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ABSTRACT

Snail ecotypes are an indicator of local forms that can have cultural value and also represent
evolutionary potential. Conservation of both regional diversity and evolutionary potential can be
improved by recognition and documentation of genetically determined phenotypic variation.
The large threatened terrestrial snail plptd whakarongotau (Placostylus ambagiosus) is a range
restricted species that is valued by the indigenous people of the northern most region of New
Zealand, valued as both a security alarm and food source. Some populations of this rare
species are restricted to sites of human occupation and oral history suggests these distinct
populations represent prehistoric translocations. We used 2-D geometric morphometrics and
nuclear markers to document the distribution of variation. We aimed to determine whether shell
shape variation was entirely an ecophenotypic plastic response, and whether or not prehistoric
human movement of snails and establishment of food populations on pa sites (fortified
settlements) had resulted in the loss of spatial genetic structure within this species. We could
discriminate specimens due to shape variation among population samples without reference to
their geographic origin. Using samples from prehistoric sites we infer shell shape in this
species is not purely a plastic response to the local environment but reveals evolutionary
history and potential. Genotypes with 1738 nuclear loci for 19 individuals from ten locations
revealed some evidence of population mixing, but genetic variation was mostly partitioned
among locations, with strong spatial structure revealed. Thus, we advocate conservation
measures that will preserve local forms that represent evolutionary potential within this

species.
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Significance Statement

In northern New Zealand the indigenous people (Ngati KurT) treasure giant land snails
(plpl whakarongotau; Plactostylus ambagiosus) because, in the past, these molluscs were
both security alarms and a food source. We studied this endangered species using old
material stored in museums and national collections and found shell shape of P. ambagiosus
can be used to identify which local population a snail came from. By using a population
produced from pre-historic cultivation and human-aided dispersal of snails, we determined
that shell shape differences are maintained even when the snails of mixed provenance
occupy the same environment. These differences record pre-cultivation spatial genetic
structure in this species. Shell shape variation thus reveals evolutionary potential and should
be conserved by protecting all living populations. We recommend spending money building
fences to conserve all the shape forms (subspecies) rather than on more DNA sequences.

INTRODUCTION

Ecotypes are distinct forms of a species
occupying particular habitats that are usually
considered part of the continuum between
populations, varieties and species (Darwin
1859; Mallet 2008). Ecotypes represent
evolutionary potential within a lineage
(Segura et al. 2006; Eilaguirre and Baltazar-
Soares 2014; Nichols et al. 2016) and
biological conservation should aim to
preserve ecotypic and phenotypic variation
where it is partly or wholly underpinned by
allelic variation. Phenotypic variation can
also be a valuable resource in species
propagated for food or traditional tools and
local forms of a species can have cultural
and spiritual value (Wehi 2009).

Ecotypic variation is recognized widely
among land snails (e.g. Jones et al. 1977,
Goodfriend 1986; Chiba 2004; Parent and
Crespi 2009; Cameron and Cook 2012;
Galindo and Grahame 2014), a group that is
also characterized by a high incidence of
threatened species. Diversity decline of
terrestrial molluscs is a growing conservation
concern (Lydeard et al. 2004; Parkyn and
Newell 2013; 2016 IUCN Red list of
Threatened Species). Land snails are
sensitive to human modification of the
environment by forest clearing and

introduction of novel predators. For example,
it has been estimated that 65-90% of
endemic snail species on Pacific islands
have gone extinct since human colonization
(Cowie et al. 2017). Although variation within
snail lineages provides a valuable resource
for the study of ecological speciation (e.g.
Parent and Crespi 2009; Stankowski 2013),
the rapid loss of biodiversity limits our
chances of fully understanding many
systems. In addition, human-mediated
dispersal (movement of food species,
conservation translocations, invasive
populations) might result in genetic mixing

and the loss of natural geographical
structure.
Papa whakarongotau (Placostylus

ambagiosus) is a snail highly valued by
tangata whenua Maori (the indigenous
people) of northern Aotearoa New Zealand
(Te Aupouri me Ngati Kurt), because in the
past: (1) It was an important food source, (2)
Empty shells are wused as musical
instruments, (3) It provided alarm calls at
night warning of approaching invaders. In
Maori tradition all flora and fauna are part of
the extended family and genealogies
(whakapapa) reveal how all people and life
forms descend from a common ancestor, so
for the local people these snails are whanau
(family). For the Ngati KurT people of the Far
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North of New Zealand the ‘song’ of P
ambagiosus has made it a treasured
guardian. The sounds these pipu (snails)
make as they hastily retreat into their shells
when disturbed at night once alerted the
people to approaching invaders and so
saved their lives, and consequently the
snails are known as plpl whakarongotaua
(the snail that listens for the war party).
Maori ate Placostylus species and oral
histories recount that snails were moved to
establish new P. ambagiosus populations
(Powell 1947 1979). On a former island, now
the north-western part of Cape Maria van
Diemen, the extant snails differ from the
fossil subspecies at the same site (Powell
1979; Triggs and Sherley 1993), and this
lack of continuity between fossil and extant
populations is best explained by
translocation (Powell 1947). Where snalil
populations occupy the sites of former pa
(fortified settlements on hills and headlands)
they are likely to be descendants of
translocated snails (Powell 1947 1951).

Snail shell shape represents genetic and
environmental influence and can be
challenging to quantify (Van Bocxlaer and
Schultheiy 2010). However, two-dimensional
landmark based geometric morphometric
techniques, which use the spatial distribution
of biologically meaningful, morphological
landmarks to describe the shape of
organisms, are superior to traditional linear
measurements (Mitteroecker and Gunz
2009; Webster and Sheets 2010; Zelditch et
al. 2010). Geometric morphometrics
methods allow comparison of shape whilst
controlling for variation in the size and
orientation of objects, and coupled with
naive Gaussian Mixture Models provide an
unbiased tool to cluster specimens without a
priori assumptions or hypotheses. The
simultaneous description of shape variation
and identification of the most efficient model

to group specimens strengthens studies of
natural phenotypic variation, identification of
ecotypes and characterization of
evolutionary potential.

Geometric morphometric techniques have
been used successfully to identify distinct
sympatric species of New Caledonian
Placostylus snails (Dowle et al. 2015; Quenu
et al. 2019), and are here applied to New
Zealand Placostylus populations to analyze
the spatial distribution of shell shape
variation. Placostylus ambagiosus is now
endangered with 19 small and isolated
populations representing a once common
forest species (Stringer et al. 2014; 2017;
Parrish et al. 2014). A holistic treatment of
shell size and shape differences led to the
description of 15 subspecies (Powell 1979),
but a single taxon has been proposed largely
on the basis of linear measurements and low
mtDNA divergence (Buckley et al. 2011; NZ
Department of Conservation  species
management report 2015). Shell size of
adult snails, which had been used in part to
identify subspecies, has now been shown to
be plastic (Parrish et al. 2014; Stringer et al.
2014). Variation in shell shape of P
ambagiosus might also represent plastic
responses to local and  temporal
environmental conditions, in which case we
would expect low phenotypic variation within
a cohort exposed to the same conditions at
the same site. Genetically controlled shell
shape variation will be detected when shape
variation is maintained across different
genotypes exposed to the same local
conditions, such as would be the case if
populations established by translocation
combined snails from multiple sources.
Localised adaptation to the local
environment might result in genetic structure
concordant with phenotype clusters, but as
shell shape is likely to be under selection
and most genetic markers are neutral,
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correlations might be weak, and selection
can overcome gene flow leading to divergent
forms (Slatkin 1987; Stankowski 2013). In
addition, human-mediated movement of
snails might disrupt population structure
resulting in genetically mixed populations
that lack spatial structuring.

Here we use model-based clustering to
examine population structure in terms of
shell shape variation and genotypic variation
using a large number of polymorphic nuclear
loci. Due to the current rarity of this snail
species we have not collected fresh
specimens but have made use of samples
held in museums and the New Zealand
National Arthropod Collection. This approach
has the disadvantage that we cannot obtain
both morphological and genetic information
from the same individuals, but it has allowed
us to: 1) Determine whether phenotypic
variation in this species is a purely plastic
response to local conditions, and 2)
Determine  whether human  mediated
dispersal has resulted in loss of spatially
structured genetic variation. Both these
elements will help identify evolutionary
potential and thus inform conservation
priorities for this endangered species as well
as enhancing cultural understanding.

MATERIAL AND METHODS
Study system

The large herbivorous land snails of the
family Bothriembryontidae, subfamily
Placostylinae are present on islands in the
western Pacific from Papua New Guinea to
Fiji and New Zealand (Barker et al. 2016).
New Zealand has three extant species of
genus Placostylus, restricted to habitat
fragments in the northern tip of North Island
and nearby Three King islands. Deposits of
fossil shells suggest more widespread

distributions in the past (Brook 1999; Powell
1979; Sherley 1996). Placostylus
ambagiosus is afforded high conservation
status (Nationally Critical) because numbers
have declined to fewer than 2000 individuals
in total, distributed over 19 remnant
populations (Stringer et al. 2017). These
snails are large as adults (up to 10 cm long),
slow growing, with a lifespan of 10-22 years
and they show strong site fidelity (Stringer et
al. 2017). Powell (1979) described 15
subspecies of P. ambagiosus among patchily
distributed extant populations and fossils
noting differences in aperture shape as well
as overall shell shape and size. On the basis
of shell measurements (that revealed
variation but not diagnostic traits) and low
mtDNA divergence synonymy of the
subspecies has been proposed (Buckley et
al. 2011); however the names remain
valuable when referencing to particular
populations (Brook 2002) and as putative
ecotypes we use them in this study.
Placostylus ambagiosus material for shell
morphometrics was available from seven
population samples and for genetic work
from ten extant populations (Table 1). Four
populations provided both phenotypic and
genotypic data. At least three extant
populations of P. ambagiosus are the result
of past translocations by local Maori who
moved and maintained a range of edible
species so they were readily accessible to
their settlements (Powell 1947; 1951; Leach
and Stowe 2005; Costall et al. 2006; Wehi
2009). Snail populations south-east of Cape
Maria van Diemen and at Maungapiko are
confined to the sites of former pa (Maori
settlements protected by fortifications),
where they are found associated with plant
species propagated by Maori — harakeke
(Phormium tenax) and karaka
(Corynocarpus laevigatus). The population
formally recognised as subspecies P a.
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annectens occupies an area considerably
larger than a pa site (Powell 1947), but its
range includes Unuwhao Pa. Our shell
shape analysis was confined to adult
individuals to avoid shape variation due to
allometry (Outomuro and Johansson 2017),
but tissue for genetic work was collected
from juvenile snails to reduce impact on
endangered populations (Triggs and Sherley
1993).

Shell shape

Shell specimens used in this analysis
came from the collections of the Museum of
New Zealand Te Papa Tongarewa (NMNZ).
Shells were collected between 1949 and
1997 from seven sites within 40km of each
other in Far North, New Zealand (Figure 1).
With one exception these represent extant
populations that have formerly been
considered different subspecies - here we

designate populations sampled by locality
but give subspecies names sensu Powell
(1947) in parentheses as they may
represent unique ecotypes. Two populations
sampled for shell analysis are here
considered the result of human-mediated
dispersal: Maungapiko Pa (P. a. keenorum),
and south-east Cape Maria van Diemen Pa
(P. a. paraspiritus), and five population
samples are assumed natural: Tirikawa (P. a.
‘nouvelle’); Unuwhao (P. a. annectens);
Waikuku (P. a. watti); Whareana (P. a.
whareana), and Surville Cliffs (P. a. michiei;
Table 1). See Appendix A for further details.
Two-dimensional landmark-based
geometric morphometrics was used to
characterize shell shape and to provide input
shape variables for Gaussian Mixture Model
(GMM) clustering analysis. A total of 209 P.
ambagiosus shells were sampled from
seven sites across the species’ geographic
range (Figure 1A., Table 1). Only intact adult

Maungapiko Surville_ Cljff_s
A) Pa I%eepnorum Unuwhao P.a. michiei
Far North i o P a. annectens th/c,
_— Tirikawa N G %0,
P.a. “nouvelle” Tl e Waikuku
P a. watti
North Island : W

gemen r\»:’ Whareana

EN \p 3 £ P. a. whareana

South Island

S.E. Cape Maria
P. a. paraspiritus

5Km

B) Virtual comb 1

Virtual comb 2

Figure 1. A) Sampling locations in the now fragmented native range of the New Zealand snail
Placostylus ambagiosus. B) Orientation and placement of landmarks for 2D geometric morphometric
analysis of shells: landmarks LM1-7 (magenta), 33 semi-landmarks (blue), and landmarks removed

during optimisation phase (grey).
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snail shells, inferred from the thickening of
the aperture lip (Stringer et al. 2014), were
included. Shells were photographed and
digitised as previously described for
gastropods (Dowle et al. 2015; Vaux et al.
2017; Vaux et al. 2018) following established
procedure (Webster and Sheets 2010;
Collins and Gazley 2017). All positioning,
photography and subsequent digitisation
was conducted by one person to minimise
experimental error (Schilthuizen and Haase
2010), which was confirmed to be negligible
(Appendix  Figure A.1). Shells were
photographed with the aperture facing
upward and a total of six biologically
homologous and 33 sliding semi-landmarks
were digitised using tpsULtil, tpsDig (Rohlf
2013) and CoordGen8 (Sheets 2014).
Landmarks were selected following a
preliminary optimisation process (Figure 1B,
Appendix Tables A.1, A.2). Between 21 and
38 adult shells were photographed for each
of the seven population samples (Table 1).
Principal components analysis (PCA)
implemented in MorphodJ 1.06¢ (Klingenberg
2011) was used to analyse shell shape. The
principal components (PCs) generated by
PCA reflect mathematically independent
variation in the shape of objects and analysis
included all PCAs that exceeded the
theoretical scree plot of random,
uncorrelated noise using the broken-stick
test on Eigenvalues. We sought groupings of
shell PCA scores without reference to
taxonomy or geographical  sampling
information using Gaussian Mixture Models
implemented by MCLUST v4.0 (Fraley and
Raftery 2012) in R (R Core Team 2016).
MCLUST uses a model-based approach to
infer structure in datasets that do not have a
priori labels (Fraley and Raftery 2002; Hastie
et al. 2009). Shell shape variation is treated
as a mixture of population samples with
different Gaussian distributions, and the

modelling process divides the data into
different clusters, each corresponding to a
single Gaussian distribution (Fraley and
Raftery 2003) by iterative expectation—
maximisation (Fraley and Raftery 2012).
MCLUST allows for a total of 90 models (10
different models with various combinations
of parameterization and 1 to 9 clusters/
groups) to be evaluated with the Bayesian
Information Criterion (BIC), which balances
improvements to model fit that result from
increasing model complexity against the risk
of over-parameterizing the model. The
optimal model was used to generate
assignment plots (probability of shells
belonging to each possible cluster) for each
individual specimen.

Genetic markers

Tissue obtained for allozyme analysis
(Triggs and Sherley 1993) and later used for
miDNA COI studies (Buckley et al. 2011),
were resampled from the National Arthropod
Collection held by Landcare Research in
Auckland for double digest restriction
associated DNA (RADseq) population
genetic analysis (Table 1). Available P
ambagiosus cytochrome oxidase | (COI)
mitochondrial  partial gene  sequence
(Genbank) were supplemented using
polymerase chain reaction with standard
primers and conditions (Buckley et al. 2011).
MtDNA COI sequences were aligned by eye
in GENEIOUS v6.0.5 and POPART (Leigh
and Bryant 2015) was used to infer a
median-joining network (Bandelt et al. 1999).

Anonymous single nucleotide
polymorphic (SNP) nuclear markers were
generated using high-throughput
sequencing. The double-digest RADseq
protocol was used with minor modifications
(Peterson et al. 2012; Dowle et al. 2015).
Restriction endonucleases Pstl and BamHI
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were used to digest whole-genomic DNA
from 54 individual snails, with DNA
fragments ligated (Invitrogen T4 ligase) with
short DNA barcode sequences to enable
identification after sequencing. DNA was
then pooled, indexed and data were
generated on an lllumina Hi-Seq platform
(New Zealand Genomics Ltd).

Although new tools using high-throughput
DNA sequences (such as RADseq) provide
greatly improved opportunities to study non-
model organisms (Andrews and Luikart
2014) processing DNA reads is sensitive to
several study-specific parameters (Catchen
et al. 2013; Huang and Knowles 2016;
Harvey et al. 2015). In the present study
variation in data quality was amplified by the
endangered status of the snail constraining
the sampling strategy. Post hoc approaches
were used to optimise parameter settings
and sample inclusion using the STACKS
1.01 pipeline (Catchen et al. 2013; Catchen
et al. 2011). Selection of nuclear markers
targeted likely single copy loci for which the
maximum number of individuals could be
genotyped (Harvey et al. 2015; Languth et
al. 2012). Parameter optimisation (described
in Appendix B) resulted in a dataset
comprising 19 individuals (Table 1).

Here, we report analysis using a minimum
of eight reads per individual (-m) as
providing a reliable set of markers for
downstream analysis. Within an individual,
we allowed a maximum of four mismatches
between alleles (-M) and six mismatches
between primary and secondary reads (-N=
M+2) within USTACKS. In CSTACKS, 10
mismatches were allowed between alleles in
different individuals (-n) when generating the
SNP set. Analysis was restricted to a single
SNP site per putative locus (always the first)
avoiding potential problems of data
nonindependence. Data sets with different
parameter settings were analysed, and

patterns observed were consistent among
settings. Our settings required that each
putative locus included was genotyped in
individuals from three or more of the five
populations (-p 3) and genotyped in 290% of
individuals within those populations (-r 0.9).
The minor allele frequency was set at 0.1
removing rare alleles that occurred only in a
single individual (final N=19) from the data
set. This data set was used to estimate
pairwise F4; values as it maximized the data
available for each pairwise comparison. Two
smaller, more stringent data sets were also
examined. One required that a locus be
detected in all populations for inclusion (-p
5), regardless of the proportion of individuals
genotyped (-r 0.0). The other required that
290% of individuals be genotyped (-r 0.9) at
each SNP locus in at least one population
sample before being recorded (-p 1).

Detection of genetic structuring

Evidence of isolation by distance (IBD)
was sought using a mantel test of the
correlation of pairwise linear geographic
distances and pairwise Fg; (SNP data) with
1000 permutations implemented in IBDWS
v3.23 (Jensen et al. 2005). Geographic
distances were log-transformed as
recommended for an expanded stepping
stone model (Slatkin 1993).

Population genetic structure based on
nuclear genotypes of 19 P ambagiosus
snails was inferred using STRUCTURE 2.3.4
(Pritchard et al. 2000). Initially SNP loci were
examined with 10 replications of an
admixture model with correlated allele
frequencies using a burn-in of 30000
followed by 100000 generations, with the
number of groups (K) set from one to seven.
Once concordance across the runs was
confirmed, a longer run on the full data set
was implemented using an admixture model
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with correlated allele frequencies, a burn-in
of 100000 followed by 100000 generations
(10 replications), for numbers of groups (K)
ranging from one to seven. Results from
STRUCTURE were examined using
STRUCTURE HARVESTER (Earl and
vonHoldt 2011), before being averaged
across the 10 replications using CLUMPP
1.1.2 (Jakobsson and Rosenberg 2007).
Output genotype structure graphs were then
regenerated in DISTRUCT 1.1 (Rosenberg
2003).

Nuclear genetic variation was used to
generate PCA plots based on the SNP
dataset. This is a model-free method that
uses eigen decomposition to visualise
underlying population structure. To avoid
high levels of missing data, which can have
the effect of drawing samples towards the
middle (mean) of a PC plot, we included loci
only where we knew genotypes for a
minimum of 50%, 70%, 80% or 90% of
individuals. Here we present the results from
a minimum coverage of 90% of individuals.
Many loci were by chance not represented in
the sequence sets from individual snails,
thus the total number of loci with only 0—10%
missing was 54. The PCA analysis was
implemented via the adegenet package in R
v. 3.1.2 (R Core Team, 2016; Jombart 2008)
and PCA plots were drawn using the ggplot2
package (Wickham 2016). The grouping of
individuals that were from the same location
or adjacent locations suggest there is spatial
genetic structure.

RESULTS AND DISCUSSION
Shell shape

Two hundred and nine shells representing
seven extant population samples of
Placostylus ambagiosus were analysed.
Photographing and digitising error was found
to be negligible and well within the

population-based variation (<2.3% of total
variance; Appendix A). Shape variation of P,
ambagiosus shells from extant populations
resolved six statistically informative principal
components (combined, 81% of the variation
explained). As expected of a single species,
population samples overlapped in
morphospace, although their means were
distinct (Figure 2).

Linearly uncorrelated shape variables
(PCs) were used in Gaussian Mixture Model
assignment analyses to cluster specimens
without a priori labels. When all six
significant PCs of shape variation were
included for the seven populations, the data
were best described by a model with five
distinct clusters, corresponding to sampling
locations (Table 2; Figure 3). Five
population samples were largely confined to
their own distinct cluster with 83-95% of
individuals from a sample given the same
group assignment:  Surville, Tirikawa,
Whareana, Maungapiko, and Waikuku (Table
2). In contrast, 75% of shells from Unuwhao
were grouped with the population sample
from Waikuku, and seven Unuwhao shells
grouped with the  population  from
Maungapiko. The sample from Maungapiko
Pa, separated by only ~3km from
Unuwhawo, is morphologically distinct (91%
of shells from Maungapiko Pa correctly
assigned to their own unique cluster, P. a.
keenorum). Lastly, the population sample
from the pa at SE Cape Maria van Diemen
was dispersed amongst four different
clusters (Table 2).

When only the three largest components
of shape variation (PC1, 2, 3; 63%) were
used to cluster shells, the variation was best
described by a model with three distinct
clusters (Table 2; Appendix Figure A.2).
Again, the SE Cape Maria van Diemen Pa
sample had individuals assigned to all three
clusters, contrasting with the six other
population samples where most individuals
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Figure 2. Sampling of shell shape variation of the endangered snail Placostylus ambagiosus in Far
North, New Zealand. Population sample locations and specimens are colour coded in the analysis
using principal components of variation from geometric morphometric data. A) Principal components
one and two (47% of shape variation). B) Principal components one and three (46% of shape
variation) with 95% confidence ellipses around sample means.

from the same location clustered together
(84%—97% of the sample; Table 2). The
grouping of population samples into three
clusters was not concordant  with
geographical proximity (see appendix Figure
A.2).

Genetic markers

We resolved 13 unique mtDNA COI
haplotypes among P ambagiosus
individuals. Although most haplotypes were
observed in more than one population
sample, six (M, N, O, S, X, Z) were found in
only one population sample each (Table 1),
and evidence of geographic partitioning was
revealed in the haplotype network (Figure 3).
Haplotypes resolve into two main clusters
associated predominantly with the eastern
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and western parts of the snail range (Fig.
3A). Three haplotypes (T, W, Y) were found
in individuals from non-adjacent locations
with haplotypes found in western population
samples also found in two eastern
population samples, including Maungapiko
Pa and Waikuku population samples (Table
1).

Although DNA extractions from 54 P
ambagiosus museum specimens were
initially processed, down-stream analysis of
RADseq SNPs was restricted to 19
individuals with high quality DNA that
provided good coverage of loci. Using the
optimal settings inferred from extensive
parameter trials (see Appendix Table B.2)
1738 single instance SNPs were suitable for
genotype analysis. Strong evidence of
genetic partitioning among the population
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samples was found (overall F4; = 0.7369).

Some genetic variation was partitioned
among sample locations with all pairwise Fg;
estimates significantly greater than zero.

However, SNP variation did not follow a
model of isolation by distance (Mantel test: r
=-0.5152; P = 0.0747).

Clustering and assignment of genotypes
(using STRUCTURE with 1738 loci) found
the optimal number of genetic clusters within
the sample was two (K = 2 had strongest
support using deltaK; see appendix Figure
A3). These two genetic clusters correlate
with samples from eastern and western
parts of their distribution. Most individuals
(15/19) had high assignment probabilities for
a single cluster (>0.98) in the optimal model,
but four individuals from the eastern part of
the range (North Cape and Tom Bowling
Bay) provided evidence of genetic mixing as
their assignment probabilities were < 0.86. In

general, the nuclear data is concordant with
the mtDNA haplotypes, dividing the sample
into eastern and western parts of the
species range. One P. a. annectens snalil
(PS205=GS25) with haplotype T
characteristic of snails from the western part
of the distribution (Spirits Bay; Figure 1),
unlike adjacent snails, also clustered with
western snails based on nuclear alleles. The
nuclear SNP dataset was reduced in size to
examine the genetic signal when only loci

represented in 90% or more of the
specimens were considered. With this
criterion fewer independent nuclear loci

(n=54) were scored for 19 individuals, but
these loci provided evidence of the same
genetic structure (Figure 3C). The first PC of
genetic variation explains 57.28% of
variation and separates samples from the
eastern part of the range from the western
samples. Principal component 2 (22.36% of

Table 2. Shape variation in seven population samples of Placostylus ambagiosus snail shells from
New Zealand allowed specimens to be assigned to groups using model-based clustering without a
priori labels; the body of the table indicates the numbers of individuals from each sample that are
assigned to each cluster. Optimal Gaussian mixture model unsupervised analysis resolved five
distinct phenotypes using six principal components of variation (K = 5; PCs 1-6) and three
phenotype clusters with three principal components of variation (K= 3; PCs 1-3).

Population P. ambagiosus  PCs 1-6 Clusters (K=5) n # correct
sample subspecies 1 2 3 4 5 incorrect assignment
Surville Cliffs michiei 28 1 30 2 0.933
S.E. Cape Maria paraspiritus 11 16 3 8 38 na na
Tirikawa "nouvelle" 1 20 21 1 0.952
Whareana whareana 2 25 2 1 30 5 0.833
Unuwhao annectens 24 7 32 8 0.75
Maungapiko keenorum 1 2 29 32 3 0.906
Waikuku watti 2 24 26 2 0.92
PCs 1-3 Clusters (K=3)
A B C

Surville Cliffs michiei 27 2 1 30 3 0.871
S.E. Cape Maria paraspiritus 11 23 4 38 na na
Tirikawa "nouvelle" 1 20 21 1 0.952
Whareana whareana 2 27 1 30 3 0.9
Unuwhao annectens 31 32 1 0.967
Maungapiko keenorum 31 32 1 0.969
Waikuku watti 2 22 26 4 0.84
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Figure 3. Spatial structure of variation within the endangered snail Placostylus ambagiosus in Far
North New Zealand. A. mtDNA COI haplotype network with location of samples coloured by haplotype
cluster. B. Assignment probabilities of adult shell shape variation using model-based clustering without
a priori labels, the optimal Gaussian mixture model resolved five distinct phenotypes using six
principal components of variation (K = 5; PCs 1-6), collecting locations coloured by predominate
shape cluster. C. PCA of genotypes using 54 nuclear SNP loci.

variation) separates the five Cape Maria van
Diemen P. a. consobrinus samples from all
others.

Detecting population differences

Our geometric morphometric analyses
clearly identify statistically significant and
biologically interesting shell shape variation,
in contrast to the tools previously employed
that failed to resolve population
differentiation (Buckley et al. 2011). The
strength of the technique used here is that
shape is studied without the confounding
influence of size and the inclusion of semi-
landmarks allows analysis of the curves that
are integral to snail shell shape (Van
Bocxlaer and Schultheid 2010; Vaux et al.
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2017; Quenu et al. 2019). Use of a naive
clustering approach that avoids imposing a
priori assumptions about groups has
revealed that meaningful shell shape
variation does exist among these snails.
Strikingly, shell shape variation of seven
population samples of P ambagiosus
resolved five clusters broadly concordant
with Powell’'s taxonomy that recognized six
subspecies within our sampling (Powell,
1951 1979). Importantly, these clusters were
resolved without reference to collecting
location. We have not sampled all previously
recognised subspecies of P. ambagiosus but
our shell shape results presented here
suggest that using the taxon names of
Powell (1947, 1951) provides a valuable way
to ensure evolutionary potential is conserved
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when setting management priorities (Parrish
et al. 1995).

Our genetic data relied on tissue samples
from juvenile specimens and therefore are
not associated with shell morphometric data.
Two geographic clusters of snails are seen
in the mtDNA data; west and east (Buckley
et al. 2011), but superimposed on this
pattern is sharing of haplotypes between
Spirits Bay and North Cape (Waikuku P. a.
watti) and between two samples collected
from old pa sites (S. E. Cape Maria van
Diemen and Maungapiko). Nuclear
genotypic variation also resolved east/west
partitioning of diversity. The nuclear SNP
data suggest genetic structure existed
before humans moved snails. Although
populations of P. ambagiosus have been
subject to admixing, this has not resulted in
complete homogenising of spatial genetic
structure.

Translocation of snails

Preserving variation that partly or entirely
reflects expressed genetic differences can
ensure conservation of ecotypes and
evolutionary potential. Therefore, it is
important to differentiate developmental
plasticity in response to local conditions in
shell shape from differences arising from
genetic differentiation. Translocation of
snails can have the effect of combining
populations that were otherwise spatially
isolated, and so provide a convenient
common garden test of phenotypic plasticity.
Where morphology such as shell size
reflects developmental plasticity, variation
that differentiated ancestral populations
would be lost in the first generation.
However, if phenotypic difference is
genetically controlled, significant
morphological variation within a mixed
population sample from the same
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environment would be expected. If the
individuals interbreed, then over a number of
generations the discrete forms would be
expected to be lost.

Maori propagated food species close to
their settlements (Joseph Banks as cited by
Beaglehole 1962; Wehi 2009) including land
snails (Powell 1979). Prehistoric snail
translocation probably explains
morphological mismatch between fossils
spanning the last few thousand years and
extant populations at some locations. Three
P.  ambagiosus population samples that
provided geometric morphometric data were
likely the result of prehistoric translocation to
established pa sites between 1200 and
1800AD (Powell 1949; Triggs and Sherley
1993). Snails sampled from the population at
the pa site south-east of Cape Maria van
Diemen were assigned to four different
morphological clusters (Figure 3). Our
population sample (Museum code: M.
136625) was collected in 1990 by a biologist
who could readily distinguish the subspecies
P. a. paraspiritus from at least four other
subspecies (Sherley 1996) following Powell’s
(1951, 1979) descriptions. Therefore, we
are confident that these shells were
collected from the same site and represent
snhails exposed to the same environment.
Two (or more) distinct shell phenotypes
within the same environment is unlikely if
shell shape variation is entirely plastic, and
so this indicates that Maori brought together
two or more genetically distinct forms. Thus,
we infer that much of the shell shape
variation within P. ambagiosus must have a
genetic component as it cannot be explained
simply  from  developmental plasticity
responding to environmental stimuli.

Ecotypes arise through local adaptation to
local environments; a process not
necessarily requiring many generations
(Rundle and Nosil 2005; Hendry et al. 2007;
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Rasanen and Hendry 2008). A link between
shell shape variation and environment has
been demonstrated in genetically distinct
New Caledonian Placostylus lineages
(Dowle et al. 2015), suggesting ecotypes in
this genus readily evolve in response to the
local environment. Higher moisture levels
and/or more sheltered sites in the Far North
of New Zealand are occupied by larger
shails compared to dry or coastal sites
(Powell 1947 1951; Penniket 1981; Buckley
et al. 2011) but the size of adults has been
shown to be a plastic trait (Parrish et al.
2014; Stringer et al. 2014). In contrast, shell
shape variation described here s
independent of shell size and is resolved in
specimens that have been translocated to
the same environment. Estimates of
dispersal for this species suggest that
individuals seldom move more than a few
metres from where they hatch, are long-lived
(10—22 years), and show strong site fidelity
(Parrish et al. 2014; Stringer et al. 2017).

These traits, in conjunction with habitat
fragmentation, could lead to isolated
populations and random shape
differentiation. Our observations, therefore,
could be explained either by local selection
and adaptation to local environments, or by
genetic drift.

CONCLUSIONS

The original forest habitat of P
ambagiosus on northern Aupouri Peninsula
has been severely depleted and fragmented
by Maori and European occupation, such
that native coastal forest now covers only
~3% of the area (Lux et al. 2009). All pGpa
whakarongotau populations are highly
restricted in  their distributions and
considered remnants of what were once
much larger populations (Barker et al.
2016). The combination of loss of habitat,
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introduced predators and competitors
threaten this species with extinction.
Conservation requires identification of

management units and although snail shells
can often be a source of complex and
intriguing diversity, we have demonstrated
that documenting the variation is valuable.
We encourage conservation of all shape
variation within P. ambagiosus because
some elements of shell shape variation are
not simply developmental ecoplasticity and
human movement of snails has not resulted
in a complete loss of spatial structure of
genetic and shape variation. Therefore, shell
shape variations (as recorded in the sub-
species described by Powell) are suitable
proxies for the evolutionary potential
contained within this species. This is
evolutionary potential that may be beneficial
to this endangered species in the face of
global warming, invasive species and human
modification of local habitats. Importantly,
local forms of a species can have cultural

and spiritual significance and provide
evidence to support oral traditions of
propagation and trading. Rather than
spending resources on further genetic

studies and their publication we advocate
investing in predator control, fence building
and habitat restoration to  extend
kaitiakitanga to all extant P. ambagiosus
shape and genetic diversity, the land they
occupy and the mana whenua.
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Appendix A — Shell geometric morphometrics
Collection locations of shell specimens

Three population samples of Placostylus ambagiosus were collected by Richard Prouse
1949-1950 (P. a. watti; P. a. annectens; P. a. keenorum). The location descriptions for these
samples match Powell’'s type location descriptions for these subspecies (1947, 1951).
Powell said P. a. keenorum’s distribution was limited to the east and west side of
Maungapika Hill (pa) and might be the result of human movement (Powell 1947), but P. a.
watti’s distribution at the base of a cliff was natural, and P. a. annectens had a much wider
distribution than the Maori pa site at Unuwhao (Powell 1947). Placostylus a. annectens
collected by Prouse was from “Spirits Bay, Unuwhao” where there was a pa, and is probably
not exactly the same as either genetic sample locations called “Matirarau Bay” or “Te Huka
Bay”. However, we do have two tissue samples of P. a. annectens that have no location
information, just subspecies name (samples GS17 =PS197; GS25 =PS205).

Four population samples of Placostylus ambagiosus were collected between 1990 and
1997 by Greg Sherley, a biologist who has written extensively on the shell size and shape
variation of this snail species (Sherley 1996) and their genetics and biology (Triggs and
Sherley 1993; Stringer et al. 2017). The P. a. paraspiritus sample he collected was from an
old pa site south-east of Cape Maria van Diemen. P. a. michiei was collected from its type
location at Surville cliffs (although on a headland, this is not a known pa site, and is not
associated with other propagated species such as karaka). P. a. wheneana was collected
from its type location in a steep valley (not pa site). The sample collected “SE of Cape
Reinga, between Tirikawa and Pandora” is referred to as P. a. “nouvelle”, and came from a
stretch of coast that has known pa sites on headlands. Details of this collection site are
lacking but three populations referred to as P. a. “nouvelle” each consist of fewer than 50
individuals (Brooks, 2002).

Genetic samples came from type locations of ten subspecies of Placostylus ambagiosus
(Triggs and Sherley 1993) plus four additional sites. These tissue samples included four
individuals of P. a. “nouvelle” - two of which were in the National Arthropod frozen collection
(and included in our SNP dataset).

Determining experimental error in geometric morphometrics

2D-geometric morphometric analysis using landmarks is used to compare shapes, and
the inclusion of semi-landmarks permits analysis of components of shape, such as the
curves of a snail shell profile, that lack explicitly defined landmarks. During processing,
semi-landmarks are adjusted to ‘slide’ along the curve (anchored at each end by a
biologically explicit landmark) in order to minimize variation in shape that is due simply to
arbitrary placement of the points along the curve (Zelditch et al. 2004). Two virtual “combs”
used to locate semi-landmarks were placed on images and aligned manually in Adobe
Photoshop CS@ v9.0.2. Combs were aligned to a centre-line running from the apex of the
shell to the intercept of the aperture and last whorl (Figure 1B). Digital images were
organised into thin plate spine (TPS) files using tpsUtil (Rohlf, 2013) with the order of
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specimens randomised to reduce potential experimental bias. Landmarks were then
identified on each image using a Wacom Cintiq 22HD Pen Display tablet and the scale
calibrated.

Sensitivity analysis was undertaken to quantify operator error associated with orientation
of specimens for photography, placement of the comb, and digitisation of landmarks. A
specimen of Placostylus ambagiosus from S. E. Cape Maria van Diemen was mounted,
photographed and dismounted a total of five times. A landmark configuration was digitized
from each of the independent replicate images, providing a measure of the error associated
with mounting specimens. One of these images was then digitised five separate times
providing a measure of the error associated with the digitization process. Downstream
analysis then followed the procedure for all other datasets and disparity analysis was
performed to calculate the error associated with photography and digitisation. The disparity
analysis calculated the proportion of variance attributed to photographic and digitisation
error combined as 3.5% of the variance within the population sample. Overall variation from
photographic and digitisation accounts for <2.3% of the variation within the dataset as a
whole, as illustrated by the scatter of replicate points on a principal component plot (PCA,
Fig. A1). This indicates that operator error was negligible compared to intraspecific shape
variation in Placostylus and was unlikely to influence biological interpretation of the results
presented here. Placement of landmarks (digitisation error) introduced less variation (1.8%)
than the repositioning of the shell for photography (3.2%; Figure A.1).
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Figure A.1: Principal components 1 and 2 of shell shape variation within New Zealand Placostylus
to illustrate measurement error. The population dataset is used as a background dataset (blue).
Replicate (five times) digitisation of one image of Placostylus; (purple). Replicate (five times)
photography and subsequent digitisation of one specimen of Placostylus ambagiosus from S. E.
Cape Maria van Diemen; (pink). Other populations of Placostylus; (grey).
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Landmark optimisation

Logically, more comprehensive placement of landmarks (and semi-landmarks) results in
an increase in insight into the structure of shape variation. Mostly it is preferable to attempt
to achieve the most complete coverage of the structure possible, given the constraints of
time, sample size and patience (Webster and Sheets 2010). If one is including a long,
smooth, evenly curving profile (e.g., outer lip), then there is little point in using hundreds of
landmarks (but this might only be determined after both digitizing and analysing multiple
landmarks). In addition, the reduction of redundant landmarks improves statistical power
because it raises the degrees of freedom relative to the dimensionality of the data. A problem
then arises not only to balance complete coverage with the constraints of time, but also with
the variability of specimens, and statistical power. Surprisingly few studies explicitly
compare results from varying numbers of semi-landmarks to optimize dataset size (but see
Vaux et al. 2017 supplementary information). Here we determine the optimal number of
landmarks required to give sufficient information in the least amount of time so that a larger
number of individuals can be included in subsequent analyses. We investigated how the
choice of semi-landmarks affected discrimination of sample groups.

Nine combinations of landmarks and semi-landmarks were analysed independently for
the same set of 275 snail shells. Depending on the landmark configuration tested, between
four and nine principal components exceeded the theoretical scree plot of random,
uncorrelated noise when tested against a broken-stick model (Table A1). The initial
landmark configuration (A) with all data showed the first 9 PCs accounted for 84.7% of the
variation, whereas landmark configuration G showed the first 7 PCs accounting for a total of
82.5% of the variation (Table A2). Landmark configurations J, M and N had the fewest
significant principal components (5, 5, and 4 respectively; Table A2).

Canonical variate analysis (CVA) was used to test statistically the ability to differentiate a
priori sample population groups, with discrimination success determined using cross-
validation scores. The cross-validation used the number of individuals correctly assigned to
each a priori group based on a leave-one-out cross-validation procedure (jack knife test) in
which each specimen is sequentially omitted from the initial calculation of the CV axes and
used as a test set (Webster and Sheets, 2010). The omitted specimen is then treated as an
unknown and assigned to the population based on Mahalanobis distance. This was

Table A.1. The percentage of variance accounted for by each principal component and the
cumulative variance for two landmark configurations: all landmarks and chosen configuration (G in
Figure 2) for Placostylus, snails. Only principal components that exceed the theoretical scree plot of
random, uncorrelated noise and are therefore used in down-stream analysis are shown.

PC 1 2 3 4 5 6 7 8 9

S i % Varianl_:e 2792 17.44 15.02 7.40 5.03 3.76 3.14 2.59 241
Cumulative % 2792 4536 6039 67.79 7282 7658 79.71 8231 B84.71
% Variance 26.76 17.01 15.55 9.12 5.77 4.65 3.69 -

chosen configuration ' . lative% 2676 43.76 5932 6843 7420 7886 82.54
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Table A.2. Population samples of 275 Placostylus specimens showing the results of the cross-
validation test (Jacknife) analysis by percentage correctly assigned to a priori groups; analysis
performed using the “MASS” library in R. Labels A - O represent different configurations of
landmarks. Numbers in italics below labels A-N are the number of Principal Components exceeding
the theoretical scree plot of random, uncorrelated noise and therefore used in downstream analysis.
Columns in bold highlight configurations resulting in 100% correct allocation of P. bollonsi. The
column in green is the configuration chosen for further landmark analysis.

A B C D E F G H I J K L M N
no. of semi landmarks 63 63 49 49 a7 47 33 33 30 19 19 19 14 5
Population name NMNZ n
Maungapika 102324 32 93.75 93.75 9063 90.63 93.75 78.13 93.75 90.63 93.75 93.75 68.75 6875 8750 6875
Waikuku 102328 29 88.46 8846 9231 96.15 88.46 8846 9231 80.77 8462 8462 88.46 8846 7692 84.62
a Unuwhao 102503 36 87.50 93.75 75.00 78.13 87.50 81.25 75.00 6875 71.88 56.25 43.75 4375 7188 56.25
3 Whareana 136614 31 80.00 70.00 5667 60.00 70.00 73.33 63.33 60.00 66.67 36.67 40.00 40.00 70.00 30.00
'% Surville 136621 30 86.21 86.21 8966 86.21 82.76 79.31 89.66 86.21 89.66 89.66 86.21 86.21 79.31 8276
< CMvD 136625 39 9231 89.74 6923 82.05 89.74 87.18 82.05 69.23 8205 5897 64.10 64.10 69.23 61.54
E 2750ybp 180400 20 35.00 45.00 30.00 15.00 40.00 20.00 15.00 25.00 20.00 15.00 15.00 15.00 30.00 15.00
2 3940ybp 180421 20 40.00 35.00 25.00 20.00 40.00 20.00 20.00 25.00 20.00 30.00 20.00 20.00 20.00 25.00
4550ybp 180437 18 61.11 55.56 66.67 55.56 44.44 55.56 44.44 50.00 4444 61.11 44.44 44.44 38.89 0.00
5250ybp 180465 10 44.44 3333 0.00 3333 22.22 2222 2222 2222 2222 0.00 0.00 0.00 3333 0.00
P. hongii 5786 5 80.00 80.00 60.00 100.00 80.00 80.00 60.00 40.00 60.00 60.00 60.00 60.00 60.00 60.00
P. bollonsi 183761 5 100.00 100.00 &0.00 100.00 100.00 80.00 100.00 100.00 100.00 &0.00 100.00 100.00 100.00 0.00

conducted within both Morphod 1.06c (Klingenberg, 2011), analysing the original X-Y
landmark coordinates, and using the R package MASS 7.3-26 (R Core Team, 2013;
Venables & Ripley, 2002) and the PC scores generated from PCA in Morphod. Placostylus
bollonsi (n=5) returned cross-validation scores of either 80% or 100% depending on the
landmarks used in the analysis (Table A2). Placostylus hongii (n=5) returned a cross
validation scores between 40% and 100% (once each) and returned scores of 80% and
60% (4 times and 8 times respectively; Table A.2). In contrast, many of the Placostylus
ambagiosus extant population samples were successfully assigned to their local population
using the cross-validation score. For example, the snail shells from the extant population at
Maungapika were correctly assigned to their a priori population more than 90% of the time in
nine of the fourteen landmark combinations (Table A2). However, even with the full
complement of landmarks and semi-landmarks several populations returned low assignment
scores. This was most apparent in fossil population samples with the oldest population
(5250 y bp) returning a cross-validation score of 0% five times out of fourteen. Fossil
misallocation tended to be caused by allocation into another fossil population or an extant
but geographically close population.

Overall, changing the number or configuration of semi-landmarks appeared to have little
effect on the correct assignment to a priori groups of individual Placostylus specimens.
Removing entire curves from the landmark configuration (e.g. configurations I, J, K, N; Table
A.2 and Fig. 1) did not improve the subsequent data, in fact, in most cases removal of an
entire curve diminished the ability to determine correct assignment to a priori groups.

Canonical variate analysis classification for extant populations did not vary greatly
between the configurations A and G (Table A2). An optimal set of landmarks and semi-
landmarks was selected for future work (Figure 1) which had 7 landmarks and 33 semi-
landmarks and included all four aperture curves and the curve from the body whorl. This
reduction from 63 to 33 semi-landmarks significantly decreased the time spent digitising

22




Daly et al. 2020. Conservation of plpl whakarongotaua - the snail that listens for the war party.
Ethnobio Conserv 9:13

shells, but maintained biologically important information, allowing discrimination of extant
populations.
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Figure A.2. Shell shape variation of Placostylus ambagiosus is not concordant with geographic
proximity. (A) Using PC1, PC2, PC3, three clusters are resolved using Gaussian mixture models in
MCLUST. Specimens marked as green triangles were mostly collected from Surville Cliffs (with some
S. E. Cape Maria); red squares were collected from Tirikawa, S. E. Cape Maria and Whareana; blue
circles were collected from Unuwhao and Waikuku. (B) The same Gaussian mixture model as
illustrated in (A) with variation of assignment probabilities specimen shown, the uncertainty is
illustrated by spot size, the larger the circle the more uncertain of cluster assignment. Maps show
distribution of clustering for PC 1-3 (C); PCs 1-4 (D); PCs 1-5 (E). Clustering using all six PCs show
the same pattern as for (E).
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Appendix B. Single Nucleotide Polymorphism Genotyping

Removing samples with missing data

DNA sequences were obtained using a double digest restriction-site associated DNA
(ddRADseq) protocol described by Dowle et al. 2015 (Table B1). Short-read DNA sequences
were sorted into exactly matching stacks of sequences and stacks were then compared and
parameters (set by the user) determined a set of loci and detected SNPs at each locus using
a Maximum Likelihood framework in USTACKS (Catchen et al. 2013; Catchen et al. 2011).
Poor locus coverage for an individual was determined by examining the average stack depth
and number of stacks returned for values of (-m:3—15). This was later confirmed by running
the data through the denovo_map pipeline and generating a dataset using POPULATIONS:
part of the STACKS pipeline allowing computation of population-level summary statistics,
and the output of site-level SNP calls for subsequent analysis with the software
STRUCTURE. For this analysis parameters were set with low stringency (r: 0.5 p: 1) for a
dataset containing all individuals. -p is the number of populations a locus must be present in
to be included in downstream analysis and —r is the number of individuals, as a proportion,
within the population that must contain that locus for it to be included in downstream
analysis. The SNP table was then exported and the total number of SNPs present for each
individual was calculated. The number of SNPs for each individual was then calculated as a
proportion of all possible SNPs under these parameters.

Table B.1. Radtags summary: Summary of raw ddRAD New Zealand Placostylus data after
demultiplexing using radtags in STACKS.

Read Lane Retained Low Quality Ambiguous Ambiguous Total
number Reads Barcodes  RAD-Tag
C 7080683 560372 79587 25616 7746258
R1 D 6996421 553752 172704 23381 7746258
Total 14077104 1114124 2652291 48997 15492516
C 775 753 7738341 6389 7746258
R2 D 761 724 7738911 5862 7746258
Total 1536 1477 15477252 12251 15492516

In total 45 Placostylus ambagiosus and 9 Placostylus hongii were sequenced. Average
stack depth and number of stacks were compared to selected high-quality samples. In order
for specimens to be appropriate for use downstream they needed to have average stack
depth of 20 or more and over 200 stacks. Individuals that did not have both of these for any
given value of —m were not used in downstream analysis. Poor coverage resulted in 9 P,
hongii and 26 P. ambagiosus being removed from the dataset, retaining 19 P. ambagiosus
for downstream analysis.
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Parameter Optimisation (-M; -n)

We explored the effect of different de novo parameters within the stacks assembly
pipeline to maximise the number of loci recovered, using a subset of the data to speed up
processing times. The following key parameters were tested with the values specified in
parentheses; the maximum number of mismatches allowed between stacks when
processing an individual (-M: 2, 4, 6, 8, 10), the maximum number of mismatches between
loci when building the catalogue (-n: 0-5). Only one parameter at a time was varied while
keeping other parameters fixed to m=3, M=2, n=0. The value of max_locus_stacks=3 (the
maximum number of stacks at a single de novo locus) and the value of —N (the number of
mismatches allowed when aligning secondary reads to primary stacks) was always defined
as M+2. Varying the number of mismatches allowed between alleles when processing a
single individual (M) has little effect on coverage depth (Table B2). As M increases the
number of loci remaining after merging decreases (although the proportion of loci with SNPs
might increase) and the number of stacks removed increases in most cases.

Table B.2. Variation in the parameter settings of the STACKS pipeline is shown compared to the
number of loci common for a RADseq data from the New Zealand snail Placostylus ambagiosus.

Settings number of lod common for x individuals
default (m3 M2 n0) x=1 x=10 x=20 x=30 x =40 x=50
m2 6026 3324 1745 502 19 0
m3 5152 2780 1392 200 9 0
m15 1444 685 90 9 0 0
M3 9338 7509 4523 562 26 12
M4 4308 2621 1413 196 8 1
M5 4098 2563 1408 187 2 0
nl 9170 6923 3999 492 24 10
n2 9766 7819 4680 634 56 30
n3 9870 8212 5060 773 119 67
nd 9826 8344 5280 868 171 97
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Figure A.3. Genetic STRUCTURE analysis of genotypes using 1738 nuclear SNP loci (RADseq) for

the endangered land snail Placostylus ambagiosus. (A) To identify optimal K based on the posterior

probability of the data for a given K, and the maximum value of Delta K was determined using the

independent allele frequency model. (B) Genotype assignment probability (K

ambagiosus individuals (1738 nuclear SNP loci).

2) for 19 Placostylus
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