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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 P / a ¢ o and seeks#osimprove our

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

environment (such as temperature and humidity) during shell formation. P/ a ¢ esagenms/ u s

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 P / a ¢ o shdllycdn besused 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
toP [ a c o snailymhtaring 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 P/ a ¢ o 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
Pl a c¢ o snailspkciessare 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 P/ a ¢ o
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 .  f i ate havested for food, where

vyl us

stylus



they are sympatric with the vulnerable species P . p o r p h yUnderstandingnlocal .
population structure of both species and their interaction will inform management decisions for
both species. Third, the stable isotopic composition of extant P / a ¢ o shellyig amabysed
from P/ a ¢ o shelly ffom 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 P | a c o shalgisidevetoped 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 Mo [ | u s ¢ a nand K eusreatly undevireview.

In Chapter 2 I study morphological variation within of a sample of P / a ¢ o shdllgcdllected
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 P /! a ¢ o specips and that a third shell phenotype is
present on the island. This paper has been formatted forJ o u » n al o f MendwWast s can St

published in February 2020.

In Chapter 3 I develop nuclear markers for population genetic studies involving the two species
P. fiakdPat p e r p h Fodothkisd usethighsthroughput 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 samplesof P.  f iahdiPa t po r phyr ost omus .

In Chapter 4 I study the genetic structure of P / a ¢ o sndilyoh thesIsle 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 .  f i sihaits anttha Isle of Pines.

In Chapter 5 I generate stable isotopic data from P / a ¢ o shdlgfromuNew Zealand and New
Caledonia. [ 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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Table 1. GenBank accession number and collection information of
species name Locality Collector Mt genome 45S
Naesiotus nfulxy / NAN&adz2olf LatlyRX DIt LI 3I2a {® | dzy G SNJ Y¢yHmppn®dm
Placostylus Ifd&thS a2Tust AySas bSé /I fSR2YyALl Cd . NBaOAl atMCOHTAN ab

Placostyl us polLrapthSy r2ofs ttoAmyuSsa > bSg [t SR2YAL Cd . NBaOAl atMCOHTM ab

Placostyl us ChadNdpi2ziNIKZ bSg %SIflyR Dd { KSNI Se atMCOHTO abpcTdp

Placostyl us aGlbNdghi2oNIuk> bSég »%SHEIl yR D® { KSNI Se& a¢tMCOHTH abpcTdp
Eumecostyl usDazd RIrfy@Fyl txX {2f2Y2y Lafl yRa wd wi OKIF NRa& a¢MCOHTRN abg

Eumecostylus w2 Mndsuadtz2yz2y LatlyRa ld 58tal SNRWCpwmncnH WCpmMncylpanHTp
Bothriembryoami diulxAGtAYS 2Sa0GSNYy ! dzad NI £ Al WCpwmncno WCpmncylkanHTn

Botrhriembryo?nl fignddyuZlusy GA2Yy Lt LI NJZ ! dAGNF € AL /| ® 2KAaaz2y | CHHIJ
Prestonel |l a BfoSwelr@2ys {2dziK ! FNXOI 5 | SNDSNI YCMH o dH WCpMNTMM'! CHHJ

Prestonell a hNPpRRZOY s NBIFX {2dziK ! FNROI 5 | SNDPSNICMH dbon o ''CHHIJ
Discol eus agwihi2zr meSIANRBE | NESYGAyY! a® DdzST 1 2 Y¢oT MO M YCOT MC

Discoleus amefd2ibSANRX ! NASYGAy!l a® DdzST 1 2 Y¢CoTMNMp WCpmnc gywCpmn -
Placocharis bB8#aD§2NAALIT {2f2Y2y LaftlyRa l'd 5Sfal SWRgiMncnwm WCpmMncylnanuTp
Megaspira elwidt dRrS WFHYSANRS . NI aaft l'® DIt RAY2 W@mmAdwrni2a WCpmnTMMWCpwmn-

Placostylus edadzzioN2AKA&T bSg /It SR2YyALl /| @ 2} RS

1

1



Resul ts and discussion
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Table 3. Position and length of the 13 protein coding genes and
For protein coding genes, the mnature of start and stop codons 1is
dehydrogenase, Cyt : cytochromB/ aecdutctpsRPsIdAdPat ATRPs sy PtSHRE e s P&
Eumecostyl BSPAIBdceosytiy !l u,s PaSRHSwIgios st wsl us hongii

bl YS ¢ & LIS 5ANBOGAZY t2aiAldAzy [ Sy 3
t{MHT t{np t{HY t{myp t{HpT t {MHT t
/| 2Em [/ 5{ T MTBMpPpNEMTBMOpnMTBMonyy MnTBMmpocMMmTBMpoc MmpnMngmMny MPO MpOO

¢c¢Dke¢! ¢¢Dke¢! L¢e¢Dke¢! LeCC¢CDke¢! ! ¢¢Dk¢! !

M c { NJwv b ! T MTRNnOTBHCCDP MTRONATBHCPY MTO@MTBHCCA McndmnbHcyn MC P H
bt RKc/ 5] T HOMHTBHCHMOMpTBCHPMNTMTBCcHpPppombecHpecptbec N1 ny. ny. ny nyc
l¢Dk¢! ! ¢Dke¢! !l ¢Dke¢! ! ¢Dk¢! C! ¢Dk¢! !
bl RKp / 5{ T onmMnmbpnaprT onMmTmBpnaprT onmMcmbhpnpc onppmbpmMmAan on
D¢Dk¢! D D¢ Dk¢! D Kk¢! D D¢ Dk¢! D 1'¢Dk¢! D
bl RKr/ 5] T pannnmbrpannmnbrgpanonbrpndmnbecpmancmnbe GHI dH  dH bm' dmy
l¢Dk¢! ! ¢Dk¢! LI ¢Dkc¢! LI ¢Dke¢! ! I ¢DkC! !
bl RKn[ ! 5{ T pdTHTBCHCY PHPTHTBHBCHT M pdpTMTTBCHTAN cnmcmnbcomo (
¢l kel ! 1'¢Dk¢! D D¢Dk¢! D ¢l k¢ ¢! kK
/I &d. [ 5{ T CHTCTBHBTCHTCTMTHBTCHTPMTBTCOHATMBTCOOHTHT MmAayMagmMAng May MANyc
le¢lke!llt el kel T ¢elke! T ¢l ke! ! ¢!l ke! !
/| 2EH / 51 T TphPhpnbBbyHCAN TPpyymnmbyHpn TPYYymnmbByHpn TcOTTDBHByYyHMcC TC
1 ¢DkK ¢! 1 ¢Dk¢! ! l'¢Dk¢! ! l1'¢Dk¢! ! l'¢Dk¢! !
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Naesiotus nux Orthalicoidea, Orthalicidae (NC_028553)

COXI  16S 4L 6 5 1 4L CytB COX2 ATP8 ATP6 125 3 4 COX3 2

v L1 P A DCF Y WGHQL N R E M s2s81 T I K

Eumecostylus cleryi ~ Orthalicoidea; I;’:ot;hriembryontidae (MT163274)

COXI 165 4. 6 5 1 4L CytB  COX2 | 5 ATP8 ATP6 125 3 4 COX3 2

\ L1 P A D CF YWGHQLZ N M S2 St T | K

Placostylus porphyrostomus Orthalicoiideia; Bothriembryontidae (MT163271)

COXI 165 4L 6 5 1 4L CytB cox2 | ATP8 ATP6 125 3 4 COX3 2

b HHH b

v L1 P A DCF YWGHA QL N R E M S2 St T K

Placostylus fibratus Orthalicoidea; Bothr:embryontldae (MT163270)

COXI  16S 4L 6 5 1 4L CytB COXZ ATP8 ATP6 125 3 4 COX3 2
\% L1 P A D CF YWGHQLZ N M S2 S1 T | K

Placostylus ambagiosus Orthalicoidea; ﬁothriembryontidae (MT163272)

COXI  16S 4L 6 5 1 4L CytB COX2 ATP8 ATP6 125 3 4 COX3 2

\% L1 P A D CF WYGHQLZ M S2 St T | K

Placostylus hongii Orthalicoidea; Bothr1embryont1dae (MT163273)

COXI 165 4L 6 5 1 4L CytB COXZ ATP8 ATP6 125 3 4 cox3 2

\% L1 P A D CF W YGH QL2 N R E M S2 S1 T | K

Figure 1. Comparison of mitochondrial genome g

Full name of tRNA and CDS genes can be found i

The 45S region contained the five expected com
RNA coding regions 188, 5.8S and 28S and two I
ITS2). Mapped reads of the 45S ribosomal <casse

variation at some mnucleotide positions of the
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Mul tilocus analysis of multiple Orthalicoidea

Mul ti-locus analysis involving both mitochondr
did not support the mohiogpthryd y4)f Sdme PRlaczos sty ]
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previous findings in this group, which used th

(Breure and Romero 2012).

Megaspira elatior
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n e Placostylus ambagiosus Pl aco Sty lin ae
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! Placocharis strangei
e - mecostylus cleryi
0.87
e Bobhiiembiyordux Bothriembryontinae

0.96 0.66 Discoleus ameghinoi

Plecostylus peruvianus

0.97 Prestonellinae
1 Prestonella nuptialis
Prestonella bowkeri
Figure 4. Multi-1locus Bayesian phylogenetic r1e

phylogeny is based on 1,730 bp nucleotide alig
Cox1, H3 and 28S 1loci.
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ABSTRACT
and shape variation of shells can
mi t snai l speci es. Here we apply b
rithms to a geometric morphometric
| s of t he RInhaeos fcy blomsne ws n@alledoni a.
| aPl ace sforydmst he I sl e of Pines, whe
i st. We wused neur al net work anal ysi
ure models as an unsupervised | earn
gned to species using nuclear marke
unambiguously classify all/l i ndi vidu
pervised | earning showed that t he
otypic clusters. Two of t hesePlcdaaosst
aBdsporphwhoseomhe third cluster was inter:H
of the individuals that were not
sified to this i ntermedi ate phenot
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I NTRODUCTI ON

Species are defined using many different criter
groups (Darwin, 1859; Mayr, 1942; Mahner, 1993;
the continuity of evolution means that probabl:
al | circumstances. I nstead it has been argued

criteria) should be prioritized when applying
(Duboi s, 2011; Vaux, Trewick & Morgan-Richard
mor phol ogi cal or genotypic clusters of individ
individuals that are morphologically or geneti
as these individuals are relatively uncommon.

that interact and reproduce mostly together an
conseqguence of the correlation of their traits
and so allows speciation, gene fl ow and sel ec
defining a species by reproductive isolation.

groups of individuals using character data anc
exi st , be able to determine whetherRobeygt are s
analytical tools are necessary to both identif)
i n machi ne l earning using supervised and un
identification of apprcieabbBbswabhtt sodpwovhdet!l es
of delimitating species6 | imits.

I n parall el with advances i n machine | earr
devel opments in the analysis of mor phol ogi cal
formal theory of shape and geometric mor phomet |
Gunz, 2009). Landmark-based geometric mor phome:?
 andmar ks to study the shape of organi sms, r
measurements (Bookstein, 1991) . I n this approa
defined as any variation found among a set of
scal ed, rotated and translated to the same <c¢r
anal ysi s. Two types of l andmar ks ar e mo st co
homol ogous features in different individual s,
the same positions on any surface | ocated bet w
& Sheet s, 2004) . Statistical analyses can the
individuals by considering variation in a set

OH
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(0]

a

rdination and di mension reduction (Zel ditch,

re more sensitive to shape variation than tre

Mader beatc,haee008) and have been usefully applied

0
2
a

u

f molluscs (Carvajal-Rodr2guez, Conde-Padzn &
012; Gastftabbddaag; Dillon & Jacquemin, &t0Ol5; Gus
| . 2017, e20 1a&®;0 1Bg o eVte,r ahkalelg8e)n. I n the present st
se of geometric morphometry, with supervised

whet her the current speciPRlsadoesvheylt btea xlosnloemyo fo fP i

New Cal edonia corresponds with patterns of she

N O O

—~ ~ 35

- O o u u

o +T Q 9

»Q o T -

Pl acositsylaasgenus of | arge terrestrial pul mo .
f the western Pacific ocean (Breure, Groenenb
i X species are recognized according to curren
009), but a combination of genotypic and geomze
omi nal S pecHleasc-dsetvyell 0 Ma afxigbmr a1Pa8 9p orapnhdy r ost o mu
Pfeiffer, 1851) may contain additional undesc
Dowlte aR015). These two species are also | ocal
sl and?( soautkmof GrR.ndfei ifeatsied | Wwhbrevested for
011) .

Analysis of 26 specimens from the Isle of Pi
ufficient to discPilmicoad wd diibees ,t wwi tshy mparn acorcda
hel l mor phol ogy and nuclear genmheaR01858) usSkhebkl
ifferences in sympatry inHli aao esdhydnlass tahree sliazrec
ontrolled by genetic factor®)] acashglrushanbereat
arger and has a whkR.deporvemhyrveditcdrpuwsst wrsal atl H ayn s

thicker Iip around a smaller aperture. Altho
enetic clusters in a previous sample from the
he island were not sampl ed. Those from the C
ecause adult snails are intermediate in size
hus difficult to Adaeintalblye (BrBNAIi aeqred&nde da
i storical genetic exchange consistendgt with hy

|l . 2015), and this may explain why.tliedbeapapsul

nRipor phyr.ost omus
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Based on geometric morphometric analyses of da

of this study is to apply supervised and unsup
recognitiPbmcobsgdedvwwises on the 1sle of Pines 1is
frequency of potenti al novel phenotypes.
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METHODS
Rational e
Supervised | earning is a type of algorithm tha
set of features (inputs) to a set of | abels (o
is done by providing example dat a, call ed the
associated with some known | abels. A training |
that | inks feature values (shell shape and si z

S € a

c

| ass of artificial neur al net wor ks call

Ripl ey, 1994) . Mul til ayer perceptrons are rec

n t he

use of gradi ent descent and backpropa

ategories based on shape and size information
t,ak006; Soda, Slice & Naylor, 2017) . We chos

ssumptions and can be applied to a wide range

wher e

u
(
0
algorithms with geometric morphometrics can Dbe
c
e
a

we have both morphometric and genetic in

a training edataalsfelt5)(.DoTwhleese shell s form two sej

t hat

could also be separated using population

genotypic cluster definition they are regarde:

Pl aco

al gor
Unsup
dat as
GMMs ,
di str
corre
becau
di ffe
hypot

mo d e |l

srteyflluesct s bi ol ogi cal reality and shell mor
two distinct speci es, we expect the supe
uities al/l (or al most all) individual s in
al so use Gaussian Mixture Models (GMMs)
ithm, to find the opti mal number of mor ph
ervised |l earning is a class of machine |
ets thatprdabiedts Hadwaesti e, Tibshirani & Fri
the dataset is considered to be a mixtur e
i buti ons, and the modelling process divi
sponding to a single Gaussian distributic
se this approach can model any kind of da
rent Gaussian component s. Di fferent mo d
heti cal clusters. Bayesian information cr
is the best fit to the data and in this

op
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estimated. | f the cuPlaaosismletlhte- blassl eed otfa xPo nnoensy
expect an opti mal GMM that divides our dataset

currently recognized species.
Sampling strategy

A totaPl a€tos8Brydiulss was sampled across eight si

2015 (Fig. 1). Sample sites were arrayed along
the centre of the island (Fig. 1). All live sne
by hand, at three | ocations along each of ei

mor phometric data were gathered from the 337 s
that were collected anat, aBGl$psedAmpegi bhel gi D
samples examined, five had previously been sam

three were sampled for the first time (Comagna

sexually mature, age-related variation in shel
M. Bretscal008) . Only shells of adul t snail s (
photographed for shape analysi s. As these snai
consider sexwual di morphi sm.
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FigurAe Tbpographic map of the Isle of Pines, Ne
|l ocations where snails were samplBdTw&oll owe s r
Pl acostyliwms tthiebmrathag ur al environment (i mage: R
Geometric morphometrics (GM)

The set of two-dimensional | andmar ks wused for
| andmar ks and semi-|landmar ks e®1l ablis@Elaldys,i n an
2017) . A total of 40 | andmarks and semi-Ilandn
|l andmar ks and 31 sliding/semi-I|landmarks (Fig. -
shell were obtained using a Canon EOS 600d wi
careful positioning of the shell in a bed of s
was mounted on a high-precision Kaiser stand toc
(Dowlte aR015). Al i mages were captured with tF
shell, and shells were positioned by the same
& Haase, 2010) . In order to place the semi-1|a
6combsd were placed manually using Adobe Photo
a line from the shell apex to the intersection
| andmar ks and semi-|landmarks was conducted wusi
2015) . Landmark type assignment and Procrust e
Coordgen v.8.0 (Zelditch, Swider ski & Sheet s,
was executed on the covariance matrices of the
(Kl'ingenberg, 2011).

The size of the shells was incorporated int
included in the Procrustes analysis in Coordg:
square root of the sum of the arrays coming fr«
| andmar ks (Klingenberg, 2016). Both shape inf o
centroid size estimate (from here on referred
the supervised and unsupervised | earning algor

Errors linked to shell mani pul ation and di
replication; this involved taking five photogr:
attributed t o t he repeat process wi t h t he %
mor phol (di sfpamdttiyon ige o mchrep.hdp.alc.kzagd Adams, Col

oT
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Kaliontzopoul ou, 2018) in R v.3.6.1 (R Devel o]
Overall, the variance | inked to manipul ation a
the variance of the rest of the dataset, whi c

anal yses.

1 -~ Lo 1
- N r 4 1
- -
L ! . \
- 7~ \\
} A > |
7 \
e 3 N T
' - ~ ! -
T i A —~ s - .
i = — s,
~ L. - -
—0._. i) - Py l b
el A 1
o . |
pC1 pC2

Figur eShz.INeAw fCal Pdaooany!| wst hi bhatd® | andmarKks

geometric morphometry analysi s. Digitizing com
by the white dashed I ine. Red and yellow dot
respedti vBellyaati ve di spl acement of | andmar ks usi

shape vari aB)i oannCjf ozrf (PtClrse 1lggomet ri ¢ mor phometri c

dat aset . PCs 1 and 2 explained 35.3% and 15. 5¢
l ol lipop lIlines is proportional to warping in s
Supervised |l earning algorithms

For the training process of the supervised | ec

assigned to one of two species (our training d:
assignedabya@PdWwl®) to onePblacobBpgtiwesr enoghezbe
of a nuclear DNA dataset comprising 661 SNP. N
neur@) nfeancti onnienurtal e eR4pakkage@l6rschlnput dat a
and size) were normalized and scaled wusing a

containing two hidden | ayers of five and three

We first tested the efficacy of different n

validation on rmur 2t6nai wiomgmoartdsetal ( dati on pur

oy
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into different train and test dat asets of vari

variables (for split proportions, number of in
Materi al Table S1). The objectives of this pi
sufficiently | arge training dataset and to de:
Efficacy of the models was assessed by |l ooking
correctly in the test datasets for a | arge nur
used only two PCs and one size variable. I n 1
identified all snail s most of the time (mean

98. 8% and 99.8% for different sized training d

We then trained neur al net wor k model s usi n

trained models on our new dataset of 337 shell

We repeated this process for a | arge number 0
overfitting issues arising from single model [
val ue of the neural net works outputs as assig

l earning) .

P. fibratus
®

Y

P. porphyrostomus

|

FigurSe hmatic of a multilayer perceptron wused
examining clPaasioltyddiisomaiolf shells with the tw
si ze. Neur al networks <contained two hidden | &

respectivel y. Here weight and bias parameters

Unsupervised | earning algorithms

0 ¢



Chapter 2

For Gaussian mixture modledwt vbe 4u  &d atl ey R Rad k

Gaussian mixture models were built using shel/l
supervised | earning analyses (1 and @g)iomDiffer
clusters in the dataset, with the opti mal mo d
(Supplementary Materi al Fig. S1). Results of

variables (PCl1li5, shell size) were also comput
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RESULTS

First and second PCs of variation of the geomet

and 15.5% respectively of the total wvariance i |
that spire height, aperture size and | ip thick
Supervised |l earning algorithms

Using the supervised | earning algorithm, i ndi v

of the tRloacsep=xtcyleds fpiobrrpahtyw sofs ttomauisr assi gnment
was >95%. On the basis of this crPtefibnat@ggi4
(67%) aRd par py(rlo&%®)omusl (15%) could not be a:

(Table 1, Figs 2B, 4 A) . Mo s t of the unassigne
Comwagna (28 individuals) and Wapan (15 indivi
contained individual s t hat coBIl d f b baRactownsf i den:
porphyr,oswiotmusonly a few unassigned individual
popul ation sampl e wR.t hf ijlursat wsne snail species
Unsupervised | earning algorithms

The shell size and shape variation had an opti.
equal vol ume, shape and orientation ( EEE) mo
Assignment probabilities to the three phenotyp
individuals (Table 1, Fig. 4) . Two of the pher
shape variables correspontli lndradtt lpor pd.yo it Dend s S
third cluster was also observed. This consi st ¢
Wapan, which were unassigned by the supervised
Material Table S1). The snails in the third cl

P. fi mamat por p hy(rFisg.o nbu)s.

Using GMMs, 226 (67%) i nPdi vfiiduoudaaltsa vre,r e5 @ s(sl 7
to R.hepor phyalosgtoemusand 54 (16%) to the inter me

individuals was similar to the result produce

speci men assignment probabilities <0.95 (from
(Fig. 4). Only 11 of 337 snails (3.27%) were ¢
as explained here: of the three individuals n

assigned By GMMm&édo®shepdoph;yreisghhtmusheR.l s cl ass
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v

C

<

por phyr obsyt otmlues supervised | earni nPg aligborraittuhsm w
the intermediate type by GMM. The geographic s
mor phol ogi cal clusters identified by GMM sugge
a |l imited distribution. The Yduatfyi bpapgtwlistah € o n
Touete, Waatchia, Gadji, Kere and fMasoRaptoupsul at i
por phyr.osTthbemuwgapan popul ati on sample contained
the Comwagna popul ation sample consisted most|
type, with a Pf.ew oirnpdhiyyrilodsixt holendu)so f
Tabl eNumb eRlsacoofsitryl uBe t hree phenotype cluster
supervised and unsupervised analysis of shell
the Isle of Pines, New Cal edoni a. I ndi vidual s
their assignment score was > 0.95.
) /[ 2Ygl Y| DI R2A Y SNB ¢2dz8GS | 2 21| G§OKAL
t 2Lz | GA2Y
{ dzZLISNBA & SR f SFNYyAyYy3
Ot raaAFTAOIGAzZY
t ® FAONI (dzan H ¢ oM HC pH oy H O Hp
t @ LJ2NLIK&NRwG2Ydza b T T MC ) p n
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' yadzLISNBAASR £ SFENYyAy3
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Assignment probabilities
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Figur &dsdi gnment probabilities calculated for

popul ati onPlsaacnopsltaysh mesft he AsINeuo&l Phnaewor kK supe
|l earning analysis for two phenotypesP(the two
fibrate®.]l opnor phyBr.cAsnt aamwssu.per vi sed analysis base
t hat found three phenotypes (the two recogniz

Colour cegiomg:hyredhtPdunedys; prteuesn, i nter medi ate phe
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from the Isle of Pines, New Caledonia, as indi
variation in shell shape (50.8®8B. MMt basaéd shar
cl assi fHlcaacto sotmy loues|l ati on to variation of shell
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DI SCUSSI ON

Shell mor phol ogy, separabl e i nto shape and
mor phometri cs, is controlled by a suite of he
environment al factors. Aquatic gastropods have
of shell size and shapeabkblw) deFTphpeedléew( Eealt da:
Pl acostylusshhaoawsagsbsasvariation that i s, in p
(Parrish, Stringer & Sherl ey, 2014) . However,

Pl acosdgpdPaisefsi mPRaltpws phyhaos tsohhuvwen t hey are genet |
despite coexisting at many éebcabkDOBetdPawWtkrRe |Is

2015) . Distinct shell traits of sympatric spec
as the snails experience the same environment.

Wh e n applied t o our new dataset, supervi
unambi guously assign al/l snails into one or ot
basis of traditional shell -based taxonomy. Mo
probabilities originate from two newly sampl ed
many unassigned snails suggests that the cl assi
is too simplistic in the context of our expande
algorithms indicate the presence of a third gr-r
supervised |l earning failed to classify some i nct

shape and size to the two recognized species (

The snails from the Comwagna district, whi c
type individuals, have never been harvested fo
To date, these individual s hPav ef ibfeRante txgoanls.i der e
200080r analysis suggests that they are distinec
popul ation of hybrid individual s. While avail
suggest hi stori caP. hfyibnPatpusa p ih g mn otbheeb wpareens e n c e
mor phol ogically and genetically distinct Sy mpe
hybridizaeti omR@D®Dwl eHere, though, our morphol og
could go beyond simple mitochondri al i ntrogres

hybrid population at Comwagna, and rare hybrid

Hybridization can be viewed as a gradient t

stable hybrid zones to the formatioat o&l excl us
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17) . l ntrogression can generate gene fl ow bef
main distinct when hybrids normally backcr os:
Bk, aR017). Observat iPilnasc oosftryoliniwse hgop sl &t odn &i ¢
re, Touet e, Waat chi a, Vao) seem to be consi:
ggested by mtDNA haplotype dat a; this is bec
rent al phenotypic clusters and a small numbe
el | phenotype in these five populations (Fi
cal i tR.esf ivahRatpeo s p hy racset smunpatri c, we coul d aj
uster definition (Mallet, 1995) and recogni z
mi nance of the intermediate phenotype in t
mwagna suggests that i f hybridization expl ai
cally common and has |l ed to the | oss of dist
Environmental conditions instead of interspeée
e prevalence of individuals with an inter mec
ails were sampl ed, Comwagna is situated on r
hers are on wuplifted coral reef terrain (Lag
positive <correlation between <calcium avail a

stropods (Beeby & Richmond, 2007). Phenotypi
e morphol ogi cal di ver sPlL g c o $(sBerrevsecda Bf 00o0r8 ;New C
wee,al2015) . Lower calcium availability on f
pl anation for the intermediate phenotype at
esence of that phenotype on calcium rich sut
cent gene Pf | 6w babkadtpwer epnh y rsoeset nosmutso be t he mos
pl anation for the presence of the intermedia
e possibility that the intermediat ®. phenoty)
br atRdpor phyr oosrt otmues possi bility of an expl an
ctors.

Here we used two approaches to classify sam

es not . The first met hod seeks to classify
ile the second explores a dataset to find o
erfitting i ssues ( Adams, Rohl f & Slice, 20
di vidual s that are not inside the range of
arning can under- or overestimate the number

nop
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support values for individual classification
interesting. While | ow support assignment can
dataset or mislabelling, here the concordance

|l earning classification suggests our model s we
support the wuse of both methods, rather than
joins the growing number of studies that have

mor phometri cs and machi ne | earning <can be us
(Dobigny, Bayl ac &t pDabB0p66; 2BO6_2x| BabegetSchul t he
al . 2017pt NakOiLl&r Soda, Sliete, &P 0Na§) or, 2017; F
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Suppl ement ary

8 0 =3 S
_\_\_\_\_\_\_\_’_‘—\—\_
3 - ¥
1 s - E $
i 3 \ =T
\ ~u % &\ \
o ;%g \‘______ e s i il =
8 | = _h‘d__ﬂ—f’ = EE FY “‘h———\_____h‘
o R g =
o \ .
B
u] 250 ;_‘_\ i
o oy El < EVE
81 " \n -{a VI ¥ VEE
i ¢« EEl 4+ VWE
% VBl 8 EEV
* EVI =B VEV
o Wi @ EvW
S EEE O VWV
: T T T T T T T T T
1 2 3 4 5 6 7 8 9

Number of components
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of Gaussians used in each model , and different
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.

Suppl ement ar pAvéi gage el ndmar k positions for thi
Pl acoshglbus (as detected by GMM model |l ing; Red
6intermedi atedé group; blue = 6fibratusdé groupo
Suppl ement &rry ptoalPlileagl®:shdlulss correctly assigne
groups in test datasets during exhaustive <cros
Results are presented for different number of i
and for various split proportions of the cross
i nput variable in each one of the model s, al
Component s.

Division of the training data set (proportion [/ nu
training datasetest 2 3 4 5 6
80% / 21 20% 99. 78%. 66 %% 62720%0 %
70% |/ 18 30% 99. 86%. 56%. 96%. 10 B%
60% |/ 16 40 % 99. 16%. 96%. 96%. 50 D. 6 0%
50% / 13 50 % 98.86%. 46%. 96%. 20 . 6 0%
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Suppl ement aClyastsaldfliecaz:i on of 337 shells from tt
according to supervised and unsupervised | earn
I D Superyi sed Unlsajapr_errivn'gsed | D | earn&]’unpgeryi sed Unlseueprferrivn'g;ed |
classi classi classi classi
fOMAGNANot assigned Intermedi at e VAO- 29 Fibratus
fOMAGNANot assigned Intermedi ate VAO- 3 Fibratus
fOMAGNANot assigned Intermedi ate Porphyro¥A®mid nter medi at e
SOMAGNANOI assigned Intermedi at e VAO- 31 Porphyrost
fOMAGNANOt assigned Intermedi ate VAO- 32 Fibratus
fOMAGNANot assigned Intermedi at e VAO- 33 Fibratus
fOMAGNANot assigned Intermedi at e VAO- 34 Fibratus
SOMAGNANOt assigned Intermedi ate VAO- 35 Fibratus
fOMAGNANot assigned Intermedi at e VAO- 36 Fibratus
fOMAGNANot assigned Intermedi at e VAO- 37 Fibratus
fOMAGNANot assigned Intermedi at e VAO- 38 Fibratus
gOMAGNANot assigned Intermediat e VAO- 4 Fibratus
gOMAGNANot assigned Intermedi ate VAO- 40 Fibratus
gOMAGNANot assigned Intermedi ate VAO- 41 Fibratus
gOMAGNAPorphyrostomlntermediate VAO- 42 Fibratus
(Z:OMAGNANOI assigned Intermedi ate VAO- 43 Fibratus
gOMAGNANot assigned Intermedi ate VAO- 44 Fibratus
(Z:OMAGNANOI assigned Intermedi ate VAO- 45 Porphyrost
(Z:OMAGNANOI assigned Intermedi ate VAO- 46 Porphyrost
(Z:OMAGNANOI assigned Intermedi ate VAO- 47 Porphyrost
(Z:OMAGNAli‘orphyrostomus Porphyrostomus VAO- 48 Porphyros
gOMAGNANot assigned Intermedi at e VAO- 49 Porphyrost
gOMAGNAPorphyrostomlntermediate VAO- 5 Fibratus
gOMAGNANOt assigned Intermedi ate VAO-50 Porphyrost
gOMAGNANot assigned Intermedi at e VAO-51 Porphyrost
gOMAGNANot assigned Intermedi at e VAO-52 Porphyrost
gOMAGNAPorphyrostomus Porphyrostomus VAO- 53 Porphyros
gOMAGNANot assigned Intermedi ate VAO- 54 Porphyrost
gOMAGNANot assigned Intermedi ate VAO- 6 Fibratus
gOMAGNAporphyrostomus Porphyrostomus VAO- 7 Fibratus
SOMAGNAporpherStomus Porphyrostomus VAO- 8 Fibratus
gOMAGNANot assigned Intermedi at e VAO- 9 Fibratus
gOMAGNAPorphyrostomlntermediate VAO- Al17 Fibratus
gOMAGNAPorphyrostomlntermediate VAO- Al18 Fibratus

pn
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gOMAGNANot assigned Intermedi at e VAO- A19 Fi bratus
gOMAGNANot assigned Intermedi at e VAO- A20 Fi bratus
GADJI -1 Fi bratus Fibrjatus VAO- A21 Fi bratus
GADJI -10 Porphyrostomus Plor phyrostomus VAO- A22 Fibr
GADJI - 11 Porphyrostomus Plor phyrostomus VAO- A23 Fibr
GADJI -12 Porphyrostomus Plor phyrost omus VAO- A24 Fibr
GADJI - 13 Porphyrostomus Plor phyrost omus VAO- A25 Fibr
GADJI - 114 Porphyrostomus Plor phyrostomus VAO- A26 Fibr
GADJI - 15 Fibratus Fi brlatus VAO- A27 Fibratus
GADJI - 15 Fibratus Fibrlatus VAO- A28 Fibratus
GADJI -16 Fi bratus Fibrlatus VAO- A29 Fibratus
GADJI - 17 Fibratus Fibrlatus VAO- A30 Fibratus
GADJI -138 Fibratus Fibrlatus VAO- A31 Fibratus
GADJI - 19 Fibratus Fibratus VAO- A32 Fibratus
GADJI - 2 Fi bratus Fibrjatus VAO- A33 Fibratus
GADJI -20 Fi bratus Fi brlatus VAO- A34 Fibratus
GADJI - 21 Fibratus Fi brlatus VAO- A35 Fibratus
GADJI - 22 Fi bratus Fi brlatus VAO- A36 Fibratus
GADJI - 23 Fi bratus Fibr%vﬁ@sTCHliA—_ibratus Fi bratus
GADJI - 24 Fi bratus Fibr%_NfAﬂAJCHI'%'ibratus Fi bratus
GADJI - 25 Fi bratus Fibr%leﬂAsTCHlé_ibratus Fi bratus
GADJI - 26 Porphyrostomus Po\lNA TyCrHols'%[oorrrpuhsyrostomus Porphyro
GADJI - 27 Porphyrostomus Po\:{vA TyCrHolsé[oorrrmhsyrostomus Porphyro
GADJI - 238 Fi bratus Fibr%[NfAﬂAgCHlé'orphyrostomus Porphyro
GADJI - 29 Fibratus Fibr%[NfAﬂAgCHlé'orphyrostomus Porphyro
GADJI - 3 Fi bratus Fibra\l/yAuAsTCHl'%'orphyrostomus Porphyro
GADJI - 30 Fibratus Fibr%[NfAﬂAgCHlé'orphyrostomus Porphyro
GADJI - 31 Fi bratus F|br%LNfAﬂA;CHI%'orphyrostomus Porphyro
GADJI - 32 Fibratus Fibr%leﬂAérCHl'?‘\l_ot assigned I'nter med|
GADJI - 33 Fibratus Fibr%V(AﬂAérCHI'&'orphyrostomus Porphyro
A

GADJI - 314 Fibratus FibréNfAﬂAgCHl‘PorphyrostomLFibratus

GADJI - 35 Fi bratus FibréNfAﬁA;-CHlé'ibratus Fi bratus
GADJI - 36 Fi bratus Fibr%leﬂAsTCHlé_ibratus Fi bratus
GADJI - 37 Fi bratus Fibr%leﬂAsTCHlé_ibratus Fi bratus
GADJI - 38 Fi bratus Fibr%leﬂAsTCHlé_ibratus Fi bratus
GADJI - 39 Porphyrostomus P0\2/¥Ap Ty(:r|_|o|s'ﬁ|obmuastus Fibratus
GADJI - 4 Fi bratus FibraWAuAsTCHlé_ibratus Fi bratus
GADJI -5 Fi bratus FibraWAuAsTCHI%_ibratus Fibratus
GADJI - 7 Fi bratus FibraWAuAsTCHI%'ibratus Fi bratus
GADJI - 8 Not assigned Int\zAéArATCHlaﬁlebratus Fibratus

pp
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GADJI -9 Porphyrostomus P)‘é’vﬁﬁy(r:glsébmuatus Fibratus
KERE- 1 Fi bratus Fibrat\é\{JAsATCHlélbratus Fibratus
KERE- 10 Fi bratus FibragvﬁéTCHliA—_ibratus Fibratus
KERE- 11 Fi bratus Fibrag\/ﬁéTCHlelbratus Fibratus
KERE- 12Not assignedFi bratus ;NAATCHI'%lbratus Fibratus
KERE- 13Porphyrostomlntermedi at e XVAATCHlélbratus Fi bratus
KERE- 14 Porphyrostomus Pcr\é\/@ﬁ‘)}—rcysléémusatus Fibratus
KERE- 15 Porphyrostomus Pcr\é\/@ﬁ‘)}—rcysléémusatus Fibratus
KERE- 16 Porphyrostomus Pcr\é\/@ﬁ‘)}—rcysléémusatus Fibratus
KERE- 17 Fi bratus Fibrag\/ﬁﬁs‘TCHliA—'ibratus Fibratus
KERE- 18 Fi bratus Fibrax\/ﬁﬁs‘TCHliA—lbratus Fibratus
KERE- 19 Fi bratus Fibrax\/ﬁéTCHlé_ibratus Fibratus
KERE- 2 Fi bratus Fibratx\{JAsATCHlélbratus Fibratus
KERE- 20 Fi bratus FibraxvﬁéTCHliA—'ibratus Fibratus
KERE- 21 Fi bratus Fibrax\/ﬁﬁs‘TCHliA—'ibratus Fibratus
KERE- 22 Fi bratus Fibrax\/ﬁéTCHlé_bratus Fibratus
KERE- 23 Fi bratus FibraxvﬁéTCHl ibratus Fibratus
KERE- 24 Fi bratus FibraxvﬁéTCHlé_ibratus Fibratus
KERE- 25 Fi bratus FibraxvﬁéTCHlé_ibratus Fibratus
KERE- 26 Fi bratus FibraxvﬁéTCHlé_ibratus Fibratus
KERE- 27 Porphyrostomus Pcrylvr'ﬁﬁ)yrcyslf%&muatus Fibratus
KERE- 238 Porphyrostomus Pcr\éV@ﬁJrCysléémusatus Fibratus
KERE- 29 Porphyrostomus Pcr\é\/@ﬁ‘)}—rcysléémusatus Fi bratus
KERE- 3 Fi bratus Fibrat\;\{JAsATCHlelbratus Fibratus
KERE- 30Not assignedPorphyrostomus\éVAATCHIiA—'ibratus Fibratus
KERE- 31 Fi bratus Fibrag\/ﬁﬁs‘TCHliA—'ibratus Fibratus
KERE- 32 Fi bratus Fibratus WAPAN- 1 Not assign
KERE- 33 Fi bratus Fibratus WAPAN-10 Fibratus
KERE- 34 Fi bratus Fibratus WAPAN-11 Not assign
KERE- 35 Fi bratus Fibratus WAPAN- 12 Not assign
KERE- 36 Fi bratus Fibratus WAPAN- 13 Not assign
KERE- 37 Fi bratus Fibratus WAPAN- 14 Not assign
KERE- 38 Fi bratus Fibratus WAPAN-15 Porphyrost
KERE- 39 Fi bratus Fibratus WAPAN- 16 Porphyrost
KERE- 4 Fibratus Fi braltus WAPAN- 17 Fibratus
KERE- 40 Fi bratus Fibratus WAPAN- 18 Fi bratus
KERE- 5 Fibratus Fi braltus WAPAN-19 Fibratus
KERE- 6 Fi bratus Fi braltus WAPAN- 2 Not assigne
KERE- 7 Fibratus Fi braltus WAPAN- 20 Fibratus
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tus WAPAN- 21 Fibratus
tus WAPAN- 22 Fibratus
atus WAPAN- 23 Fibratus
atus WAPAN- 24 Fibratus
atus WAPAN- 25 Fibratus
atus WAPAN- 26 Fibratus
atus WAPAN- 27 Fibratus
atus Porphyr osWAPAFi brat us
atus WAPAN-29 Not assig
atus WAPAN- 3 Not assigr
atus WAPAN- 30 Not assig
atus WAPAN- 31 Fibratus
Intermedi at e WAPAN- 32 Fi br a
atus WAPAN- 33 Fibratus
orphyrostomu WAPAN- 34 Fi br
orphyrostomu WAPAN- 35 Fi br
orphyrostomu WAPAN- 36 Fi br
orphyrostomu WAPAN- 37 Not
orphyrostomu WAPAN- 38 Fi br
orphyrostomu WAPAN- 39 Fi br
orphyrostomu WAPAN- 4 Not
atus WAPAN- 41 Fibratus
atus WAPAN- 42 Fibratus
atus WAPAN- 43 Porphyrost
atus WAPAN- 44 Porphyros
atus WAPAN- 5 Not assigr
atus WAPAN- 6 Not assigr
atus WAPAN- 7 Fibratus
atus WAPAN- 8 Not assigr
atus WAPAN- 9 Not assigr
atus YOUATY- 1 Fibratus
atus YOUATY-10 Fibratus
atus YOUATY-11 Fibratus
atus YOUATY- 12 Fibratus
atus YOUATY- 13 Fibratus
atus YOUATY- 16 Fibratus
ermedi at e YOUATY- 17 Fibrat
YOUATY- 18 Fibratus F
ermedi ate YOUATY- 19 Fibrat
rphyrostomus YOUATY- 2 Fibra
rphyrostomus YOUATY- 20 Fi br
rphyrostomus YOUATY- 21 Fibr
rphyrostomus YOUATY- 22 Fi br
tus YOUATY- 23 Fibratus

br a

pT
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VAO-19 Fibratus Fibraftus YOUATY- 24 Fibratus
VAO- 2 Fibratus Fibrafus YOUATY- 25 Fibratus
VAO- 20 Fibratus Fibraftus YOUATY- 26 Fibratus
VAO- 21 Fibratus Fibraftus YOUATY- 27 Fibratus
VAO- 22 Fibratus Fibraftus YOUATY- 3 Fibratus
VAO- 23 Fibratus Fibraftus YOUATY- 4 Fibratus
VAO- 24 Fibratus Fibraftus YOUATY-5 Fibratus
VAO- 25 Fibratus Fibraftus YOUATY- 6 Fibratus
VAO- 26 Fibratus Fibraftus YOUATY- 7 Fibratus
VAO- 27 Fibratus Fibraftus YOUATY- 8 Fibratus
VAO- 28 Fibratus Fibraftus YOUATY- 9 Fibratus

Py
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Abstract

Neutr al nucl ear mar k érl sa cveseprieeg li deesv. e | Uospi endg igne ntowra ¢
primer pairs were designed in microsatellite ¢
|l oci regions. Four microsatellite markers were
pair combinations, and two SNPs markers were

combinations. Markers were amplifPedcosatypops!| a
fi brandPsl acostyl us Nwonwbpehry rofst ambel es per mar k e
microsatellite markers and two for the SNPs mar
mar ker sP.i nf ipbprppauluBsée pant ures from Hardy- Weinberg
observed in onlBR. ofniclprotukseti 6orsamepl e, and for
P. por phypopuloartuison sampl e.
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I ntroducti on

Popul ation genetic studies require polymorphic
allele frequency and infer population structur
be developed. Traditionally nuclear markers ha

but recently t he advancement of hi gh-through|

technol ogies has made available techniques tha
nucl ear | oci across whole genomes (EIlshire et
2011) . Most of these methods (RAD sequencing,

by sequencing) use a combination of restrictio
range of Single Nucleotide Polymorphism (SNPs)
numerous as they provide a huge amount of raw c
are more expensive than traditional markers, ar
organi sm where no reference genome is avail ab

consistently high quality and high quantity D

approaches incorporate a digestion step using
devoid of enzymatic inhibitors (sometimes a prc
DNA amplification i n t he pipeline the starti
Combining new samples into existing analysis
financi al ' imitations they often end up being |
& Johnston, 2018). Simulation studies have shov
mar kers can match results obtained with hundrec
have more statistical power (Hodel et al ., 201
Single nucleotide polymorphisms are | imited to
two states. I n contrast, in a system where ther
l oci are required to infer relationships, gen

guestion driving the research can be answered
tested (Forsdick et al ., 2020) . I n this contex
cost-effective nucl ear mar ker s remains a rel e

organi sms where no reference genome sequence a

Before devel opment of NGS technol ogi es, mi cr os
mar kers were arguably the most commonly wused a
studies (Cruz et al., 2005; T-th et al., 2000;
tract of repetitive DNA motif, wuswually two to
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ti mes. T
technol o
flanking
Reacti on
l i brari e
Schabl e,
l i brary

NGS 1| ibr
t hroughp

standard

3
hey present a | ength polymorphism and c
gy. Development of such markers require
regions of the microsatellite repeat,
(PCR) . Traditional met hods to devel op
s enrichment and cloning (Daly et al .
2005), bwut it is now possible to easi/
datasets (Fernandez-Silva et al ., 2013;
ary data consi st of a | arge number of
ut technol ogi es. Many of those techno

i zed si ze reads ar e obtained from bo:

microsatellite markers from this kind of data
genomic |ibrary sequences, and then designing
2018) . Designed sets of primers can then be wus

i ndi vidu
Anonymou
genome,
1996

extract
et al .,
can proyv
sequenci
ampl i fie
Targg
mol e

a specif
sang

to genot
anal ysi s
(Baet sch

Developi
ampl i fie
I mportan

amplific

als genotyped based on the | ength of t|

s Nuclear Loci (ANL) markers are DNA s
which are unlikely to be directly unde
mmon & Lemmon, 2012) . Li ke microsatel]l
and produce this kind of marker from N
201 4; Bertozzi et al ., 2012) , and comb
ide reliable multi-allelic nuclear gen:¢
ng refers to the application of high-
d fragments of DNA, usually from PCR (
resequencing of specific | oci i's one
r ecology. Because high-throughput tec
ic locus separately, they provide a mui
equencing techniques to identify heter

ype ANL markers gives direct access to
of nucleotide variation can be wused t
er et al., 2018).

ng nuclear markers without a reference
d sequences are rarely confirmed to b
t that newly devel oped markers are sho

ation artefacts and amplification fro
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potenti al mar kers in devel opment al stages, an
spurious <conclusions in downstream analysi s.

mar kers should therefore show convincing evid
popul ation genetics for sexually reproducing d
should be close to hardy-weinberg proportions i
it when accounting for isolation by distance,

al ., 20009; Prebble et al ., 2019; Weet man et al
analysis rely on single-copy allelic markers (.
avoiding multi-copy regions is desirable, as nc
can result i n mar ker s being wultimately discal
transposons, satellite DNA) constitute | arge p
and mi crosatellite mar ker s being devel oped i
dev

databases of repeat el ements (Bao et al., 2015

el oping markers in these regions include u

respected after sequence amplification (for di|

Here | develop both micPlosad stipjdicdise sarmd INMRs Cmad r
Pl
sn
Pr

(@]

ocBgt kis1837, Bot hri enbs yao ngd rduase , o fP | laacrogd ytl @

I present on islands across the sout hwest |

o 9 9

\‘
® ®© o1 »n <

ious genetic work on the genus in New Cal ed
of
(3
i nc
Pin

equencedID®enmec homdrgadul ati on genetic anal
4 1 oci) across the whole archipelago (Dowl
ntive to have aPldaectoasiglygdulsan d emstsamadicigref i
S, south of the archPpefl ataoast hbarvee swieldd f pa
and provide | ocal economic activity for indiger
of a |l arge dataset (337 shell s) has raised qgue
species on the island. The variation in sheldl
popul ation of thP.tWwbDhd®gwmparphgQeweerowimats al ., 20
Popul ati. o i s healwvteuseen recorded to be on the dec
snails is now considered (Brescia et al ., 2008
and have access to a relatively cheap range of
snails. Towards this goal I produce two NGS |

P. f i larPadt upsor phy ramgotusmust hem to identify both
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nucl ear marker s. I test the | oci using amplifi

speci es.
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Met hods
Shotgun il lumina sequencing

I n order to obtain DNA extractions of suffici
sequencing |libraries (NGS) I|libraries we used a

ti ssue sampl es from two snaiP. sfpiern é@teins fron

porphyr.osSmamuls sections of foot muscl e, about ¢
separate sterile scal pel bl ades. Each tissue w
et hanol and diced into smaller pieces. Each sa
and CTAB buffer (2% Hexadecyltrimethyl ammoni |
20mM EDTA) (Thomaz, Guiller & Clarke, 1996; Tr ¢
CTAB tissue digestion the solution was treat ¢
chl orof orm-isoamyl alcohol), and the DNA precipf
-20AC chilled 95% ethanol . DNA extracts were
throughput sequencing using the ThruPLEXE DNA-
genomi c DNA was pair-end sequenced on an I 11| umi
using standard indexes. The resulting 37.6 mi

tri mmed of adapters and passed through standar

et al., 2018). Reads were paired in Geneious Va8
and ribosomal sequences were removed from pair
onto mitochondri al genome and ribosomal 45S ca
mapping tool on high sensitivity. Paired end r

one dataset.

Mi crosatellite markers

The software GMATo (Wang et al., 2013) was use:
of 101bp paired-end sequences. I targeted tri -
region of one of the paired reads. To design p
sequence (MCS), I manually concatenated the MC:
paired read, and used primer3 (Hancock et al .,
the microsatellite repeat. I n this way 96 pai
synthetised (Supplementary Table 1). To test

products PCR used primer pairs separately on f ¢
Pl acosdgpdRuisefsiafnat por ph)y Eaxtho MCR consi sted of

cp
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denaturation (35 seconds, 94AC), annealing (2
temperature Tm) and elongation (50 seconds, 7
Per ki nEIl mer Labchip GX Touch fragment anal yser
software to visualise i f consistent peaks acro
as amplification of the expected DNA fragment
consistently were then synthetised with a fl uor
to be subsequently genotyped using the ABI 3730

500 (Applied Biosystems) was used as an intern
i n Geneious (Kearse et al . 2012) to determine
microsatellite trace fil es.

Table 1: Primer sequences and characteristics
initial combinati ons. Four of these combinatio
amplified on population sampl e.

[ 2 Odza t NRAYSNJ t NRA YSNJI ¢Y Tt dz NBLISI Y2i

a{nm F2NK I NR D/t /1 /1 ¢DP%/ DF¢MC! @SN 1 ¢D¢

a{rs NB & ¢D! ¢D¢D! D¢! ¢ P H cnC! gg Ll

a{r F2 NB ¢D! DD! ! /! L¢D ¢P! L¢D! !l | D¢

a{nn NEosNed /!'D /e DU LD g et i SdNY I C
a{mn FaNpI'NR '/ ¢ /D¢ D/I¢ DEL QA0 i 8G NI I L
a{mn NEoSNHE '/¢ /¢ ¢/¢ [0 DRy DEC i Sd NI I L
a{HT FTaNBIHNGE ¢¢/ D/¢ D/ID !'gip Dlgi gw! i N& D¢
a{HT NEoSNgPd ' ¢! /D! DD! gy ¢ GE gibk! i N& D¢
a{nrt FaNp'NR ¢D¢ DD/ /1] Dgg !'le® alwh i 8d NI D
afr NE & DD¢ DDD ¢/! D¢/ DP¢ ¢¢DD i 8 DD ¢

a{r F 2 N Dt ¢! D ! /D D!/ DP! cfcBD ! g DI/

a{nao NEoSNS /¢D ¢¢D D!'D !¢ Diglgch/a¢ G SdN D
a{cH FaNp NP PP DY/ v DY TP Dlelpcllal G SdN !
a{cH NEoSNYPd ¢/t ¢c¢l DD/ epd ¢ Ghct G/ i Sa NI !
a{cn FTaNp ISR '/ ¢cece [ ¢¢ ¢ff DGE¢, D/ i Sd NI ¢
a{cn NEOSNHS ¢!/ ‘'te¢! /e DYy ¢Qf /7 ¢D iSdNY ¢
a{Ttn FaNnpiN® ' D/ ! D/ De I PD P REGc g i $G NI

a{r NB & ¢DD ¢DD ¢¢¢ ! DD ¢PD f4D D¢g D¢ I

a{c F2 NB ¢DD D¢D /¢D ! D! ! f¢ 46/ !l Ll

a{ dn NEoSN¥dE /!D DD! /1D t Dt RY G $d NI L
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Figure 1: El ectropherograms of fluorescence in
Labchip GX Touch fragment anal yser, whi ch wa
mi crosatellite markers. Peaks in the electroph
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Single Nucleotide Polymorphism markers

To identify regions of snail genome potenti al

genetic study, I performed a de-novo assembly

on the combined 101bp reads dataset. Medi um s
produce scaffolds and saving 1000 contigs. Re s
i nspected by eye for regions containing nucl eo
which to design primers. Consensus sequences Ww
(Madden, 2013) and scanned against the transpo:
primers were designed for contigs that did not

and did not contain transposons in their seque.:!
designing between five and ten different sets
retaining only the primers surrounding region
El even sets of anonymous | oci PCR primers were
with an overhang Il lumina adapter attached to

could be processed in downstream ||l |l umina Mi S
targeting the two Internal Transcribed Spacer

overhang sequences attached to both their ends
and because I TS sequences can potentially be wu
copy variants are correctly isolated. For gen
sequencing approach based on the 16S Met agenomi
but instead of targeting 16S region we targete
round of PCR reactions was executed using ANL a
Each PCR reaction consisted of 21 cycles of de
seconds, 61AC) and elongation (120 seconds, 72
produced separately for each set of pri mers b
sampl e. Post PCR products were <cleaned wusing

adapters and individual dual -index barcodes wel
of amplicon products used a paired-end 250bp I
gathered in .fastg format and run through fast
adapters (Chen et al ., 2018) . To esti mate how

and got through to the sequencing stage we run
the STACKS pipeline (Catchen et al ., 2013). Th
of similar sequences, with the number of resul
of interest correctly amplified and sequenced.

cy
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to nucl ear mar ker reference sequences from t he
mapping tool with custom high specificity sett
each ndi vi dual from mapped MWRACLSE E dighaern, a2l 0i Og4n)e.
Results were examined by eye for variation amo
Tabl 2 : Pri mer sequences and characteristics

combinations of wuniversal I TS pri mers. Two nuc
sets of primers, wusing an amplicon sequencing
t NAYSNI S5ANBOGAZY t NAYSN) 4S1jdzSy OS AffdzZYAYyl 2¢
onHC F2NB I NR D/ ¢! 11 ¢! ¢! DD/ ¢/ // ¢DD¢/ / ¢/ D¢/ DD/ ! D/
ONHW NEJSNBE S ¢D!'/ /! D! ! DD!/ /! D¢¢! D/ / D¢/ ¢/ D¢DDD/ «
oopC F2N¥ I NR ¢DD!! ¢/ /! ¢! DDDD¢/ ! V1L ¢¢/ [/ ¢/ D¢/ DD/ ! DI
oopw NEJSNAE S '//!'D!! 1 DD!/ /! DDD! D/ D¢/ ¢/ D¢eDDD/ ¢/
ppncC F2NB I NR ¢DD¢/ ! 11 ¢¢D! D/ /D! 111 ¢D/ ¢/ D¢/ DD/ ! DI/
ppnw NEJSNBE S ¢D/!'¢¢ce¢¢ceD! D/ ¢/ /! ¢eceD! [/ D¢/ ¢/ D¢eDDD
pTtyC F2N¥ I NR ¢¢DD! ¢/ // ¢DD¢// ¢¢¢¢ce¢eDD ¢/ D¢/ DD/ ! D/ |
pTYyWw NS JSNAE S DD!/ /! DDD! D/ / ¢!l ¢! ¢¢¢! D/ / D¢/ ¢/ D¢eDDD/
THTC F2NB I NR ¢¢eDD! ¢/ /! ¢! DDDD¢/ L ¢e/ / ¢/ D¢/ DD/ ! I
THTW NEBSNBE S DD!/ /! DDD! D/ / ¢!l ¢! ¢¢¢! D/ / D¢/ ¢/ D¢DDD/
TpoC F2N¥ I NR ¢DD!! ¢¢¢ceD!/// /¢! ¢DD! ¢¢/ / ¢/ D¢/ DD/ ! D
Tpow NEJSNAE S ¢! DD/ ¢/ // ¢DD¢// ¢¢¢/ ¢DD D¢/ ¢/ D¢DDD/
TyHC F2NB I NR ¢D¢! ¢/ '/ /1 D! DD!/ /! DDD ¢/ D¢/ DD/ ! D/ L
TYHW NEJSNAE S /¢!l 1¢¢! ¢! DD/ ¢/ // ¢DD¢/ D/ D¢/ ¢/ D¢eDDD/
ycoC F2N¥ I NR ¢DD!! ¢/ /! ¢! DDDD¢/ ! 111 ¢¢/ [/ ¢/ D¢/ DD/ ! DI
ycow NE@JSNAE S '//!'D!! 1 DD!/ /! DDD! DI/ D¢/ ¢/ D¢eDDD/ ¢/
®HHC F2NB I NR D¢¢c¢! /D! / /! D!'! ! DD!'! /1 DDD ¢/ D¢/ DD/ ! DI/
PHHW NEJSNBE S ¢! DD/ ¢/ // ¢DD!// ¢¢¢/ ¢DD D¢/ ¢/ D¢DDD/ ¢
doncC F2N¥ I NR ¢DD!! ¢¢¢ceD!/// /¢! ¢DD! ¢¢/ / ¢/ D¢/ DD/ ! D
o nw NEJSNAE S ¢! DD/ ¢/ // ¢DD¢// ¢¢¢/ ¢DD D¢/ ¢/ D¢eDDD/
hy mC F2NB I NR ¢DD!! ¢¢¢c¢eD! //// ¢! ¢DD! ¢¢DJ ¢/ D¢/ DD/ ! D
by mw NEBSNBE S ¢! DD/ ¢/ // ¢DD¢// ¢¢¢/ ¢DD D¢/ ¢/ D¢DDD/
Le{p F2N»B I NR DD! ! D¢! ! I D¢/ D¢! ! /11 DD ¢/ D¢/ DD/ ! D/ D
Le{H NS JSNAE S D/ ¢D/ D¢¢/ ¢¢/ ! ¢/ D! ¢DJ D¢/ ¢/ D¢eDDD/ ¢
L¢{o F2NB I NR D/ !¢/ D!'¢D!! D!'! / D/ ! D/ ¢/ D¢/ DD/ ! D/ D¢
Le¢{n NBJSNRE S ¢/ / ¢/ / D/ ¢¢! ¢¢D! ¢! ¢D/ D¢/ ¢/ D¢eDDD/ ¢
Test of nuclear markers on Placostylus popul at
To test whether developed nuclear genetic marKk
we extracted and amplifikRd DINAR&r pasmr phgtr bspomul
For crosatellite markers | colPle¢i sBchaddds ampl

c o
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at three | ocations in the kere tribe in the 1|slI
P. por physmaitlosnuwer e coll ected all across the
DNeasy bl ood and tissue kit was used to extrac

standard tissue protocol with slight modificat:i
overnight, and using a double AWl buffer wash.
fragments on all DNA extractions using newly de
calls were made using the Geneious microsatel/l
ampl i fi ePd ffirlmfra t200e kerR. gori pleycoasitdoailesd al | acr c
l sl e of Pines. The same DNA extracts were us
genotyping was done wusing the amplicon sequen

statistics of each popul ation were gathered us
in R v3.5.2 (R Development Core Team & R Core

of each marker to Hardy- Wétiambterayn e xapre caxad d to ntse ¢
Monte Carl o permutation of alleles (Guo & Thom
were compared to heterozygosity expected in Ha
departures from HW proportions could be expl al
(Figure 2).
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Resul ts

Mi crosatellite markers

A tot al of 96 different combinations of micros
table 1). Based on PCR amplification and fragm
pri mer pairs gave consistent amplification acr
amplifying on | arger sample size (two popul ati
using primers with fluorophore | abels only fou
consistent with multi-allelic nuclear marker.
The four microsatellite | oci, named respective

bet ween 10 and 2 alleles (Tall.e f3)msrpeAcumheanfs c a't
ranged from 7P2- 1p0d0r% hbymtorsft osnampl es fail ed to a
success) . None of the four l oci demonstrated

Wei nberg proportions wi tPhi nf itbh(eetxpascptu | tag 9 to;n Tal
However, acttoersdti,nggetnootay p@ frequencies of one

found to differ significantly from Hardy- Wei nbe
in heterozygoteB. por glhystomgdsdaemu dflreom Gacr oss t he
demonstrated significant departures from Hardy
|l oci (MS49, MS 6 4 §t,e satc caonrdd i enxga ctto pbrootphoret i on t est
departures from HW were associated wi t h def i

heterozygotes.

Single Nucleotide Polymorphisms markers

A total of 11 ANL and two ITS |l oci were incorp
mar kers (table 2). When running uSTACK on geno
PCR products for each individual four signific:
DNA sequences confirmed two of these stacks to
from sets of uni ver sal pri mers, and two other
ANL sets of primers. A posteriori sequence al.
chosen for ANL marker development <clustered an
t hPee f iabnrddt upor ppypypostdomosns examined no nucl eot
in the 1 TS 2 region. One of the two ANL sequer

sequences variants and was discarded. Two sign
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the 1 TS1 region. Using high specificity mappi n:¢
and one SNP marker could be scored for one of
sequence dettaancdklsgsi n di spl ayed one SNP positio

for further analysis (called ANL1 from here on’

The two SNPs markers identified from amplicon s
contained twoPbhbktepepliatitbestsoreened here. A
for both markers range from 76-889% .ifni btrhaet utswo
popul ati @npobmuphyphagsu loantuison contains two allele
significant departure fronP.HaripggrpaWeusshbengs ampbp
whi ch can be explained by an excess in heteroz
departure from Hardy-Weinberg proporPRPions was

porphyrpepwlmaitsi on( s) .

Tabl e 3: Summary statistics and departure fr
mi crosatellite | oci and Ptlvac orsstoytlrubsl popuaol atar o ma s
(P. fi maPRat por ph)yPr-ovsatiouneu sf or HW t es £t esatl caird da ttehde
HW exact test, obtained through MCMC simul ati o
t® FAONI Gdedl Hp

[ 2 Odza It-J?t Sl ag | SEL 120a R¥F . H L@t dzS al al
a{nrT T yn noTp nocp OCZXZHC® HM nNZnt
a{nog H MANn noun noHy nxcec M nxnmw
a{cn p dc nopT nopdo MAZTM M 1 nxzoy
af{ don M N TH neoyp noy o PTXZNH np nxIm
L¢{ H TC noe nod p ® N non non

I b| H TC n n n n v N

t ®LI2 NLIK & NBbd iz Y dza

[ 2 Odza F?f oL | SEL 120a RF S W LINGE f dzS al al
a{nrt p CH noTwm noc MAaZndg M N nzod
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Di scussi on

Four microsatellites were able to be developed

and two SNPs markers were developed out of 13

(15%). Those results are reflective of a very |
consuming process. Devel opment of genetic nuc
notoriously challenging for mollusc organi sms,
presence of polysaccharide inhibitors in moll us

making PCR-based amplification of DNA tedious
|l ow
t he

success of amplification, particularly for
e
di ffered from the extraction met hod used t o
a

xtraction method used to generate shotgun

extraction method). This shift in DNA quality c
from shotgun sequencing data did not amplify c
Genomic |libraries were not depleted in microsat
out of an abundance of Mi crosatellite Contair
mi crosatellite markers were related to eithel
amplification of mul tiple DNA fragments that

i mpossible (Figure 1). Non-amplification of p o
either inhibitors interfering with PCR enzyme I

DNA. Amplification of multiple DNA fragments r
set of primers, which in this situation would &
The fact that both situations have been encount

for i mprovement of the present microsatellite ¢

n each of the paired-end reads surrounding a
smal | size of genomic reads data (101bp). Thi

sequence was unknown and size of t he mar ker s

amplification. Designing both pri mers from

devel opmental success rate but would require g:
Anonymous nucl ear | oci sequences were reconstr
used in microsatellite primer development. The)
from a de-novo assembly of 101bp paired-end r ea
regions of the snail s genome. Two main issue
sampling of one multi-copy region, and the pre

TN
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reference which could be used for easier and m

Here the genomic data used for identifying nucl
and constituted tPwo pbatpah}pyeatossd oinu i b Gdthes e

datasets were used previously in reconstructio
copy regions (Chapter 1). For compAacrhiastoinn etlhlea g e

fuliica,around 2.12 Gb (Y. Guo et al ., 2019) ,
Pl acoshad uesssti mated a genome size between 2 and

fdrl acospgdiuses woul d therefore require much bi gq¢

coverage, using a mix of short and |l ong reads
speci es, which is harvested for fokRP.d fainkr &atowd d
seems | i ke an appropriate choice to develop nu
provide a reference for neutral nucl ear marker
Genotyping by Sequencing &) having a full genc
such as enabling the search of Quantitative TI

c
Research rel at éd atcoisatyliNeenw Zeead iaensdd @afind Paci fic
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benef it from such ressources.
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Suppl ement ary

Suppl ementary Tabl e 1 Pri mer segqguences and

microsatellite primers designed around microsa
these pairs of primers (MS47, MS 4 9, MS 6 4, MS 9
sampl e.

t NAYSNI LI AN SANBOGAZY {S1jdzSy 0S t NAYSNI LI BWIFGKS5ANBOGAZY {S1jdzSy0S

a{nm FT2NB I NR
a{nm NBJSN&E S
a{nH F2NB I NR
a{nH NBE FSNE S
a{no FT2NB I NR
a{no NBJSN&E S
a{nn F2NB I NR
a{nn NBE FSNE S
a{np FT2NB I NR
a{np NBJSN&E S
a{nc F2NB I NR
a{nc NBE FSNE S
a{nrt FT2NB I NR
a{nt NBJSN&E S
a{ny F2NB I NR
a{ny NBE FSNE S
a{naog FT2NB I NR
a{no NBJSN&E S
a{mn F2NB I NR
a{wmn NBE FSNE S
a{mm FT2NB I NR
a{mm NBJSN&E S
a{mH F2NB I NR
a{ MH NBE FSNE S
a{mo FT2NB I NR
a{mo NBJSN&E S
a{mn F2NB I NR
a{wmn NBE FSNE S
a{mp FT2NB I NR
a{mp NBJSN&E S
a{mc F2NB I NR
a{mc NBE FSNE S
a{mT FT2NB I NR
a{mrt NBJSN&E S
a{my F2NB I NR
a{my NBE FSNE S
a{mdp FT2NB I NR
a{map NBJSN&E S
a{Hn F2NB I NR

/ ¢D¢/ ¢D¢/ ¢D¢/ ¢DC/ &P
1/ 1/ /DI /1Dl ¢t DI/ taD{!n/d
D/1/1/1¢D///DD¢! af{pn
¢D! ¢DC¢D! DE! ¢ D/ ! ¢ cat{cpDV
Vi et et eldyEm
1/ 1 DI/ 1 DI/t DI/ Dlat{lpM
¢D! DD! ! /11 ¢D¢D! ¢DA{lpH
D!/ /1 DI/ ¢DI 11 DI /at{¢p/Hl
// D/ D¢D¢! | ¢D! ¢D! ¢Dfpo
D/ D! D¢DC¢/ ¢/ ! | D/ ¢ad¢pdo
D¢D¢/ /Dl ¢¢D/ 11 ¢Dla&Dpn
¢¢!/¢D!I ¢!/ ¢/ D/ | Dal{/ph
¢DD¢¢DDCE¢DDC ¢DDC CDDEP
JU DU/ /v ¢D/ [ lal{¢pDp!
IDI /I DI/ IDI/IDI/1Digd
/1 ¢/1D¢¢¢/ DE¢DC ¢ D {Dpc
11/¢/ DD/ D!¢D/DD! af{pT
D/ /! DD! ! ¢DD! /! D! ¢a{/pt/
J 111/ ¢t/ ¢e¢/ ¢/ ¢¢DDd Py
1/11/¢/D¢D/ ¢D¢C! Dal{tpy
¢DD! ¢DD!/ D! ! | DD! / D{Dp b
¢/ /v e/l el L e) )t ca{/pdd
¢D¢/ ¢! D¢/ ¢D¢/ ¢D¢/&DED
1D/ D!1 1 D!/ DDD/ DDa{cn
11D/ D¢/ D// 1 /11 /Dlaf{cm
11/¢D/D!' D/ D/ ¢! D/ a{cm
DI ¢D/ I D/ 1 DI IDII/d{dH
1D /1 I DI/ 11 DI/ Dla/{lchi
1/1¢/¢1 D¢/ 1 ¢¢D/ D/d{co
/et e/ ¢e/ ! Dat{/cd
1 ¢!/ / /1 DI /I DI/ Dld{dd
VA er et ¢t/ ¢la{/cen
¢DEC/ ¢CCCE/ ¢/ 1 Ded{dp
111 /1¢/DD¢¢¢! ¢ D¢ Dad/cpe
Vit et /e erdfac
D/ ! D! ¢// D¢DGC/ ¢ D¢ ¢al{/ctc
1 /1Dl /1 DI/!ID!I/!Dld{ dt
11 /¢/11/DD/ DD/ 1 ¢ a{cT
¢D/ /1 ee/ /[t elld{cy

HMT 2 NB | pNRO H

HM

MC

NBJSNE ST
F 2N INR

HMNB S NiEcSPc

H N
HM
HM
HM

M ¢
H N

HN

M
HM
H N
M b
HA

H N

HM

MT

MT

MC
H N
HM

ey

FT2NB p NR®H
NBJSppé&m
T2 NBp NRp
NBE ZS N ®n
T2 NP hRR
NB g SN S p
F 2 NJBp phNdRw
NB S pl& &p
T 2 NBpg PR
NB @S NI ®o
F 2 NBd MR
NEJSNE &m
F 2p\yisd NR
NBJSpy&c¢
F2NB b NR
NB & SpNaSn
T 2 N1 iR
NEB &S NESD n
F2 NB [pNRd T
NE @S ®E S
T 2 NB DNR
NB @M S
T 2 NIplc MR
NB @SN So
T 2 NIplpNiFo

HMNB @S NRSDy

HM

HnN

T2 NBp NBm
NB @ S MEr3pp

HMT 2 NB I pNyRD y

HM NB &S MEpSPo

H N
Hn
HM

MC

™ ¢

F2ND bRy
NEJSNp &Sm
F 2 NI cNdRp
NB @ $ ik S
F 2 NX¥pldMRr

DI ¢! D!/ DD!/DD!/ DD!
¢D!/ ¢D¢¢DD!I DI ¢¢D/ ! D/ ¢
D/ !/ DD!I ¢¢/! ¢DD!/ DD!
D/ ! ¢/ ¢D/ D¢/ ¢DEDDGC/
¢D! ¢D/ ! /1 ¢DD! D/ 1111
I'DI /I DI/IDI/IDI/1DI/1
I DDD! DI ¢/ ¢t /[t /] ]!
D/ ! DD/ D¢! /1 DI/ 1Dl /1
D¢¢DC¢! | DEEDDD!I D/ ! I/ ¢
D///¢D/D¢! D¢¢! ¢D/ ¢/ !
1/¢¢! /DI DI IDII/1IDD//D
¢/ ¢¢ecee// ¢/ ¢/ //¢DCC//
! D¢D! ¢DD/ ¢/ ¢! ¢DCC/ ¢ D/
¢¢D/ /1 D//1 D¢/ ¢D/ ¢/
D¢/ ! D¢D¢/ ¢D¢¢! ¢D/ /! D/
' DI DII DI D¢/ ¢DD! D! 1/ 11
¢Ce¢eD// ¢l /CC/ CC/ CC/ ¢/ /
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Abstract

The gianPlbhaondtyhaishfarbeastes for food on the | s

south of the New Caledonia archipel ada. On t hi
porphyrastdomushird distinct shell morphotype he
nature of this third morphotype have included
taxon, or a plastic phenotypic reBlpanset tlousa d
across the island and use a combination of geon

DNA analyses to test the various hypotheses o
newHyba8@RUCT&AMREl yses on neutr al nucl ear dat ase
third morphotype were not hybrids of first or
genetic divee@rsiftiyhbomlk ea®ttchder on the isl and. Phyl
mitochondri al DMNIAa ¢ oalngd et svoo Mmatime 1 sl and but th
concordant with species identification. Based ¢
results | infer that the presence of a third st
phenotypic response to a distkPin&de¢ o eanrye upsrnenseemtt,

on the | sle of Pi nes.
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l ntroducti on

Secondary contact between individuals of previ:
to a variety of different evolutionary out come
conservation (Arnold, 1992). When reproducti on
to be distant enough on an evolutionary ti mesca
popul ati ons, |l i neages, management wunits), the
negative for l ong term survival of both pare
phyl ogenetic diversity. On the far end of the
al | popul ations involved (Rhymer & Simberl off

mal adapted but keep being produced because of

l i neages, a process called demographic swampin
More frequently, parental taxa are entirely re
a higher fitness (heterosis), but not necessa
hybridization following secondary contact ar e
changed habitat availability and species range
bi odiversity (Hassel man et al ., 201 4; Lowe & A
involved to establish or remain as distinct vi:
setting (Cost a et al ., 2020; Harri son & VLar sc
hybridization is the possibility of reinforcen
related species results in further separation

arise from mal adapted hybrid individuals (Holl .
| ocal patterns of hybridization/reinforcement

i mplications for the management practises of

conservation status of parental groups differs

aim towards the protection of most threatened
can be wused to diagnose hybrid status of a po
phenotypic variation. Here | investigate the s
two sympatric dilarctoss vy ainls?ds$ ppeocrigpehgysr (owh ioenlu sar e
thought to have a |l ong-term history of introgre

popul ations (Dowle et al ., 2015; Quenu et al .,

Pl acositylasgenus of | arge terrestrial snail s i
i slands of the Western Pacific ocean (Breure e

recognised by the current taxonomy (Neubert et

yT



Chapter 4

this separat

data separat

(Martynan®ld&x)ostyl us

| sl e of Pi ne

for food (Bresci a,

genetic dat a

i on

i on

s, %a sonatl h
2011) .

i s

t o
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s hel
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does

not

et al . Pl 2d0d $Ht) y | uTsh ef itbwoe

pPfreinfyfreors,t omM&Is1)
o0 fs | GriPadn df el HRearkantes, | Iw hltea rev e
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shape separ
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ng

ar e

| ocal

sympat

t he

t wi

sharing of mitochondri al |l i neages suggested a
resulting in mtDNA introgression (Dowle et al ,
chall enged tPiacesipmtr@asji ont of wo speci es, wi t h
mor photype that appears intermediate@Quenwhel]l

et al., 2020; chapter 3 of this thesis). One p
al most entirely of individuals from this third
for snails of this morphol ogy. Determining thei
P. fi lwraant bse | egally harvested for food Three
explain this morphol ogical dRP s pmorn plyy® d shteo npurse s
fibpdatudhe presence of snails from a third | in
di stinct and | ocalised environment. Qur object
combining morphol ogical data, nuclear genetic

Hybrid individuals tend to present intermedi at
demonstrated empirically for sever al species (
the cumul ative effect of numerous co-domi nant ¢
guantify and analyse snail shell mor phol ogy Ge
proved to be un-biased and reliable (Bocxl aer
al ., 2017, 2020) . Landmar k-based GM met hods al l
in position of a set of homologous | andmarks af
procrustean analysis, which removes effects of
Gunz, 2009). GM methods can be complemented by
separation of morphol ogical dat aset s. Through
be Iinked to genetic groups and evolutionary h)
2018Pl ataosa ynaulsust met hodol ogy has been establi

| andmark dataset s,

the presence

of

a

and was wused in

t hi

rd

mor photype

combinati on

on

yy

t

he

| s |
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i ndividuals of this morphology to genetic dat a
their origin can be tested.

Hybrid populations can exist on a continuum fr
ti me-stable hybrid populations, t hat may be ir
l ineages (Nieto Feliner et al., 2017). Being al
a specific hybrid class is therefore an i mport:
on a solid methodology. Using independent codol
calcul ate assignment probabilities to hybrid c
popul ations are wel/l defined and their alleli.
2002). To achi enwveewHyhbiuss dish eb asycefstivaenr @ nf er ence ar
which will assign individual posterior assi gnme
on the expected admi xture of parental genes in
when testing for a hybrid population of first
admi xture in hybrid classes are straightforwar:
stochastic | oss of parent al all eles due to th
i nterbreeding of hybrids across many generat.i
Hybrid individuals can also backcross with par
admi xture signal s. For these situations more g
approach SmMRUQTA&ERENT e applied to neutral nucl e
2008) . Expectations are that hybrids wil!/l be e
admi xture of parental groups. I f hybridization
groups should be of intermedi ate genetic dista
of fer more flexibility in interpretation and :;
assignment probabilities to hybrid groups are
Pl acositfyl ust er medi ate morphol ogi cal snails are
assignment probabilities to Réewhybmodslicl asd ca
signs of admi xture between t8dRUCH OURE2ItY ciad. p a
Snails from a stable hybrid population might r
probabilities to any pnewtygtbhaiit chbwoeudl dh ysbhroiwd scilg
admi xtur eST&RIUCKT2UBRIEMnNn xt ur e anal ysi s.

I n most metazoan species the mitochondrial genc¢
the maternal l ineage and does not recombi ne. T
every individual can potentially produce eggs

y @
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to the next generation. By sampling a fragment
di fferent morphotypes it is possible to test t
|l ineage. At the same time if morphologically i
repartition of mi tochondri al hapl otypes in po
hybridization events =-hybrid individuals wil/l

(Vallejo-Marzn et al ., 2016). Previous sampl i n:

Pl acobagl ueveal ed a complex phylogenetic patt e
2015) . Four main |ineages were identiH.ied with
prophyr onsBoftinbursavess monophyl etic. On the I|Isle of

are present which |l argely segregate by morphol
boPlpr ophyr o(slo/tlujsi am@dOu7) have been recorded
mt DNA | ineage (Dowle et al ., 2015). This patte
hybridisation events which all owed mitochondr i
taxa. By sequencing the ND2 mitochondri al regi

the Isle of Pines the hypothesis of a third t a:

hybrids, they wil!/ carry the mtDNA |Iineage of
of successful hybridization events. | f snail s
translocation they wil!/ either form a new sepa
pl aces in the archipelago.
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Met hods

Sampling strategy

Pl acosdgrnydiulss were sampled at eight sites on th
Ker e, Youaty, Touet e, Comagna, Wapan, Waatchi a
transect orientated along an el evation gradient
snails within a 20m radius of a fixed point we
(identified by the thickened | ip) were photogr a
stored i n 95% et hanol for DNA analysis. For
mitochondri al sequences were generated, and fo
were genotyped with six neutral nucl ear | oci

Geometric morphometrics (GM)

The set of two-di mensional |l andmar ks wused for
| andmar ks and semi-|l andmar ks e®tl aklois@Baldiysj n an
2017) . A tot al of 40 | andmarks and semi-1andn
| andmar ks and 31 sliding/semi-1landmarKks. Digit

were obtained using a Canon EOS 600d with EF10
positioning of the shell in a bed of sand of

mounted on a high-precision Kaiser stand to al

(Dowlte aR015). Al i mages were captured with tF
shel |, and shells were positioned by the same
& Haase, 2010) . I n order to place the semi-I|a

6combsd were pl AdedemBhonbwhopsCB§i r teeth pery

line from the shell apex to the intersection of
and semi-landmar ks was c otnpdsulxivge2d . s ( Ro hltth,e 2Q
Landmark type assignment and ProCaarsdwpeest .ahal ysi
(Zel ditch et al ., 2004) . Principal component a
matrices of the alignMar p oKd manrgke nchoearrgd i n2aldtlels) .u
the shells was incorporated into the analysis
Procruste€oandbwgsiOs iTrhis size estimation i s ca

the sum of the arrays coming from the centroid
(KIl'ingenberg, 2016) .
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Errors linked to shell mani pul ation and digiti
this involved taking five photographs of the s
to the repeat process with theowphohridesmpdr itth
function igetotmevmpl@ackage( Adams, Collyer & Kaliic
v.3.6.1 (R Devel opment Core Team & R Core Tear
mani pul ation and digitization error correspond

dataset, which was considered negligible for si

Gaussian mixture models were used for mor phomet

mcl uws.t 5.4 (Fraley & Raftery, 2006). Gaussian m

two Principal Component variables as inputs (P
range prfcbuisters in the dataset, with the opti]
hi ghest BIC score. Results of the modelling proc
shell size) were also computed for comparison .

DNA extraction

DNA was isolated from foot tissue samples usi:
foll owing tissue extraction protocol. Foot ti s:
sterile scal pel bl ade, before being incubated
overnight to fully digest cel | membr anes. DNA
elution with purified water was stored in -20 .
Neutral nucl ear marker analysi s

For nuclear marker analysis | used a set of si:
microsatellites and two nuclear SNPs markers.
for this study and details about their developr
mi crosatellite markers (MS47, MS 49, MS 6 4, MS 9 «

fluorescent tag attached to them (6-FAM, VI C a
for 3mins, then 94AC for 45s, 50AC for 30s, 72
mins annealing step. Genotyping was done by ¢

fragments on an ABI 3730 Genetic Analyzer (Appli

| us&énehmiusrosatellite plugin tool to score ar
amplified fragment Ssi ze. The two neutr al nucl
amplified using an amplicon sequencing approac
variant of the Internal Transcribed Spacer 1 r

dH
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mar ker amplified from an Anonymous Nucl ear Lo
t hrough PCR with the protocol 94AC for 3mins,
repeated 21 times. Resulting PCR products were

for sequencing.

Tabl e 1: Pri mer pair sequences and characteris
neutr al nucl ear mar ker analyses.

Mar k mr i mer Nucl eoti de

name di recMarker typeubMatiiPfut men Sequence

I TS fory SN - T GGAAGTAAAAGTCGT®A

I TS rev SN - T . GCTGCGTTCTTCAIT

ANL fory SN - G | TGGAATCCATAGGGGTC,
ANL rev SN - G | ACCAGAAAGGACCA!

MS4 forv Micros GGT - ACA TGT GGC CAC GAA A
MS4 rev Mi cros GGT - GGT GGG TCA GTC GGT T
MS 4 forv Micros GAC - AGA TAG ACG GAC GGA
MS 4 rev Mi cr os GAC - TGA CTG TTG GAG ATT C
MS6 forv Micros ATG - TCA ACC TTT CTT TCT C
MS6 rev Mi cros ATG - ACA TAC ATA CAT GCC T
MS 9 forv Mi cr os ACT - TGG GTG CTG AGA ATT T
MSS rev Mi cros ACT - CCC CAG GGA CAG AGG ~A
Neutr al nucl ear marrkeewHy bweArded ea rsalny s&e dT huosmpnsgo n
generate a model that would compute posterior g

hybrid classes. Six classes wer e fsipercathus d i n
por phyr,oshtyobomuisds of firsstamaend#d stewo nda glenhemrags s en
BCl and BC2 which correspond t o:iimdiiwiidwaallss rwe s
either parental | i neafgieb.r @afrouesp h g r onadaroprhwes roeg | efs
(based on GM analysis) were specified as of pu
prior di stributions werenwdsead famrd mihxei nMC MCa rvaa
100,000 steps for burn-in and 1,000,000 steps

Clustering anal ysi s SOIfRUCETURFEERIl t oclhat @é aet dat a, u3.
were built for a number of a priori clusters r
each value of K. Model s with admixture and cor
model the MCMC chain was run for 100,000 steps
burn-in period. Opti mal number of cluster K wa:

|l i keli hood of models for a specific value of K

do
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through the Evanno Delta K medrhdids t(aEwcaensn ob eettw e;

mor phol ogi cal groups were calcuddcde @emaecskiangge t he

(Jombart, 2008). To esvbamate bbhewsegnmbrphpnteg
values were computed ky vadmear wng ht me redlec elnate
Fst values obtained where individuals were rand:¢
hypothesis = panmixi a). A principal component

performed using t headadgémapctckaa(g)e f(u nicgtuircen 309f. t he

Mi tochondri al DNA analysi s

A 754 bp mitochondri al DNA sequence was ampl
mor photypes. The ND2 region of the mitochondri
chain reaction primers prevPbasbyphyleogéomneptidc f
anal ysis (primers: Pl aco_ ND2F: AAC GCA AAG GGT
Pl aco_ND2R: GAG CAA TCG CCG GAG GAA CGG AAA

Amplification used Polymerase Chain Reactions
extractions. PCR used the protocol: 94 AC for

for 75 s repeated 36 times; followed by a 2 mir
on the ABI Prism 377 DNA sequencer (Applied Bi
guality of sequé&enes2d2Wa8. Ch®ckKdaonse et al ., 2
t ool with mitochondri al invertebrate genetic ¢
uninterrupted amino acid frame in all sequence
Cal ed®d micosNDd ussequences available on GenBank (1
in the alignment WJUSCLEEddgaqueRO0O4) .usinged MrE
a Bayesian phylogeny, using one model of nucl eo
hapl otype networks were inferred for each 1| in

algorithm ipnpd ARiEet gd &nBryant, 2015) .
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Resul ts
Geometric morphometrics

Based on BIC scores the shell size and shape v
GMM with three clusters (elliposidal, equal vol

of these clusters correspond tPo nhiaepBctuyspes o

porphyrasd otmhhs t hird cluster was intermediate
shell s, 226 (67 %) i ndiPvi duddrissutswieserre, a%¥% i he®) tt
por phyr ocsltuosntuesr and 54 (16%) to the third cl ust
originated from the Comwagna popul ation, and t
entirely constituted of shells from this third
consistPd bDimslpyeattreens. The Touete, Waatchia, Ga
sampl es coRt aif néadPadb opsohr ph.y r DIs¢ oYWapan popul ati ol
contained examples of all three morphological

Gp



Chapter 4

08

04

Comwagna Gadji Kere | Touete Vao Waatchia Wapan Youaty

Figure 1: Mor phol ogi cal analysis of 336 shell
Pines. ANev heéd |l ethefcioany | ws t hi hmaet D | andmar ks

Assignment probabilty

0.0

geometric morphometry analysis. Digitizing com
by the white dashed | ine. Red and vyellow dot
respectivel y. B) Gaussi alhl avd xgituy leuesMoad @ 1o nc It ads svia
of shell size and shaper ahygngclPursmderi(, 3 Balt3uded .= R
cluster. C) Approxi mate position on the 1sle
corresponding to | ocal tri bal areas, with the
one of t hree mor photypes wi t h Gaussi an Mi xt u
probabilities calculated for shell shape and
Pl acosftrydmst he | sl e of Pines
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Neutral nucl ear marker anal ysis

All elic diversity within the six nuclear marKker
mor phol ogi cal groups fc dm tadoivpendo | peysyyp & ¢ 128¢ (b ynu 3 2
mor phol ogy) and 24 (third morphotype) individu:

and 31 alleles over the six nucl enaerwHwyarrk edrss . T
assigned the majofibyatds phdr onsadrapahlosl owgiitens t o |
corresponding genetic groups (Figure 2). Of th

had strong assignment fprbaogiémséti ity ¢ roulp.,8) onteo
porphyrgehnemus group and five did not have str
genetic group. The model did not find strong s
of the four hyybBOdy) BCabseemakFmum assignment pr ¢
be
mor photype.

ng taywbrFid was 0.38 for an individual from C

- —
- =
z 3
F-
3 o
e o
Q
s = |
§ (=]
8 o
a o 1
o
o \ ;
inoar‘::hologv Intermediate i fibratus E porphyrostomus
- I
Genetic group ;sg:s;l:’?’ostomus : :; :1 gg;
Figure 2: Posterior assignmentPI|parcoobsabbgiillist iteos f

parental and hybrid classes, basedewhHybemadsype
genetic model compr i sdd tf wdarfeda upsanrt ppH)y r@oosmt uol nautsi o
four possible hybrid classes (hayrydr aBdofwdirst
backcrossieand)l.B€s BC
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The optimal division of theSTdRUGTBHREewWa sa nianltyos itsl

with agreement between the mean | ikelihood and
of the tSWOR UCITWHEREd e | (K=2) revealed the assignn
perfectl yfi sepadat phyr cshtedrhusmor phol ogi es. Mo s |
porphyroseloimpol ogy (21/ 28, > 0.8) were assign:
for s nfaiiblrsaatnads i nt er medi ate shell mor phol ogi es
bet ween the two theoretical clusters ®Rere repo

porphyroshe®lmusmor phol ogy and atnl#e dt)begahteuslo (i
mor phol ogi es was mor e €ePvi dpeorrtp.h gpMaopth odnfa gty h eve s @
strongly assigned to the same genetfiicbgatowp ( 2:
(69/72) and intermediate (21/24) morphol ogies
ot her genetic groups (Figure 3C).

Di fferentiati onP.b eptowepehng hsemd ioprucsloofgy &nd snai |
fibramaoer medi ate shell mor phol ogi es was obseryv

nucl ear mar kers on the first axis of variati on

nucl ear markers the genetic variability of sn
i mbedded within tHWPe Varmoahkpihloiltoydyafi Pamanictéess eawfe r e
smal | and differed slightly from pAhnhr atas exp:
mor phol ogi cal groups and were relatively high

expectat i onfsi bbregtbwepehny rtahsael o mn s ep omrepdh yart sels ¢/loImu s
mor phol ogies (Table 2).

Table 2: s/Pdi swaseed and associated p-value be

Pl acossrydiulss on the |Isle of Pines, inferred fro
I nt er mefdiibartaet us porphyrostomus

I nt er medl at e 0.03/ 0. 0.12¢ 0.¢

Fibratus 0 0.2122¢ 0. ¢

Porphyrost omus 0

Py
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Mi tochondri al DNA Analysis

The collection of 188 mitochondri al ND2 sequen
which four coPrefsip@Raltetwot physhpesdioarmuscompl ex (fi
Of these four | ineages, two only contained sna
ei thherporphgPosfomamtaud s from the Isle of Pine
two | ineages. One of thesePl i h enrbogrepshuosl oongtya,i nael do ne
with snails of intermediPat @om@prhplo @isd wynaagryd (Three
ot her |l ineage contPRai npeadr pah ymooosgth oanholg ys, n aail losn go fwi t
of intermediate nPor gfhrdrrogglyosl ooy amédidnaifl s col l
Terre. From the 1Isle of Pines 77 different ha

recorded from single speci mens.
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Di scussi on

Three hypotheses were considered to explain th
addition to theP.twoadmértpmlospbgdmrestbemussl e of I

(Quenu et al., 2020). The first hypothesis was
the result of a hybrid population primarily es
this scenari o, hybrid snails could be either t
(hybrids of first or second generation), or
hybridization event. The nucl ear genetic data
Using nuclear genotypes from 124 individual s

mor phol ogy ffialdrl agtéunst toi ct hgm ewhy bwrsiddandg wi t h par ent

genotypes identiH.i efdidoratnupsop pbb)y.ogSit @imuar | vy, i n
STRUCTURMEal ysi s snail $i bfradirupgherl megd/i antaed asnidmi | a
assignment probabilities to two hypothetical cl

did not differentiate the gefniokrgdhtelsd omor pdoVvbdy
and estimatdéssodgepat edvislee genetic distance be
slightly differed from what would be observed

approaches to analyse the nuclear genetic data

snails of intermediate moPphbDlLbggatase genetical
The second hypothesi £l acostklpilmdns t dnlel pmesphactey
presence of a third taxon unique to the isle o
data refute that hypothesis. Snails of inter mec
of either one oPI| abesltiwbeuasgsedse. oS naRiftnsebsodt usnt er |
mor phol ogy did not form a monophyl etic clade b
consistent with previous observations (Dowle e
of bPo.t hf i barrddt upor phytebéeomds Pines mt DNA | i nea
hybridization resulting in mitochondri al i ntro
i ntermedi ate shel/l mor phol ogy, g caermp hhyardo shtaopnh uost Oy

|l ineage (42%). This is a much higher PBroportio

fibratsisng nucl ear genetic markers (1 out of 4

nucl ear and mitochondri al markers is not uncom
these observations include sampPl.i mgrarhtyerfoasctto, mut
for that population or other historical proces:
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The third hypothesis t &I agpbsaryaiulssh es lpelels emarep hoc
the Isle of Pines is that shell shape responds
shape might be a plastic phenotypic response t
Comwagna. Gi ven t he evidence from the nucl ea

i ntermedi ate morphol ogical RBr ef igetmnatsiu i asl Ityh ei nndo

l i kely explanation for the third sheldl mor phol
sampled Comwagna is the only one situated on r
ot her collecting | ocations are on uplifted cor .
responses in shell mor phol ogy and shell growth
often related to environment al calcium avail ab
(Charrier et al ., 201 3; Madec & PBelfliilsdhaet W00 7 ) .
in the Comwagna popul ation are smaller because
in shape can be explained by allometric effect
on shell morphology théll aaepspedtnuesfr leawgCias ed o0:
as 141 species (Neubert et al ., 2009) . Later
evidence has reduced the number of species to
variability in shell size and shape across the
in response to | ocal environment al conditions
adul t s PlIfaaocedstgptdedses are known to be |inked to |
(Parrish et al., 2014), shell shape is thought
identified as being a third morphotype were i
provide another example of a pattern of phenot"
terrestrial gastropods.

Two methods were used here to test t he hypot
hybridization is a process that involves the r
popul ations the identification of hybrid statu
done by defining hybrid classes with genotype
frequencies of parental popul ations and the exj
di fferent hybrid classes (Anderson & Thompson,
to use clustering and admi xture analyses, where
are expected to show signs of admi xture betwe
Empirically many studies have found both techr

actual hybrid popul ations or individuals (Baen;
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et al ., 2011; Moura et al ., 2014) . Here resul
identified the intermediate morphol ogical cl us
i ndi vi dual B. i didatsaetffdu soch ash €llhli smepragh elramgwas conf
the principal component analysis performed on t
of paist WieseweEN morphol ogi cal gr o8 P RUCRURENt er p

assignment probabilitiesfichouabtduds b e nttehrame di adiev
mor phol ogy all descend from an admi xture of t
admi xed assignment probabilities can also ref]
bottl eneck, ghost admi xtur e; Lawson et al ., 20
analysis it seems wiser not to interpret those

genetic grouPplsadomgd attlhaessewh ol e

The sample of 336 shells consthkltadcesée ytéhves mo s t

coll ected on the Isle of Pines. 't sampled | oc
Pines, Pwhdritbhsr ahairsvest ed and commercialised for
diversity and shell mor phol ogi cal variation of
are orPllyactomaybusurrently present on the Isle o

nucl ear genetic groupgps dfi rRadé upsoercpohgynri osEehde ysupse C |

comprise two mitochondri al |l i neages (figure 4)
Human consBimat o sdrydoilss on the |1 sle of Pines <co
i ntermedi atR. sfhiedrhatswisaded!|l s but smaller specim
commerci al harvest (Brescia et al . 2®08) . The
fi brathds one shel]l me&r p lpolrpdiyoadDiss pmosp omft ocho

l i neaR.e sf iolARat por phgxiost ommsGrande Terre (figur
revision should be consRIldeaoecsdh atioluss efpoaurnadt eo nt htehse
Pines.
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Abstract

The two st ablte aihlotiepei eaedofiiom the carbonate
can be used as an environment al proxy and are
climatic conditions (precipitation, humi di ty,

protocol to sample high-resol utRIloanc amshtoytlbupsi,c r e

are endemic to the southwest Paci fic. This pro
nine snail shells coming from two | ocations i
Zealand. | found that snails ® owaINeew Ztetmd m ntdh
counterparts in New Caledonia, whd Iwaltuhees roefver
environment al water between these two regions.
drops 8@ uvadleies,i which could be linked to extre

e. g.ropical storm, hut& iwaneffourndhet d stoa olpii ghlIrya
among snails collected at the same | ocati on, a

slight!I¥ Wiaglhers @® han their counterparts in New
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| ntroducti on

Quantitative reconstructions of past climate
physical or chemical properties of an archive
(Evans et al ., 2013). Classical examples of bi
or extant trees (Lorrey et al ., 2018) , or i so

produced by terreset.rgBavabvemargaset mopbdscsApol i

Jones & Quitmyer, 1996) Fossi l l and snails ha
and paleoenvironment al studi es. Land snail ar e
wel | preserved in Quaternary sediments (Goodfr
analyses of community assembl ages have been us

reconstructions (Brook, 1999b, 1999a; Moine et

of fossil shells can provide quantitative prox
Among the chemical properties of the snail st
composition are the most well understood (Yanes
in two key ways: (1) providing insights into t
insights into past vegetation assemblages (Sto
climatic vari abl es (e. g. humi di ty, temperatur
inferences about the past, analyses of moder n
comparison of stable isotopic composition of
variability (Yanes et al., 2019). Het® | provi
and®Y for two regions of the southwest Paci fi .
protocol is developed to sample high-resolutic
genRullsaco.stlyleusst abl e i sotopic signal i s compare
in isotopic composition between snails from t w
sympatric species of snails are investigated.
Land snails and stable isotopes
Oxygen stable isotope dat al®ar ewhtiycphi caarlel yd epfrienseed
foll owing formul a:

py/ OAIBI A

1P W/ %%ATEAAAOAPHHH
po/ OOAT AAOA
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It reflects parts per thousand (denoted as a)
of known compostidt ivoan,uewhiich tfheer Vi enna Standar
(VSMOMM® values obtained from snail '®hells ar
signature of the water in the snail dés | ocal en
of climatic factors (Balakrishnan & Yapp, 2004
Goodfriend & EIIlis, 200 2; L®col | e, 1985; Yane
bet ween climate variables and !nacialn sehfeflelc tiisveetl
be used as a quantitative proxy for a range of
of correlations for different geographical ar e:
et al : 2019) . Snai l shells are produced by a
mantle (pallium) of the organi sm, with the oxy
body water of thel'®snasiltsh.erlerf otr dédxroyh t shoealile dibb gy
water, and the temperature at which the precirg
bal ance models have hypothesised a strong rela
® (Balakrishnan & Yapp, 2004). This has beer
(Bal akrishnan, Yapp, Thel er, et al ., 2005; Zaa
al ., 1981). Studi es'®usdiantga niurlotm plloec aw hiool nes- sdhieslpll
geographical or elevation gradient have confir
temperature variables (Bao et al., 2019, 2020;
on this, !®nappdeasrhseltlo ibe generally negatively ¢
generally positively correlated tol®taitro ttehneper a:
®d of environmental water hald rveavaeaxlsed nalsmastl
(Yanes et al ., 2019).
In addi'®j osanaiol Ushell carbontewhilsch preseaefies
the foll owing equation:

pa# OAI BI A

pC# OAI PI A

1 PO# méTPAAQApHHH

pg#OOAI AAOA
As wiBt hvail ues it is expressed in parts per thot
to a standard of known c'®mpvoasliuteiso ni swhtihceh Mine ntnh
Belemnite (VPDB). I!'& valtuestaraltpasghbpbdsbé |
by snail diet and in herbivorous |l and snail s i
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ant s (Bal akrishnan, Yapp, Mel t zer , et al .,
odfriend, 1992, Goodfriend et al ., 1989, Go
cause of their metabolic pathways C& pl ants
d therefore 'Ei glaé¢uesnaialn siselal | § be interopre

ant intake (Balakrishna® &veapparz@0grogCagpm

presenting a partition of plant community as
, 201 4; Prendergast et al ., 2017 ; Yanes et
so revealed€Cthatuebhangesbénasisoci ated with s\
al ., 2007) . I n controlled | ab environments
ai |l & hveallluelis and diet c¢cOmpalsuides ofmor wi amd hs g i
plants (Metref et al., 2003; Stott, 2002).
rbonate shell i mnldudeératcmos plygersité o@Oof non-Db
ch as | imestone (Yanes et al ., 2012) . It is
teract and i'@teff drhe wintai |t sehelil, and studi
di ocar bt€n hiavet lpenonstrated the proportion of
rbonate shell of the snail seems to vary bet
al ., 2012 ; Goodfriend & Magarl€tt zv,al u®&7 ;i nPi
ronol ogi cal fossil series of snails have the
mposition and can be extrapolated to infer <c
ich are often correlated to changes in past ¢
al ., 2005; Padgett et al ., 2019; Yanes & Ror
ferring patterns in fossil materi al require
me geographical regi on.
able isotopic composition of | and snail can
average isotopic value over the snailds |
vel oped and sample multiple isotopic values
ed to infer climatic relationships at a sub-
|l l ow ontogeny of the snail (Y4anesseerti easl .f,r o2nd
e i nvasive gi ahits $Ad ¢ h & tahrenvaen faiele ns guesceide st o c har
ecipitation monsoon season (Ghosh '®t al., 2

cords of sn&ershavem it hk® dgealueps t o mont hs of
ecipitation (Baldini'betvahlbes BOOWgenDshaetl el

ceived |little attenti on, but comparison of s\

MM P



/[ KI LJGSNI p

di ffer significantly for snails of different e
showing consit®twaltue thhagrhetrhelir smaller counter
Geographical and climatic setting

Snail specimens for this study were sampled fr

far North of New Zealand and New Caledonia (Fi

assemblage of tropical islands |l ocated in a |o
of rainwater isotopic composition in'®ropical
values fluctuate with monthly precipitation, !
mont hs (Edirisinghe et al., 2017). For New Cal ¢
been investigated for a two year time period i
( Ni colini et al ., 2016) , with | ower stable 1is
(December 1 April). No recording station has |
region, and therr®f owrad upse dirotm oans swfci @&t ed mod e
extrapolations based on | atitude and el evation
of its geographical positioning the archipel ag
or hurricane event s, which are associated with
al ., 2006 ; S8nchez-Murill o et al ., 2019) .

Because of its wide |l atitudinal spread and var
i s considered compl ex, wi t h mul titudes of i ni
rainwater isotopic constitution includes air mi
nort h, and sub-Antarctic regions to the south.
t wo stations have been incorporated in the GI ot
Kaitaia and I nvercargill), which is the data
i sotope composition such as the Online |sotope
efforts are however dedicated to i mprove both
within the country, and the accuracy of predi
McComb et al ., 2019). Noticeably an enrichment
parts of the couRtagosmMaitiudl laindeg., whle eNew Cal
of New Zealand is sometime be subject to tropic
and bring far | ess precipitation than the ones
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The biologPlcatosmayleus al

Pl acosityylaasgenus of | arge terrestrial l and sna
species are found in the Solomon | sl ands, Fiji
and the north of New Zealand (Neubert et al .,
known to be particularly abundant in the north
al so exists at both Grande Terre and the 1sle

Ecol oByaodspgtuses have been extensively studie

spedi.ed idbmrdPt upor p{yBrestco mu st al ., 2008) , and
sped®i.esambdd®iacsush et al ., 2014) . Al three sp
snails wusually bury themselves in the |l eaf 1|it
studies have demonstr atPe.d ftihdersaNmoss tCadetdione a isf

reproductively, during the cold season (May to

the war mer wetter season (December to March). .

l eaves falling off surrounding trees, with th
geographical regions. Di spersal HR.s fvielmnyatluosw wi
P. porphiyoosd omumder the same tree or shrub for

2008) . Similarly ®the aMdbwabde &alusnd onpme chioears ng bet

will tend to stay within the same area most of
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Met hods

2.1 Geographical sampling

Snail shells were sampled from three |l ocalitie
New Caledonia (Table 1). I n New Caledonia | i v
Gadj i (Figure 2A, -22.5607, 167.4304805) on th

22.093459, 166.700256) on Grande Terre. Shell s
t he t woP.s pfeichardaslt usor phyyramsd osmhel | s from For °t

bet ween 2007Panfdi(BMaduesvelr)e The shells from New
by the Museum of New Zeal and Te Papa Tongar ewa
Bay, | ocated in the Northernmost part of the N
Within each | ocation shells were collected on
sampled in the NRw a&mbkdggintdwd soschaetlilosn s(ampl ed i n
| ocation in PNewi)@adadddicgnoivar (shell s coll ected in
Cal edP.nifai @Rat por ph)y.r ost omus

2.2 Meteorological and climate dat a

Met eor ol ogical data at a monthly resolution we
Data from New Caledonia spanning 2005 to 2021

met eor ol ogi cal stations closest to snail sampl
22.5898 / 167. 4521, cl osest to Gadji) and Riv
166. 7263, <closest to For°t Nord). The nearest

at Kaitaia (-35.108 / 173.258), about 100km so
from this station spanned from 1967 to 1985.

Caledonia stations: Mont hly cumul ative Precipi
(AC, MMT) and Monthly Mean Humidity (%, MMH).
New Zeal and (Kaitaia) station: Mont hly Precipi

Air temperature, Mont hly Mean of the Daily Min

Rel ative Humidity (RH). Annual climatol ogy wi't
calcul ated for each variable with 95% confide
met eorol ogi cal stations. Mo del e s'®i mawerse of r
computed for each sampling | ocation wusing the

(Ol PC, Bowen & Wil kinson, 2002).
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Tabl e 1: Location and species information for the
GeographSamg!l i ng

Shel Spe reg S i | at |l ong Coll ec"
For°t -1 (F Pl acosyl New Cal For°t -22. 166. 20-20
For°t -5 (F Pl acosyl New Cal For°t -22. 166. 20-20
Gadji 1 Pl acostyl us New Cal Gac¢ 22. 167 Apr il
Gadji 1 Pl acostyl us Neal e Ga ( 22. 167 Apr il
Gadji O Pl acosyl New Cal Gact¢ 22. 167 April
Gadji O Pl acosyl New Cal Gact¢ 22. 167 April
New Zeal a Pl acoambag New Ze Spiri -34. 172. 19

New Zeal a Pl acostylu New Ze Spiri -34. 172. 19

New Zeal a Pl acostyl u New Ze Spiri -34. 172. 19

ne

shell

S

c

(0]



2.3 Shell structure and sampling consideration

Pl acosth®gillus produce | arge conical shells rangir
orientation (Figure 1). Snails wusually reach s
sexual maturity is complete snail shell growth
the aperture of the shell) keeps thickening at

mm/ year for New Cal edonian species (Brescia et

Zeal and species (Parrish et al ., 1995) . Mi cr o
revealed the presence of carbonate growth | ine
the shell (Figure 1B), and consequentially thi
i sotopic variation through ti me. I n this confi
are considered most recent . Al | shell s chosen
(matur e) snail s, and sampling/isotopic measur

carbonate matter formed during adulthood.

Peristomes were detached from whole shells usi.|
resin. Thick (500 Om) and thin (250 Om) sectio
Accutom 50 (Struers). Thin sections were used
thick sections for drilling and sampling of <ca
along |l ines estimated as parall el to the grow

samples were extracted from thick sections usi
Om wide dri || and a spacing bet ween sampl i ng
approximately 1500g of carbonate powder was coO|
and put in standard 0. 2ml plastic tubes. Car b
spectromet e¥®»: (tdo VgSuMeOW&i fayn d¥ RDB) . Four shell s (|
GAl1, GA13) were analysed using the MAT 253 nm

i sotope | aboratory. The other five shells (GAO
using the Nu Instruments Horizon Continuous F
Analytical Spectrometry Services of the Univer
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Peristome

1cm

Outside of the shell

For
St an
hi gh
i sot
a nu
t he
t owa

l i ne

Line
geog
done

and

re 1: APl aRiocssthwrl ddBs q fheembepr giwvos s part of the

ched for i sotopic sample analysis. B) Tr a
smission |Iight microscope. Up to 38 carbone
rilling |lines following growth direction.

Statistical analysis

B®t hd@ sSummary statistics were computed fo

dard deviati on, Maxi mum and Mini mum value)
-resolution isotope sampling profiles simp
opic ratio of interest as a response vari a
mer i cal predictive variable. Positive 1line
coefficient of correlation in Jlinear mo d e
rds outer carbonate increment of the snail
ar relationships indicate | ower isotopic v
ar mixed models were used?!& oa fcfh) mpaamoen gs he | |

raphical areas and between species from th:
on three different datasets. To compare a
New Cal edonia the full dataset of nine she



/[ KI LJGSNI p

Si x
i n
spe
por
Lin
Dev
i nt
reg
v al
reg
i nt
ran
nes

ove

shells from New Caledonia was used to comp:
New Caledonia (Gadji and For°t Nord). The fc¢
cies were used as a datasetb.tdi bR.atdys var.i
phyr)ost omus

ear mixed models were computed using the I m
el opment Core Team & R Core Team, 2017) an
erest as a response variable, the shell I D
ion or the snai/l species as a fixed par amet
ue of fixed parameters can be interpreted a
ions [/ species of interest, while variatio
ercept val ue of the model . Sl ope value of
dom parameter are retrieved from model s, an
ted models to test whether adding geographi c
ral |l mo d e | l i kel i hoods.
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Resul ts

Cli mate of New Caledonia | ocations (Gadj.i and
high precipitation rates, high temperatures an
and warm season (December - April) is followed
- November) . Extreme precipitation events (hu
bet ween February and April. Within the timespar
storm events can be identified (2008, 20009, 20
more rain than Gadji, both during extreme even
Mean monthly temperature oscillates from 18AC
in February and minimum around July-August. \
constantly above 75% for both |l ocations, and sl
T April).

Climatic data of the New Zealand station (Ka
characterised by oscillation between a warm an
a winter season with mild temperatures and re
Precipitation rates were more consistent, and

Cal edoni a. Bet ween 1967 and 1985 Daily Maxi mum
26 AC and Mean Daily Mi ni mum Air Temperature

humi dity recorded at 9 am was highest bet ween
bet ween October and February (below 80%).
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variabl es of interest (Monthly cumul ative Pr et
( MMT) and Monthly Mean Humidity (MMH)) coll ect e
stations close to Gadj.i ( B) and For °t Nord (C
indicate 95% confidence intervals for the vari
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Figure 3: A) Map of New ZPhhaaodshdIlulbs s(aSmpil riintgs
and the meteorological station where climatic

(1l eft) and one-year monthly averaged <climatol c

(Monthly cumulative Precipitation (MP), Mont hl"
Air Temperature (T) and Monthly Mean 9am Rel a
1967-1985 in Kaitaia. Dotted | ines surroundi ng
intervals for the variable of interest
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Aver agel® svhadlulesi range from -3.66 to -1.264a VSM
temporal trend in sheld/l high-resolution profil

for the oxygel;i sTmtbdpi c2)r.at iLoi nfetar mi xed model

"® values for shells of the New Zealand region
p-value = 0.003**, based on LR te!®t )val TUkiss i mon:
environmental water for collectio® vadtatkisonsn,

New Zealand (dbewaged5afOual VBEMOW for the New
3.03 and -3.38 a VSMOW for the two New Cal edon

Within New Cal edo' a atl ue sd ibfeft ewreemc es hied |8 fr om

was extremely small (+0.1a VSMOW for shell s frc¢
In all cases,')®thwalvuasiabtcbirtgdofntisnail shells
expected in environment al water on an annual

deviations and range between minimalY®maxi mal

values from differente.spBadijds astame <siondleetl @anc:
hi ghe vial uRs por phymoe2t)omusni.ar éd pnt=o2 s (+
1.15avVSMOW based on sl ope parameter, p-value =

Aver age!® svmmdlulesi range from -12.18 to -9.143a VP
tempor al trends in shell hi gh-resolution profi
i sotopil€; r &ENBo5(U0GA04, GAll, ;GATZbI HZR), HAW2:

associated with higher values of dispersion pa

maxi mal / mi ni mal value, s!€ehTahhl-eeld3pl utmoNewr Ga
a negative trend with | ower isotopic values to
in New Zealand a positive trend is observed wi
(Table 3, Figure 3). Linear'@niixneddi creotdee | hsi of hoerr ca
"€ values for shells of the New Zealand region
p-value = 0.002** based on LR test). Within Ne\
| owé& walues than shells from For°t Nord (- 1.
value = 0.07 based on LR & svta)l.ueCso nipraorm sdoinf foefr e
at a single location (Gadjl€, vaamatd inlse dteit avre ed:

New Cal edo®i.ar i dapRedd ipsosr p hy(r+0 s@.oimud VPDB on aver
P. fi lbrastedds on sl ope parameter, p-value = 0.34
distrib&tvahues UGs observed between the two sh

Figure 3), which were collected on the exact s
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three different | ocations and two geographical
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VPDB) against the sequenti al number sample of
interpreted as being ontologically more recent



Table 2: 1sotopic sPUummarsglydtubss| scomprierng®aeat VSMOWE @aaddBDBEQg:

values (sd: standard deviati on, mi n: mi ni mal i sotopic value, ma X
trends in high-resolution isotopic profiles within each shel/ S e|
explained by the | inear model , p-value: p-value computed from a

environmeh® adr evaaglesso tipresented here and are based on OIPC monthly

Shel Carbon i sit€ Oxygen i sit3c

mei s mi ma C Rsqui pval me & s mi ma C Rsqui pval
FNB8 11. 0 -12. -10. 0. 0. 0. 2. 1. 5. -0. 0. ©O. 0. (
FNB8 9. 0 -11. -8. -0. O. 1.-05* 2. 0. 5. -0. -0. 0. 0. :
GAC 11. 0. -13. 10. -0. O. 1.-08* 2. 0. 4. -1. -0. 0. 0. ¢
GAC 11. 0 -12. -11. 0. O. 0. ¢ 3. 0. 4. -2. 0. ©O. 0. :
GA1l 12. 0 13, 11 -0 0 0. 0: -1 1 -5 -0 0 0 0. 0
GA1l 11.1. -13. -10. -0. O. 8. 16* 2. 1. 4 -0 . -0 0. 0.
NZ( 9. 0. -10. -8. 0. 0. 0. 0 1. 0. -2 -0 . 0 0. 0. ¢
NZ( 9. 0. -10. -9. 0. 0. 0.0 1. 0. -2 -0 -0 0. 0. :
NZ( 9. 0. -11. -8. 0. 0. 7. <04 1. 0. -2. -0 0 0. 0. ¢
ol PC 3. 1. 6. -0
Ol PC Fo 3. 1. 6. -1
Ol PC Cag 5. 1. 7 -2

MH g
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Di scussi on

ing a high-resolution sampling approach, t he
pl ored within a timeframe defined by the se:
oxy. With a sampling protocol focused on sam
the peristome we can expect to record four
acoshgibs(Brescia et al ., 2008, Parrish et é
riabl es bet ween New Zeal and and New Cal edo
mperature and relative humidity due to diff
asured. The patterns of wvariability and comp
ear di stinction between the tropical cli mat
mperate regime in the North of New Zeal and.
ails require a high relative humidity, and 1
17). These conditions are more |likely to be 1
an in New Zeal and. As a result, we can expe.
gions to record a different fraction of thei
acosshdbuly alil ues were on average higher in New
igure 4). 'Bnotontiawttetherédicted by the Ol
w Zeal and than in New Caledonia. This can be
avy isotope 180 in precipitation water of t
actionation processes. The deficiency of GNI
gion means offsets between actual rai nwater
del are quite |Iikely, and predictions from O
| ati onsh® pardtiweteint ide/ al titude variables (E
otopic sampling of New!®ewdlamas rian ntwlae emo rsthio
e country (Baisden et al ., 26®6yal wds cihn migw
alRlnadc osdlyd lulss . Bi ol ogi cal fractionation of ¢
ter towards carbonate sn®ilvabhbhebl ioscakrbynat
teri al (Bal akrishnan & Yapp, 2004; Yanes et
st shells of New Caledonia and i s exaggerat ec
r the carbonate shell precipitattdbomalreasti on
hang et al., 2018), but given the extent of 1

is alone could explain the observed enrichme

wbhivariability compared to both the ones in |

MO N
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only recording a fraction of the annual i sotop
with i glallues these reswlltasc ossgyd aubsss s whaivd Zbal a

and produce shell material only during months
(December 1T March based on OIPC predictions).
The shells from New Caledonia were sampled in

receiving far more precipit@tvalnudh amerter en ott hle

For°t Nord, as a negative corréDawoohdbet e’@éient
(Bao et al ., 2019; Prendergast et al ., 2015; Y
proximity of the two | ocations we can hypothe

mostly be of the same ort®gvaluesdrebardfess sh

in precipitation rate. I n five shells (FN8.1, [
was similar and characterised by stable period
sudden dbopal u@esld This patRleamno smaysd luisst f o bsne rNea
Zeal and. Ot her high-resolution records of tror
periods of | ow isotopic values, which have bee
monsoon season iLn sismcihan ( @bmghudetcab!l ., 2017) ,

hi gher preCempsaamitli ®onfrnom the Bahamas (Baldini e
of multiple extreme rainfaldl events (hurricar

ti meframe we expect to be recorded by the higt

those dBbopal ursltiare signals of periods of inte

When sampling snails at the same | ocation env
therefore di®h¥ fealemecsesmust UGrefl ect di fferences
processes® Wdlglhees adre usually observed for | ar
2017), and it can be explained by a potentially
From Gadji four shells wer | aobbspdamide sa.n dT hree ptrv
P. f isbhreatluss had oh® avvael ruaegse Plhoavweort pley It avlslt ® muls u t

is the bigger of the two specWietsh (Dolwy et vd sd mp
of each species this comparison represents a mi
trend previously reporte® eTnhriisc Rdmegmeesditpd utsh at
not only related to shell size but might incory
behaviour (Wang et al ., 2016) .
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The signal reco'fdedluyessnailt hohuglhlt G o mainly

(Bao et al., 2018). Vaf@l uweesr & olri chaR jbaoma si tswht Losp ef
snail s of New Cal edoni a, and on averade | ower t
i sotopic values can reflect a higher intake ir
includes a mix of C3 and C4 plants or can be
carbonatté amadtsdt a iulss are believed to forage and
their litter environment (Brescia et al ., 200 ¢
vari ey sofgnat ur es. Th¥%E sstirgonnagt uvraersi aibni Isihteyl |osf otf
someti mes within the same | ocati on, Puggests .
fi braBRdspor phydiodstnoomusde mons't€r aa¢ ueisf f whécbes nid
a similar diet composition ff8rvahees woespecocbss
in both New Zealand and New Caledoni a@€but are
values over time in NeW Zeadluemsd,ovenmdta mee d me dNs
(Figure 5, Table 2). These trends could eithel
|l ifespan of terrestrial snails or be the signa
In conclusion, I provided the first stable i sc
with contrasting climatic regimes. The differe
and New Caledonia suggests snail shells recor
regions, and seasonality and tropical storms s
D ah®®@ wWalues. The use of | and snail shell isot
pal eoclimate reconstruction is a relatively ne\
and there are still very few studies that have
2007; Ghosh et al ., 2017) . Hence the methodol
values in relation to environment al vari abl es
mi ssing in comparison to other proxy systems (
Devel oping robust modelling approaches I inking
i sotopic composition and environment al vari al
understanding of stable isotope signal in exta
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Pl acosdiyMairssi ty and i mplications f ol
In the southwest Pacific there is debate abou
di stribution of extant species (Keppel et al .,

suggested to explain phylogeographic patterns

di stance dispersal, i sland hopping) being | arg
evidence (Bryan et al ., 201 2; Cibois et al ., 2 C
' i mited active dispersal capability and theref
|l i kely involve rare passive colonisation even:
(Hendri ks et al ., 20109; Santos et al ., 20009) . |
by snails being hermaphroditie. gozdglooethaving20]
With a better taxon sampling across the sout
substanti al phyl ogenetic mar ker s bi ogeographi
terr ®staciosd rydiulss . They provide an excellent st

gaps i n t hePlkancoond teydlgeeg eonfet i ¢ di versity could a

phyl ogeographic patterns at a | arge scal e.

Here (Chapter 1, Figure 3 )analyses made on
interesting sister acelsawi ass Hirpan HDetrwe ehowe | s
Solomon | sl and®$ acasadyddieldswefemom the Three King
Cal edoni a. Respectively these could be an indi
Pl acosnwai s in the Three king I sl ands, and sn
Sol omon Island sharing the same source popul a
(mi tochondri al genome + multi-copy nucl ear mar

phyl ogenetic relationships found with short se

t hat some of phyl ogeneti c relationships i nfer
mi sl eadi ng. ConsiderPhagc o i psd, auideust uirne tshaempsloi untgh v
region should both focus on | ocations where t
Vanuat u, Sol omon |Island), and should also incl

Chapter 1 where high-quality DNA extraction m

paired-end short reads genomic | ibraries (aroul
to produce | arge mitochondri al and nucl ear gen
museum material for speciesPyactcdstaylcu sotnbicwaadr it &
Lord HowkRl dcd sstmpgd,acuises found in Fiji or Vanuatu)
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On a small - Ptalesamaiulg ss magl | mor phol ogi cal var
genetic data can help understand | ocal pattern
comprise many vulnerable species. I n this thes
Pl acosgrnydiulss was extensively studied at one | oc
of particular interest becausePofpamhephyrnext ame
with the commer ciPal Ifyi bbrpadteuess.t addspgcl es al popu

and possible interactions between the two speci
can be harvested, and where to prioritise cons
on the island was found to contain only two nu
the current taxonomy on the island. TRvo mor pho

fi brhaitagutsl,i ghting the possible plasticity of sne

The data presented here and in previous studie
of the pPhaen st ulBeen studied the most, al ong
et al ., 2011; Dowl e et al ., 2015) . Regions t hat
parts of Grande Terre, which i sP.a ebd doydsitvoenresnistiys
P. cal gPd o nsiccaafad ulso n( d\eeeunbseir t et al .,  RP&OOL Wul f f
frdm caledonmolubscul ar data have been produced
endangered and facing environmental degradati o
be difficult and/or not advisable. Il n this con
shells could be a good solution to analyse the

of New Caledoni a. Geometric RNbapbétmgbapbser mé&t ho

Daly et al., 2020). They can be associated wit!l
number of shells morphotypes and be | inked to ¢
are | imited.

Mno
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Pl acosdrnyd ust abl e i sotopes
The protocol developed in chapter 5 opens a ra
shell s of | amlda csonsatiflHel ssniad m o j ecti ve of this
bi ol ogi cal proxy system which can be wused to
analysis of fossil shells. | sot™piachflvairieati ons
commonly wused in a range of paleoclimate proxi
changed .actfosmh gt @sare coll ections of fossil shel
be directly used for isotopic analysis (Brook,

mo s t region of New Zeal and (Cape Maria van Di

radi ocarbon dates ranging from 1000 Bp to > 40

dating of those shells and the dating of other
ofAgat hi s, akaurialtsees) means multi-proxy studi
Pl acostybtusepic shell values could be analysed
(Al'l oway et al ., 2007). ParticuPlaad gssihfdlbissgh- r e
could potentially provide ine.igmtegguenty efib-ha
rainfall events for this region) for time peric
by other proxy systems. I n New Caledonia and ¢
Solomon I slands) there are no exiBltaonagstcyllusect
shells can be f ocumdurRleadooseh ¢lllocsa tiinonssan(d dunes
/ Poya in Grande Terre, New Cal edoni a), and s
pal eocl i mate studies.

Addi tional sampling of extant specimens should

relationship bl wereth usanlauiels sahnedl lenivi ronment al

sampling of New Caledonia Bhefillrsatheard ybabsnhd
and can legally be harvested in the Isle of Pi
Zeal and and other regions of thRl do0oadsthanlelss Paci

from those regions are often endangered and

Coll ecting empty shells from those areas coul d
the period recorded by the shell i sotopic val
composition of snails reared in controlled envi
and comparisons with stable isotopic composit

understand the dietary alvtd adifdi wiat uescontrol s o
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The analysis of stable isotopic composition of
emerging field of study (Yanes et al ., 2019).

whol e-shell i sotopic values, and high-resol uti
met hodol ogi cal aspects and statistical approacl
still being devel oped. gHing ho-trh&@sr o loutmirkayrs siyfs t Mans i
Bi val ves; Judd et al ., 2018) i sotopic growth

bi ol ogi cal proxies and wunderstand relationship

environmene ago.ceamt t@eimpe( ature for marine bival
comparing the annual i sotopic signal obtained
environmental variables. Ad8@ptedotaos | tamey soaul
better understand the balance '®&f (¢tleimmatriat ucen
preci pt® aitrd omr,edii pitation water), and could be

shell growth.

Mnp
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