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Procrustes analysis. Two types of landmarks are the 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 ordination and dimension reduction (Zelditch et al., 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, Groe-
nenberg & 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 mt (mitochondrial) DNA sequence data
suggest some historical genetic exchange consistent with hybridiza-
tion 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.

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 to quantify
the frequency of potential novel phenotypes.

MATERIAL AND 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 multi-
layer perceptron for supervised learning (Ripley, 1994). Multilayer
perceptrons are recognized for their predictive efficiency and rely
on the use of gradient descent and backpropagation algorithms.
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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).

colour. The camera equipment was mounted on a high-precision
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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.
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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.

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

Individuals were accepted as assigned to a cluster only if their assignment score was >0.95.

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: grey, P. fibratus; white, P. porphyrostomus. B. An unsupervised
analysis based on an optimal Gaussian mixture models that found three phenotypes (the two recognized species and the intermediate phenotype). Colour
coding: grey, P. porphyrostomus; black, P. fibratus; white, 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, using the first two PCs of variation in shell shape (50.8% of total shape variation) and shell size. B. Gaussian mixture model–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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