles at each locus fewer 

loci are required to infer relationships, gene flow, population structure etc. Sometimes the 

question driving the research can be answered with fewer loci if a specific hypothesis is being 

tested (Forsdick et al., 2020). In this context, the development and use of more traditional and 

cost-effective nuclear markers remains a relevant and economic option for non-model 

organisms where no reference genome sequence available. 

Before development of NGS technologies, microsatellites or Single Sequence Repeat (SSRs) 

markers were arguably the most commonly used allelic nuclear marker in population genetic 

studies (Cruz et al., 2005; Tóth et al., 2000; Weetman et al., 2005). Microsatellites consist of a 

tract of repetitive DNA motif, usually two to five base pair long, repeated a variable number of 
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times. They present a length polymorphism and can be genotyped without using any sequencing 

technology. Development of such markers requires design of unique oligonucleotide primers in 

flanking regions of the microsatellite repeat, to enable amplification using Polymerase Chain 

Reaction (PCR). Traditional methods to develop those primers used microsatellite genomic 

libraries enrichment and cloning (Daly et al., 2019; Fischer & Bachmann, 1998; Glenn & 

Schable, 2005), but it is now possible to easily develop sets of microsatellite primers from NGS 

library datasets (Fernandez-Silva et al., 2013; López-Márquez et al., 2016; Zalapa et al., 2012). 

NGS library data consist of a large number of short DNA sequences obtained from high 

throughput technologies. Many of those technologies uses paired-end sequencing, where 

standardized size reads are obtained from both ends of DNA fragments.  Developing 

microsatellite markers from this kind of data can be done by searching for repeat regions in 

genomic library sequences, and then designing primers in their flanking regions (Taheri et al., 

2018). Designed sets of primers can then be used to amplify microsatellite repeat regions with 

individuals genotyped based on the length of the amplified DNA fragment. 

Anonymous Nuclear Loci (ANL) markers are DNA sequences from non-coding regions of the 

genome, which are unlikely to be directly under selection (Barrow et al., 2014; Hare et al., 

1996; Lemmon & Lemmon, 2012). Like microsatellite markers, it is now relatively easy to 

extract and produce this kind of marker from NGS library datasets (Ansari et al., 2014; Barrow 

et al., 2014; Bertozzi et al., 2012), and combined with amplicon sequencing approaches they 

can provide reliable multi-allelic nuclear genetic marker datasets (Curk et al., 2015). Amplicon 

sequencing refers to the application of high-throughput sequencing methods to sequence 

amplified fragments of DNA, usually from PCR (Schirmer et al., 2015; Zhou et al., 2011). 

Targeted resequencing of specific loci is one application of these methods, still rarely used in 

molecular ecology. Because high-throughput techniques will sequence both allelic variants of 

a specific locus separately, they provide a much more accurate and powerful tool than pyro- or 

sanger-sequencing techniques to identify heterozygote variants. Using sequencing approaches 

to genotype ANL markers gives direct access to their DNA sequences, and inter-individual 

analysis of nucleotide variation can be used to identify informative SNP markers within them 

(Baetscher et al., 2018). 

Developing nuclear markers without a reference genome can be a risky and tedious task. As 

amplified sequences are rarely confirmed to be part of the target organism genome it is 

important that newly developed markers are shown to behave in a Mendelian way. Both PCR 

amplification artefacts and amplification from exogenous DNA can be misidentified as 
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potential markers in developmental stages, and the use of fallacious markers can lead to 

spurious conclusions in downstream analysis. On a population sample newly developed 

markers should therefore show convincing evidence that they follow the expectations of 

population genetics for sexually reproducing diploid organisms. This means allele frequencies 

should be close to hardy-weinberg proportions in ‘ideal’ populations and show departures from 

it when accounting for isolation by distance, population fragmentation or selection (Dupuy et 

al., 2009; Prebble et al., 2019; Weetman et al., 2005). Most downstream population genetic 

analysis rely on single-copy allelic markers (Jombart et al., 2010; Pritchard et al., 2000), hence 

avoiding multi-copy regions is desirable, as non-target copies can interfere with allele calls that 

can result in markers being ultimately discarded from analysis. Repeat elements (e.g., 

transposons, satellite DNA) constitute large portions of some genomes leading to both ANL 

and microsatellite markers being developed in multi-copy regions. Methods to avoid 

developing markers in these regions include using tools that will compare sequences to 

databases of repeat elements (Bao et al., 2015), and verifying the assumption of bi-allelicity is 

respected after sequence amplification (for diploid organisms).  

Here I develop both microsatellite and SNPs markers for Placostylus species of New Caledonia. 

Placostylus (Beck 1837, Bothriembryontidae, Placostylinae) is a genus of large terrestrial land 

snail present on islands across the southwest Pacific (Ponder et al., 2003; Trewick et al., 2009). 

Previous genetic work on the genus in New Caledonia has included shallow phylogenetic signal 

of sequenced mitochondrial ND2 gene and population genetic analysis of dd-RAD SNPs data 

(3754 loci) across the whole archipelago (Dowle et al., 2015). There is currently a strong 

incentive to have a detailed understanding of Placostylus population structure in the Isle of 

Pines, south of the archipelagos where wild populations of P. fibratus are harvested for food 

and provide local economic activity for indigenous Kanak tribes. Recent morphometric analysis 

of a large dataset (337 shells) has raised questions about whether there are just two distinct 

species on the island. The variation in shell size and shape suggested a potential hybrid 

population of the two sympatric species P. fibratus and P. porphyrostomus (Quenu et al., 2020). 

Populations of P. fibratus have been recorded to be on the decline and farming production of 

snails is now considered (Brescia et al., 2008). In this context it is highly relevant to develop 

and have access to a relatively cheap range of nuclear markers for identification of individual 

snails. Towards this goal I produce two NGS library datasets from the closely related species 

P. fibratus and P. porphyrosotomus and use them to identify both microsatellites and ANL 
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nuclear markers. I test the loci using amplification of putative population samples of the two 

species.  
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Methods 

Shotgun illumina sequencing 

In order to obtain DNA extractions of sufficient quality for generation of Next generation 

sequencing libraries (NGS) libraries we used a CTAB and chloroform extraction method on 

tissue samples from two snail specimens from the two species P. fibratus and P. 

porphyrostomus. Small sections of foot muscle, about 50 mg, were cut from specimens using 

separate sterile scalpel blades. Each tissue was then pressed in a clean paper towel to remove 

ethanol and diced into smaller pieces. Each sample was incubated at 55°C with proteinase K 

and CTAB buffer (2% Hexadecyltrimethyl ammonium bromide, 100mM Tris-HCL pH8.0 

20mM EDTA) (Thomaz, Guiller & Clarke, 1996; Trewick, Brescia & Jordan, 2009). Following 

CTAB tissue digestion the solution was treated to purification using chloroform (24:1 

chloroform-isoamyl alcohol), and the DNA precipitated with sodium acetate (3 M NaOAC) and 

-20°C chilled 95% ethanol.  DNA extracts were processed through massive parallel, high-

throughput sequencing using the ThruPLEX® DNA-seq kit (Rubicon Genomics).  Fragmented 

genomic DNA was pair-end sequenced on an Illumina Hiseq 2500. Reads were de-multiplexed 

using standard indexes. The resulting 37.6 million sequences (3.7 billion base pairs) were 

trimmed of adapters and passed through standard quality filters using the software fastp (Chen 

et al., 2018). Reads were paired in Geneious v8 (Kearse et al., 2012). High copies mitochondrial 

and ribosomal sequences were removed from paired-end reads datasets by mapping sequences 

onto mitochondrial genome and ribosomal 45S cassette reconstructions, using the Geneious 

mapping tool on high sensitivity. Paired end reads from the two species were combined into 

one dataset. 

 

Microsatellite markers 

The software GMATo (Wang et al., 2013) was used to detect microsatellite repeats in libraries 

of 101bp paired-end sequences. I targeted tri- and tetra- nucleotide repeats, located at the end 

region of one of the paired reads. To design primers surrounding the microsatelite containing 

sequence (MCS), I manually concatenated the MCS sequence to the reverse complement of its 

paired read, and used primer3 (Hancock et al., 2004) to design primers in flanking regions of 

the microsatellite repeat. In this way 96 pairs of microsatellite primers were designed and 

synthetised (Supplementary Table 1). To test whether primers produced any amplification 

products PCR used primer pairs separately on four to eight snail DNA extractions from the two 

Placostylus species (P. fibratus and P. porphyrostomus). Each PCR consisted of 38 cycles of 
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denaturation (35 seconds, 94°C), annealing (20 seconds, 5°C lower than primer melting 

temperature Tm) and elongation (50 seconds, 72°C). PCR products were loaded into a 

PerkinElmer Labchip GX Touch fragment analyser, and I used the Labchip GX Reviewer 

software to visualise if consistent peaks across different DNA extractions could be interpreted 

as amplification of the expected DNA fragments (Figure 1). Primer pairs that amplified 

consistently were then synthetised with a fluorochrome tag attached to the 5’ end of one primer 

to be subsequently genotyped using the ABI3730 Genetic Analyzer (Table 1).  Genescan Liz‐

500 (Applied Biosystems) was used as an internal size standard, with the microsatellite plugin 

in Geneious (Kearse et al. 2012) to determine allele size based on fluorescent peaks on 

microsatellite trace files. 

 

Table 1: Primer sequences and characteristics for 10 potential microsatellite markers, out of 96 
initial combinations. Four of these combinations (MS47, MS49, MS64, MS94) successfully 
amplified on population sample. 

Locus name Primer direction Primer template Tm fluorotag repeat type motif 

MS02 forward  GCACACATGCCCGGTA 56 6-FAM tetra ATGT 

MS02 reverse TGATGTGAGTATGCATTTTGC 52 6-FAM tetra ATGT 

MS04 forward  TGA GGA ACA ATG TGA TGA ACA 52 VIC tetra AGTC 

MS04 reverse GAC CAG ACT GAA AGA ACT TCA 52 VIC tetra AGTC 

MS10 forward  ACA ACT CGT GCT GTT AGC T 54 VIC tetra AGTT 

MS10 reverse CCC ACT ACT TCT CTT GGC GT 57 VIC tetra AGTT 

MS27 forward  ACT TTC GCT GCG AAG GA 54 TAMRA tri GTA 

MS27 reverse TGC ATA CGA GGA AAA TTT CGA 52 TAMRA tri GTA 

MS47 forward  ACA TGT GGC CAC GAA AAG AA 55 TAMRA tetra GGTT 

MS47 reverse GGT GGG TCA GTC GGT TGG 58 TAMRA tetra GGTT 

MS49 forward  AGA TAG ACG GAC GGA CGG A 57 6-FAM tetra GACA 

MS49 reverse TGA CTG TTG GAG ATT GCA GCT 57 6-FAM tetra GACA 

MS62 forward  AAG AAA GAC AGA CAG GAA GAC 52 6-FAM tetra AGAA 

MS62 reverse GGC TCA TTA GGC TGA TTG TTC 54 6-FAM tetra AGAA 

MS64 forward  TCA ACC TTT CTT TCT GTT GCC 54 VIC tetra ATGT 

MS64 reverse ACA TAC ATA CAT GCC TGC CTG 55 VIC tetra ATGT 

MS70 forward  AGC AGC AGC AGT AGG AGT 56 6-FAM tetra GTAG 

MS70 reverse TGG TGG TTT AGG TGG TTG GTT 57 6-FAM tetra GTAG 

MS94 forward  TGG GTG CTG AGA ATT TCA AAA 53 VIC tetra ACTA 

MS94 reverse CCC CAG GGA CAG AGG AGA 58 VIC tetra ACTA 
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Figure 1: Electropherograms of fluorescence intensity versus time produced by a PerkinElmer 
Labchip GX Touch fragment analyser, which was used in the development stage of 
microsatellite markers. Peaks in the electropherograms indicates presence of DNA fragments, 
which have a length proportional to the aligned time (peaks are labelled in base pair in these 
representations). A) Typical result after strong amplification of a single fragment of DNA B) 
Result after no amplification of DNA C) Result after amplification of multiple DNA fragments 
of variable size. 
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Single Nucleotide Polymorphism markers  

To identify regions of snail genome potentially containing suitable information for population 

genetic study, I performed a de-novo assembly analysis using the Geneious de novo assembler 

on the combined 101bp reads dataset. Medium sensitivity was used, without the option to 

produce scaffolds and saving 1000 contigs. Resulting contigs from de novo assembly were 

inspected by eye for regions containing nucleotide variants, and I selected a subset of these on 

which to design primers. Consensus sequences were blasted against Blast nucleotide database 

(Madden, 2013) and scanned against the transposon database RepBase (Bao et al., 2015). PCR 

primers were designed for contigs that did not match any known sequences in the blast database 

and did not contain transposons in their sequences. Primer3 was used for primer design, at first 

designing between five and ten different sets of primers for each consensus sequence, and then 

retaining only the primers surrounding regions containing interesting nucleotide variants. 

Eleven sets of anonymous loci PCR primers were designed overall, and they were synthetised 

with an overhang Illumina adapter attached to both their 3’ and 5’ ends (Table 2), so that they 

could be processed in downstream Illumina MiSeq genotyping analysis. Universal primers 

targeting the two Internal Transcribed Spacer (ITS) regions of the 45S region with the same 

overhang sequences attached to both their ends were used as positive controls for amplification, 

and because ITS sequences can potentially be used as polymorphic nuclear markers, if multi-

copy variants are correctly isolated. For genotyping we used a high-throughput amplicon 

sequencing approach based on the 16S Metagenomic Sequencing Library Preparation protocol, 

but instead of targeting 16S region we targeted selected ANL regions of snail genome. A first 

round of PCR reactions was executed using ANL and ITS primers to amplify regions of interest. 

Each PCR reaction consisted of 21 cycles of denaturation (90 seconds, 94°C), annealing (60 

seconds, 61°C) and elongation (120 seconds, 72°C). PCR reactions were not multiplexed but 

produced separately for each set of primers before being pooled for each individual snail 

sample. Post PCR products were cleaned using AMPure XP beads. Illumina sequencing 

adapters and individual dual-index barcodes were attached to amplicon targets, and sequencing 

of amplicon products used a paired-end 250bp Illumina MiSeq. Raw sequencing reads were 

gathered in .fastq format and run through fastp for quality check, and getting rid of Illumina 

adapters (Chen et al., 2018). To estimate how many of the 11 initial ANL markers amplified 

and got through to the sequencing stage we run library datasets on uSTACKS, a component of 

the STACKS pipeline (Catchen et al., 2013). This was done to gather sequences into ‘stacks’ 

of similar sequences, with the number of resulting stacks would reflect the number of regions 

of interest correctly amplified and sequenced. Reads of every individual snail were then mapped 
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to nuclear marker reference sequences from their corresponding library using the Geneious 

mapping tool with custom high specificity settings. Consensus sequences were generated for 

each individual from mapped reads, then aligned using the software MUSCLE (Edgar, 2004). 

Results were examined by eye for variation among individuals. 

 

Table 2: Primer sequences and characteristics of 11 combinations of ANL markers and two 
combinations of universal ITS primers. Two nuclear SNPs markers were derived from theses 
sets of primers, using an amplicon sequencing genotyping approach. 

Primer Direction Primer sequence illumina overhang Length 

302F forward GCTAAATATAGGCTCCCTGGTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 23 
302R reverse TGACCAGAAAGGACCAGTTAGCC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 23 
335F forward TGGAATCCATAGGGGTCAAAATTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 25 
335R reverse ACCAGAAAGGACCAGGGAGC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 20 
554F forward TGGTCAAATTGAGCCGAAAAATGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 26 
554R reverse TGCATTTTTGAGCTCCATTTGACC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 24 
578F forward TTGGATCCCTGGTCCTTTTTGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 22 
578R reverse GGACCAGGGAGCCTATATTTAGCC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 24 
727F forward TTTGGAATCCATAGGGGTCAAAATTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 27 
727R reverse GGACCAGGGAGCCTATATTTAGCC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 24 
753F forward TGGAATTTTGACCCCTATGGATTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 25 
753R reverse TAGGCTCCCTGGTCCTTTCTGG GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 22 
782F forward TGTATCACCAGAAAGGACCAGGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 23 
782R reverse CTAATTATAGGCTCCCTGGTCGC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 23 
863F forward TGGAATCCATAGGGGTCAAAATTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 25 
863R reverse ACCAGAAAGGACCAGGGAGC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 20 
922F forward GTTTACGACCAGAAAGGAACAGGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 24 
922R reverse TAGGCTCCCTGGACCTTTCTGG GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 22 
930F forward TGGAATTTTGACCCCTATGGATTCC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 25 
930R reverse ATAGGCTCCCTGGTCCTTTCTGG GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 23 
981F forward TGGAATTTTGACCCCTATGGATTGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 25 
981R reverse TAGGCTCCCTGGTCCTTTCTGG GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 22 
ITS5 forward GGAAGTAAAAGTCGTAACAAGG TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 22 
ITS2 reverse GCTGCGTTCTTCATCGATGC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 20 
ITS3 forward GCATCGATGAAGAACGCAGC TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 20 
ITS4 reverse TCCTCCGCTTATTGATATGC GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 20 

 

 

Test of nuclear markers on Placostylus populations 

To test whether developed nuclear genetic markers follow expected population genetic rules, 

we extracted and amplified DNA from snail populations of P. fibratus and P. porphyrostomus. 

For microsatellite markers I collected and amplified DNA fragments from 25 P. fibratus snails 
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at three locations in the kere tribe in the Isle of Pines, south of the New Caledonian archipelago. 

P. porphyrostomus snails were collected all across the island, at 11 different locations. The 

DNeasy blood and tissue kit was used to extract DNA from foot tissue muscle. I followed the 

standard tissue protocol with slight modifications, incubating about 50mg of foot tissue sample 

overnight, and using a double AW1 buffer wash. PCR reactions were used to amplify DNA 

fragments on all DNA extractions using newly developed microsatellites sets of primers. Allele 

calls were made using the Geneious microsatellite plugin tool. For ANL markers DNA was 

amplified from 20 P.fibratus of the kere tribe, and 26 P.porphyrostomus collected all across the 

Isle of Pines. The same DNA extracts were used as in the microsatellite protocol, and 

genotyping was done using the amplicon sequencing method described above. Summary 

statistics of each population were gathered using the adegenet v2.0.0 package (Jombart, 2015) 

in R v3.5.2 (R Development Core Team & R Core Team, 2017). I compared allele frequencies 

of each marker to Hardy-Weinberg expectations using both a χ2 test and an exact test based on 

Monte Carlo permutation of alleles (Guo & Thompson, 1992). Observed heterozygosity levels 

were compared to heterozygosity expected in Hardy-Weinberg equilibrium, to understand if 

departures from HW proportions could be explained by excess or deficit of heterozygotes 

(Figure 2). 
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Results 

Microsatellite markers 

A total of 96 different combinations of microsatellite primers were tested here (supplementary 

table 1). Based on PCR amplification and fragment analyser diagnostic ten (10.41%) of these 

primer pairs gave consistent amplification across four to eight individuals (Table 1). When 

amplifying on larger sample size (two population from two different species N=25 and 26) and 

using primers with fluorophore labels only four (4.16%) of those primers gave amplification 

consistent with multi-allelic nuclear marker. 

The four microsatellite loci, named respectively MS47, MS49, MS64 and MS94, contained 

between 10 and 2 alleles (Table 3). Amplification success for the 25 P. fibratus specimens 

ranged from 72-100% but for P. porphyrostomus many samples failed to amplify (39-77% 

success). None of the four loci demonstrated significant departure from expected Hardy-

Weinberg proportions within the population sample of P. fibratus, (exact test; Table 3). 

However, according to a χ2 test, genotype frequencies of one of these markers (MS47) was 

found to differ significantly from Hardy-Weinberg expectations, associated with a slight deficit 

in heterozygotes. In contrast, the 26 P. porphyrostomus samples from across the Isle of Pines 

demonstrated significant departures from Hardy-Weinberg proportions at two microsatellite 

loci (MS49, MS64), according to both χ2 test and exact proportion test (e.g. Table 3). All these 

departures from HW were associated with deficits with the observed proportions of 

heterozygotes. 

 

Single Nucleotide Polymorphisms markers 

A total of 11 ANL and two ITS loci were incorporated in development of neutral nuclear SNP 

markers (table 2). When running uSTACK on genomic library datasets produced from pooled 

PCR products for each individual four significant stacks of reads were identified. Alignment of 

DNA sequences confirmed two of these stacks to be the ITS 1 and 2 regions that were amplified 

from sets of universal primers, and two other stacks correspond to targeted sequences from 

ANL sets of primers. A posteriori sequence alignment revealed that the initial 11 sequences 

chosen for ANL marker development clustered and aligned into two groups of sequences. For 

the P. fibratus and P. porphyrostomus populations examined no nucleotide variation was found 

in the ITS 2 region. One of the two ANL sequences displays more than two intra-individual 

sequences variants and was discarded. Two significantly different variants were identified for 
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the ITS1 region. Using high specificity mapping reads of separate variants could be partitioned 

and one SNP marker could be scored for one of the variants (called ITSv1). The second ANL 

sequence detected in ustacks analysis displayed one SNP position which was scored and kept 

for further analysis (called ANL1 from here on). 

The two SNPs markers identified from amplicon sequencing analysis of neutral nuclear markers 

contained two alleles in the two Placostylus populations screened here. Amplification success 

for both markers range from 76-88% in the two populations. ANL1 is fixed in the P.fibratus 

population but the P.porphyrostomus population contains two alleles. ITSv1 showed some 

significant departure from Hardy-Weinberg proportions in the P. fibratus population sample, 

which can be explained by an excess in heterozygotes for that population (e. g. table 3). No 

departure from Hardy-Weinberg proportions was detected in either marker in the P. 

porphyrostomus population(s).  

 

Table 3: Summary statistics and departure from Hardy-Weinberg test values for four 
microsatellite loci and two neutral nuclear markers, in two Placostylus snail population samples 
(P. fibratus and P. porphyrostomus). P-value for HW test calculated according to χ2 test and the 
HW exact test, obtained through MCMC simulation. 

P. fibratus N=25               

Locus 
Nb 
alleles 

% 
amplification 

Hexp Hobs χ2 df χ2 p-value MCMC p-value 

MS47 7 80 0.75 0.65 36,29 21 0,02* 0,122 
MS49 2 100 0.24 0.28 0,66 1 0,41 1 
MS64 5 96 0.57 0.59 10,71 10 0,38 0,293 
MS94 10 72 0.85 0.89 57,02 45 0,10 0,119 

ITSv1 2 76 0.45 0.68 5.13 1 0.023* 0.044* 

ANL1 2 76 0 0 0 0 1 1 
P.porphyrostomus  N=26               

Locus 
Nb 
alleles 

% 
amplification 

Hexp Hobs χ2 df χ2 p-value MCMC p-value 

MS47 5 62 0.71 0.6 10,49 10 0,39 0,168 
MS49 2 42 0.36 0.07 9,93 1 0,002** 0,006** 
MS64 9 77 0.81 0.63 55,18 36 0,021* 0,044* 
MS94 4 42 0.82 0.63 71,37 36 0.65 0.106 

ITSv1 2 88 0.08 0.09 0.04 1 0.82 1 

ANL1 2 84 0.44 0.43 1.45 1 0.23 0.35 
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Figure 2: Number of Alleles per microsatellite locus and observed vs expected heterozygosity 
per microsatellite and neutral nuclear marker for two population samples of the Placostylus 
species P.fibratus (A) and P.porphyrostomus (B). 
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Discussion 

Four microsatellites were able to be developed out of 96 initial potential combinations (4.2%), 

and two SNPs markers were developed out of 13 pairs of primers targeting nuclear sequences 

(15%). Those results are reflective of a very low success rate from a labour-intensive and time-

consuming process. Development of genetic nuclear markers has been reported to be 

notoriously challenging for mollusc organisms, for a number of reasons. One of them is the 

presence of polysaccharide inhibitors in mollusc soft tissues that interfere with enzyme activity, 

making PCR-based amplification of DNA tedious (Sokolov, 2000). This can lead to systemic 

low success of amplification, particularly for DNA extractions that are not high quality. Here 

the extraction method used to generate shotgun sequencing data (CTAB extraction method) 

differed from the extraction method used to amplify population samples (spin-column 

extraction method). This shift in DNA quality could explain why some of the markers identified 

from shotgun sequencing data did not amplify consistently in population samples.  

Genomic libraries were not depleted in microsatellite motifs and primer pairs could be designed 

out of an abundance of Microsatellite Containing Sequences. Issues in development of 

microsatellite markers were related to either non-amplification of DNA fragments or 

amplification of multiple DNA fragments that made identification of the original marker 

impossible (Figure 1). Non-amplification of potential markers could be the consequence of 

either inhibitors interfering with PCR enzyme reaction or non-annealing of primers to template 

DNA. Amplification of multiple DNA fragments reflects a lack of specificity for the designed 

set of primers, which in this situation would bind and amplify multiple loci of the snail genome. 

The fact that both situations have been encountered makes it hard to point at a specific direction 

for improvement of the present microsatellite development method. Primer pairs were designed 

in each of the paired-end reads surrounding a microsatellite motif, as an attempt to counter the 

small size of genomic reads data (101bp). This means part of each microsatellite marker 

sequence was unknown and size of the markers could only be approximated before 

amplification. Designing both primers from  a single read could potentially improve 

developmental success rate but would require generating longer initial genomic reads data.  

Anonymous nuclear loci sequences were reconstructed from the same genomic data that was 

used in microsatellite primer development. They were developed on contig sequences resulting 

from a de-novo assembly of 101bp paired-end reads, which was aimed at reconstructing random 

regions of the snail’s genome. Two main issues were encountered with this approach: the 

sampling of one multi-copy region, and the presence of redundant contigs. Redundant contigs 
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are homologous contigs that arise from the reconstruction of a same genomic region multiple 

times within the same de novo assembly (Feldmeyer et al., 2011; Ono et al., 2015). A posteriori 

sequence alignment revealed that contigs that were selected from de novo assemblies were 

indeed redundant, which limited our potential number of markers from eleven to only two. Of 

these two one was found to contain reads representing more than two variants, most likely a 

multi-copy region. The other marker could be amplified from population samples and one SNP 

position was scored. Including universal ITS primers in the analysis brought the number of 

developed neutral nuclear marker to two, both constituting SNP data. Here the low 

developmental success rate can be linked to imperfections in the method used, and 

improvements can surely be made. Including a step to remove redundant contigs when 

screening for potential ANL markers can be added, using software like simplifier (Ramos et al., 

2012). Avoiding multi-copy regions of the genome might be more difficult, as these regions 

tend to be overrepresented in genomic reads datasets. Checking assumption of bi-allelicity in 

reads mapped to ANL contigs could help avoiding sampling some of those regions, but multiple 

variants might not always appear on shotgun sequencing data. 

Overall, I found that both types of markers (microsatellite and ANL) could be developed from 

NGS sequences data despite the low success rates and developmental difficulties encountered. 

When amplifying markers on population samples the six nuclear markers showed behaviour 

that was consistent with expectations of population genetic for single copy bi-allelic nuclear 

marker. For the Kere P. fibratus population sample that came from a single location allelic 

frequencies were not shown to be outside of Hardy-Weinberg expectations except for ITSv1 

which demonstrated an excess of heterozygotes. This is what is to be expected for an ‘ideal’ 

population, where effects of isolation by distance, population structure are minimal. On the 

other hand the sample of P. porpyhrostomus snails showed departures from Hardy-Weinberg 

allele proportions for two loci (MS49, MS64), which were both linked to a deficit in 

heterozygotes (e.g. table 3). P. porhyrostmus were collected in different locations across the 

isle of Pines and it is very likely that effects of isolation by distance and population structure 

would be observed at this level, which would then explain deficits in heterozygotes (via 

Wahlund effect). The presence of null alleles, indicated by low amplification success, is also 

likely to be contributing to deviations from HW. 

On the face of the struggles encountered here it seems important to emphasize that future 

development of genetic markers should be done in parallel to the development of new genomic 

resources for this group of organisms. Producing a Placostylus genome would provide a 
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reference which could be used for easier and more consistent development of nuclear markers. 

Here the genomic data used for identifying nuclear markers consisted of 101bp paired read data 

and constituted two datasets of 1.8 Gb (P. porphyrostomus) and 1.9 Gb (P. fibratus). These 

datasets were used previously in reconstruction of mitochondrial genomes and nuclear multi-

copy regions (Chapter 1). For comparison the genome size of the giant African snail Achatinella 

fulica, is around 2.12 Gb (Y. Guo et al., 2019), and preliminary flow cytometry work on 

Placostylus has estimated a genome size between 2 and 3 Gb. Generating even a draft genome 

for Placostylus species would therefore require much bigger genomic dataset to achieve reliable 

coverage, using a mix of short and long reads datasets technologies. Because it is an abundant 

species, which is harvested for food and could potentially be farmed in a near future P. fibratus 

seems like an appropriate choice to develop nuclear genome data in this group. In addition to 

provide a reference for neutral nuclear markers development (Microsatellites, ANL markers, 

Genotyping by Sequencing …) having a full genome could open new research possibilities, 

such as enabling the search of Quantitative Traits Loci (QTL) linked to shell morphology. 

Research related to other species of Placostylus in New Zealand and Pacific islands would also 

benefit from such ressources. 
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Supplementary 

Supplementary Table 1: Primer sequences and characteristics of 96 pairs of potential 
microsatellite primers designed around microsatellite containing sequences (MCS). Four of 
these pairs of primers (MS47, MS49, MS64, MS94) successfully amplified on population 
sample. 

Primer pair Direction Sequence Length Tm  Primer pair Direction Sequence Length Tm 

MS01 forward CTGTCTGTCTGTCTGTCTGTC 21 58.2  MS49 forward AGATAGACGGACGGACGGA 19 59.9 

MS01 reverse ACACCGACAGATAGACAGACA 21 57.7  MS49 reverse TGACTGTTGGAGATTGCAGCT 21 59.5 

MS02 forward GCACACATGCCCGGTA 16 55.2  MS50 forward GCACGGATTCATGGACGGA 19 58.5 

MS02 reverse TGATGTGAGTATGCATTTTGC 21 56.6  MS50 reverse GCATCTGCGTCTGTGGTC 18 60.2 

MS03 forward ACCTACCTACCTACCTACCT 20 55.2  MS51 forward TGATGCACATGGAGCAAAA 19 58.1 

MS03 reverse ACAGACAGACAGACAGATAGA 21 55.1  MS51 reverse AGACAGACAGACAGACAGACA 21 55.7 

MS04 forward TGAGGAACAATGTGATGAACA 21 55.5  MS52 forward AGGGAGATCTACCACCACCA 20 59.7 

MS04 reverse GACCAGACTGAAAGAACTTCA 21 55.4  MS52 reverse GCAGGCGTACAGACAGACA 19 59.3 

MS05 forward CCGCGTGTAATGATGATGA 19 59.5  MS53 forward GTTGTAAGTTGGGAGCAACT 20 60.2 

MS05 reverse GCGAGTGTTCTCAAGCTGTG 20 55.5  MS53 reverse GCCCTGCGTAGTTATGCTCA 20 55.9 

MS06 forward GTGTCCGATTGCAATGATGA 20 55.1  MS54 forward ACTTACGAGAAGAACAGGCCG 21 57.2 

MS06 reverse TTACTGATACTCGCAAGACG 20 56.5  MS54 reverse TCTTTTTCCTCTCCCTGTTCC 21 60.1 

MS07 forward TGGTTGGTTGGTTGGTTGGT 20 59  MS55 forward AGTGATGGCTCTATGTTCTGC 21 60 

MS07 reverse CAAGAACCAACCTGCCAATGA 21 60.3  MS55 reverse TTGCCAGCCAGTCTGCTC 18 57.8 

MS08 forward AGACAGACAGACAGACAGACA 21 60  MS56 forward GTCAGTGTCTGTTATGCCAGC 21 55.7 

MS08 reverse CCTCAGTTTCGTTGTTGCGG 20 58.1  MS56 reverse AGAGAAGAGTCTGGAGAACAA 21 59.3 

MS09 forward AACTCGGCGATGCGGA 16 58.4  MS57 forward TTTGCCTACTTCTTCTTCTCC 21 55.6 

MS09 reverse GCCAGGAATGGACAGATACAC 21 58.6  MS57 reverse AGAAGAAGTGGAAGAAGGAGA 21 55.2 

MS10 forward CCCACTACTTCTCTTGGCGT 20 57  MS58 forward GCTGTCCTCTACTTCTTTTCC 21 59.8 

MS10 reverse ACAACTCGTGCTGTTAGCT 19 59.4  MS58 reverse TCCATGTCCCGACTGCATG 19 56 

MS11 forward TGGATGGACGAAAGGACGG 20 57.9  MS59 forward AGACAGACAGACAGACAGACA 21 58.7 

MS11 reverse TCCATCCATCCATCCATCCA 20 59.4  MS59 reverse ACGAGATCGGGTGTCACC 18 58.1 

MS12 forward TGTCTAGTCTGTCTGTCTGTG 21 59.7  MS60 forward AGCTGACTGACTGACTGCC 19 55.5 

MS12 reverse AGCAGAAAGACGGGCGG 17 56.5  MS60 reverse AGAGAGAGAGAGAGAGAGACT 21 59.3 

MS13 forward AAGCGTCGCCACAACGA 17 57.3  MS61 forward AATGGAACGAACAGGAAATGG 21 59.1 

MS13 reverse AACTGCGAGCGCTAGC 16 59.9  MS61 reverse AAAAATCCCCGTTACGTGTGG 21 56.8 

MS14 forward AGATGCAGCAGAAGAACCCA 20 56.3  MS62 forward AAGAAAGACAGACAGGAAGAC 21 57 

MS14 reverse AGACAAGACAAGACAGACAGA 21 59.3  MS62 reverse GGCTCATTAGGCTGATTGTTC 21 55.2 

MS15 forward ACATCTAGTCATTGCGCCA 19 55.3  MS63 forward ACTGCTGCTTCTGCTACTACT 21 59.3 

MS15 reverse ACTCACCATACATTCAGTCAC 21 56.8  MS63 reverse GAGGGATGTGTGCATTTCCAG 21 58.8 

MS16 forward ATACCCAGACAGACAGACAGA 21 55.1  MS64 forward TCAACCTTTCTTTCTGTTGCC 21 58.1 

MS16 reverse ACCTACCTACCTACCTACCT 20 57.5  MS64 reverse ACATACATACATGCCTGCCTG 21 56.9 

MS17 forward TGTTCTTTTTCTCAAGTCCCA 21 58.8  MS65 forward ACAAACAGACATACAGGCAGG 21 55.2 

MS17 reverse AAACATCGGTTTATGTGGCGT 21 55.3  MS65 reverse TCTATCTGTCTGTCTGTCTGT 21 58.2 

MS18 forward ACCTACCTACCTACCTACCT 20 59.8  MS66 forward AGATGGAGCAACAACAGTCAC 21 58.6 

MS18 reverse GCAGATCCGTGTCTGTTCCT 20 55.1  MS66 reverse TGTGTCAATGTTGTTGCTCCA 21 58.5 

MS19 forward ACAGACAGACAGACAGACAGA 21 56.5  MS67 forward ACAATTTGAACGGACCTCG 19 59.9 

MS19 reverse AACTCAACGGCGGCAT 16 58.1  MS67 reverse TACACCCCAACCTCCATCCT 20 55.9 

MS20 forward TGCCATTCCAACAATCACA 19 59.7  MS68 forward AACACCTTCTCAAATTAGGCA 21 58.5 
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MS20 reverse CCTCTGCACTGCGTCACT 18 55.3  MS68 reverse CCTTGTGGCATCTTATAGGGC 21 55.4 

MS21 forward ATGGATGGATGGATGGATGGA 21 56.5  MS69 forward TGTCGTGTTACTATGTTTGCT 21 55.3 

MS21 reverse TGGATTTGTCTGATTCAGTGC 21 58.3  MS69 reverse GGTGGTGGTAGTAGTAGTAGT 21 55.6 

MS22 forward ACCTGACCCTGGTATTACCCT 21 55.6  MS70 forward AGCAGCAGCAGTAGGAGT 18 59.7 

MS22 reverse AAGGACCAAAATCCAGGAAAA 21 59.6  MS70 reverse TGGTGGTTTAGGTGGTTGGTT 21 57.9 

MS23 forward GCATTGGCTGCCATGAGC 18 60.3  MS71 forward AAGACAAGCATAAACGCTGA 20 56.6 

MS23 reverse TGGTTGGTTGGTTGGTTGGT 20 59.9  MS71 reverse ACAGAAAAACATTGCCAGACA 21 55.7 

MS24 forward GCATCACTGCTAGGGACGT 19 59.8  MS72 forward ACAGACAAACAGACAGACAGA 21 55.2 

MS24 reverse CAGACAGACAGACGGACGG 19 59.5  MS72 reverse TGTCTGTCTGTCTGTCTATCT 21 56.8 

MS25 forward TGGGTGAGGAGAGAGAGAGA 20 58.1  MS73 forward TGAGTGAGTGAGTGAGTGAGT 21 56.5 

MS25 reverse TCTGTCTGTCTGTCTGTCTGT 21 58.3  MS73 reverse ACCCTCTCTTTGGTAGCTTC 20 58.1 

MS26 forward ACAAAAGCGACGCTGGC 17 59.7  MS74 forward AGATGACAGACAGACAGACA 20 55.7 

MS26 reverse TTGAGCCGCGACACTCC 17 59  MS74 reverse TCTATCCTCTGTCTGTCTGTC 21 55.5 

MS27 forward TGCATACGAGGAAAATTTCGA 21 56.4  MS75 forward CGGGCGAAACACACCC 16 55.1 

MS27 reverse ACTTTCGCTGCGAAGGA 17 56  MS75 reverse AGGTAGGTAGGTAGGTAGGT 20 58.2 

MS28 forward GGCCATCGTGCCGTTT 16 60.2  MS76 forward TGGTTGGTTGGTTGGTTGGT 20 55.1 

MS28 reverse CCAAGACCTCTCCCCCACT 19 57.8  MS76 reverse AGACTGAGTTACGTGATCTTG 21 60.3 

MS29 forward ACCGATAACTGGGAGATTACT 21 55.7  MS77 forward TGGTTGGTTGGTTGGTTGGT 20 55.5 

MS29 reverse GCTTTACATTGGAATCCCCA 20 55.6  MS77 reverse AAAGGTGTATCTGGCATTGAA 21 60.3 

MS30 forward CAGACAGACAGACAGGCAGA 20 56.2  MS78 forward GACAGACAGACAGACAGACT 20 55.3 

MS30 reverse TGTCCCTTCTCCTCTCTCA 19 59  MS78 reverse AAGCGTTTAGTAAGGTTACGT 21 56.2 

MS31 forward GGCCCTATGTTCTGCCAATG 20 59.7  MS79 forward AGACAGACAGACAGACAGACA 21 57.4 

MS31 reverse GTCTTACCGCACGGGCA 17 59  MS79 reverse CACCTTTACCATCTTACCGGT 21 58.1 

MS32 forward AGACAAACAGACAGACAGACA 21 56.5  MS80 forward CTGGGTGGGTGGGTGG 16 60 

MS32 reverse TCTGGTTGTAGGTTTAGCGT 20 56.8  MS80 reverse AGGCGTGTCTTGTCTCGC 18 58.7 

MS33 forward ATTTGTGTGTGTGTGTGTGT 20 57.2  MS81 forward GAGCTTACACATGCATCCACA 21 58.1 

MS33 reverse AGACTGAAGGATGGGTGGA 19 56.3  MS81 reverse ACAGACAGACAGACAGACAGA 21 58.6 

MS34 forward CCATCGGTACAAGAAGTGGCT 21 55.5  MS82 forward ACAGCTCCTAATCGCGCG 18 59.3 

MS34 reverse AAGTTTGATCTTTCCGACCAT 21 60.1  MS82 reverse GTGGTCAAGACTAAGCATGGC 21 60.3 

MS35 forward GGGTGGGTGGGTGGGT 16 55.2  MS83 forward AAGGAGCGAGAAACTTGCAT 20 57.4 

MS35 reverse TCTATCTGTCTGTCTGTCTGT 21 60.5  MS83 reverse TCAGATCCACAAGCCTTAAGG 21 57.8 

MS36 forward TGGCCTCCACTCACTCACT 19 55.9  MS84 forward TTTCTTGTTGTTCATCCTCCT 21 60.4 

MS36 reverse CATCTGCGTATGTGTATGTGA 21 60.2  MS84 reverse CCTCATACAGGGCCTCCAGA 20 55 

MS37 forward CGGGCAGACGGACAGAC 17 55.3  MS85 forward TTCCGCCAATGGAACGAAC 19 59.6 

MS37 reverse AGTGTCGAGGATCTATGAAGA 21 59.8  MS85 reverse GCCACCGCCGTACACA 16 58.8 

MS38 forward CGTGCATAGATATGTTTCACG 21 57.7  MS86 forward GATGGCCCTATGTTCTGCC 19 60.1 

MS38 reverse CAGTCAGTCAGTCAATCAGCT 21 55.3  MS86 reverse CGTCACAGTCTCCGGCAG 18 58 

MS39 forward CGACAGGCAGGTAGGC 16 58.5  MS87 forward GGAAGAGTTGTACGCTCCT 19 58.6 

MS39 reverse TCTGTCTGCCTGTATGTCTGT 21 56.4  MS87 reverse TCTCAACTGAAGAGTGCCCA 20 56.5 

MS40 forward CGGACTGTGTTGTTGTTGTTG 21 59  MS88 forward ATTAAGGATCGAGAAACCTGC 21 55.3 

MS40 reverse ACAACAACACCAACACCAACA 21 58.5  MS88 reverse TCTTTTACTGATGTACACGCA 21 55.8 

MS41 forward CCTGTCCATCTACCTACACA 20 55.2  MS89 forward TCGTACTTTGCTGTTGTTGTT 21 60 

MS41 reverse ACAGACAGACAGACAGATAGA 21 55.7  MS89 reverse GCTAGTGTCCTTGCAGTGGT 20 56.6 

MS42 forward TCTGTCTGTCTGTCTGTCTGT 21 58.8  MS90 forward TTTTCAGGGCTGATCCATAAG 21 55.7 

MS42 reverse GCTTGGCCTCCTTGATGTG 19 58.1  MS90 reverse ACTATTGTCACTACCATTGCC 21 55.6 

MS43 forward TCACACACACCCATCCATCC 20 55.3  MS91 forward TCGTTAAATCTCACATTCGGT 21 55.7 
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MS43 reverse TGAAATCAGCTTACCTTGCA 20 59.7  MS91 reverse TCAACACCTTGCTGAATGG 19 55.4 

MS44 forward ATCGGGGCATTCATAGGTGT 20 59.6  MS92 forward CCGCCAATGTAACGAACAGG 20 60.1 

MS44 reverse GGTCAGCTGATGCGAATGC 19 58.9  MS92 reverse GCTGCTGCTCGGCTGT 16 59.6 

MS45 forward GGACTTGTTCCACATGCA 18 55.5  MS93 forward CCGCCAATGGATCGAAAGTG 20 58.8 

MS45 reverse TCAATGAGGGGCAGCAT 17 55.1  MS93 reverse AGCCCTGTGCCAGTCTG 17 59.6 

MS46 forward AGATAGGTAGGTAGGTAGGCA 21 59.9  MS94 forward TGGGTGCTGAGAATTTCAAAA 21 59.2 

MS46 reverse GTTGTTTCGGCTAGCAGCG 19 56.1  MS94 reverse CCCCAGGGACAGAGGAGA 18 56.3 

MS47 forward GGTGGGTCAGTCGGTTGG 18 58.3  MS95 forward TGGTGGTGATGATGGTGGTG 20 59 

MS47 reverse ACATGTGGCCACGAAAAGAA 20 60  MS95 reverse ACCACCACCACCACCAC 17 60 

MS48 forward ACGGGAACAAAAACACATACA 21 55.4  MS96 forward AGTGGTGGTGGTGGTGG 17 58.9 

MS48 reverse ACACATTCTTTCAGTCTGTGT 21 56.3  MS96 reverse CGGGTACTGCGAGGAATCT 19 58.6 
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Chapter 4: Hybrids or not hybrids: investigating potential introgression 

between two snail species through geometric morphometrics, mitochondrial 

and nuclear DNA analysis 
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Abstract 

The giant land snail Placostylus fibratus is harvested for food on the Isle of Pines, a small island 

south of the New Caledonia archipelago. On this island it is sympatric with the species P. 

porphyrostomus, and a third distinct shell morphotype has been reported. Hypotheses about the 

nature of this third morphotype have included the presence of a hybrid population, a distinct 

taxon, or a plastic phenotypic response to a distinct environment. Here I sample Placostylus 

across the island and use a combination of geometric morphometrics, nuclear and mitochondrial 

DNA analyses to test the various hypotheses of the origin of the third morphotype. Using 

newHybrids and STRUCTURE analyses on neutral nuclear datasets I found that snails from the 

third morphotype were not hybrids of first or second generation and had the same nuclear 

genetic diversity as other P. fibratus collected on the island. Phylogenetic analysis on 

mitochondrial DNA found two main Placostylus clades on the island but these were not strictly 

concordant with species identification. Based on the combination of morphological and genetic 

results I infer that the presence of a third shell morphotype on the island is probably linked to a 

phenotypic response to a distinct environment, and that only two taxa of Placostylus are present 

on the Isle of Pines. 
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Introduction 

Secondary contact between individuals of previously reproductively isolated lineages can lead 

to a variety of different evolutionary outcomes, with consequences on regulation and species 

conservation (Arnold, 1992). When reproduction occurs between individuals that are estimated 

to be distant enough on an evolutionary timescale to be classified into distinct ‘groups’ (species, 

populations, lineages, management units), the resulting hybridization can either be positive or 

negative for long term survival of both parental taxa and hybrids, and taxonomic and 

phylogenetic diversity. On the far end of the spectrum hybridization can lead to extinction of 

all populations involved (Rhymer & Simberloff, 1996). This happens when hybrids are 

maladapted but keep being produced because of a high hybridization rate between parental 

lineages, a process called demographic swamping (Prentis et al., 2007; Todesco et al., 2016). 

More frequently, parental taxa are entirely replaced by viable hybrid populations that can have 

a higher fitness (heterosis), but not necessarily (hybrid swarm). Many observed cases of 

hybridization following secondary contact are associated with human activities that have 

changed habitat availability and species ranges, and this globally leads to a net decline in 

biodiversity (Hasselman et al., 2014; Lowe & Abbott, 2015). It is also possible for all groups 

involved to establish or remain as distinct viable populations, either in a sympatric or allopatric 

setting (Costa et al., 2020; Harrison & Larson, 2016). In contrast to these scenarios of 

hybridization is the possibility of reinforcement, where a contact zone between two closely 

related species results in further separation of lineages because of a range of mechanisms that 

arise from maladapted hybrid individuals (Hollander et al., 2018; Noor, 1999).  Understanding 

local patterns of hybridization/reinforcement and their outcome can therefore have important 

implications for the management practises of endangered species. In situations where the 

conservation status of parental groups differs, decisions need to be carefully considered and 

aim towards the protection of most threatened taxa (Dierking et al., 2014).  Genetic analysis 

can be used to diagnose hybrid status of a population and be complemented by analysis of 

phenotypic variation. Here I investigate the specific hybrid status and introgression patterns of 

two sympatric giant snail species (Placostylus fibratus and P. porphyrostomus), which are 

thought to have a long-term history of introgression and have potentially produced viable hybrid 

populations (Dowle et al., 2015; Quenu et al., 2020).  

Placostylus is a genus of large terrestrial snails in the family Bothriembryontidae living on 

islands of the Western Pacific ocean (Breure et al., 2010). In New Caledonia, six species are 

recognised by the current taxonomy (Neubert et al., 2009), but recent investigations indicate 
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this separation is too simplistic and does not reflect either mitochondrial lineages or nuclear 

data separation (Dowle et al., 2015). The two most-abundant species Placostylus fibratus 

(Martyn 1789)  and Placostylus porphyrostomus (Pfeiffer, 1851) are locally common on the 

Isle of Pines, a small island (152 km2) south of Grande Terre, where P. fibratus is still harvested 

for food (Brescia, 2011). Despite being sympatric on this island, initial analyses of nuclear 

genetic data and shell shape separated the two species, but non-monophylly and haplotype 

sharing of mitochondrial lineages suggested a history of hybridization between the two taxa 

resulting in mtDNA introgression (Dowle et al., 2015). More recent morphological analysis has 

challenged this separation of Placostylus into just two species, with the presence of a third 

morphotype that appears intermediate in shell size and shape between the two species (Quenu 

et al., 2020; chapter 3 of this thesis). One population sample, Comwagna, was found to consist 

almost entirely of individuals from this third morphotype. Genetic data has yet to be generated 

for snails of this morphology. Determining their status is important because at the moment only 

P. fibratus can be legally harvested for food. Three main hypotheses have been advanced to 

explain this morphological disparity: the presence of hybrid snails (P. porphyrostomus x P. 

fibratus), the presence of snails from a third lineage, or a plastic phenotypic response to a 

distinct and localised environment. Our objective is to test these hypotheses, using datasets 

combining morphological data, nuclear genetic data and mitochondrial genetic data. 

Hybrid individuals tend to present intermediate values for quantitative traits. This has been 

demonstrated empirically for several species (Thompson et al., 2019) and can be explained by 

the cumulative effect of numerous co-dominant genes coding for the same quantitative trait. To 

quantify and analyse snail shell morphology Geometric Morphometric (GM) methods have 

proved to be un-biased and reliable (Bocxlaer & Schultheiß, 2010; Daly et al., 2020; Vaux et 

al., 2017, 2020). Landmark-based GM methods allow analysis of shape by analysing variations 

in position of a set of homologous landmarks after these have been submitted to a process called 

procrustean analysis, which removes effects of size, rotation and position (Mitteroecker & 

Gunz, 2009). GM methods can be complemented by clustering analysis to determine an optimal 

separation of morphological datasets. Through clustering methods morphological groups can 

be linked to genetic groups and evolutionary hypotheses tested  (Haase et al., 2014; Vaux et al., 

2018). In Placostylus a robust methodology has been established to produce two-dimensional 

landmark datasets, and was used in combination with various clustering algorithms to determine 

the presence of a third morphotype on the Isle of Pines (Quenu et al., 2020). By linking 



Chapter 4 

89 
 

individuals of this morphology to genetic data test the various hypotheses formulated about 

their origin can be tested. 

Hybrid populations can exist on a continuum from reproductively unviable F1 hybrids to fully 

time-stable hybrid populations, that may be independent or able to reproduce with parental 

lineages (Nieto Feliner et al., 2017). Being able to detect hybrid individuals and assign them to 

a specific hybrid class is therefore an important area of the study of hybridization and must rely 

on a solid methodology. Using independent codominant allelic nuclear markers it is possible to 

calculate assignment probabilities to hybrid classes for specific individuals, assuming parental 

populations are well defined and their allelic frequencies known (Anderson & Thompson, 

2002). To achieve this the software newHybrids uses bayesian inference and a genetic model 

which will assign individual posterior assignment probabilities to different hybrid classes based 

on the expected admixture of parental genes in hybrid categories. This approach is very efficient 

when testing for a hybrid population of first or second generation, where expectation of gene 

admixture in hybrid classes are straightforward. But in long-term stable hybrid populations the 

stochastic loss of parental alleles due to the combination of genetic drift and continuous 

interbreeding of hybrids across many generations will tend to obscure admixture signals. 

Hybrid individuals can also backcross with parental lineages, which will add extra noise to 

admixture signals. For these situations more general clustering analysis such as the modelling 

approach included in STRUCTURE can be applied to neutral nuclear marker datasets (Jombart, 

2008). Expectations are that hybrids will be either characterised as a distinct cluster or as an 

admixture of parental groups. If hybridization is the main influence on genetic structure, hybrid 

groups should be of intermediate genetic distance to both parental groups. These approaches 

offer more flexibility in interpretation and analysis of complex genetic datasets, but direct 

assignment probabilities to hybrid groups are never explicitly computed. In the case of 

Placostylus if intermediate morphological snails are first generation sterile hybrids, strong 

assignment probabilities to F1 hybrid class can be expected under a newHybrids model and 

signs of admixture between two hypothetical parental populations in STRUCTURE analysis. 

Snails from a stable hybrid population might not necessarily demonstrate strong assignment 

probabilities to any pre-determined hybrid class in newHybrids but would show signs of 

admixture at K=2 in STRUCTURE admixture analysis. 

In most metazoan species the mitochondrial genetic material is transmitted unilaterally through 

the maternal lineage and does not recombine. The snails studied here are hermaphrodites so 

every individual can potentially produce eggs and transmit their own mitochondrial genomes 
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to the next generation. By sampling a fragment of the mitochondrial genome across snails of 

different morphotypes it is possible to test the hypothesis of there being an independent snail 

lineage. At the same time if morphologically intermediate snails are proved to be hybrids, the 

repartition of mitochondrial haplotypes in populations will reflect symmetry of founder 

hybridization events -hybrid individuals will carry haplotype of the maternal parental lineage 

(Vallejo-Marín et al., 2016). Previous sampling of mitochondrial gene ND2 in New Caledonia 

Placostylus has revealed a complex phylogenetic pattern for the two species (Dowle et al., 

2015). Four main lineages were identified within the whole species complex, and neither P. 

prophyrosotmus nor P. fibratus was monophyletic. On the Isle of Pines two mtDNA lineages 

are present which largely segregate by morphological species, however a few individuals of  

both P. prophyrosotmus (1/17) and P. fibratus (9/27) have been recorded with the alternative 

mtDNA lineage (Dowle et al., 2015). This pattern was interpreted as the consequence of past 

hybridisation events which allowed mitochondrial gene flow and introgression between the two 

taxa. By sequencing the ND2 mitochondrial region in snails of intermediate morphotype from 

the Isle of Pines the hypothesis of a third taxon present on the island can be tested. If snails are 

hybrids, they will carry the mtDNA lineage of the snail that provided the eggs (maternal line) 

of successful hybridization events. If snails are from another taxa and/or come from a 

translocation they will either form a new separate lineage or cluster with lineages from other 

places in the archipelago. 
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Methods 

Sampling strategy 

Placostylus snails were sampled at eight sites on the Isle of Pines in April 2015 (Vao, Gadji, 

Kere, Youaty, Touete, Comagna, Wapan, Waatchia) (Fig. 1). Each sample site consisted of a 

transect orientated along an elevation gradient from the coast to the centre of the island. All live 

snails within a 20m radius of a fixed point were collected by hand. Shells of 336 adult snails 

(identified by the thickened lip) were photographed for shape analysis. Foot tissue samples were 

stored in 95% ethanol for DNA analysis. For mitochondrial DNA analysis 88 new 

mitochondrial sequences were generated, and for neutral nuclear marker analysis 124 snails 

were genotyped with six neutral nuclear loci. 

Geometric morphometrics (GM)  

The set of two-dimensional landmarks used for this study was derived from a set of optimal 

landmarks and semi-landmarks established in an analysis of New Zealand Placostylus (Daly, 

2017). A total of 40 landmarks and semi-landmarks were used, consisting of nine fixed 

landmarks and 31 sliding/semi-landmarks. Digital images of the ventral surface of each shell 

were obtained using a Canon EOS 600d with EF100 mm f2.8 USM macro lens after careful 

positioning of the shell in a bed of sand of contrasting colour. The camera equipment was 

mounted on a high-precision Kaiser stand to allow reproducible positioning and orientation 

(Dowle et al., 2015). All images were captured with the lens fixed at the same distance from 

shell, and shells were positioned by the same person to minimize operator error (Schilthuizen 

& Haase, 2010). In order to place the semi-landmarks along the curves of the shells, two 

‘combs’ were placed manually using Adobe Photoshop CS6, with their teeth perpendicular to a 

line from the shell apex to the intersection of the lips and outer shell. Digitization of landmarks 

and semi-landmarks was conducted using the programme tpsDig2 v.1.1 (Rohlf, 2015). 

Landmark type assignment and Procrustes analysis were then performed using Coordgen v.8.0 

(Zelditch et al., 2004). Principal component analysis (PCA) was executed on the covariance 

matrices of the aligned landmark coordinates using MorphoJ (Klingenberg, 2011). The size of 

the shells was incorporated into the analysis using the ‘centroid size’ tool included in the 

Procrustes analysis in Coordgen v.8.0. This size estimation is calculated as the square root of 

the sum of the arrays coming from the centroid position of a shape to each of the landmarks 

(Klingenberg, 2016). 
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Errors linked to shell manipulation and digitization were assessed by experimental replication; 

this involved taking five photographs of the same shell and comparing the variance attributed 

to the repeat process with the variance of the whole dataset using the morphol.disparity() 

function in the package geomorph v.3.1.2 (Adams, Collyer & Kaliontzopoulou, 2018) in R 

v.3.6.1 (R Development Core Team & R Core Team, 2017). Overall, the variance linked to 

manipulation and digitization error corresponded to <0.3% of the variance of the rest of the 

dataset, which was considered negligible for subsequent analyses. 

Gaussian mixture models were used for morphometric clustering analysis, using the R package 

mclust v. 5.4 (Fraley & Raftery, 2006). Gaussian mixture models were built using shell size and 

two Principal Component variables as inputs (PC1 and PC2). Different models were built for a 

range of a priori clusters in the dataset, with the optimal model being selected on the basis of 

highest BIC score. Results of the modelling process with additional input variables (PC1–5 and 

shell size) were also computed for comparison and yielded similar results. 

DNA extraction 

DNA was isolated from foot tissue samples using the Qiagen blood and tissue sample kit, 

following tissue extraction protocol. Foot tissue samples were cut down to small pieces using a 

sterile scalpel blade, before being incubated in a chaotropic lysis buffer with proteinase K 

overnight to fully digest cell membranes. DNA was isolated by binding to silica and after 

elution with purified water was stored in -20 °C freezer. 

Neutral nuclear marker analysis 

For nuclear marker analysis I used a set of six neutral nuclear genetic markers comprising four 

microsatellites and two nuclear SNPs markers. All these markers were generated specifically 

for this study and details about their development can be found in chapter 4 (Table 1). The four 

microsatellite markers (MS47, MS49, MS64, MS94) were synthetised with three different 

fluorescent tag attached to them (6-FAM, VIC and TAMRA). PCRs used the protocol: 94°C 

for 3mins, then 94°C for 45s, 50°C for 30s, 72°C for 75s repeated 36 times, followed by a 2 

mins annealing step. Genotyping was done by capillary separation of fluorescent labelled 

fragments on an ABI3730 Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA, USA). 

I used the Geneious microsatellite plugin tool to score and genotype snail individuals, based on 

amplified fragment size. The two neutral nuclear SNPs Markers (ITSv1 and ANL1) were 

amplified using an amplicon sequencing approach. ITSv1 is a SNP marker isolated from one 

variant of the Internal Transcribed Spacer 1 region of the ribosomal cassette. ANL1 is a SNP 
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marker amplified from an Anonymous Nuclear Loci. Both SNP markers were amplified 

through PCR with the protocol 94°C for 3mins, then 94°C for 90s, 61°C for 60s, 72°C for 50s 

repeated 21 times. Resulting PCR products were loaded into a paired-end 250bp Illumina Miseq 

for sequencing. 

Table 1: Primer pair sequences and characteristics of the six neutral nuclear markers used in 

neutral nuclear marker analyses. 

Marker 
name 

Primer 
direction Marker type Motif  

Nucleotide 
substitution Primer Sequence 

ITSv1 forward SNP - T / C GGAAGTAAAAGTCGTAACAAGG 
ITSv1 reverse SNP - T / C GCTGCGTTCTTCATCGATGC 
ANL1 forward SNP - G / C TGGAATCCATAGGGGTCAAAATTCC 
ANL1 reverse SNP - G /C  ACCAGAAAGGACCAGGGAGC 
MS47 forward  Microsatellite GGTT - ACA TGT GGC CAC GAA AAG AA 

MS47 reverse Microsatellite GGTT - GGT GGG TCA GTC GGT TGG 

MS49 forward  Microsatellite GACA - AGA TAG ACG GAC GGA CGG A 

MS49 reverse Microsatellite GACA - TGA CTG TTG GAG ATT GCA GCT 

MS64 forward  Microsatellite ATGT - TCA ACC TTT CTT TCT GTT GCC 

MS64 reverse Microsatellite ATGT - ACA TAC ATA CAT GCC TGC CTG 

MS94 forward  Microsatellite ACTA - TGG GTG CTG AGA ATT TCA AAA 

MS94 reverse Microsatellite ACTA - CCC CAG GGA CAG AGG AGA 
 

Neutral nuclear markers were analysed using newHybrids (Anderson & Thompson, 2002) to 

generate a model that would compute posterior probabilities for individuals to fall into different 

hybrid classes. Six classes were specified in the model: the two parental classes fibratus and 

porphyrostomus, hybrids of first and second generation F1 and F2 and two back-crosses classes 

BC1 and BC2 which correspond to individuals resulting of back-crossing of F1 individuals with 

either parental lineage. Snails that were of either fibratus or porphyrostomus morphologies 

(based on GM analysis) were specified as of pure parental lineage in the model. Jeffreys-like 

prior distributions were used for mixing parameters π and θ, and the MCMC was run for 

100,000 steps for burn-in and 1,000,000 steps after burn-in period.   

Clustering analysis of neutral nuclear data used STRUCTURE (Pritchard et al., 2000). Models 

were built for a number of a priori clusters ranging from K=1 to K=10, with 10 iterations for 

each value of K. Models with admixture and correlated allele frequencies were used. For each 

model the MCMC chain was run for 100,000 steps for burn-in period and 1,000,000 steps after 

burn-in period. Optimal number of cluster K was investigated by calculating the average mean 

likelihood of models for a specific value of K over the ten iterations (Pritchard et al., 2000), and 
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through the Evanno Delta K method (Evanno et al., 2005). Pairwise FST distances between 

morphological groups were calculated using the pairwise.fst() function in the adegenet package 

(Jombart, 2008). To estimate the significance of FST values between morphological groups p-

values were computed by comparing the calculated FST values with a reference distribution of 

FST values obtained where individuals were randomly assigned to one of three groups (Null 

hypothesis = panmixia). A principal component analysis of the six nuclear markers was 

performed using the dudi.pca() function of the adegenet package (figure 3). 

 

Mitochondrial DNA analysis 

A 754 bp mitochondrial DNA sequence was amplified in 88 snails representing three 

morphotypes. The ND2 region of the mitochondrial region was targeted, using polymerase 

chain reaction primers previously developed for New Caledonia Placostylus phylogenetic 

analysis (primers: Placo_ND2F: AAC GCA AAG GGT ATG AAC CCG TAA ATA G and 

Placo_ND2R: GAG CAA TCG CCG GAG GAA CGG AAA T) (Dowle et al., 2015). 

Amplification used Polymerase Chain Reactions (PCRs), using dilutions (1:50) of initial DNA 

extractions. PCR used the protocol: 94 °C for 3 min; 94 °C for 45 s, 56 °C for 45 s and 72 °C 

for 75 s repeated 36 times; followed by a 2‐min annealing step. Sanger sequencing was realized 

on the ABI Prism 377 DNA sequencer (Applied Biosystems, Inc., Foster City, CA, USA). The 

quality of sequences was checked on Geneious 2020.0.5 (Kearse et al., 2012). The translation 

tool with mitochondrial invertebrate genetic code was used to verify there was at least one 

uninterrupted amino acid frame in all sequences. New ND2 sequences were aligned to New 

Caledonia Placostylus ND2 sequences available on GenBank (total number of sequences used 

in the alignment was 188 sequences) using MUSCLE (Edgar, 2004). I used MrBayes to produce 

a Bayesian phylogeny, using one model of nucleotide substitution (GTR+ I + Gamma). Separate 

haplotype networks were inferred for each lineage from the Isle of Pines, using the TCS 

algorithm implemented in popART (Leigh & Bryant, 2015).  
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Results 

Geometric morphometrics  

Based on BIC scores the shell size and shape variation in our dataset had an optimal fit to a 

GMM with three clusters (elliposidal, equal volume, shape and orientation (EEE) model). Two 

of these clusters correspond to morphotypes of the recognised species P. fibratus and P. 

porphyrostomus and the third cluster was intermediate in terms of size and shape. Out of 336 

shells, 226 (67%) individuals were assigned to the P. fibratus cluster, 56 (17%) to the P. 

porphyrostomus cluster and 54 (16%) to the third cluster. Snails from the third cluster mostly 

originated from the Comwagna population, and the Comwagna population sample was almost 

entirely constituted of shells from this third cluster (figure 1). The Youaty population sample 

consisted only of P. fibrates specimens. The Touete, Waatchia, Gadji, Kere and Vao population 

samples contained both P. fibratus and P. porphyrostomus. The Wapan population sample 

contained examples of all three morphological clusters. 

 

 

 

 

 

 

 

 

 



Chapter 4 

96 
 

 

Figure 1: Morphological analysis of 336 shell sampled across eight locations on the Isle of 

Pines. A) Shell of New Caledonian Placostylus fibratus with the 40 landmarks used in the 

geometric morphometry analysis. Digitizing combs are in blue and the orientation is indicated 

by the white dashed line. Red and yellow dots indicate permanent and semi-landmarks 

respectively. B) Gaussian Mixture Model classification of Placostylus in relation to variation 

of shell size and shape along PC 1 (35.3%). Red = porphyrostomus cluster, blue = fibratus 

cluster. C) Approximate position on the Isle of Pines of the eight sample populations 

corresponding to local tribal areas, with the proportion of each population sample assigned to 

one of three morphotypes with Gaussian Mixture Modelling shown. D) Assignment 

probabilities calculated for shell shape and size variation in eight population samples of 

Placostylus from the Isle of Pines 
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Neutral nuclear marker analysis 

Allelic diversity within the six nuclear markers ranged from 2 (ANL1) to 19 (MS94). The three 

morphological groups contained respectively 72 (fibratus morphology), 28 (porphyrostomus 

morphology) and 24 (third morphotype) individuals, and each group contained a total of 38, 33 

and 31 alleles over the six nuclear markers. The genetic model generated using newHybrids 

assigned the majority of individuals with fibratus and porphyrostomus morphologies to their 

corresponding genetic groups (Figure 2). Of the snail specimens with the third morphotype 21 

had strong assignment probability (> 0.8) to the fibratus genetic group, one to the 

porphyrostomus genetic group and five did not have strong assignment probabilities to any 

genetic group. The model did not find strong support for any of the snails to be assigned to any 

of the four hybrid classes (F1, F2, BC1 or BC2). The maximum assignment probability of a snail 

being an F2 hybrid was 0.38 for an individual from Comwagna with the third (intermediate) 

morphotype. 

 

Figure 2: Posterior assignment probabilities for each of 124 Isle of Pines Placostylus snails to 

parental and hybrid classes, based on genotype data from six nuclear markers. The newHybrids 

genetic model comprised two parental populations (P. fibratus and P. porphyrostomus) and 

four possible hybrid classes (hybrid of first and second generation F1 and F2 and two 

backcrosses class BC1 and BC2). 
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The optimal division of the dataset was into three cluster using a STRUCTURE model analysis, 

with agreement between the mean likelihood and the Evanno method (figure 3B). Examination 

of the two cluster STRUCTURE model (K=2) revealed the assignment of specimens did not 

perfectly separate fibratus and porphyrostomus shell morphologies. Most snails of 

porphyrostomus shell morphology (21/28, > 0.8) were assigned to the same genetic group, but 

for snails of fibratus and intermediate shell morphologies mixed assignment probabilities 

between the two theoretical clusters were reported. At K=3 the separation between snails of P. 

porphyrostomus shell morphology and the other two (intermediate and P. fibratus) shell 

morphologies was more evident. Most of the snails of P. porphyrostomus morphology were 

strongly assigned to the same genetic group (21/28, > 0.8). Most of the snails from the fibratus 

(69/72) and intermediate (21/24) morphologies had mixed assignment probabilities to the two 

other genetic groups (Figure 3C).  

Differentiation between snails of P. porphyrostomus shell morphology and snails of P. 

fibratus/intermediate shell morphologies was observed in the principal component analysis of 

nuclear markers on the first axis of variation (PC1 (24.4%); figure 3A). For the sample of six 

nuclear markers the genetic variability of snails of the third morphotype appeared to be 

imbedded within the variability of snails of P. fibratus morphology. Pairwise FST distances were 

small and differed slightly from panmixia expectations between the intermediate / fibratus 

morphological groups and were relatively high and significantly differed from panmixia 

expectations between the fibratus / porphyrostomus and intermediate / porphyrostomus shell 

morphologies (Table 2). 

 

Table 2: Pairwise FST distances and associated p-value between morphological groups of 

Placostylus snails on the Isle of Pines, inferred from six neutral nuclear markers. 

  Intermediate fibratus porphyrostomus 
Intermediate 0 0.035417 / 0.012* 0.1260479 / 0.001*** 
Fibratus  0 0.1204032 / 0.001*** 
Porphyrostomus     0 
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Figure 3: Clustering analyses based on snail genotypes for six neutral nuclear markers. A) The 

first two axis of a principal components of variation analysis. Individuals are color-coded 

according to their shell morphology: red = P. porphyrostomus; blue = P. fibratus ; green = third 

(intermediate) morph. B) Change in the mean likelihood over ten iterations of STRUCTURE 

clustering models for an increasing number of a priori cluster K, and change of the Delta K 

value for the same models as calculated through the Evanno method. C) Posterior assignment 

probabilities to genetic clusters based on STRUCTURE models for K=2 and K=3. 
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Mitochondrial DNA Analysis 

The collection of 188 mitochondrial ND2 sequences separated into five distinct lineages, of 

which four corresponded to the P. fibratus and P. porphyrostomus species complex (figure 4). 

Of these four lineages, two only contained snails from Grande Terre previously identified as 

either P. porphyrostomus or P. fibratus. Snails from the Isle of Pines were split into the other 

two lineages. One of these lineages contained almost all snails of P. fibratus morphology, along 

with snails of intermediate morphology and three snails of P. porphyrostomus morphology. The 

other lineage contained almost all snails of P. porphyrostomus morphology, along with snails 

of intermediate morphology, one snail of P. fibratus morphology and snails collected on Grande 

Terre. From the Isle of Pines 77 different haplotypes were observed, with most haplotypes 

recorded from single specimens. 
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Figure 4: Bayesian phylogeny of 188 New Caledonia ND2 Placostylus sequences (754bp), and 

TCS haplotype networks for the two lineages comprising snails from the Isle of Pines. Node 

labels on phylogeny indicate posterior probability support values.  

 

 

 



Chapter 4 

102 
 

Discussion 

Three hypotheses were considered to explain the presence of an intermediate morphotype in 

addition to the two morphospecies P. fibratus and P. porphyrostomus on the Isle of Pines 

(Quenu et al., 2020). The first hypothesis was that the intermediate third shell morphotype was 

the result of a hybrid population primarily established at the Comwagna sampling site. Under 

this scenario, hybrid snails could be either the result of a recent (or ongoing) hybridization 

(hybrids of first or second generation), or they could originate from a more ancient 

hybridization event. The nuclear genetic data did not support either of these hybrid hypotheses. 

Using nuclear genotypes from 124 individuals I found that most snails of intermediate 

morphology fall into the fibratus genetic group using a newHybrids model with parental 

genotypes identified by morphology (P. fibratus and P. porphyrostomus). Similarly, in the 

STRUCTURE analysis snails of intermediate and fibratus morphology had similar mixed 

assignment probabilities to two hypothetical clusters at K=3. The principal component analysis 

did not differentiate the genotypes of individuals of intermediate and fibratus shell morphology 

and estimates of pairwise FST suggested the genetic distance between the morphological only 

slightly differed from what would be observed in one panmictic population. All the different 

approaches to analyse the nuclear genetic data resulted in the same inference - that most of the 

snails of intermediate morphology are genetically the same as P. fibratus. 

The second hypothesis to explain the presence of Placostylus third shell morphotype was the 

presence of a third taxon unique to the isle of Pines. Both nuclear and mitochondrial genetic 

data refute that hypothesis. Snails of intermediate shell morphology all carried the ND2 mtDNA 

of either one of the two Isle of Pines Placostylus lineages. Snails of intermediate and fibratus 

morphology did not form a monophyletic clade but were split in two lineages. This pattern is 

consistent with previous observations (Dowle et al., 2015), which explained non-monophylly 

of both P. fibratus and P. porphyrostomus Isle of Pines mtDNA lineages by historic 

hybridization resulting in mitochondrial introgression. In our sampling of 24 individuals with 

intermediate shell morphology, ten had haplotypes that clustered with the ‘porphyrostomus’ 

lineage (42%). This is a much higher proportion than the number of snails identified as not P. 

fibratus using nuclear genetic markers (1 out of 46; 2.2%). Lack of concordance between 

nuclear and mitochondrial markers is not uncommon (Sloan et al., 2017) and explanations for 

these observations include sampling artefact, higher introgression rates with P. porphyrostomus 

for that population or other historical processes (population bottlenecks, genetic drift).  
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The third hypothesis to explain the presence of a third Placostylus snails shell morphotype on 

the Isle of Pines is that shell shape responds to environmental variable. The intermediate shell 

shape might be a plastic phenotypic response to a distinct environment predominantly found at 

Comwagna. Given the evidence from the nuclear markers that most specimens with 

intermediate morphological are genetically indistinguishable from P. fibratus, this is the most 

likely explanation for the third shell morphology. Of the eight locations where snails were 

sampled Comwagna is the only one situated on red ferralitic (=laterite) soils, whereas all the 

other collecting locations are on uplifted coral reef terrain (Lagarde & Ouetcho, 2017).  Plastic 

responses in shell morphology and shell growth have been widely studied in gastropods and are 

often related to environmental calcium availability, which influences shell biomineralisation 

(Charrier et al., 2013; Madec & Bellido, 2007). Considering this, it is possible P. fibratus shells 

in the Comwagna population are smaller because of a limited amount of calcium, and changes 

in shape can be explained by allometric effects. When species identification was based solely 

on shell morphology the taxonomy of New Caledonia  Placostylus species recognised as many 

as 141 species (Neubert et al., 2009). Later analyses using snail genitalia and molecular 

evidence has reduced the number of species to only six. It was understood that much of the 

variability in shell size and shape across the archipelago was due to differences in shell growth 

in response to local environmental conditions (Brescia et al., 2008). Although shell size of 

adults of related Placostylus species are known to be linked to local moisture and density levels 

(Parrish et al., 2014), shell shape is thought to be less plastic (Daly et al. 2020).  The snail shells 

identified as being a third morphotype were intermediate in both shape and size and they 

provide another example of a pattern of phenotypic plasticity, which seem to be widespread in 

terrestrial gastropods. 

Two methods were used here to test the hypothesis of a hybrid population. Because 

hybridization is a process that involves the random association of gametes from two parental 

populations the identification of hybrid status requires a probabilistic approach. This can be 

done by defining hybrid classes with genotype frequencies calculated from the genotype 

frequencies of parental populations and the expected proportions of parental alleles expected in 

different hybrid classes (Anderson & Thompson, 2002;  Anderson, 2008). Another approach is 

to use clustering and admixture analyses, where parental groups can be find de novo and hybrids 

are expected to show signs of admixture between parental groups (Pritchard et al., 2000). 

Empirically many studies have found both techniques yield similar results when applied to 

actual hybrid populations or individuals (Baena-Díaz et al., 2018; Gramlich et al., 2018; Marie 
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et al., 2011; Moura et al., 2014). Here results of both methods were compatible and both 

identified the intermediate morphological cluster as having the same genetic diversity as the 

individuals identified as P. fibratus based on shell morphology. This pattern was confirmed by 

the principal component analysis performed on the six neutral nuclear markers, and by estimates 

of pairwise FST between morphological groups. An interpretation of the mixed STRUCTURE 

assignment probabilities could be that individuals of fibratus and intermediate shell 

morphology all descend from an admixture of two ancient populations/lineages, but such 

admixed assignment probabilities can also reflect a range of other scenarios (e. g. recent 

bottleneck, ghost admixture; Lawson et al., 2018). Given the low number of loci used in the 

analysis it seems wiser not to interpret those results any further than a separation in two nuclear 

genetic groups for the whole Placostylus dataset. 

The sample of 336 shells constituted the most exhaustive collection of Placostylus ever 

collected on the Isle of Pines. It sampled locations in the eight Kanak districts of the Isle of 

Pines, where P. fibratus is harvested and commercialised for food. Considering the genetic 

diversity and shell morphological variation of the dataset it can confidently be assessed there 

are only two Placostylus taxa currently present on the Isle of Pines. These taxa correspond to 

nuclear genetic groups of the recognised species P. fibratus and P. porphyrostomus.  They 

comprise two mitochondrial lineages (figure 4), but these are not reciprocally monophyletic. 

Human consumption of Placostylus snails on the Isle of Pines could potentially include the 

intermediate shell-shaped P. fibratus individuals but smaller specimens are not favoured for 

commercial harvest (Brescia et al. 2008). There are two shell morphological groups of P. 

fibratus and one shell morphological group of P. porphyrostomus. Distinct mitochondrial 

lineages of P. fibratus and P. porphyrostomus exist on Grande Terre (figure 4) and taxonomic 

revision should be considered to separate these from the Placostylus snails found on the Isle of 

Pines.  
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Abstract 

The two stable isotope ratio δ13C and δ18O retrieved from the carbonate shell of terrestrial snails 

can be used as an environmental proxy and are thought to reflect dietary composition and 

climatic conditions (precipitation, humidity, temperature) snails live in. Here I develop a 

protocol to sample high-resolution isotopic records of snails of the genus Placostylus, which 

are endemic to the southwest Pacific. This protocol is used to sample isotopic profiles from 

nine snail shells coming from two locations in New Caledonia and one location in New 

Zealand. I found that snails from New Zealand had on average higher δ18O values than their 

counterparts in New Caledonia, while the reverse relationship is expected in δ18O values of 

environmental water between these two regions. Snails from New Caledonia had noticeable 

drops in their δ18O values, which could be linked to extreme precipitation events in this region 

(e.g. tropical storm, hurricane). The isotopic ratio δ13C was found to be highly variable even 

among snails collected at the same location, and snails from New Zealand had on average 

slightly higher δ13C values than their counterparts in New Caledonia. 
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Introduction 

Quantitative reconstructions of past climate rely on the use of proxy systems, where the 

physical or chemical properties of an archive are used to infer past environmental conditions 

(Evans et al., 2013). Classical examples of biological proxies include tree-ring records of fossil 

or extant trees (Lorrey et al., 2018), or isotopic profiles retrieved from the carbonate shell 

produced by terrestrial or marine molluscs (e.g. Bivalves, gastropods; Apolinarska et al., 2015; 

Jones & Quitmyer, 1996)  Fossil land snails have been used in a wide range of paleoclimatic 

and paleoenvironmental studies. Land snail are widespread today and their shells are usually 

well preserved in Quaternary sediments (Goodfriend, 1992; Leng & Lewis, 2016). Taxonomic 

analyses of  community assemblages have been used to produce qualitative paleoenvironmental 

reconstructions (Brook, 1999b, 1999a; Moine et al., 2002), and analyses of chemical properties 

of fossil shells can provide quantitative proxies of past climate conditions (Goodfriend, 1992). 

Among the chemical properties of the snail shell the carbon and oxygen stable isotope 

composition are the most well understood (Yanes et al., 2009). These isotope ratios can be used 

in two key ways: (1) providing insights into the organism’s diet, which can in turn, provide 

insights into past vegetation assemblages (Stott, 2002);  and (2) be used as a proxy for past 

climatic variables (e.g. humidity, temperature, relative humidity). To achieve reliable 

inferences about the past, analyses of modern specimens are required, which allow the 

comparison of stable isotopic composition of extant specimens with local environmental 

variability (Yanes et al., 2019). Here I provide the first modern land snail isotopic data (δ13C 

and δ18O) for two regions of the southwest Pacific (New Zealand and New Caledonia). A 

protocol is developed to sample high-resolution isotopic data from giant snail shells of the 

genus Placostylus. The stable isotopic signal is compared to climatic variables, and differences 

in isotopic composition between snails from two contrasting geographic locations and between 

sympatric species of snails are investigated.  

Land snails and stable isotopes 

Oxygen stable isotope data are typically presented as values of δ18O, which are defined by the 

following formula:  

δ18O =  

18O sample
16O sample

18O standard
16Ostandard

− 1  ×  1000 
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It reflects parts per thousand (denoted as ‰) enrichments or depletions relative to a standard 

of known composition, which for δ18O values is the Vienna Standard Mean Ocean Water 

(VSMOW). δ18O values obtained  from snail shells are thought to mainly reflect the δ18O 

signature of the water in the snail’s local environment, which is in turn controlled by a range 

of climatic factors (Balakrishnan & Yapp, 2004; Baldini et al., 2007; Goodfriend et al., 1989; 

Goodfriend & Ellis, 2002; Lécolle, 1985; Yanes et al., 2017; Yapp, 1979). Correlations 

between climate variables and snail shell isotopic value means the shell δ18O can effectively 

be used as a quantitative proxy for a range of climatic variables. However, with different sets 

of correlations for different geographical areas no universal relationship has been found (Yanes 

et al., 2019). Snail shells are produced by a precipitation reaction which takes place in the 

mantle (pallium) of the organism, with the oxygen component of the shell coming from the 

body water of the snails. In theory shell δ18O is therefore controlled by the δ18O of snail body 

water, and the temperature at which the precipitation reaction takes place. Mechanistic flux 

balance models have hypothesised a strong relation between relative humidity (RH) and shell 

δ18O (Balakrishnan & Yapp, 2004). This has been confirmed in some empirical settings 

(Balakrishnan, Yapp, Theler, et al., 2005; Zaarur et al., 2011), but not universally (Magaritz et 

al., 1981). Studies using multiple whole-shell δ18O data from locations displaying a significant 

geographical or elevation gradient have confirmed local correlations with precipitation and 

temperature variables (Bao et al., 2019, 2020; Colonese et al., 2014; Yanes et al., 2009). Based 

on this, snail shell δ18O appears to be generally negatively correlated to precipitation rate, and 

generally positively correlated to air temperature. Direct comparisons of snail shell δ18O to the 

δ18O of environmental water has revealed almost universally higher δ18O values in snail shells 

(Yanes et al., 2019).  

In addition to δ18O, snail shell carbonate also preserves values of δ13C, which are defined by 

the following equation: 

δ13C =  

13C sample
12C sample

13C standard
12Cstandard

− 1  ×  1000 

As with δ18O values it is expressed in parts per thousand (‰) enrichment or depletion relative 

to a standard of known composition which in the case of δ13C values is the Vienna Pee Dee 

Belemnite (VPDB). In terrestrial gastropods δ13C values are thought to be primarily influenced 

by snail diet and in herbivorous land snails is correlated to the relative ingestion of C3 / C4 
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plants (Balakrishnan, Yapp, Meltzer, et al., 2005; Bao et al., 2018; Bing et al., 2012; 

Goodfriend, 1992; Goodfriend et al., 1989; Goodfriend & Magaritz, 1987; Yapp, 1979). 

Because of their metabolic pathways C4 plants (e.g. tropical grass) typically have a high  δ13C 

and therefore higher snail shell δ13C values can usually be interpreted as higher relative C4 

plant intake (Balakrishnan & Yapp, 2004). Changes in shell δ13C over large geographical areas 

representing a partition of plant community assemblages have been demonstrated (Colonese et 

al., 2014; Prendergast et al., 2017; Yanes et al., 2009), but high-resolution shell analyses have 

also revealed that changes in δ13C values can be associated with switches in snail diet (Baldini 

et al., 2007). In controlled lab environments positive correlations have been noticed between 

snail shell δ13C values and diet composition, with higher δ13C values for land snails fed with 

C4 plants (Metref et al., 2003; Stott, 2002). Beside dietary carbon, other sources of carbon for 

carbonate shell include atmospheric CO2 and direct ingestion of non-biogenic carbonate matter 

such as limestone (Yanes et al., 2012). It is not entirely clear how all these sources of carbon 

interact and interfere with the δ13C of the snail shell, and studies relying on the use of 

radiocarbon isotope 14C have demonstrated the proportion of dietary carbon present in the 

carbonate shell of the snail seems to vary between species of snail or geographical area (Bing 

et al., 2012; Goodfriend & Magaritz, 1987; Pigati et al., 2010). Changes in δ13C values in 

chronological fossil series of snails have the potential to inform us about snails palaeodietary 

composition and can be extrapolated to infer changes in past plant community assemblages, 

which are often correlated to changes in past climatic conditions (Balakrishnan, Yapp, Meltzer, 

et al., 2005; Padgett et al., 2019; Yanes & Romanek, 2013). It is however a complex signal and 

inferring patterns in fossil material require extensive studies of modern specimens from the 

same geographical region. 

Stable isotopic composition of land snail can either be obtained from whole-shell and reflect 

an average isotopic value over the snail’s lifespan, or high-resolution approaches can be 

developed and sample multiple isotopic values within the same shell. These approaches can be 

used to infer climatic relationships at a sub-annual resolution, with sampling strategies that 

follow ontogeny of the snail (Yanes et al., 2012). In India, high-resolution δ18O  series from 

the invasive giant African snail species Lissachatina fulica have been used to characterise high 

precipitation monsoon season (Ghosh et al., 2017). In the Bahamas high-resolution δ18O 

records of snails from the genus Cerion have linked drops in δ18O values to months of highest 

precipitation (Baldini et al., 2007). Differences in δ18O values between snail species have 

received little attention, but comparison of sympatric species indicate isotopic composition can 
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differ significantly for snails of different ecology, size and ethology, with larger land snails 

showing consistently higher δ18O value than their smaller counterparts (Yanes et al., 2017).  

Geographical and climatic setting 

Snail specimens for this study were sampled from two geographical regions in the Pacific: the 

far North of New Zealand and New Caledonia (Figure 2 and 3). New Caledonia consists of an 

assemblage of tropical islands located in a low latitude region (22°) east of Australia. Studies 

of rainwater isotopic composition in tropical islands have suggested that in these areas δ18O 

values fluctuate with monthly precipitation, with higher isotopic values found during drier 

months (Edirisinghe et al., 2017). For New Caledonia, rainwater isotopic composition has only 

been investigated for a two year time period in Lifou, an island north-east of the archipelagos 

(Nicolini et al., 2016), with lower stable isotopic values recorded during the wet season 

(December – April).  No recording station has been incorporated in the GNIP database for this 

region, and therefore prediction of δ18O values from associated models would rely on 

extrapolations based on latitude and elevation variables (Bowen & Wilkinson, 2002). Because 

of its geographical positioning the archipelago is also regularly affected by large tropical storm 

or hurricane events, which are associated with rainwater depleted in heavy isotopes (Miller et 

al., 2006; Sánchez-Murillo et al., 2019). 

Because of its wide latitudinal spread and variety of micro-climates New Zealand climatology 

is considered complex, with multitudes of internal variabilities. External influences on 

rainwater isotopic constitution includes air masses movements from sub-tropical regions to the 

north, and sub-Antarctic regions to the south. However, for the whole of New Zealand only 

two stations have been incorporated in the Global Network for Isotopes in Precipitation (GNIP- 

Kaitaia and Invercargill), which is the data used by predictive models of rainwater stable 

isotope composition such as the Online Isotope in Precipitation Calculator (OIPC).  Current 

efforts are however dedicated to improve both the geographical coverage of sampling stations 

within the country, and the accuracy of predictive models associated (Baisden et al., 2016; 

McComb et al., 2019). Noticeably an enrichment in heavy isotope was observed in the northern 

parts of the country (Northland), where Placostylus snails live. Like New Caledonia the North 

of New Zealand is sometime be subject to tropical storms, even though they are far less frequent 

and bring far less precipitation than the ones occurring in tropical latitudes. 
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The biological material: Placostylus  

Placostylus is a genus of large terrestrial land snail endemic to the southwest Pacific. Extant 

species are found in the Solomon Islands, Fiji, Vanuatu, New Caledonia, Lord Howe Island 

and the north of New Zealand (Neubert et al., 2009). Quaternary fossil snail shell records are 

known to be particularly abundant in the north of New Zealand (Brook, 1999a), and records 

also exists at both Grande Terre and the Isle of Pines in New Caledonia (Neubert et al., 2009). 

Ecology of Placostylus species have been extensively studied for the two New Caledonian 

species P. fibratus and P. porphyrostomus (Brescia et al., 2008), and for the New Zealand 

species P. ambagiosus (Parrish et al., 2014). All three species are most active at night, and 

snails usually bury themselves in the leaf litter during the warmer daytime hours. Behavioural 

studies have demonstrated the New Caledonia species P. fibratus is most active, including 

reproductively, during the cold season (May to October) and has a more limited activity during 

the warmer wetter season (December to March). All three species are believed to feed on fresh 

leaves falling off surrounding trees, with their specific diet composition differing between 

geographical regions. Dispersal is very low with many marked individuals of P. fibratus and 

P. porphyrostomus found under the same tree or shrub for more than 12 months (Brescia et al. 

2008). Similarly the New Zealand species P. ambagiosus has a strong homing behaviour and 

will tend to stay within the same area most of its life (Stringer et al., 2018). 
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Methods 

2.1 Geographical sampling 

Snail shells were sampled from three localities in two geographical regions: New Zealand and 

New Caledonia (Table 1). In New Caledonia live snails were sampled from two locations: 

Gadji (Figure 2A, -22.5607, 167.4304805) on the Isle of Pines, and Forêt Nord (Figure 2A, -

22.093459, 166.700256) on Grande Terre. Shells from Gadji collected in April 2015 represent 

the two species P. fibratus and P. porphyrostomus, and shells from Forêt Nord collected 

between 2007 and 2012 were P. fibratus (Table 1). The shells from New Zealand were donated 

by the Museum of New Zealand Te Papa Tongarewa and were collected alive in 1949 in Spirits 

Bay, located in the Northernmost part of the North Island (Figure 3A, -34.4338, 172.89167). 

Within each location shells were collected on the same day. Overall, there were three shells 

sampled in the New Zealand location (P. ambagiosus), two shells sampled in the Forêt Nord 

location in New Caledonia (P. fibratus) and four shells collected in the Gadji location in New 

Caledonia (P. fibratus and P. porphyrostomus). 

2.2 Meteorological and climate data 

Meteorological data at a monthly resolution were obtained from three meteorological stations. 

Data from New Caledonia spanning 2005 to 2021 were provided by Meteo France. The two 

meteorological stations closest to snail sampling locations were Moue on the Isle of Pines (-

22.5898 / 167.4521, closest to Gadji) and Rivière Blanche on Grande Terre (-22.1326 / 

166.7263, closest to Forêt Nord). The nearest meteorological station to Spirits Bay is located 

at Kaitaia (-35.108 / 173.258), about 100km south of Spirits Bay (Figure 3A). Data obtained 

from this station spanned from 1967 to 1985. Three variables were gathered from the New 

Caledonia stations: Monthly cumulative Precipitation (mm, MP), Mean Monthly Temperature 

(°C, MMT) and Monthly Mean Humidity (%, MMH). Four variables were gathered from the 

New Zealand (Kaitaia) station: Monthly Precipitation, Monthly Mean of the Daily Maximum 

Air temperature, Monthly Mean of the Daily Minimum Air Temperature, and Monthly 9am 

Relative Humidity (RH). Annual climatology with averaged monthly statistics values were 

calculated for each variable with 95% confidence intervals over the timespan covered by 

meteorological stations. Model estimates of rainwater oxygen isotopic ratio δ18O  were 

computed for each sampling location using the Online Isotope in Precipitation Calculator 

(OIPC, Bowen & Wilkinson, 2002).   
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Table 1: Location and species information for the nine shells collected  

Shell ID Species 
Geographical 
region 

Sampling 
site latitude longitude Collection date 

Forêt Nord 8-1 (FN81) Placosylus fibratus New Caledonia Forêt Nord -22.093 166.7003 2007-2015 

Forêt Nord 8-5 (FN85) Placosylus fibratus New Caledonia Forêt Nord -22.093 166.7003 2007-2015 

Gadji 11 (GA11) Placostylus porphyrostomus New Caledonia Gadji -22.561 167.43 April 2015 

Gadji 13 (GA13) Placostylus porphyrostomus New Caledonia Gadji -22.561 167.43 April 2015 

Gadji 04 (GA04) Placosylus fibratus New Caledonia Gadji -22.561 167.43 April 2015 

Gadji 08 (GA08) Placosylus fibratus New Caledonia Gadji -22.561 167.43 April 2015 

New Zealand 1 (NZ1) Placostylus ambagiosus New Zealand Spirits Bay -34.434 172.892 1949 

New Zealand 2 (NZ2) Placostylus ambagiosus New Zealand Spirits Bay -34.434 172.892 1949 

New Zealand 3 (NZ3) Placostylus ambagiosus New Zealand Spirits Bay -34.434 172.892 1949 
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2.3 Shell structure and sampling considerations 

Placostylus snails produce large conical shells ranging from 6 to 15cm in length, with a dextral 

orientation (Figure 1). Snails usually reach sexual maturity within three to five years. Once 

sexual maturity is complete snail shell growth stops, but the peristome (outer lip surrounding 

the aperture of the shell) keeps thickening at a rate roughly estimated between 0.1 and 0.4 

mm/year for New Caledonian species (Brescia et al., 2008) and around 0.2mm/year for New 

Zealand species (Parrish et al., 1995). Microscopic photography of the peristome region 

revealed the presence of carbonate growth lines ranging from the outer edge of the lip towards 

the shell (Figure 1B), and consequentially this part of the shell was targeted for sampling for 

isotopic variation through time. In this configuration the outermost layers of carbonate matter 

are considered most recent. All shells chosen for sampling were determined to be from adult 

(mature) snails, and sampling/isotopic measurements were restricted to growth layers of 

carbonate matter formed during adulthood. 

Peristomes were detached from whole shells using a circular saw and were embedded in epoxy 

resin. Thick (500 µm) and thin (250 µm) sections were sliced from the epoxy mount using the 

Accutom 50 (Struers). Thin sections were used for microscopic photography (Figure 1B), and 

thick sections for drilling and sampling of carbonate matter. Carbonate samples were drilled 

along lines estimated as parallel to the growth lines found in the peristome. All carbonate 

samples were extracted from thick sections using the New wave micromill (ESI) with a 250 

µm wide drill and a spacing between sampling lines of 200-215 µm. After drilling 

approximately 150µg of carbonate powder was collected for each sample using a scalpel blade 

and put in standard 0.2ml plastic tubes. Carbonate samples were then analysed using mass 

spectrometers to quantify δ18O (‰ VSMOW) and δ13C (‰ VPDB). Four shells (FN8.1, FN8.5, 

GA11, GA13) were analysed using the MAT 253 mass spectrometer at the NIWA stable 

isotope laboratory. The other five shells (GA04, GA08, NZ01, NZ02, NZ03) were analysed 

using the Nu Instruments Horizon Continuous Flow IRMS (CF-IRMS) at the Mawson 

Analytical Spectrometry Services of the University of Adelaide. 
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Figure 1: A) Picture of a Placostylus shell (here P. ambagiosus) with part of the peristome 

detached for isotopic sample analysis. B) Transversal view of the peristome seen with a 

transmission light microscope. Up to 38 carbonate samples could be taken on a single peristome 

by drilling lines following growth direction. 

 

2.4 Statistical analysis 

For both δ18O and δ13C summary statistics were computed for each individual shell (Mean, 

Standard deviation, Maximum and Minimum value). To detect temporal trends within shell 

high-resolution isotope sampling profiles simple linear regression models were fitted, with the 

isotopic ratio of interest as a response variable and the numbered sequential increment used as 

a numerical predictive variable. Positive linear relationships, highlighted by positive values of 

the coefficient of correlation in linear models, indicate trends with higher isotopic values 

towards outer carbonate increment of the snail lip (interpreted as more recent), and negative 

linear relationships indicate lower isotopic values towards outer layers.  

Linear mixed models were used to compare shell isotopic data values (δ13C and δ18O) among 

geographical areas and between species from the same location. To achieve this, analyses were 

done on three different datasets. To compare average isotopic values between New Zealand 

and New Caledonia the full dataset of nine shells was used. A subset of this dataset containing 
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six shells from New Caledonia was used to compare isotopic values between the two locations 

in New Caledonia (Gadji and Forêt Nord). The four shells collected in Gadji from two different 

species were used as a dataset to study variation at a species level (P. fibratus / P. 

porphyrostomus).  

Linear mixed models were computed using the lmer package (Bates et al., 2015) in R 4.0.4 (R 

Development Core Team & R Core Team, 2017) and were built with the isotopic ratio of 

interest as a response variable, the shell ID as a random variable and either the geographical 

region or the snail species as a fixed parameter. In this configuration variations in the slope 

value of fixed parameters can be interpreted as an average variation in isotopic value between 

regions / species of interest, while variation between shells is being averaged around the 

intercept value of the model. Slope value of fixed parameter and dispersion parameter of 

random parameter are retrieved from models, and we use likelihood-ratio (LR) test between 

nested models to test whether adding geographical area / species of snail significantly improves 

overall model likelihoods.  
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Results 

Climate of New Caledonia locations (Gadji and Forêt Nord) is tropical and characterised by 

high precipitation rates, high temperatures and a constantly high humidity (Figure 2). A wet 

and warm season (December - April) is followed by a relatively colder and drier season (May 

- November). Extreme precipitation events (hurricanes and tropical storms) usually occur 

between February and April. Within the timespan snails were collected (2007-2015) five major 

storm events can be identified (2008, 2009, 2011, 2012, 2013, Figure 2). Forêt Nord receives 

more rain than Gadji, both during extreme events and on a regular basis (Figure 2, B and C). 

Mean monthly temperature oscillates from 18°C to 26°C for both locations with a maximum 

in February and minimum around July-August. Mean Monthly Humidity (%) is almost 

constantly above 75% for both locations, and slightly higher during warmer months (December 

– April).  

Climatic data of the New Zealand station (Kaitaia) revealed a more temperate climate 

characterised by oscillation between a warm and dry summer season (December - March) and 

a winter season with mild temperatures and relatively high precipitation (June - August). 

Precipitation rates were more consistent, and less impacted by extreme events than in New 

Caledonia. Between 1967 and 1985 Daily Maximum Air temperature oscillated between 15–

26°C and Mean Daily Minimum Air Temperature oscillated between 5-15°C. Relative 

humidity recorded at 9 am was highest between May and August (around 90%) and lowest 

between October and February (below 80%). 
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Figure 2: A) Map of New Caledonia with sampling locations of Placostylus shells. B and C) 

Meteorological (left) and one-year monthly averaged climatology (right) data for three 

variables of interest (Monthly cumulative Precipitation (MP), Monthly Mean Temperature 

(MMT) and Monthly Mean Humidity (MMH)) collected between 2005-2021 in meteorological 

stations close to Gadji (B) and Forêt Nord (C). Dotted lines surrounding climatology plots 

indicate 95% confidence intervals for the variable of interest.  
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Figure 3: A) Map of New Zealand with sampling locations of Placostylus shells (Spirits Bay) 

and the meteorological station where climatic data were collected (Kaitaia) B) Meteorological 

(left) and one-year monthly averaged climatology (right) data for four variables of interest 

(Monthly cumulative Precipitation (MP), Monthly Mean of the Daily Maximum and Minimum 

Air Temperature (T) and Monthly Mean 9am Relative Humidity (RH)) collected between 

1967-1985 in Kaitaia. Dotted lines surrounding climatology plots indicate 95% confidence 

intervals for the variable of interest. 

 

 



Chapter 5 

126 
 

Averaged shell δ18O values range from -3.66 to -1.26‰ VSMOW (Table 2, Figure 4). A linear 

temporal trend in shell high-resolution profile was observed in only one of nine shells (GA11) 

for the oxygen isotopic ratio (δ18O; Table 2).  Linear mixed models indicate higher average 

δ18O values for shells of the New Zealand region (+ 1.23‰ VSMOW based on slope parameter, 

p-value = 0.003**, based on LR test). This contrasts with expectations based on δ18O values in 

environmental water for collection locations, where OIPC model predicts lower δ18O values in 

New Zealand (averaged annual δ18O was -5.00 ‰ VSMOW for the New Zealand location, -

3.03 and -3.38 ‰ VSMOW for the two New Caledonian locations based on OIPC, Table 2). 

Within New Caledonia the difference in δ18O values between shells from Gadji and Forêt Nord 

was extremely small (+0.1‰ VSMOW for shells from Gadji, p-value = 0.83 based on LR test). 

In all cases, the variability of δ18O values recorded in snail shells is much smaller than what is 

expected in environmental water on an annual timescale (Figure 4; Table 2, see standard 

deviations and range between minimal/maximal value). Comparison of isotopic shell δ18O 

values from different species at a single location (e. g. Gadji, same collection date) reveals 

higher δ18O values in P. porphyrostomus (n=2) compared to P. fibratus (n=2) (+ 

1.15‰VSMOW based on slope parameter, p-value = 0.01** based on LR test). 

Averaged shell δ13C values range from -12.18 to -9.14‰ VPDB (Table 2, Figure 4 & 5). Linear 

temporal trends in shell high-resolution profiles are observed in seven shells for the carbon 

isotopic ratio (δ13C; FN8.5, GA04, GA11, GA13, NZ01, NZ02, NZ03; e.g Table 2), and are 

associated with higher values of dispersion parameters (standard deviation and range between 

maximal/minimal value, see Table 2). In New Caledonia δ13C high-resolution profiles display 

a negative trend with lower isotopic values towards more recent carbonate increments, while 

in New Zealand a positive trend is observed with higher isotopic values in more recent layers 

(Table 3, Figure 3). Linear mixed models for carbon isotopic data δ13C indicate higher average 

δ13C values for shells of the New Zealand region (+ 1.87‰ VPDB based on slope parameter, 

p-value = 0.002** based on LR test). Within New Caledonia, shells from Gadji had marginally 

lower δ13C values than shells from Forêt Nord (- 1.05‰ VPDB based on slope parameter, p-

value = 0.07 based on LR test). Comparison of isotopic shell δ13C values from different species 

at a single location (Gadji, same collection date) reveals minor δ13C variations between the two 

New Caledonian species P. fibratus and P. porphyrostomus (+ 0.22‰ VPDB on average for 

P. fibratus based on slope parameter, p-value = 0.34 based on LR test). A strong difference in 

distribution of δ13C values is observed between the two shells sampled in Forêt Nord (Table 2, 

Figure 3), which were collected on the exact same day from the same population. 
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Figure 4: Pooled isotopic distributions of nine Placostylus shells from three different locations 

in New Zealand and New Caledonia. A) Distribution of carbon isotopic ratio δ13C. B) 

Distribution of oxygen isotopic ratio δ13C. In addition to shell δ13C variation, annual 

distributions of environmental rainwater δ13C values are also displayed (calculated on the 

Online Isotopes in Precipitations Calculator). 
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Figure 5: High resolution isotopic profiles (δ13C and δ18O) for nine Placostylus shells from 

three different locations and two geographical areas. Isotopic values are plotted on the y-axis 

(filled circled line: δ18O expressed in ‰ VSMOW, empty squared line: δ13C expressed in ‰ 

VPDB) against the sequential number sample of carbonate matter (with later sample being 

interpreted as being ontologically more recent). 
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Table 2: Isotopic summary statistics for nine Placostylus shells, comprising statistics on aggregated δ18O (‰ VSMOW) and δ13C (‰ VPDB) 

values (sd: standard deviation, min: minimal isotopic value, max: maximum isotopic value) and statistics for linear models showing temporal 

trends in high-resolution isotopic profiles within each shell separately (ß: slope parameter of the linear models, R-squared: percentage of variation 

explained by the linear model, p-value: p-value computed from a t-test on whether ß differs from zero). Summary statistics for estimated 

environmental water δ18O are also presented here and are based on OIPC monthly estimation data for the three sampling locations. 

 

Shell ID Carbon isotope ratio δ13C Oxygen isotope ratio δ13C 

  mean sd min max ß R-squared p-value mean  sd min max ß R-squared p-value 

FN8.1 
-
11.74 0.38 -12.38 -10.99 0.00 0.00 0.59 -2.68 1.09 -5.72 -0.96 0.03 0.07 0.075 

FN8.5 -9.78 0.88 -11.66 -8.43 -0.05 0.40 1.4E-05*** -2.63 0.89 -5.49 -0.91 -0.01 0.03 0.146 

GA04 
-
11.58 0.81 -13.28 -10.20 -0.08 0.71 1.9E-08*** -2.78 0.85 -4.60 -1.16 -0.01 0.00 0.682 

GA08 
-
11.82 0.35 -12.33 -11.20 -0.01 0.00 0.633 -3.66 0.61 -4.61 -2.34 0.05 0.03 0.263 

GA11 
-
12.18 0.44 -13.26 -11.41 -0.03 0.16 0.0231* -1.86 1.16 -5.81 -0.04 0.07 0.24 0.006** 

GA13 
-
11.65 1.00 -13.31 -10.16 -0.09 0.85 8.75E-16*** -2.07 1.06 -4.29 -0.03 -0.01 0.00 0.709 

NZ01 -9.14 0.55 -10.40 -8.49 0.04 0.25 0.008** -1.40 0.54 -2.64 -0.54 0.01 0.00 0.684 
NZ02 -9.76 0.36 -10.31 -9.11 0.04 0.24 0.023* -1.40 0.49 -2.27 -0.73 -0.03 0.05 0.185 
NZ03 -9.83 0.54 -11.03 -8.67 0.06 0.44 7.96E-04*** -1.26 0.43 -2.17 -0.68 0.00 0.00 0.847 
OIPC Gadji        -3.03 1.74 -6.10 -0.90    
OIPC Foret Nord        -3.38 1.63 -6.40 -1.50    
OIPC Cape reinga               -5.00 1.98 -7.80 -2.30       
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Discussion 

Using a high-resolution sampling approach, the variability of stable isotopic values can be 

explored within a timeframe defined by the seasonal activity and lifespan of the biological 

proxy. With a sampling protocol focused on sampling incremental layers of carbonate matters 

of the peristome we can expect to record four to ten years of carbonate growth for an adult 

Placostylus snail (Brescia et al., 2008; Parrish et al., 1995). Direct comparisons of climatic 

variables between New Zealand and New Caledonia locations were not possible for 

temperature and relative humidity due to differences in the way climatic variables were 

measured. The patterns of variability and comparison of precipitation rates however showed a 

clear distinction between the tropical climatic conditions in New Caledonia and a more 

temperate regime in the North of New Zealand. To be active and produce shell material land 

snails require a high relative humidity, and relatively high temperatures (Nicolai & Ansart, 

2017). These conditions are more likely to be met throughout the entire year in New Caledonia 

than in New Zealand. As a result, we can expect isotopic values in snail shells of different 

regions to record a different fraction of their annual climate variability. 

Placostylus shell δ18O values were on average higher in New Zealand than in New Caledonia 

(Figure 4). In contrast, the δ18O of rainwater predicted by the OIPC was on average lower in 

New Zealand than in New Caledonia. This can be explained by either an actual enrichment in 

heavy isotope 18O in precipitation water of the New Zealand location, or by biological 

fractionation processes. The deficiency of GNIP recording stations for the southwest Pacific 

region means offsets between actual rainwater isotopic values and values predicted by the 

model are quite likely, and predictions from OIPC would mostly be based on extrapolation of 

relationship between δ18O and latitude/ altitude variables (Bowen & Wilkinson, 2002). Recent 

isotopic sampling of New Zealand rainwater showed high δ18O values in the northern part of 

the country (Baisden et al., 2016), which might partially explain the high δ18O values in New 

Zealand Placostylus shells. Biological fractionation of oxygen isotopes from environmental 

water towards carbonate snail shell usually results in higher δ18O values in carbonate shell 

material (Balakrishnan & Yapp, 2004; Yanes et al., 2019). Here this is what is observed in 

most shells of New Caledonia and is exaggerated in shells of New Zealand. A high temperature 

for the carbonate shell precipitation reaction could potentially explain those high δ18O values 

(Zhang et al., 2018), but given the extent of 18O enrichment in New Zealand shells it is unlikely 

this alone could explain the observed enrichment. The shells from New Zealand have a very 

low δ18O variability compared to both the ones in New Caledonia, which could be due to them 
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only recording a fraction of the annual isotopic variability found in the rainwater. Combined 

with high δ18O values these results suggests New Zealand Placostylus snails would be active 

and produce shell material only during months where rainwater isotopic values are the highest 

(December – March based on OIPC predictions). 

The shells from New Caledonia were sampled in two locations, one of which (Forêt Nord) 

receiving far more precipitation than the other. Despite this the δ18O values were not lower in 

Forêt Nord, as a negative correlation between precipitation rate and shell δ18O would predict 

(Bao et al., 2019; Prendergast et al., 2015; Yanes et al., 2009). Given the close geographical 

proximity of the two locations we can hypothesise the precipitation water received would 

mostly be of the same origin, and therefore share similar δ18O values regardless of differences 

in precipitation rate. In five shells (FN8.1, FN8.5, GA04, GA11, GA13) the pattern of variation 

was similar and characterised by stable periods of relatively high isotopic values followed by 

sudden drops in δ18O values. This pattern was not observed in Placostylus shells from New 

Zealand. Other high-resolution records of tropical land snails have similarly reported short 

periods of low isotopic values, which have been linked to extreme rainfall events during the 

monsoon season in Indian samples of Lissachatina fulica (Ghosh et al., 2017), and to months 

higher precipitation in Cerion snails from the Bahamas (Baldini et al., 2007). With the presence 

of multiple extreme rainfall events (hurricanes or tropical storms) within the sampled 

timeframe we expect to be recorded by the high-resolution sampling method it seems likely 

those drops in δ18O values are signals of periods of intense rainfall. 

When sampling snails at the same location environmental variation should be limited and 

therefore differences in δ18O values must reflect differences in biological fractionation 

processes. Higher δ18O values are usually observed for larger species of snails (Yanes et al., 

2017), and it can be explained by a potentially higher shell carbonate precipitation temperature. 

From Gadji four shells were collected and represent two distinct Placostylus species. The two 

P. fibratus shells had on average lower δ18O values than the two P. porphyrostomus shells, but 

is the bigger of the two species (Dowle et al., 2015; Quenu et al., 2020). With only two samples 

of each species this comparison represents a minimal dataset, but the results are opposite to the 

trend previously reported. This suggests that controls for δ18O enrichment in Placostylus are 

not only related to shell size but might incorporate other factors such as shell coloration or snail 

behaviour (Wang et al., 2016). 
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The signal recorded by snail shell δ13C values is thought to mainly reflect diet composition 

(Bao et al., 2018). Values for carbon isotope ratio δ13C were highly variable for Placostylus 

snails of New Caledonia, and on average lower than values found in New Zealand. Higher δ13C 

isotopic values can reflect a higher intake in C4 plants if the diet of herbivorous land snail 

includes a mix of C3 and C4 plants or can be related to the direct ingestion of non-biogenic 

carbonate matter. Placostylus snails are believed to forage and feed mostly on leaves falling in 

their litter environment (Brescia et al., 2008; Parrish et al., 2014), and these can include a 

variety of δ13C signatures. The strong variability of δ13C signatures in shells of New Caledonia, 

sometimes within the same location, suggests a non-specialist diet. Sympatric shells of P. 

fibratus and P. porphyrostomus did not demonstrate differences in δ13C values, which indicates 

a similar diet composition for the two species. Temporal trends in δ13C values were observed 

in both New Zealand and New Caledonia but are of opposite direction with an increase in δ13C 

values over time in New Zealand, and a decrease in δ13C values over time in New Caledonia 

(Figure 5, Table 2). These trends could either reflect a change in preferential diet over the 

lifespan of terrestrial snails or be the signal of an external environmental force. 

In conclusion, I provided the first stable isotopic data for land snails species in two regions 

with contrasting climatic regimes. The different patterns observed in shells from New Zealand 

and New Caledonia suggests snail shells record isotopic variability differently in the two 

regions, and seasonality and tropical storms seems to play an important role in the observed 

δ18O and δ13C values. The use of land snail shell isotopic composition as a biological proxy for 

paleoclimate reconstruction is a relatively new and emerging field of study (Yanes et al., 2019), 

and there are still very few studies that have looked at high-resolution profiles (Baldini et al., 

2007; Ghosh et al., 2017). Hence the methodological aspects of elucidating stable isotope 

values in relation to environmental variables and their seasonal variation are still largely 

missing in comparison to other proxy systems (Judd et al., 2018; van der Sleen et al., 2017). 

Developing robust modelling approaches linking seasonal growth of carbonate matter, shell 

isotopic composition and environmental variables could help provide more accurate 

understanding of stable isotope signal in extant and fossil snail records.  
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Placostylus diversity and implications for conservation 

In the southwest Pacific there is debate about what are the main processes explaining the 

distribution of extant species (Keppel et al., 2009). Both vicariance and dispersal have been 

suggested to explain phylogeographic patterns of some taxa, with dispersal hypotheses (long 

distance dispersal, island hopping) being largely favoured by molecular data and geological 

evidence (Bryan et al., 2012; Cibois et al., 2007; Filardi & Moyle, 2005). Terrestrial snails have 

limited active dispersal capability and therefore if oceanic dispersal occurred it would most 

likely involve rare passive colonisation events followed by successful local establishment 

(Hendriks et al., 2019; Santos et al., 2009). Establishment in new locations could be facilitated 

by snails being hermaphroditic and/or having the ability to store sperm (e.g. Ozgo et al., 2016). 

With a better taxon sampling across the southwest pacific and the generation of more 

substantial phylogenetic markers biogeographical hypotheses could be tested using the 

terrestrial Placostylus snails. They provide an excellent study system and filling the current 

gaps in the knowledge of Placostylus phylogenetic diversity could allow interpretations of 

phylogeographic patterns at a large scale. 

Here (Chapter 1, Figure 3 )analyses made on small datasets (Cox1) highlighted some 

interesting sister relationships between Placostylus snails from Lord Howe Island and the 

Solomon Islands, and between Placostylus snails from the Three King Islands and New 

Caledonia. Respectively these could be an indication of New Caledonia being a source for 

Placostylus snails in the Three king Islands, and snails from Lord Howe Island and the 

Solomon Island sharing the same source population. Phylogenies based on larger datasets 

(mitochondrial genome + multi-copy nuclear markers) did not however support some of the 

phylogenetic relationships found with short sequences analyses (Chapter 1). This could mean 

that some of phylogenetic relationships inferred from short DNA sequences could be 

misleading. Considering this, future sampling of Placostylus species in the southwest Pacific 

region should both focus on locations where the taxon sampling is still insufficient (Fiji, 

Vanuatu, Solomon Island), and should also include larger sequence data. The method used in 

Chapter 1 where high-quality DNA extraction methods are followed by the production of 

paired-end short reads genomic libraries (around 2Gb) seems like a good cost-efficient method 

to produce large mitochondrial and nuclear genetic datasets and could potentially be used on 

museum material for species with a critical threatened status (e. g. Placostylus bivaricosus on 

Lord Howe Island, Placostylus species found in Fiji or Vanuatu). 
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On a small-scale analysing Placostylus snail shell morphological variation in combination to 

genetic data can help understand local patterns of population structure for a genus of snail that 

comprise many vulnerable species. In this thesis the morphological and genetic diversity of 

Placostylus snails was extensively studied at one location, the Isle of Pines. This location was 

of particular interest because of the coexistence of the vulnerable species P. porphyrostomus 

with the commercially harvested species P. fibratus. Understanding local population structure 

and possible interactions between the two species was important because it defines what shells 

can be harvested, and where to prioritise conservation efforts. The sample of snails collected 

on the island was found to contain only two nuclear genetic clusters which is consistent with 

the current taxonomy on the island. Two morphotypes of snails were found for the species P. 

fibratus, highlighting the possible plasticity of snail shells from this genus.  

The data presented here and in previous studies in this archipelago makes New Caledonia one 

of the places where Placostylus has been studied the most, alongside New Zealand (Buckley 

et al., 2011; Dowle et al., 2015). Regions that have received little attention include the northern 

parts of Grande Terre, which is a biodiversity hotspot and hosts the species P. eddystonensis, 

P. caledonicus, P. scarabus and P. bondeensi (Neubert et al., 2009; Wulff et al., 2013). Apart 

from P. caledonicus no molecular data have been produced for those taxa. Most of them are 

endangered and facing environmental degradation, so sampling tissue for DNA analysis might 

be difficult and/or not advisable. In this context morphological analyses performed on empty 

shells could be a good solution to analyse the diversity of snails present in the northern parts 

of New Caledonia. Geometric Morphometric methods are robust for Placostylus (chapter 3; 

Daly et al., 2020). They can be associated with clustering analysis to infer the most appropriate 

number of shells morphotypes and be linked to genetic data if opportunities for DNA extraction 

are limited. 
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Placostylus and stable isotopes 

The protocol developed in chapter 5 opens a range of possibilities for isotopic analyses using 

shells of land snails such as Placostylus. The main objective of this work was to develop a 

biological proxy system which can be used to infer past environmental conditions via the 

analysis of fossil shells. Isotopic variations of the two stable isotope ratios δ13C and δ18O are 

commonly used in a range of paleoclimate proxies and can be used to infer long-term climate 

changes. For Placostylus there are collections of fossil shells from the Quaternary which could 

be directly used for isotopic analysis (Brook, 1999). These shells were collected at the Northern 

most region of New Zealand (Cape Maria van Diem and Tom Bowling Bay) and have 

radiocarbon dates ranging from 1000 Bp to > 40,000 BP (Daly, 2017). Overlaps between the 

dating of those shells and the dating of other paleoclimate proxies in this region (fossil remains 

of Agathis australis, kauri trees) means multi-proxy studies are possible, and New Zealand 

Placostylus isotopic shell values could be analysed in complement to other information 

(Alloway et al., 2007). Particularly if high-resolution methods are being used Placostylus shells 

could potentially provide insights into sub-annual climate events (e.g. frequency of high 

rainfall events for this region) for time periods where the global climate trend is already covered 

by other proxy systems. In New Caledonia and other regions of the southwest Pacific (Fiji, 

Solomon Islands) there are no existing collections of pre-dated shells, but fossil Placostylus 

shells can be found at some locations (e.g. buried Placostylus shells in sand dunes near Bourail 

/ Poya in Grande Terre, New Caledonia), and sampling opportunities exist for Quaternary 

paleoclimate studies. 

Additional sampling of extant specimens should also be considered to further investigate the 

relationship between snail shell δ18O and δ13C values and environmental conditions. Extra 

sampling of New Caledonia shells should be straightforward as P. fibratus is fairly abundant 

and can legally be harvested in the Isle of Pines, but sampling of extant shell material in New 

Zealand and other regions of the southwest Pacific might be more difficult as Placostylus snails 

from those regions are often endangered and sampling of live snails often prohibited. 

Collecting empty shells from those areas could be an alternative solution, but this would mean 

the period recorded by the shell isotopic variability is unknown. Sampling the isotopic 

composition of snails reared in controlled environments (Stringer, 2007) could also be realized 

and comparisons with stable isotopic composition of wild snails would help us better 

understand the dietary and climatic controls of snail shell δ13C and δ18O values. 
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The analysis of stable isotopic composition of terrestrial snail shells is a relatively new and 

emerging field of study (Yanes et al., 2019). Most published studies have involved analysis of 

whole-shell isotopic values, and high-resolution sampling of shells is still very rare. The 

methodological aspects and statistical approaches used to analyse this kind of data are therefore 

still being developed. In other proxy systems (e. g. high-resolution δ18O records of Marine 

Bivalves; Judd et al., 2018) isotopic growth models have been used to seasonally resolve 

biological proxies and understand relationships between high-resolution isotopic signal and 

environmental controls (e.g. ocean temperature for marine bivalve). These approaches work by 

comparing the annual isotopic signal obtained from the biological proxy to a mixing curve of 

environmental variables. Adapted to land snail high-resolution δ18O records they could help 

better understand the balance of climatic controls on carbonate shell δ18O (temperature, 

precipitation, δ18O in precipitation water), and could be used to infer the variability in seasonal 

shell growth.  
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