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by genetic structuring or environmental gradients on

Grande Terre, Ouv�ea and Ile des Pins.

Geometric morphometric techniques, not previously

applied to these snails, were used to analyse variation

in shell shape and size. Genetic diversity was examined

from this previously little-studied animal using mtDNA

haplotype data and an extensive SNP marker data set

derived from RAD sequence (Senn et al. 2013; Wagner

et al. 2013). We used these tools to examine the drivers

of diversity within New Caledonian Placostylus. If mor-

phological differentiation has accumulated through drift

alone, then we would expect morphological and neutral

genetic differences among lineages to correlate and

have no link with patterns of environmental variation.

In contrast, selection is expected to result in correlation

between shell morphology and environmental gradients

but not correlate with neutral genetic structure. Conver-

gence of morphology in independent lineages collected

from adjacent sites would be strong support for local

adaptation of morphological traits, the type of selection

expected to lead to the formation of ecotypes in con-

trasting environments.

Methods

Sampling strategy

We focused on the two most common and widespread

species of Placostylus that are patchily distributed

through central and southern New Caledonia. Sampling

Fig. 1 Sampling locations of Placostylus

snails in New Caledonia used to study

genetic and phenotypic variation. Popu-

lation samples are coded according to

current taxonomy; P. porphyrostomus (or-

ange squares), P. fibratus (green circles)

and P. caledonicus (blue triangles). Two

environmental gradients across New

Caledonia, generated from Bioclim data

sets, are shown on the bottom left:

annual average temperature and annual

precipitation. Placostylus fibratus is con-

sidered a wet forest specialist and is

characterized by a bulging body whorl

and open aperture, while P. porphyrosto-

mus is considered a dry forest specialist

characterized by a narrow aperture,

smaller body whorl and smaller size

overall. Samples from Ouv�ea Island

(T�eouta and Gossanah) represent a dwarf

form of P. fibratus. Representative shell

forms from all sampled populations are

shown to the same scale.
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was carried out to encompass a range of geographic,
taxonomic and environmental contrasts (Fig. 1).

Placostylus �bratuswas collected from three locations
on Grande Terre (Forêt Nord, Mt Koghis and Aoupini �e)
where it is allopatric with respect to P. porphyrostomus.
The three locations differ in altitude, temperature and
precipitation. Populations of Placostylus �bratuson two
islands were also sampled; these represent a dwarf
form on one of the Loyalty Islands (Ouv �ea), and several
locations on Ile des Pins where the snails are sympatric
with P. porphyrostomus. Similarly, Placostylus porphyrosto-
mus was collected from three locations in western
Grande Terre where the snails are allopatric, two from
coastal areas (Nekoro and M�epouiri) and one inland
site (Pindai). Populations were also sampled from sev-
eral locations on Ile des Pins. Placostylus caledonicuswas
sampled from four locations in the north of Grande
Terre, but three of these sites did not contain live snails
and provide only morphometric shell data. Thus, three
northern populations (Grande For êt, Grotte and
NRGrotte) did not contribute genetic data.

Whole snails were collected by hand between 2005



of data. DNA was extracted using incubation at 55 °C









based on shell shape (Table 1). Concordance between

genetic groupings and shell shape was also found with

discriminant function analyses and canonical variate

analysis (CVA) (Fig S2, Supporting information, Fig. 2).

Only the placement of populations that lacked genetic

data (putatively P. caledonicus based on location and

shell shape) was not well resolved. The concordance of

morphometric and genetic data was robust even with

some (but not all) semi-landmarks removed (Fig S2,

Supporting information).

Mitochondrial sequencing

In total, 100 individuals representing all sampled popu-

lations with living snails were sequenced for 830 bp of

the mitochondrial gene ND2 (Fig. 3). The resulting phy-

logenetic tree (rooted with P. caledonicus) supports pre-

vious work using 16S and COI recognizing four

lineages in two major clades within P. fibratus and

P. porphyrostomus (Fig. 3) (Trewick et al. 2008). These

clades did not correspond with current taxonomic clas-

sification. One clade contained two distinct lineages rep-

resented by the P. fib-aoupini�e and P. por-pindai

population samples. The other contained two lineages

each with high levels of diversity within them: P. fibratus

from eastern Grande Terre (Mt Koghis and Forêt Nord),

Ile des Pins and Ouv�ea, and P. porphyrostomus from Ile

des Pins and P. por-nekoro. Placostylus fibratus and

P. porphyrostomus were not represented by mono-

phyletic clades.

Nuclear single nucleotide polymorphism data

We analysed RAD-Seq data from one read direction per

fragment as this provided sufficient independent loci.

After removing the second read and running pro-

cess_radtags in STACKS, >40 million reads were

retained with individuals averaging >3 000 000 reads

each. A total of 150 532 loci were identified in the data

set. In total, 149 New Caledonian Placostylus were

sequenced for SNP analysis, but due to fragmented

DNA, not all yielded adequate coverage. The individu-

als with poorest coverage were removed along with all

P. caledonicus samples leaving 97 individuals for subse-

quent analysis. The more distantly related P. caledonicus

shared a much lower proportion of polymorphic loci

than was shared among P. fibratus and P. porphyrosto-

mus. Removing poorer quality samples and P. cale-

donicus increased the number of loci retained per

population when using a population proportional repre-

sentation requirement for locus selection.

Evidence for selection was found in 65 SNP loci (Fig

S3, Supporting information) using BAYESCAN, with diver-

sifying selection inferred at 60 SNP loci. Non-neutral

loci were separated from the neutral SNP loci, resulting

in a total of 3764 neutral loci used in downstream anal-

yses (Fig S3, Supporting information, Table 2). PCA of

non-neutral SNP loci found similar population clusters

as returned by analysis of mtDNA and neutral SNP loci

(Figs 3 and 4). The populations P. fib-aoupini�e and

P. por-pindai clustered together in both neutral and

non-neutral SNP sets (Fig. 4). Evidence for at least five

genetically distinct groups (Fig. 3) was inferred from

the Bayesian assignments of individual genotypes from

STRUCTURE. Groupings inferred from the nuclear SNP

data were similar to those inferred from their mtDNA

haplotype data (Table 3). Two genetic clusters were evi-

dent within putative P. fibratus, the specimens from

Aoupini�e (P. fib-aoupini�e) being genetically distinct

from the others. Three genetic clusters were evident

within putative P. porphyrostomus. Although Nekoro

and M�epouiri samples (P. por-nekoro) were not geneti-

cally identical on SNP data, they did cluster together

and apart from other populations. A second cluster

(P. por-pindai) comprised the snails sampled from Pin-

dai in Grande Terre, and third comprised all P. porphy-

rostomus sampled from Ile des Pins. There was some

evidence of admixture between the Grande Terre P. fi-

bratus (Mt Koghis and Forêt Nord) and P. por-pindai

and P. fib-aoupini�e samples. The FST results largely cor-

roborated the assignment of genotype clusters inferred

using STRUCTURE (Table 4).

Table 1 Discriminant analysis of geometric shell shape data based on current species taxonomy, including all permanent and semi-

landmarks. All samples from the three described species, P. fibratus (P. fib), P. porphyrostomus (P. por) and P. caledonicus (P. cal), were

allocated to the correct group

Test P. fib–P. cal Pfib–Pcal Pfib–Ppor Pfib–Ppor P. cal–P. por P. cal–P. por

True Group P. fib P. cal P. fib P. por P. cal P. por

Allocated Group

P. fib 38 0 38 0 — —
P. por — — 0 54 0 54

P. cal 0 60 — — 60 0
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Environmental modelling

We expected that morphological variation in Placostylus

resulting from local adaptation would strongly correlate

with environmental variation but that neutral genetic

variation would be partitioned independently. To exam-

ine this, we compared the neutral genetic data with the

environmental data and then morphological data. No

environmental variables were found to have a relation-

ship with neutral genetic variation (t-value: <1.395, P-

value: >0.1). A model with variable intercepts compar-

ing pairwise genetic distance (FST) to morphometric dis-

tance (PC1 and PC2) was also nonsignificant (t-value:

1.258, P-value: 0.224; t-value: � 0.567, P-value: 0.578).

Thus, we inferred that neutral genetic variation among

these Placostylus snail populations was independent of

both environment and shell morphology.

Next, we examined the relationship between shell

morphology and the environment, which we would

expect to be correlated under a local adaptation model.
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isolated lineages via the same selective forces, and a

lack of correlation between phenotype and neutral

markers or geographic distance.

Within the New Caledonian Placostylus snails studied

here, shell shape and genetic data are largely concor-

dant, supporting five distinct lineages where two spe-

cies had previously been recognized based on soft

tissue traits (Neubert et al. 2009). Ile des Pins is the only

currently known region within New Caledonia where

two Placostylus species exist in sympatry. MtDNA and

nuclear SNP data reveal strong genetic signal for sepa-

ration between the two described species here, P. fibra-

tus and P. porphyrostomus. In line with this, geometric

morphometric analysis of Ile des Pins snails also

revealed distinct phenotypic clusters concordant with

current taxonomy and genotypic clusters. The success-

ful discrimination of individuals into species based on

just shell morphometrics is strong evidence that neither

shell plasticity nor hybridization is blurring the pheno-

typic distinction of these two taxa. Ecological differ-

ences between the two species have yet to be formally

described, but fine-scale habitat partitioning as has been

described in other sympatric snail species (e.g. Partula)

is possible (Johnson et al. 1993; Murray et al. 1993). On

Ile des Pins, Placostylus porphyrostomus might be more

common in dryer coastal areas, while P. fibratus is pre-

dominantly found in denser inland forest (Brescia 2011)

although our sampling included individuals of both

species from the same sites (e.g. Gadgi). Despite the

clear genetic and morphological clustering revealed, we

also detected evidence for low levels of gene flow

between the two species on Ile des Pins in the mtDNA

introgression and genotype assignment probabilities for

a small number of individuals. Symmetrical gene flow

was estimated to involve fewer than 0.12 (0.01–0.3)
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