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GENERAL ABSTRACT

The conventional view that marine populations are demographically ‘open’
and exchange migrants (juveniles or adults, but mostly larvae) has been challenged by
recent genetic studies and the discovery of significant genetic subdivision among
populations on small geographic scales. Despite the numerous publications on the
matter, the extent to which some/all marine populations rely on self-recruitment and
whether this reliance is stable in time and space currently remains unanswered. This is
particularly true for populations from isolated oceanic archipelagos, such as the New
Zealand (NZ) subantarctic islands and the Kermadec Islands.

The specific objectives of this thesis were to: 1) assess the genetic diversity,
phylogeography and contemporary levels of dispersal and self-recruitment in
populations of the Cellana strigilis limpet complex, endemic to the NZ subantarctic
islands; 2) conduct a morphometric analysis of the C. strigilis complex to complement
its molecular investigation; 3) develop and optimize specific microsatellite markers
for Nerita melanotragus, a marine gastropod of the Kermadec Islands and New
Zealand North Island rocky shores; 4) assess the genetic structuring and levels of
connectivity of N. melanotragus populations within the Kermadec Islands, within NZ
North Island, and between the Kermadec Islands and NZ; and 5) compare the genetic
structuring of N. melanotragus at the Kermadec Islands to that of NZ North Island
populations, to test for any “island effect” on connectivity levels, and test for possible
gene flow between the two groups.

Genetic investigation of the C. strigilis complex confirmed the presence of
two distinct lineages, separated by their sister species Cellana denticulata.
Morphometric analyses were congruent with molecular analyses, and were used to
provide a new taxonomic description of the C. strigilis limpet complex: two species
were recognized, Cellana strigilis and Cellana oliveri. The role of the subantarctic
islands during the last glacial maximum was highlighted, and the colonisation history
of the islands by the two Cellana species was explained. Contemporary levels of
connectivity (gene flow) among the different populations of the two lineages were
low, or non-existant, revealing their high reliability on self-recruitment. However, the
analysis detected a recent migration event in one of the two lineages. Considering the

geographical distance of the islands and the life history of the Cellana species, the use
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of mediated dispersal means (e.g., rafting on a natural substrate such as kelp) seems
very likely.

Ten novel polymorphic microsatellite loci were developed for N.
melanotragus, and seven of those were used to investigate the levels of connectivity
and self-recruitment in six populations from the Kermadec Islands, and nine
populations from the east coast of NZ North Island. According to what can be
expected for a species with a long pelagic larval duration (PLD), genetic homogeneity
was recorded for the Kermadec Islands populations. A lack of genetic structuring was
also found for the nine populations on the NZ North Island, which is congruent with
the literature in this geographic area. However, what was surprising was the high level
of genetic homogeneity found between the Kermadec Islands and the NZ North
Island, meaning that the two groups are effectively exchanging individuals. Hence,
the Kermadec archipelago can be considered “open” at the scale of the South Pacific,
for N. melanotragus populations.

This Ph.D. highlights the importance of having the correct taxonomy for
conservation and connectivity studies, and gives a better understanding of the
historical and contemporary patterns of genetic connectivity in the NZ offshore
islands. It illustrated how historical events, such as the last glacial maximum, can
shape local genetic diversity, and how this historical pattern can be maintained
because of limited contemporary gene exchange. Also, this thesis demonstrated that
remote populations could be strongly connected to mainland populations, contributing
to the resilience of both systems and confirming the necessity of integrating remote
oceanic habitats in the creation of effective Marine Protected Areas (MPA) networks

to protect the marine environment.
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"The affinities of all the beings of the same class have sometimes been represented by
a great tree. [ believe this simile largely speaks the truth. The green and budding twigs
may represent existing species; and those produced during each former year may
represent the long succession of extinct species . . . The limbs divided into great
branches, and these into lesser and lesser branches, were themselves once, when the
tree was small, budding twigs; and this connexion of the former and present buds by
ramifying branches may well represent the classification of all extinct and living
species in groups subordinate to groups . . . From the first growth of the tree, many a
limb and branch has decayed and dropped off, and these lost branches of various sizes
may represent those whole orders, families, and genera which have now no living
representatives, and which are known to us only from having been found in a fossil
state . . . As buds give rise by growth to fresh buds, and these, if vigorous, branch out
and overtop on all a feebler branch, so by generation I believe it has been with the
Tree of Life, which fills with its dead and broken branches the crust of the earth, and

covers the surface with its ever branching and beautiful ramifications"

Charles Darwin (1859)
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1.1  Dispersal in marine systems

1.1.1 Dispersal in marine species

Some marine species are known for their spectacular migrations; they are
capable of moving thousands of kilometres, to feed, mate or give birth (Lohmann et
al. 1999; LeBoeuf et al. 2000). Other species seem permanently locked in the same
place, with little or no movement. However, all species have some level of dispersal
capability at specific stages of their life cycles (Gaines et al. 2007). Dispersal can be
realized during the adult, juvenile, or larval phase. At least 70% of benthic marine
invertebrates have a planktonic larval stage, which represents the primary opportunity
for passive dispersal (Jones 1999). In his 1876 work, “On the geographical
distribution of animals,” Alfred Russell Wallace was among the first to recognize the
important dispersal role of larvae; he claimed that larval dispersal is a powerful means
to spread over great distances and to colonize every favourable habitat by the means
of marine currents and wind—driven circulation Thus, most larval dispersal was
believed to be “passive” in nature, with larvae often being viewed as inert particles
drifting across oceans (Sheltema 1971).

Thorson (1950) introduced a larval classification based on the mode of
nutrition. Planktotrophic larvae feed on the plankton surrounding them, whereas
lecithotrophic larvae are born with energy reserves (yolk sacs) that they use
throughout their larval life. To efficiently describe larval dispersal potential, Sheltema
completed this classification in 1988 by introducing the terms teleplanic, actaeplanic,
anchiplanic and aplanic. Planktotrophic larvae that can survive as long as they have
access to planktonic sources are classified as teleplanic (spending over 2 months in
the water column) or actaeplanic (spending between 1 week and 2 months in the
water column). Lecithotrophic larvae have a limited energy reserve and thus spend
limited time in the water column. They are classified as anchiplanic, spending only
hours or days in the water column, or aplanic, not entering the water column at all

(such as brooders).
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1.1.2  Estimations of dispersal capacity

Species are not equal with respect to their dispersal potential, the differences
in dispersal capabilities leading to population division (Palumbi 1994). The degree to
which different geographic populations of a species are linked by the exchange of
adults, juveniles or larvae is called connectivity (Palumbi 2003). Connectivity is an
important concept contributing to our understanding of species dynamics and
conservation (Palumbi 2003, Taylor & Hellberg 2003). Larvae of some coastal marine
species have been found in mid-ocean plankton (Palumbi 2003), suggesting that both
long distance dispersal is not a rare phenomenon and that larvae have the potential to
move great distances. However, the microscopic size of larvae makes direct tracking
very difficult and most publications in this field lack supportive data on realized
dispersal distances (Levin 1990, Jenkins et al. 2007). Dispersal potential is associated
with pelagic larval duration (PLD) and species with the longest PLD are expected to
exhibit the highest dispersal potential (providing that at the end of their PLD, larvae
are in a favourable environment in which they are able to settle and survive). PLD has
been measured in laboratories, and modelled under biotic and abiotic forces (Cowen
et al. 2006, Siegel 2008), but mathematical tools have proven to be limited, as the
complexity and stochasticity of the forces driving natural ecosystems remain
uncertain and hard to model. Thus, while dispersal potential may be high, we still lack
a complete understanding of actual dispersal distances for most species.

Recent efforts have focused on trying to assess dispersal by direct or indirect
tagging of larvae or eggs. Direct methods use artificial markers in order to tag larvae
and observe their settlement along the coast; an example of such markers includes
fluorescent tags (Jones 1999). Researchers have also adapted the use of tetracycline,
already widely used to mark and validate age rings in fish otoliths. However, this
technique only focuses on one spawning event, and needs to be repeated for every
event in order to have replicated data over time. A relatively new exciting technique
solves this issue by allowing for transgenerational marking of embryonic otoliths.
This approach developed by Thorrold et al. (2006) is based on maternal transmission
of a stable barium isotope ('*’Ba) from spawning females to egg material that will be
ultimately incorporated into the otoliths of embryos produced by an individual after

exposure to the isotope. The advantage of this technique is that females continue to
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produce marked larvae over multiple clutches and for at least 90 days after a single
injection (observed for Amphiprion melanopus fish). Also, different combinations of
stable '*"Ba isotopes can be used on different populations, providing a new means of
mass-marking larvae of benthic- and pelagic-spawning species over extended
spawning periods. However, these techniques require a considerable time investment
and extensive fieldwork. Other studies have used naturally occurring particle-reactive
trace elements to track larval dispersion patterns, eliminating the need to apply some
sort of artificial tag to individuals (Swearer 1999, Thorrold et al. 1997). Another
advantage is that every individual within the population already possess a form of the
marker (here a specific combination of trace elements). This indirect tagging method
uses microchemical signatures in hard parts on an organism (e.g., otoliths and shells).
Some trace elements found in the surrounding seawater can substitute for calcium and
become permanently incorporated into the larval (or juveniles) otoliths. With this
method, larvae that dispersed before settling in a population will show a reduced
concentration of the trace elements compared to locally produced larvae, because they
have developed in the nutrient-poor open ocean waters, as opposed to the nutrient-rich

coastal areas.

1.1.3  Estimations of realized dispersal

The common disadvantage of many direct larval tagging methods is that it
generally proves difficult to capture/recapture larvae, given the high dilution rates of
larvae in the ocean (see Almany et al. 2007 for a practical example). One could easily
miss larvae that successfully dispersed to a population. Moreover, even if a larva does
arrive in a population, this does not mean it will survive and contribute to the
demography and genetic structuring of the population. Hence, dispersal potential
estimated using larval sampling is not necessarily the best indicator of realized
dispersal leading to gene flow. However, those techniques, in combination with the
distribution of genetic variation within and between populations, can provide a more
accurate estimation of realized dispersal leading to gene flow. Molecular markers
have been used extensively in the marine environment to show the influence of life
history on population connectivity and gene flow and indirectly to estimate larval

dispersal by comparing genetic structuring between populations (see Hellberg et al.
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2002, Palumbi 2003, Hellberg 2007, Hedgecock et al. 2007). Populations may differ
in the different forms (alleles) one locus can have, in the frequency of these alleles in
the population and in the associations of alleles at different loci (Hellberg 2007).

Different types of molecular markers and techniques have been used to
estimate levels of connectivity among populations, including allozymes (Apte &
Gardner 2001), Randomly Amplified Polymorphic DNA markers (RAPDs) (Wood &
Gardner 2007), Amplified Fragment Length Polymorphism (AFLPs) (Hoffman et al.
2011) mitochondrial DNA (Crandall et al. 2010), , and microsatellites (Will &
Gemmell 2011). The use of microsatellites has increased over the last five years.
Microsatellites are generally located in highly variable non-coding regions of nuclear
DNA, and consist of repeats of one to six base pairs in length (Queller et al. 1993).
Variation in the number of these repeats constitutes the different alleles and can be
used to determine differences in population genetic structure. Microsatellite markers
are generally species-specific, but can sometimes show successful cross-species
amplification (generally for closely related species, e.g. Panova et al. 2008).
Microsatellites have been successfully used in many marine species to assess the level
of connectivity between their populations (Bell & Okamura 2005, Bell 2008, Wei et
al. 2011). For example, Bell & Okamura (2005) used microsatellite markers to
determine levels of genetic diversity and connectivity between populations of the dog
whelk Nucella lapillus within Lough Hyne Marine Nature Reserve (Ireland) using
different spatial scales. Wei ef al. (in submission) used microsatellites to investigate
historical levels of population connectivity and contemporary levels of self-
recruitment in the endemic New Zealand greenshell mussel, Perna canaliculus. They
found high levels of self-recruitment that maintain the genetic discontinuity observed
between northern and southern population groups.

RAPD markers have been in use for over 20 years and have been widely
applied in studies of population genetics, hybridization, genome mapping, species
identifications and phylogenetics of bacteria, plants and animals. (Jones et al. 2008,
Peredo et al. 2009, Blair et al. 2011, Dlusskaya et al. 2011). RAPD analysis allows
for the study of the whole genome rather than only a restricted part, and does not
require any previous knowledge of DNA sequences, unlike microsatellites. Hence,
RAPD markers allow for a fast and effective way to characterise genetic differences

among populations. Concerns about the dominant nature of this marker type, its
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reproducibility and its interpretation (e.g., number of loci represented by bands
scored) have been raised, but these may be addressed by rigorous data quality control
with independent and replicate band scoring, as well as new software that helps with
the interpretation of bands (Apte et al. 2003, Star et al. 2003, Wood & Gardner 2007,
Reisser et al. 2011).

1.2  Isolation and differentiation of marine populations

According to Sheltema’s classification, teleplanic and actaeplanic larvae are
expected to disperse over the greatest distances (Sheltema 1988). It was typically
assumed that marine populations operated as ‘open systems’, with recruitment of
larvae from other populations, and export of local larvae via ocean circulation (Jones
1999). However, despite the extent of system connectedness in the oceans, several
studies have shown how marine systems may not be as ‘open’ as previously thought
(Swearer et al. 1999, Cowen 2000, Taylor & Hellberg 2003, Wood & Gardner 2007).
Numerous species do not realize their full dispersal potential (Cowen 2006, Gaines et

al. 2007, Jenkins 2007).

1.2.1 Physical barriers to gene flow

Isolation of populations can originate from physical or biological ‘barriers’
separating the populations and restricting gene flow long enough for genetic drift to
cause divergence between them (Hellberg, 1998). If the ’barrier® is substantial in time
(hence historical) and space, and restricts all migration or dispersal, then isolated
populations slowly differentiate to the point of reproductive isolation (impossibility to
interbreed) and become two different species by allopatric speciation. If a barrier is
recent, ‘leaky’ or ephemeral in nature, then population sub-division can be observed
(Avise 2001). The level of subdivision/isolation among populations can be
determined by the analysis of genetic structure between populations to determine the
distribution of genetic variation. This approach has been widely used to identify
dispersal barriers for marine populations (Benzie & Williams 1997).

Ocean circulation can be a means of dispersal, but also a barrier to larval and

individual exchange between populations (Palumbi 1994). In coastal waters where
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oceanographic features are often complicated by eddies and upwelling, asymmetry in
directional transport can occur and generate pronounced barriers that eliminate or
restrict gene flow (Gaines ef al. 2007). In the open ocean, dominant strong currents
can also physically restrict dispersal. For example, in the Atlantic Ocean, two major
genetic breaks in adult habitat have been recognised: the broad zone of Amazon—
Orinoco discharge, and the deep expanse of ocean that forms the mid-Atlantic barrier
(Briggs 1974, Floeter & Gasparini 2000, Rocha 2003, Floeter et al. 2008). In the
Pacific, Point Conception (California, USA) is a region at which upwelling events and
directional currents have been reported to cause both species and population
discontinuities (Gaylord & Gaines, 2000). Emergence of new land barriers, such as
the Florida Peninsula and the Isthmus of Panama, are another example of physical
barriers to gene flow (Jackson et al. 1993, Knowlton et al. 1993, Lessios et al. 1999).
Isolation by distance occurs when two populations are separated such that no
or limited contact is possible between them owing to the distance between areas of
suitable habitat (Avise 2001). Oceanic islands provide an example of isolation by
distance leading to speciation. Oceanic islands, by definition, have never been
connected to any landmass. All the species present on those islands colonized it via
exceptional events of long distance dispersal, and then diverged from their mainland
source populations, sometimes leading to new endemic species (see Whittaker &

Palacios 2007 for a full discussion).

1.2.2  Selection and demographic disparity

Even if populations have the opportunity to exchange larvae it does not mean
that those larvae will necessarily settle or recruit successfully (Swearer 1999, Barber
et al. 2002). Settled larvae face selection. During open ocean transport, there is a high
rate of larval mortality and larvae that do survive may be more physiologically
stressed and therefore less able to recruit successfully than self-recruiting larvae that
stayed in nearby coastal waters (Morgan 1995). Coastal environments are the most
productive regions of the world’s ocean, where nutrient inputs can enhance local food
resources for planktonic coastal larvae. Thus, larvae that are retained in coastal waters
during their development should have a faster development rate and should therefore

settle earlier and be in better condition than larvae of coastal species that have spent
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time in the open ocean. This phenomenon operates as a selection against
dispersive/migrant larvae and could potentially lead to a genetic disparity between
populations (Barber 2002, Swearer 1999). Another type of selection takes place in
Elacatinus evelynae, a Caribbean reef fish species that shows surprisingly strong
genetic and geographic structuring among populations across the Bahamas and the
Caribbean Sea (Taylor & Hellberg 2003). In this case, 78.6% of the observed genetic
variation was explained by colour forms. These authors linked the subdivision with a
possible sweepstakes effect: ‘the genetic drift observed among larval cohorts is the
result of the random reproductive success of different small subsets of adults over
time’ (ppl108). Thus, we also have to consider possible selection against adult
migrants in favour of the local adult population from the same species.

Demographic disparity also plays a role in the perceived genetic structure of a
population. A population receives a mixture of locally retained and incoming
dispersed larvae. The proportion of retained versus dispersing larvae changes between
populations according to species ecology and environmental conditions. Spawning
does not occur all year round; larvae are released by pulses at a particular time and
under particular conditions (Swearer 1999, Gaudette et al. 2006). Any disparity
between two populations will lead to community-level responses: it will affect the
time of release or dispersal direction due to differences in wind-driven circulation and
modify the proportion of retained versus dispersing larvae in the mixture. Studies of
different gastropods and of other taxa have shown that spawning time can be affected
by rough seas, tidal amplitude, and moon phase (Shanks 1998). A difference in the
timing of gamete release is called “isolation-by-time,” as an analogy to isolation-by-
distance (Hendry & Day 2005). Thus, spawning asymmetries can lead to a disparity in
the rate of evolution between populations and create misleading genetic structuring.

Differential mortality of larvae and juvenile life-stages will also act on the
genetic variation between populations and the estimation of their dispersal abilities.
Some environments do not offer equal chances in the face of natural selection, with
larvae from one population being able to disperse to another population and later
being selected against and die. This selection against migrants could lead to
population genetic diversity that is not representative of the real biodiversity and
connectivity potential of a species. Gardner and Kathiravetpillai (1997) found spatial

variation in the distribution of the leucine aminopeptidase (LAP) allele in the mussel
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Perna canaliculus. The frequency shift in alleles was correlated with variation in
water salinity, leading to differential mortality in settling larvae, and thus geographic
genetic structuring among that species. Larval dispersal was not limited in that
example, but differential mortality after settlement created geographic structuring

among populations.

1.2.3  Larval behaviour

Recent studies reveal possible active self-recruiting behaviour for larvae. In
isolated islands particularly, because not locating a reef is fatal, one might expect the
evolution of “active behavioural adaptations” facilitating retention and homing. For
example, pomacentrid (fish) larvae are able to determine and control their swimming
direction by using vertical migration in the water column in response to different
currents (Robertson et al. 2001, Leis 2007).

Different hypotheses exist to explain the processes implied in the active
behaviour of larvae, including land-derived cues such as reef sounds and “smell”.
Reef sounds and acoustic guidance may be limited to a relatively short distance of
only a few kilometres (Mann ef al. 2007). Species can discriminate water “odours”
from several reefs and show a settlement preference for their natal reef (Gerlach et al.
2007). This behaviour increases the probability of larvae staying close to their source
reef. Indeed, it implies that during their entire development, larvae can consistently
detect and select the freshest home reef water current and go back to their home reef
once they attain the settlement stage. There is a lot of speculation about the chemical
substances that trigger olfactory preferences in larvae. Although no current study
explains this larval ability, either larvae use the odour of their natal reef species
assemblage or they use pheromones (Gerlach et al. 2007). Other hypotheses given to
explain land-derived cues are differences in wave patterns, and/or the existence of a
reference point that would permit larvae to detect movements in the prevailing
currents.

Other hypotheses to account for active philopatric behaviour include magnetic
and visual cues. Several marine animals like adult salmon and sea turtles have the
capacity to detect magnetic patterns (Lohmann & Lohmann 1994, 1996), though it

remains uncertain if larvae of any taxa have that capacity. A new hypothesis has
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recently been proposed to explain long-distance natal homing; species would imprint
the magnetic field of their natal areas and later use this information to direct natal
homing (Lohmann et al. 2008). This seems possible considering that different areas
along continental coastlines have distinctive magnetic fields. However, these studies
involved adult specimens, and further investigations are required regarding the

capacity of larvae to imprint the magnetic field and then to use it as a cue.

1.3 Phylogenetics and phylogeography

1.3.1 Phylogenetics, a discipline of systematics

Systematics refers to the field of biology that deals with the diversity of
organisms, their relationships and their evolution (Mayr 1982, 1997). Under this
approach, unique characters of some kinds of organisms (species or higher taxa) are
considered as the basic facts on which our understanding of their relatedness and
evolution is based. For systematics, a character is not an attribute as such, but a
grouping of attributes that is judged by the systematist to be “the same” or
complementary, and can comprise any heritable attributes that may be compared
among taxa and show group-defining variation (biological systematics). Characters
may be composed of variation on a theme, such as “small versus large”, or “A”, “T”,
“C” or “G”; or they may represent logical complements, such as “present/absent”.
Different types of data are used in systematic studies, such as molecular markers,
anatomical, developmental and behavioural traits, endo- or exo-skeleton
structure/composition (e.g. shell microstructure), and even more methods and
algorithms are used to analyse each type (e.g. Maslin 1952, Camin & Sokal 1965,
Fitch 1971, Farris 1970, 1977, O’Grady & Deets 1987, Swofford & Olsen 1990,
Mickevich & Lipscomb 1991, Lipscomb 1992, Felsenstein 2004). Systematics
requires a multidisciplinary approach, using different types of characters to try to
uncover the “true phylogeny”. Molecular phylogenetics is the analysis of hereditary
molecular differences, mainly in DNA sequences, to gain information on an
organism's evolutionary relationships. Molecular phylogenetics is one aspect of
molecular systematics, a broader term that also includes taxonomy and biogeography

(see Suarez-Diaz & Anaya-Muioz 2008 for a full discussion).
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1.3.2  Phylogeography

Although Avise (1987) was the first to introduce the concept of
phylogeography, this field of study was already in existence but with a different
title. For example, historical biogeography focused on historical, geological, climatic
and ecological conditions that influenced the current geographic distribution of
species. During the 1970s, the introduction of plate tectonic theory (DeQuiroz 2005
and references therein) resulted in the concept of vicariance biogeography. Under
vicariance interpretations, related populations or taxa become separated when the
more-or-less continuous ranges of ancestral forms are disrupted by environmental
events (Nelson & Rosen 1981). I previously explained that phylogenetics investigates
relatedness among species. Phylogeography combines biogeography and
phylogenetics, and uses contemporary adult populations to determine the patterns and
processes behind speciation and population connectivity that shape the spatial
distribution of organismal traits (Avise 2001, 2004).

Phylogeographic structuring can be the result of both present and past
geographic discontinuities linked with limited or inexistent gene flow as explained
above. For example, genetic structuring that occurred during the Pleistocene
glaciations is still visible today. During those events, the sea level dropped, isolating
marine populations and creating genetic structuring. Today, even if there is no
identifiable physical barrier remaining, the genetic structuring is still visible because
the Holocene ocean currents failed to obliterate it (Barber ef al. 2000). Population size
tends to vary throughout time and displays a sinusoidal pattern according to its past
demographic history, influencing its genetic composition. Climatic variation or
disease will challenge the physical or biotic environment, and can lead species toward
a bottleneck event by dramatically reducing the number of reproductively mature
individuals involved in the genetic variation of that species and, by definition,
reducing the effective population size, Ne (Harding, 1996, Jesus et al. 2006). With a
reduction in the effective population size, the coalescence time tends to indicate
species had separated earlier than they actually did. Population size will also vary
when new ecological opportunities arise and/or during the recovery from a population

bottleneck, with an exponential population growth leading to a star phylogeny (many
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genealogical lineages tracing back to a restricted span of time near the initial

population expansion) (Galtier ez al. 2000, Shriner et al. 2003, Jesus et al. 2006).

1.4 The NZ offshore islands: remote oceanic archipelagos

1.4.1 Oceanic islands

Because of their isolation and natural resources, islands have an important
position in conservation programmes all over the world. Remote island biotas differ
from those of continents in a number of ways, being generally species-poor and
peculiar in taxonomic composition, yet rich in species found nowhere else (Whittaker
& Fernandez-Palacios 2007). Isolation is defined in terms of the dispersal potential of
the organism under consideration (Gaines et al. 2007). Islands, especially
archipelagos, can disrupt and complicate the flow of currents around them, creating
barriers to connectivity with other populations (Johnson & Black 2006; Bell 2008).

Sometimes, ecological connections may be extended to isolated places by
extreme dispersal events in which unusually high numbers of larvae are exported to a
distant location (Cowen et al. 2006). Those events occur infrequently, but if larvae
settle successfully, then the newly established population will have to maintain itself
through self-recruitment. This process is important in the creation of new species. A
newly settled population will slowly diverge from the founder population and become
genetically differentiated until becoming a new species, often endemic to the isolated
area it settled in. This phenomenon explains why island ecosystems often include
endemic species. The sustainability of those endemic species, without any future
genetic input from the source population, depends on the survival of settled larvae to
adulthood, and the production by these adults of larvae that ultimately self-recruit

(Gaines et al. 2007).

1.4.2 NZ offshore islands and their level of connectivity

In New Zealand, two groups of oceanic offshore islands are administered by
the Department of Conservation: the Subantarctic islands and the Kermadec islands.

In the Southern Ocean, the NZ Subantarctic islands group is composed of five island
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groups: the Bounty Islands, the Antipodes Islands, the Snares Islands, the Auckland
Islands and Campbell Island. They are the surface-breaking tips of the Campbell and
Bounty Plateau and the Chatham Rise (Adams 1981, Michaux & Leschen 2005) and
are remote from all major landmasses. These two regions are part of the now nearly
submerged Zealandia Continent (also known as Tasmantis), derived from the break-
up of Gondwana 80 Ma (Lewis et al. 2007). Latitudinally, the islands range from the
‘roaring forties’ to the ‘furious fifties’. New Zealand’s subantarctic islands are
deemed to be of special value: in 1998 they were classified as World Heritage Areas
by the United Nations and described as “the most diverse and extensive of all the
subantarctic archipelagos” by the United Environmental Program (IUCN/WCPA,
2008). The islands themselves have the highest level of protection in New Zealand
(National Nature Reserves) to ensure safe breeding grounds for the different species
and to protect their diverse ecological community. Marine protection around NZ’s
subantarctic islands is represented by a single marine reserve/marine mammal
sanctuary 12 nautical miles around Auckland/Motu Maha islands, and commercial
fishing restrictions and legal protection to various marine animals in New Zealand
waters.

The most remarkable feature of the Pacific Ocean floor in the vicinity of New
Zealand is the long, narrow, and very deep Kermadec Trench that runs north-easterly
towards Tonga in the general direction of the main mountain axis of the North Island.
The Kermadec islands lie within 29° to 31.5° south latitude and 178° to 179° west
longitude, 800—1,000 km (500—620 miles) northeast of New Zealand's North Island,
and a similar distance southwest of Tonga. The 11 islands comprising the Kermadec
archipelago have a volcanic origin, and are approximately 0.6 to 1.4 M yr old
(Gabites Appendix 2 in Lloyd & Nathan 1981). They are divided into three groups:
the northern group (29° 15° S, 177° 55 W) with Raoul Island and its outlying islets,
the middle group (30° 14’ S, 178° 25 W) comprising the Curtis and Macauley
Islands, and the southern group (31° 21° S, 178°48°W) with L’Esperance Rock. The
Kermadec marine biota is recognized as unique and species-rich, its marine
environment providing important links between the temperate waters of mainland
New Zealand and tropical waters. The islands have been protected by the Department

of Conservation (DOC) since 1990 through the designation of the Kermadec Islands
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Marine Reserve (KIMR). It is NZ’s largest marine reserve and the protection zone
covers 745,000 hectares (7450 km?).

As for many remote habitats, marine biological studies of the subantarctic
islands or the Kermadec Islands have been scarce, and are challenging in terms of
logistics. Research expeditions need to be planned sometimes years in advance, and
the success of sampling a population depends greatly on the weather conditions.
These facts explain why very little is known of the biodiversity, and genetic
connectivity of the Kermadec and the subantarctic islands. Most importantly, the
presence of potential genetic breaks and/or barriers to gene flow has not been
investigated among those islands, and between the two groups and mainland. Much

remains to be learned from these islands.

1.5 PhD outline

This PhD is presented as a collection of individual chapters (published articles
or manuscripts submitted or to be submitted for publication), independent from each
other. As such, the chapters may contain some degree of overlap in terms of common
background material. This PhD focuses on the genetic diversity, population
structuring, and levels of connectivity existing among gastropod populations from the
New Zealand (NZ) subantarctic islands and the Kermadec islands, and is thus divided

into two parts.

The first part of this PhD contains Chapters II, III and IV and focuses on the
genetic structuring and levels of connectivity of the NZ subantarctic islands, using the
Cellana strigilis complex as a model group. A previous genetic investigation revealed
that the complex was actually made of two geographically and genetically isolated
lineages, among which no genetic structuring was detected.

Objectives of this section include:

- To confirm the presence of two (or more) distinct lineages within the C.
strigilis complex, and the need for taxonomic reconsideration of this complex.
- To investigate the levels of genetic structuring, connectivity and self-

recruitment among the islands, using appropriate molecular markers.
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- To analyse shell morphometric characteristics of the Cellana species to test for

congruence between morphometry and phylogenetics.

The second part of this PhD thesis includes chapters V and VI, and aims to
quantify levels of gene flow within the Kermadec Islands, and to test for possible
connectivity between New Zealand North Island and the Kermadec Islands. To do so,
I used Nerita melanotragus as a model species, because this intertidal gastropod is
present both in the Kermadec islands and in the NZ North Island.

Objectives for this section include:

- To develop, test and optimize specific microsatellite markers for N.
melanotragus.
- To assess levels of connectivity within the Kermadec islands, and between the

Kermadec islands and NZ North island.
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CHAPTER 11

CONNECTIVITY, SMALL ISLANDS AND LARGE DISTANCES:
THE CELLANA STRIGILIS LIMPET COMPLEX IN THE
SOUTHERN OCEAN

Abstract:

The Southern Ocean contains some of the most isolated islands on Earth and
fundamental questions remain regarding their colonisation and the connectivity of
their coastal biotas. Here I conduct a genetic investigation of the Cellana strigilis
(limpet) complex that was originally classified based on morphological characters
into six subspecies, five of which are endemic to the New Zealand (NZ) subantarctic
and Chatham islands (44° to 52° S). Previous genetic analyses of C. strigilis from six
of the seven island groups revealed two lineages with little or no within-lineage
variation. | analysed C. strigilis samples from all seven island groups using two
mitochondrial (COI and 16S), one nuclear (ATP synthetase §) and 58 loci from 4
randomly amplified polymorphic DNA markers (RAPDs), and confirmed the
existence of two distinct lineages. The pronounced genetic structuring within each
lineage and the presence of private haplotypes in individual islands are the result of
little genetic connectivity and therefore very high self-recruitment. This study
supports the significance of the subantarctic islands as refugia during the Last Glacial
Maximum and adds to the knowledge of contemporary population connectivity
among coastal populations of remote islands in large oceans, and the distance barrier

to gene flow that exists in the sea (despite its continuous medium) for most taxa.
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2.1 Introduction

The Southern Ocean is an uninterrupted body of water surrounding Antarctica,
where many small and highly isolated islands occur. The origin of the biota of these
islands has been of long-standing interest to biogeographers. Different hypotheses
have been proposed to explain the distributions of species across the Southern Ocean;
the two most important are long-distance dispersal and vicariance (Fell 1962;
McDowall 1978; Pole 1994; Garbary 1987; Waters & Roy 2004, Waters 2008). Long-
distance dispersal is the result of the strong westerly winds and the resulting West
Wind Drift (WWD) flowing from west to east around Antarctica. It is the dominant
circulation feature of the Southern Ocean and with an estimated flow of 125
Sverdrups (125 x 10° m’ s™) is one of the ocean’s strongest currents (Klinck &
Nowland 2001). This current has long been described as a potential means for
“stepping-stone” dispersal and therefore may explain the homogeneous distribution
and genetic characteristics of many taxa in the Southern Ocean (Fell 1962; McDowall
1970; Fevolden & Schneppenheim 1989; Hunter & Halanych 2008; Macaya Horta &
Zuccarello 2010). This WWD-mediated dispersal may also explain the progressive
decline in downstream species richness (McDowall 1978; Pole 1994). However, long-
distance dispersal as the sole explanation for biogeographic differences was soon
challenged by plate tectonic theory, which revealed that the Southern Hemisphere
landmasses have historically been connected, forming a single supercontinent called
Gondwana. While species differentiated among the different continents by vicariant
events (break up of Gondwana into multiple landmasses), the taxonomic composition
of these continents remained similar reflecting their gondwanan ancestry (Rosen
1978; Knox 1980; Garbary 1987; Nelson & Latiges 2001; Lee et al. 2001; Heads
2005).

Recent studies have demonstrated that many related taxa in the southern
hemisphere diverged long after the break-up of Gondwana, indicating that long-
distance dispersal is an important contributor to biogeographic patterns (O’Loughlin
& Waters 2004; Waters & Roy 2004; Waters 2008). This contribution is particularly
evident when working with isolated oceanic islands, some of which have recent
volcanic origins and have never been physically connected to other land masses. The

presence on such islands of both endemic and non-endemic terrestrial and marine taxa
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provides evidence that long distance dispersal must have taken place over a relatively
recent geological timescale. Such a finding has implications for our understanding of
the origin of isolated coastal marine island faunas all over the world. In addition, it
contributes to the ongoing debate regarding the importance of scale in connectivity
among coastal marine populations, ranging from self-recruitment to long distance
dispersal (Hellberg et al. 2002; Cowen et al. 2006; Wood & Gardner 2007; Bradbury
et al. 2008).

In the Southern Ocean, 22 island groups are scattered across the subantarctic
region. Located between 44 and 52° S, the New Zealand (NZ) subantarctic islands
(Snares, Campbell, Auckland, Antipodes and Bounty islands) and Chatham Islands
are the surface-breaking tips of the Campbell and Bounty Plateau and the Chatham
Rise, respectively (Adams 1981; Michaux & Leschen 2005) and are remote from all
major land masses (Fig.2.1). These two regions are part of the now nearly submerged
Zealandia Continent (also known as Tasmantis), derived from the break-up of
Gondwana 80 Ma (Lewis et al. 2007). The Snares and Bounty islands are composed
of metamorphic rocks and coarse basement granite and are thought to have been
formed early in the Jurassic period (180 Ma; Wasserburg et al. 1963; Denison &
Coombs 1977), whereas the other islands have a post-Oligocene volcanic origin
(Michaux & Leschen 2005). The Antipodes Islands are the youngest of the
subantarctic islands and are the remains of a Pleistocene volcano, with some regions
being less than 1 million years old. The volcanic formation dates of the other islands
are estimated at 12-25 Ma for the Auckland Islands, 6-8 Ma for Campbell Island and
2.6-5 Ma for the Chatham Islands (Adams 1981; Michaux & Leschen 2005). As such,
these island groups represent a model system to test hypotheses about colonisation of
remote locations (dispersal versus vicariance), speciation, genetic structuring of small
populations, and historical/contemporary connectivity of coastal biotas among distant
islands.

Because of the isolation of remote islands, it is often the case that very little is
known about the genetic structuring and connectivity of their marine coastal taxa.
Exceptions to this include the kelp study of Fraser ef al. (2009) and the study of
Goldstien ef al. (2009) that examined the Cellana strigilis limpet subspecies complex
from islands in the Southern Ocean. Cellana (Mollusca: Gastropoda) is an ancient

taxonomic unit of ecologically important intertidal sedentary grazers within the
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Patellogastropoda. They have an actaeplanic larval stage that spends 3 to 10 days in
the water column, although some species can delay settlement for at least 18 days
after fertilization (Corpuz 1983; Bird ef al. 2007). These limpets are broadly
distributed in Asia, Indonesia, India, Australia and Africa, as well as remote Indo-
Pacific and subantarctic islands. Goldstien ef al. (2009) investigated the phylogenetics
and phylogeography of the C. strigilis subspecies at six of the seven subantarctic
islands and reported two genetically distinct lineages separating the northeast island
group (Antipodes, Bounty, Chathams) and southwest island group (Auckland,
Campbell, Stewart) with little or no genetic variation within them (they did not
analyse samples from Snares Island). The conjointly published study of Chiswell
(2009) employed satellite-derived ocean circulation data to simulate larval dispersal
trajectories and estimate dispersal times among the islands. The model indicated that
the dispersal time between pairs of islands ranges from 4 days to more than 100 days,
with some island pairwise combinations showing no likely exchange of larvae. For C.
strigilis, the likelihood of genetic homogeneity arising due to larval dispersal among
islands is therefore very low. Consequently, Goldstien et al. (2009) concluded that the
islands had experienced recent colonisation, rather than ongoing gene flow, to explain
the genetic homogeneity of limpets among islands within lineages. Bottleneck events
were also proposed by the authors to account for the complete lack of variation within
each linecage. However, the three mitochondrial DNA gene markers (cytochrome b,
12S and 16S) used by Goldstien et al. (2009) for their phylogenetic and
phylogeographic study are unlikely to be highly informative for the study of
population genetics and connectivity of recently diverged species (Avise 2000). Given
the possibility of genetic divergence among at least some of the island populations,
connectivity estimations and identification of putative migrants may be better
addressed by the use of highly variable markers.

The present study uses mitochondrial and nuclear DNA sequence data plus
highly wvariable randomly amplified polymorphic DNA (RAPD) markers to
characterize genetic variation in populations of all seven subantarctic island locations
of Cellana strigilis. With the ultimate purpose of increasing our understanding of the
mode and timing of colonisation, and the population genetic structure of coastal
marine taxa of remote islands, this study has three main aims: (1) to test for the

presence of two or more lineages within the Cellana strigilis complex and estimate
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their time of divergence, (2) to test for within-lineage genetic variation and historical
demographic changes in population size (such as expansions or bottlenecks), and (3)
to test for contemporary connectivity among island populations and identify putative

genetic migrants.

2.2  Material and methods

2.2.1 Study area and sample collection

The NZ subantarctic islands, Stewart Island and the Chatham Islands are
located in the Southern Ocean and are influenced by several major oceanographic
features (Fig.2.1). A total of 166 individuals from the Cellana strigilis complex was
sampled from Stewart Island, the Chatham Islands and the five subantarctic islands
(Table 2.1) between 2003 and 2008. Individuals of C. flava, C. radians, C.
denticulata and C. ornata were included as outgroups for the phylogenetic analysis
(Table 2.1).

2.2.2 DNA extraction

Total DNA was extracted from ~2 to 4 mm® of foot tissue from each limpet
using the DNeasy tissue extraction kit (Qiagen) following the manufacturer’s
instructions. DNA concentration was estimated by running each sample against a
High DNA Mass ladder (Invitrogen) on an ethidium bromide-stained 1% agarose gel.
DNA was stored at -20°C.

2.2.3 Mitochondrial and nuclear DNA sequence analysis

Partial fragments of COI and 16S mitochondrial DNA (mtDNA), as well as
ATP synthetase f§ subunit (ATPase ) nuclear DNA (nDNA) were obtained using
Cellana-specific COI primers (Christopher Bird, University of Hawaii), 16S universal
primers (Palumbi ef al. 1991) and ATPase [ primers (Jarman et al. 2002) (Table 2.2).
Polymerase Chain Reaction (PCR) amplifications were conducted using a 25 uL
volume reaction mixture composed of 10 mM Tris-HCI, 50 mM KCl, 1.5 mM MgCl,

(Standard Tag Reaction buffer from NEB), 0.1 mM of each dNTP, 0.2 uM of both
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forward and reverse primers, 1 unit 7ag DNA polymerase (from NEB) and ~15 ng of
template DNA (refer to Table 2.2 for PCR cycles). All amplifications were carried out
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Figure 2.1.
Sampling sites and schematic surface circulation in the New Zealand region. The Subtropical

Front (STF) and the Sub- Antarctic Front (SAF) are shown in light grey (modified from Chiswell
2009).

using an Applied Biosystems GeneAmp 2700 Thermocycler. PCR products were
purified using either the EXOSAP-IT™ PCR Clean-up method or the Roche High
Pure PCR Product Purification kit, following manufacturer’s directions. Purified
products were sequenced on an ABI3730 DNA Analyser (Allan Wilson Centre

Genome Service, Palmerston North, NZ).

2.2.4  Randomly Amplified Polymorphic DNA (RAPD) assay

The RAPD technique employs a single decamer primer with an arbitrary
sequence to generate genome-specific fingerprints of multiple amplification products.

RAPD analysis permits a study of genetic differences at a finer scale than that often
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obtained using nuclear and mitochondrial DNA sequencing and it allows for the study

of the whole genome rather than only a restricted part. RAPD markers have been in

Table 2.1.

Sample set description indicating the collection location, the number of individuals used for

analyses

. . N
Species Location N RAPD .
Sequencing

Cellana strigilis subspecies
Cellana strigilis strigilis Auckland Island, Ranui Cove 54 21
Cellana strigilis strigilis Campbell Island, Perseverance Harbour 23 21
Cellana strigilis bollonsi Antipodes Islands, Jerry’s Cove 24 23
Cellana strigilis flemingi Snares Islands, Ho Ho Bay 22 22
Cellana strigilis oliveri Bounty Islands, Proclamation Island 20 18
Cellana strigilis chathamensis Chatham Island, Kaingaroa Harbour 18 18
Cellana strigilis redimiculum Stewart Island, Halfmoon Bay 5 5
Outgroup species
Cellana ornata Stewart Island, Halfmoon Bay 0 1
Cellana flava South Island, Kaikoura 0 2
Cellana radians North Island, Wellington 0 2
Cellana denticulata South Island, Kaikoura 0 5

RAPD, randomly amplified polymorphic DNA.

use for ~20 years and are widely applied in studies of population genetics,
hybridisation, genome mapping, species identifications and phylogenetics of bacteria,
plants and animals (Jones et al. 2008; Peredo et al. 2009; Samantaray et al. 2010;
Blair et al. 2011; Dlusskaya et al. 2011; Matoba et al. 2001). Concerns about the
dominant nature of this marker type, its reproducibility and its interpretation (e.g.,
number of loci represented by bands scored) have been raised, but these may be
addressed by rigorous data quality control with independent and replicate band
scoring, as well as new software (see later sections) which helps with interpretation of
bands.

The protocol followed in this study has been used successfully on mussels
(Apte et al. 2003; Star et al. 2003) and limpets (Wood and Gardner 2007). In total, 59
RAPD primers (Operon Technologies, Inc) from the primer kits C, E, G and I were
tested on three individuals of each island. I selected four primers based on their
capacity to generate a large number of reproducible and unambiguously scorable

bands in all populations. These primers were (5’ to 3”): OPC-20 (ACTTCGCCACQC),
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OPE-15 (ACGCACAACC), OPG-16 (AGCGTCCTCC) and  OPI-07
(CAGCGACAAQG).

Only strong and easily scorable bands were used, and reproducibility was
confirmed by amplifying three individuals from each population a second time and
comparing amplification products. The 25 uL PCR reaction mix was composed of 10
mM Tris-HCI, 50 mM KCI, 1.5 mM MgCl, (Standard Taq reaction Buffer from
NEB), 0.2 mM of each dNTP, 0.2 uM of a single decamer primer, 1 unit 7ag DNA
polymerase (from NEB) and ~10 ng of template DNA. All amplifications were
carried out using an Applied Biosystems GeneAmp 2700 Thermocycler, over 40
cycles: 4 initial cycles of 3 min at 94°C, 3 min at 36°C and 3 min at 72°C, followed
by 36 cycles of 30 sec at 94°C, 1 min at 36°C, and 2 min at 72°C. Electrophoresis of
the PCR products was performed on a 2% agarose gel stained with ethidium bromide
and visualized using UV illumination. Gels were photographed using a Kodak gel
logic system. All gel images were inverted and contrast increased using Microsoft
Photo Editor. Each image was laser printed and all bands (375 - 2750 bp) were scored
under blind test conditions for their presence or absence on two separate occasions by
the same researcher (Céline Reisser). When scoring for the second time, 5 of 2656
bands belonging to two different loci were not scored consistently. Those two loci
were removed from the analysis, leaving 58 loci with 2534 bands, all of which were

scored consistently between the first and second scoring events.

2.2.5 Phylogenetic analysis

A concatenated fragment of 852 bp (427 bp of mtDNA 16S and 425 bp of
mtDNA COI) was analysed. ATPase 3 was not included in the phylogeny because of
the lack of data availability regarding the outgroup species. Sequences for the Cellana
strigilis complex individuals and for all other species were aligned in Geneious v4.8.5
(Drummond et al. 2009). Cellana ornata was defined as the outgroup based on a
previous phylogenetic analysis (Goldstien ez al. 2006; Nakano & Osawa 2007). The
presence of stop codons for COI was also investigated by Geneious by translating
each sequence into the corresponding amino acids. Modeltest v1.2 (Posada &
Crandall 1998) was used to infer the most appropriate substitution model for each

marker using the Akaike Information Criterion (AIC).
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Table 2.2.
Primer list and Polymerase Chain Reaction details for COI, 16S and ATPase f3.

Primers PCR Cycle
Initialization Denaturation Final
Annealing Elongation
Elongation
COlcel F1
5’ TAGGGGTTTGATCRGGRYTR 3’ 2 min 36x | 20 sec at 94°C 7min
COlIcel R1 94°C 20 sec at 49°C 72°C
5" AATTTATACYTCHGGRTGRCC 3’ 30 sec at 72°C
16S a:
5" CGCCTGTTTATCAAAAACAT 3’ 3 min 40x | 30 sec at 94°C 10min
16S b: 94°C 30 sec at 48°C 72°C
5’CTCCGGTTTGAACTCAGATC 3’ 90 sec at 72°C
ATPase p F1
5" CGTGAGGGHAAYGATTTHTACCATGAGATGAT 3’ 2 min 35x | 20 sec at 94°C 6min
ATPase § rl: 94°C 1 min at 54°C 72°C
5’ TACTTGCTTGGNGGDCCRCGGGCACGGGC 3’ 1 min at 72°C
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Analysis of transitions versus tranversions in DAMBE revealed no
substitution saturation and thus no need to partition the data according to the codon
position. Bayesian analysis was conducted in MrBayes 3.1.2 (Huelsenbeck &
Ronquist 2001) under the HKY+I substitution model for COI and the GTR+I model
for 16S. Two replicate analyses of four simultaneous chains (1 cold) were run for
5,000,000 generations, sampling trees every 100 generations. Convergence and
mixing were assessed using plots of log-likelihood values against generation and the
average standard deviation of split frequencies: the first 5000 trees were discarded as
burn-in. Trees sampled from the stationary phase of each replicate analysis were
pooled to construct a single 50% majority rule consensus tree with Bayesian posterior
probabilities. Maximum parsimony (MP) analysis was conducted in TNT (Goloboff et
al. 2008) on the concatenated data set using symmetric resampling of 100 replicates.
Maximum likelihood (ML) analysis was carried out in GARLI (Zwickl 2006) on the
concatenated data set with the same substitution models as described above for
MrBayes. For ML, a bootstrap analysis using 100 repetitions of 10 different runs was
employed to determine branch support, and a bootstrap consensus tree was generated
using the majority rule extended consensus type implemented in the CONSENSE
package in PHYLIP 3.69 (Felsenstein 2005).

Bayesian estimation of divergence times was implemented in BEAST v1.5.4
(Drummond & Rambaut 2007) using an uncorrelated lognormal relaxed clock. A
larger dataset of 16S, 12S and COI sequences from a wider range of
Patellogastropoda taxa was used for this analysis (A.R. Wood & J.P.A. Gardner,
unpublished data, paper in prep.). For this larger dataset, COI 3 codon positions
were excluded from the analysis due to substitution saturation. Prior distributions
were defined for 2 fossil-based calibration points. The divergence of Nacella and
Cellana was set to a minimum of 38 Ma (lognormal distribution, offset = 38, mean =
1.0, SD = 1.0), based on the earliest known Cellana fossil (Lindberg & Hickman
1986). The divergence of Eoacmaea from other Patellogastropoda was set to a
minimum of 100 Ma (lognormal distribution, offset =100, mean = 1.5, SD = 1.0),
based on the earliest known Eoacmaea fossil (Akpan et al. 1982). Four analyses were
run for 10 million generations each, with a sample frequency of 1000. After

discarding the burn in of the first 1 million generations for each analysis, the
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remaining 36,004,000 states (36,004 trees) were combined to obtain divergence time

estimates. Effective sample sizes (ESS values) were all greater than 400.

2.2.6 Phylogeographic analysis

Mitochondrial and nuclear DNA haplotype networks were constructed with
TCS (Clement et al. 2000) using a concatenated mtDNA fragment of 851 bp (425 bp
of COI, 426 bp of 16S) and a separate ATPase B nDNA fragment of 338 bp. AMOVA
analysis was performed in Arlequin V3.2 (Excoffier et al. 2005) for the nuclear and
mitochondrial fragments separately. Nei’s nucleotide diversity (m), the mean number
of nucleotide differences between groups and the number of shared mutations
between groups was calculated in DNAsp v5.0 (Librado & Rozas 2009).

Historical population expansion was tested using Fu’s neutrality test with the
concatenated 16S-COI fragment, calculated R2 (Ramos-Onsins and Rozas 2002) with
DNAsp v5.0 and tested the significance of these statistics with 10,000 simulated
samples. Additionally, a mismatch analysis was carried out (Rogers & Harpending
1992) in Arlequin. Harpending’s Raggedness Index (r; Harpending 1994) was
calculated to evaluate any deviation from the sudden expansion model and the
significance of r was tested with 10,000 bootstrap replicates. Intra-lineage
coalescence time (i.e., time since the start of population expansion) was estimated
with the formula t = t/2u, where t is the number of years since a population
expansion, T a demographic parameter obtained with Arlequin, and p is the mutation
rate per locus per year. Confidence intervals for estimates of T were obtained using
10,000 bootstrap replicates in Arlequin. I obtained p from the BEAST analysis carried
out on the larger Patellogastropod dataset. The 95% Higher Posterior Density (HPD)

values were used to estimate the time since population expansion.

2.2.7 Population genetics analysis

Each RAPD band was treated as an individual locus with two alleles (present
or absent). Allele frequencies were estimated using the software AFLPSurvl.0
(Vekemans 2002a, 2002b) employing the Bayesian method of Zhivotovsky (1999)
with a non-uniform prior distribution, under the assumption that bands of the same
size were the same allele and that each RAPD locus is in Hardy Weinberg

59



CHAPTER II - CONNECTIVITY OF THE CELLANA STRIGILIS COMPLEX

Equilibrium (HWE). The Zhivotovsky method permits computation of the frequency
of each null allele (one absent band per observed band) from the sample size and the
number of individuals in the sample that lack the band. Allelic frequencies were
calculated assuming HWE.

Analysis of Molecular Variance (AMOVA) was carried out using GenAlEx v6
(Peakall & Smouse 2006) by calculating an Fst analogue, PhiPT, which represents the
proportion of variance among populations relative to total variance; this analogue is
particularly suitable for the analysis of binary data (Peakall & Smouse 20006).
Ordination (Principal Component Analysis (PCA) - SPSS v17) was employed to
explore the relationships (i.e., groupings) among all individuals based on the variation
in the RAPD data set. Assignment tests were employed to determine what percentage
of each population could be assigned correctly to their population of origin (=
observed classification) based on RAPD variation, using the Doh assignment test

calculator (http://www.biology.ualberta.ca/jbrzusto/Doh.php).

2.3 Results

2.3.1 Phylogenetic analysis

Bayesian analysis of 16S and COI sequence data divided the Cellana strigilis
complex into two lineages with a high support (Fig.2.2). One lineage has a posterior
probability of 0.90 and is composed of the southwestern islands (Stewart, Snares,
Auckland and Campbell islands), whereas the other lineage which has a posterior
probability of 0.96 includes the northeastern islands (Antipodes, Bounty and Chatham
islands). The grouping of the southwest lineage with Cellana denticulata was also
well supported with a posterior probability of 0.99. The BEAST analysis showed a
mean rate of 0.00498 mutations per site per million years (95% HPD: 0.00392 -
0.0612). The 95% confidence divergence time of the two C. strigilis lineages was
estimated to be 1.85 to 7.06 Ma (mean = 4.19 Ma). The MP and ML analyses were

consistent with the Bayesian analyses (Fig.2.2 — refer to support values at nodes).
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Figure 2.2.
Phylogram derived from Bayesian analysis in MrBayes of combined COI and 16S DNA

sequences. Values at nodes represent posterior probabilitiesimaximum parsimony
support/maximum likelihood support. The scale bar represents the branch length as a measure of
substitution per site.
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Figure 2.3.
Haplotype network from the concatenated 16S-COI fragment (a) and ATPase b fragment (b),

created by TCS v1.21. NE, northeast group; SW, southwest group.
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Figure 2.4.
Map of haplotype spatial distribution for (a) the 16S - COI fragment and (b) the ATPase b

fragment. NE, northeast group; SW, southwest group.

2.3.2  Phylogeographic analysis

The concatenated 16S and COI network showed a total of 13 haplotypes, with
5 haplotypes shared by at least two islands and the remaining 8 haplotypes unique to a
given island (Fig.2.3a). The haplotype network was split into two main groups,
separated by 23 mutation steps. The first group corresponded to the southwest lineage
with 9 different haplotypes (6 private), while the second group corresponded to the
northeast lineage, with a total of 4 haplotypes (2 private). Overall nucleotide diversity
was low (m = 0.014) and no mutation was shared between the two lineages. In the
ATPase B network (Fig.2.3b), 14 haplotypes were found, 8 of which were private to
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the island they belong to (1 in the southwest and 7 in the northeast). The two lineages
segregated clearly, with 3 and 11 haplotypes for the southwest and northeast lineages
respectively (Fig.2.4a and b). The overall nucleotide diversity was low (m = 0.00855)
and no mutation was shared between the two lineages. The northeast lineage did not
exhibit signs of historical population expansion, whereas population expansion was
evident for the southwest lineage (R2 = 0.088; Fs = -29.43 with p<0.001; Table 2.3).
The non-significant Harpending’s Raggedness Index value supported these results
(r=0.043; p=0.826). Intra-lineage coalescence time was calculated with the 90%
confidence range of T (here 0.230 < 1 < 2.570; Table 2.3) and was estimated to have
occurred between 10,544 and 183,954 years ago depending on the assumed mutation

rate (Table 2.3).

Table 2.3.
Mismatch analysis results, with Fu’s Fs statisticc Ramos-Onsins and Rozas’ statistic,
Harpending’s Raggedness Index (r), values of s estimated from a sudden expansion model with
90% credibility intervals in brackets, and the estimated starting time of the population expansion
in years for the range of mutation rates defined previously. Boldface indicates population
expansion.

Lineage Fs R2 r T Time of expansion (years)
p=0.00392 pn=0.00498 n=0.00612
Northeast | 0.135  0.267 0.289 0.828 - - -
(0.063-1.748)
Southwest | -27.752  0.088 0.043 1.383 16,462 12,958 10,544
(0.230-2.570) 183,954 144,799 117,826

2.3.3 Population genetics analysis

In total, 58 loci were scored for 166 individuals (Table 2.4) and the number of
RAPD bands scored for each primer ranged from 11 to 18. Four multilocus genotypes
were private to Antipodes, three to Stewart, one to Snares and one to Bounty. Eight
and nine multilocus genotypes were private to the northeast and southwest lineages,

respectively (Table 2.4). For the southwest lineage, AMOVA revealed that 54% of the
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variation of the RAPD data set was attributable to differences within each island and

46% among islands. For the northeast lineage, AMOVA showed that 62% of the

Table 2.4.

RAPD fragment frequencies per locus per population: bold fragments are *private to one island;
**private to the northeast lineage; ***private to the southwest lineage. The mean number of
number of polymorphic loci for each population

Southwest Northeast

Stewart Auckland Campbell Snares Antipodes Bounty Chathams

N=5 N=>54 N=23 N=22 N=24 N=20 N=18
Overall
Locus freq freq_frag freq_frag
OPC_20 750 0.596 - 0.907 1.000 0.727 - - 0.611
833 0.169 - 0.296 - - 0.500 - -
1000 0.560 0.400 0.648 0.565 0.364 0.375 0.650 0.722
1125 0.277 - 0.389 - 0.545 - - 0.722
1167 0.434 0.800 0.759 0.565 - - 0.700 -
1250 0.301 - - 0.783 0.545 0.833 - -
1375 0.488 - 0.852 - 0.864 - 0.450 0.389
1417 0.223 - - 1.000 - 0.583 - -
1500 0.181 0.400 - - 0.500 0.333 0.450 -
1675* 0.054 - - - - 0.375 - -
1750%** 0.223 - - - - 0.750 0.500 0.500
2250** 0.554 1.000 0.907 1.000 0.682 - - -
2500%** 0.241 - - - - 1.000 0.800 -
OPE_15 375%* 0.054 - 0.056 0.261 - - - -
625 0.560 1.000 0.852 0.826 0.455 - 0.650 -
750 0.620 0.600 1.000 1.000 1.000 - 0.050 -
1000 0.970 0.800 1.000 1.000 1.000 0.875 0.950 1.000
1167 0.042 0.200 - - - 0.083 0.200 -
1250 0.205 - - - 0.045 0.583 0.750 0.222
1375%* 0.488 1.000 1.000 0.957 - - - -
1417 0.175 - - - 0.682 - - 0.778
1500** 0.428 0.800 0.741 0.565 0.636 - - -
1750* 0.012 0.400 - - - - - -
2250** 0.133 - 0.204 0.478 - - - -
OPI_07 383%** 0.024 - - - - 0.083 - 0.111
440 0.795 0.800 0.981 1.000 0.955 0.375 0.500 0.667
470* 0.036 - - - - 0.250 - -
500*** 0.096 - - - - 0.042 0.550 0.222
583 0.084 - - - 0.182 0.083 0.350 0.056
625 0.090 - 0.130 - 0.273 0.083 - -
667 0.741 - 0.759 0.391 0.864 0.875 0.900 0.833
690* 0.006 0.200 - - - - - -
750*** 0.084 - - - - 0.208 0.150 0.333
833 0.500 - 0.907 - - 0.875 0.150 0.556
875** 0.542 - 0.944 0.957 0.773 - - -
917 0.133 0.800 - - 0.045 - 0.850 -
1000 0.584 0.200 0.944 0.652 0.909 0.083 0.350 0.056
1125* 0.024 0.800 - - - - - -
1250%** 0.054 - - - - 0.042 - 0.444
1325%** 0.133 - - - - 0.167 0.900 -
1625** 0.090 - 0.093 0.435 - - - -
1750 0.084 0.600 - - 0.455 0.042 - -
OPG_16 440* 0.024 - - - 0.182 - - -
688** 0.367 - 0.667 0.565 0.545 - - -
750 0.024 - - - - 0.083 - 0.111
875 0.133 - - - 0.773 - 0.250 -
938 0.482 0.600 0.722 1.000 - 0.125 0.600 -
1000 0.651 1.000 0.889 0.783 0.273 0.500 0.300 0.722
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Table 2.4 (Continued)

Southwest Northeast

Stewart Auckland Campbell Snares Antipodes Bounty Chathams

N=5 N =54 N=23 N=22 N=24 N =20 N=18
Locus Overall freq freq_frag freq_frag
1083 0.042  0.200 - - - 0.250 - -
1125%* 0139 - - - - 0.333 0.250 0.556
1250 0193 - 0.259 0.348 0.045 0.167 0.150 0.111
1375* 0.018 - - - - - 0.150 -
1500 0.633  1.000 0.981 0.826 - 0.583 0.700 -
1625 0187 - - - 0.091 0.792 0.500 -
1750***  0.084 - - - - - 0.150 0.611
2000* 0048 - - - - 0.333 - -
2250 0.09 - 0.130 0.304 - - 0.100 -
2500* 0.054 - - - - 0.375 - -

Number of polymorphic loci 21 (36.2%)  22.(37.9%) 24 (414%) 28 (39.7%)  25(43.1%) 29 (50%)
Mean number of fragments 13.60 +1.35 18.01 +253 1726 +1.80 14.41 +3.23 13.04 +2.73 14.00 +3.72
per individual

20 (34.5%)
10.33 + 3.00

RAPD, randomly amplified polymorphic DNA.

Table 2.5.

PhiPT estimates (below diagonal) and associated P-values (above diagonal) calculated in
GenAIEx V6.3 (a) for the southwest lineage and (b) for the northeast lineage. Boldface values are

significantly different to zero at the 5% level, based on 999 permutations.

(@
Stewart Isl.  Auckland Isl. Campbell Isl. Snares Isl.
Stewart Isl. - 0.01 0.01 0.01
Auckland Isl. 0.520 - 0.01 0.01
Campbell Isl. 0.493 0.377 - 0.01
Snares Isl. 0.534 0.483 0.504 -
(b)
Antipodes Isl. Bounty Isl. Chatham Isl.
Antipodes Isl. - 0.01 0.01
Bounty Isl. 0.330 - 0.01
Chatham Isl. 0.397 0.420 -
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Figure 2.5.
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Table 2.6.

Assignment test results: Classification matrix — rows are observed classifications, columns are
predicted classifications. Boldface represents correct classification of an individual to its original

population.

Stewart Bounty Chathams

Auckland

Campbell

Snares Antipodes

Stewart
Bounty
Chathams
Auckland
Campbell
Snares

Antipodes

20

18
52

23

22
24
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variation was located within islands and 38% among islands. Pairwise PhiPT
estimates were significant for all islands in both lineages (Table 2.5). Principal
Component Analysis (PCA) of RAPD bands from limpets of the southwest lineage
separated successfully Snares Island and Stewart Island from the rest. However,
Campbell and Auckland island individuals overlapped and thus could not be separated
by the analysis (Fig.2.5). The plot represents 35.13% of the variation in the data set.
For the northeastern lineage, all three islands were separated from each other. The
plot represents 35.72% of the variation in the data set (Fig.2.5). The assignment test
conducted on the RAPD data set showed that each individual was attributed to its
island of origin, with the exception of two individuals collected from the Auckland
Islands that were assigned to Stewart Island and to Campbell Island, respectively

(Table 2.6). Overall classification success rate was 164 of 166 individuals (98.8%).

2.4 Discussion

2.4.1 Phylogenetic relationships and taxonomic status of Cellana strigilis

Based on shell ovality, colour, pattern, number of ribs, radula aspect and apex
position, Powell (1979) described six subspecies of Cellana strigilis from coastal
regions of subantarctic islands of the Southern Ocean. Subsequently Goldstien et al.
(2009) used molecular methods to identify two genetically distinct lineages separating
the northeast island group (Antipodes - C. s. bollonsi, Bounty - C. s. oliveri,
Chathams - C. s. chathamensis) and southwest island group (Auckland and Campbell-
C. s. strigilis, Stewart and the lower part of the South Island of NZ - C. s.
redimiculum) at six of the seven islands.

The partial sequences of the mitochondrial genes COI and 16S as well as the
nuclear gene confirm the existence of the two lineages. The addition of individuals
from Snares Island (C. s. flemingi) completes the sampling of the species complex and
confirms the position of this population within the southwest group, consistent with
its geographical location. The present study also shows strong support for the
grouping of C. denticulata with the southwest lineage of C. strigilis, in contrast to the
proposed weak grouping with the northeast lineage reported by Goldstien et al.
(2009). Despite the disagreement on the positioning of C. denticulate, both studies
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indicate that the C. strigilis complex is not monophyletic and highlights the need to
reconsider the taxonomic status of the C. strigilis complex, which forms a

paraphyletic group, comprised of two different evolutionary lineages.

2.4.2  Phylogeography and colonisation of the New Zealand subantarctic islands

Both nuclear (nDNA) and mitochondrial (mtDNA) haplotype networks show
completely separate northeast and southwest lineages, with no shared haplotypes,
indicating the absence of recent gene flow between them. Whilst the mitochondrial
and nuclear networks have very similar overall haplotype diversities, they show
contrasting patterns of diversity within the two lineages. In the southwest lineage,
haplotype diversity is higher for mtDNA than for nDNA, but vice versa in the
northeast lineage. While further research is required to better understand this
difference, it is possible that the ATPase  or the DNA region where it is located is
under selective pressure, although variation due to sample sizes per island may also
be important. The clear differentiation between the two lineages and the presence of
multiple private haplotypes among islands within each lineage suggests that only one
or a few infrequent colonisation events have occurred for each of the two island
groups (northeast and southwest), and that subsequently each individual island has
been largely or totally isolated (in terms of genetic connectivity) from all other
islands. The low nucleotide diversity of the two lineages indicates a recent
colonisation, as suggested by Goldstien et al. (2009). The fact that some islands, like
Antipodes and Chatham, are younger than 5 million years old also points to a
geologically recent colonisation which most probably post-dates the colonisation of
islands such as Snares and Bounty, which date to 180 Ma.

The respective island ages, the phylogenetic analyses and the surface
hydrography of the Southern Ocean support the hypothesis of a single colonisation
event to the southwest islands and another independent colonisation event to the
northeast island group. Subsequently, radiations or range expansions within each
group (northeast and southwest) coupled with ongoing geographic isolation (both
within and between island groups) and a possible selection (nuclear DNA in the
southwest group) have given rise to the genetically distinct island-specific limpet

taxa. However, it is impossible to know where the founder population was from and if
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it was the same population which founded both island groups, leading to each lineage.
This study illustrates the impact of isolation by distance on population genetic
structure leading ultimately to speciation. Here, limpet populations from each island
have their own allelic composition and history, and should therefore be considered as

different from each other.

2.4.3 Post-glacial demographic expansion

Demographic variation, such as reduction in the number of reproductively
active individuals in a population (e.g., bottlenecks), followed by population
expansion may modify the primary genetic signal left by a colonisation event. Since
the establishment of a permanent ice sheet in the Antarctic approximately 34 Ma
(Tripati et al. 2005), glacial/interglacial episodes have shaped the distributions of
many species across the Southern Ocean. However, little is known about the actual
effect of the last glacial maximum (LGM - about 23,000 years ago) on the Southern
Hemisphere biota, other than the occurrence of species range contractions into ice-
free refugia during glacial maxima, followed by massive population expansions
during the interglacial periods (Rogers 2007; Fraser et al. 2009). For example, a
recent study of the bull kelp, Durvillea antarctica, showed that the coastal biota of
NZ subantarctic islands display a significantly more pronounced genetic structuring
than all other subantarctic islands (Fraser et al. 2009). The authors hypothesised that
the use of the NZ subantarctic islands as an ice-free refugium during the last
glaciation event resulted in a distinct “refuge area genetic signature” (high diversity
across small spatial scales) as opposed to a “recolonised area genetic signature” (low
diversity across large spatial scales).

Evidence of pronounced genetic structuring for the Cellana strigilis complex
among the Southern Ocean islands is consistent with the genetic signal expected from
the sea ice refugium hypothesis (Fraser et al. 2009). Mismatch analysis gives an
indication of population expansion within the southwest lineage of C. strigilis
(Auckland, Campbell, Snares and Stewart islands) with a coalescence time dating
from 10,544 to 183,954 ya. This expansion occurred long after the minimum
estimated divergence time (1.85 Ma) of the two lineages and cannot be attributed to it.

It is thus impossible to assess with certainty the geographic location of the source
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population and colonisation time of the NZ subantarctic islands. However, this
coalescent time of population expansion encompasses the LGM, one of the coldest
glacial peaks of the late Pleistocene. Although sea ice did not reach the NZ
subantarctic islands during the LGM, evidence from deposits on Auckland and
Campbell islands points to extensive land ice coverage of the southwest islands, with
glaciers nearly completely covering the current emergent landmass of the Auckland
Islands and a considerable portion of Campbell Islands (McGlone 2002). The
Chatham, Snares, Bounty and Antipodes islands do not have glacial deposits, which is
consistent with their lower latitude and elevation (McGlone er al. 2000; McGlone
2002). Although intertidal and shallow subtidal species such as C. strigilis strigilis
and D. antarctica were able to survive on the Auckland and Campbell islands, their
effective population sizes may have been reduced as they experienced habitat loss
and/or increased physiological stress. The final retreat of the land ice would have
permitted new colonisation of the intertidal and shallow subtidal regions and an
increase in population size, leading to the present observation of shared haplotypes.
The estimated time range for population expansion in the southwest lineage
encompasses the successive glaciation events of the late Pleistocene (126,000 to
10,000 years ago) and is thus congruent with the LGM hypothesis. The absence of a
signal of population expansion within the northeast island group is also consistent

with their ice-free status during the LGM.

2.4.4  Contemporary connectivity among or self-recruitment within the islands?

Dispersal for many marine taxa is most usually achieved via a pelagic larval
stage and there is a reasonably strong correlation between pelagic larval duration
(PLD) and population genetic structure (e.g., Bradbury et al. 2008; Ross et al. 2009;
Kelly & Palumbi 2010; White et al. 2010). Oceanographic modelling of surface
currents and the known PLD of Cellana limpets strongly indicates that there is likely
to be little contemporary larval connectivity between island-pairs (Chiswell 2009). It
was noted that the larval dispersal time from Antipodes to Bounty islands falls within
the PLD of the C. strigilis complex. However, given their isolation, it seems likely

that larval dispersal between the islands is rare.
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Although it is very unlikely that pelagic larval dispersal among the islands
does occur, dispersal can be achieved in other ways. For example, there is increasing
evidence of the importance of rafting (e.g. on macroalgae) as a means of dispersal for
adults and juveniles (Thiel & Gutow 2005; Nikula et al. 2010). Directly relevant to
the present study, Fraser et al. (2010) reported multiple juvenile C. strigilis
individuals on bull kelp drifting 13 km off the Campbell Islands shoreline. They also
observed a C. strigilis individual on a raft collected from Dunedin (South Island, New
Zealand) that they identified genetically as being from either Snares or Auckland
islands. These observations emphasise the potential for C. strigilis to disperse by
rafting, even if only as a rare event.

There was a pronounced within-lineage genetic differentiation, which contrast
to the absence of genetic differentiation within the two lineages reported by Goldstien
et al. (2009). The mtDNA and nDNA haplotype analyses and the RAPDs analyses
both point strongly to island-specific allelic composition for the limpet populations.
Such identities can only be maintained with very limited gene flow among islands,
which in turn emphasises the role of self-recruitment in maintaining populations and
their individual identities. In a contemporary sense this is most apparent from the
assignment tests which were able to correctly classify all northwest lineage
individuals and all but two of the southwest limpets to their populations of origin.
While these results provide evidence of self-recruitment for each island population
and an island-specific genetic signature, the RAPD assignment analyses suggest that
there may be some very recent (possibly ongoing) limited gene flow among islands
within the southwest group, most probably via kelp rafting rather than larval
exchange. These results confirm the findings of other studies of the coastal marine
biota of small, remote islands that despite limited population sizes and pelagic larval
dispersal can exhibit self-recruitment and genetic structuring on small spatial scales
(e.g., Rivera et al. 2004; Johnson & Black 2006; Bird et al. 2007; Wood & Gardner
2007; DeBoer et al. 2008).

2.5 Conclusions

Analysis of six putative island-endemic limpet taxa has confirmed the

existence of two distinct evolutionary lineages within which there is pronounced
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island-specific genetic diversity. My analyses support two (or only a very small
number of) independent colonisation events, one to the northeast and one to the
southwest island groups, with subsequent range expansion within these groups. The
significance of these islands as refugia during the LGM and the importance of rafting
as a means of long-distance dispersal are highlighted. The genetic isolation of each
population of limpets has given rise to island-endemic taxa that are supported by self-
recruitment. This study illustrates how historical factors such as geological age of
islands and past climatic events impact and shape the genetic structuring of natural
populations. These findings add to a small but growing body of knowledge about
contemporary population connectivity among coastal populations of remote islands in
large oceans, and the distance barrier to gene flow that exists in the sea (despite its

continuous medium) for most taxa.
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CHAPTER 111

TAXONOMY OF THE NEW ZEALAND LIMPETS OF THE
CELLANA STRIGILIS COMPLEX (MOLLUSCA:
PATELLOGASTROPODA): A COMBINED MORPHOMETRIC
AND MOLECULAR APPROACH

Abstract

The New Zealand Cellana strigilis complex has been traditionally divided into
six subspecies. Recent molecular investigations, however, revealed that the complex
comprises two lineages that are geographically isolated. In the present study, an
additional morphometric analysis on 160 shells from the two clades confirms the need
for taxonomic reconsideration of the C. strigilis complex. Here, two species are
recognised in the Cellana strigilis group, a southwestern species, C. strigilis
(Hombron & Jacquinot 1841), from South, Stewart, Snares, Auckland and Campbell
islands, with Patella redimiculum Reeve, 1854 and C. strigilis flemingi Powell, 1955
as synonyms; and a northeastern species, C. oliveri Powell, 1955, from Chatham,
Bounty Islands and Antipodes Islands, with C. strigilis bollonsi Powell, 1955 and C.
chathamensis of authors (not Pilsbry 1891) as synonyms. Acmaea chathamensis
Pilsbry, 1891 is based on mislocalised foreign shells, probably C. rota (Gmelin, 1791)
from the Red Sea. A neotype is designated for P. strigilis Hombron & Jacquinot,
1841, lectotypes are designated for P. redimiculum Reeve, 1854 and A. chathamensis

Pilsbry, 1891, and a type locality is selected for P. redimiculum.
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3.1 Introduction

Morphological and geometric descriptions of organisms have long been
fundamental to defining species, the basic unit of classification in biology, and have
been central to the development of taxonomic classification schemes. As many recent
studies have shown, however, the description and designation of species based on
their morphological appearance alone is not always straight forward. With recent
advances in technology, molecular investigations have led to the accumulation of an
extensive genetic database across many taxa and biogeographic regions. Such
investigations have often uncovered patterns of molecular variation that conflict with
earlier classifications based on morphological characters. This has led to the
description of new (cryptic) species that were previously unrecognised (Bickford et
al. 2007; Pfenninger and Schwenk 2007; Vrijenhoek 2009 among many others), or the
identification of phenotypic plasticity in a single species (Teske et al. 2007; Demes et
al. 2009; Reisser et al. 2011).

The order Patellogastropoda is monophyletic and its members are commonly
found on seashores throughout the world oceans from tropical to polar regions, and
occur mostly on intertidal rocky shores, where they play an important role in intertidal
marine ecosystems (Branch 1985a, b). They have also colonized other littoral habitats
and can be observed on the seagrass Zostera (Lindberg 1979, 1988; Carlton et al.
1991), on limestone in the supralittoral zone (Lindberg and Vermeij 1985; Kirkendale
and Meyer 2004), on coralline algae (Sasaki and Okutani 1993; Sasaki 2000), on
sunken wood in the deep sea (Marshall 1985; Lindberg 1990), and in association with
vents or seeps (Sasaki et al. 2003). The order Patellogastropoda is currently divided
into seven families: Acmaeidae, Eoacmaeidae, Lepetidae, Lottiidae, Nacellidae,
Patellidae and Pectinodontidae (Nakano & Sasaki 2011).

The family Nacellidae is comprisestwo genera: Nacella Schumacher, 1817
and Cellana H. Adams, 1869. Nacella contains15 species and subspecies that occur in
the high latitudes of the Southern Hemisphere and in the Southern Ocean (Powell
1973). They are one of the dominant group of intertidal and benthic
macroinvertebrates of the rocky shore biota, although some species colonize other

substrates (e.g. N. mytilina on macroalgae; Valdovinos & Riith 2005; Gonzalez-
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Wevar et al. 2011). Cellana comprises more than 37 species and subspecies that
dominate rocky shores throughout the world (Lindberg and Hickman, 1986).
MostCellana species havetropical distributions, extending north to Japan, East to Juan
Fernandez and Hawaii, south to South Africa, Madagascar, others inAustralia, New
Zealand and the sub-Antarctic Islands, includingCampbell Island where a Cellana and
Nacella species coexist (Powell 1973).

Patellogastropods (including Cellana species) are known for their phenotypic
plasticity, defined as the ability of an organism with a given genetic background
(genotype) to generate a range of sizes and shapes (phenotypes) in response to
environmental cues (West-Eberhard 2005), which often leads to taxonomic confusion
(Nakano & Spencer 2007; Lindberg 2008, Nakano et al. 2011). This paper focuses on
the taxonomy of the Cellana strigilis complex from isolated islands in the Southern
Ocean (see Reisser et al. 2011). Previous nomenclature based on shell morphology
divided the complex into six subspecies (Powell 1955, 1973), with specimens from
the different islands being differentiated on external shell colour, shell ovality and
position of the apex (Table 3.1). Recent genetic studies, however, have challenged
these taxonomic designations. Studies of molecular variation (Goldstien et al. 2009;
Reisser et al. 2011) have revealed that the C. strigilis complex comprises two
genetically and geographically distinct lineages: a southwestern island group and a
northeastern island group. In addition, the sister species C. denticulata (Martyn, 1784)
has been described as the sister species of the southwestern lineage in a phylogenetic
sense, thus providing evidence that the C. strigilis complex is not monophyletic
(Reisser et al. 2011). There are no shared haplotypes between lineages, and multiple
population-specific private haplotypes are observed (Reisser ef al. 2011). Population
genetic study suggests that connectivity (exchange of migrants) is probably non-
existent between the two lineages and limited within them (Reisser et al. 2011).

Shell characteristics such as colour, presence of ribs and apex position may be
hard to determine in individuals from natural populations because the shell may be
eroded and/or covered in epibionts. One trait used by Powell (1979), however, is
generally well conserved in natural populations, specifically the shell ovality or
aperture shape of the shell. According to Powell (1979), specimens from Auckland,
Campbell, Stewart and South islands have a broadly ovate shell, whereas those from

the Snares, Antipodes, Bounty and Chatham islands have more narrowly ovate shells.
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Thus, shell ovality seems to be a trait allowing discrimination between the two
lineages defined by Reisser et al. (2011), with the exception of Snares Island
individuals. To date, no formal morphometric analyses (involving statistical
comparison of shape and traits measurements) have been carried out, and shells from
both lineages are hard to distinguish with the naked eye (personal observations of all
three authors).

Analyses of morphometry have moved from relatively simple measurement
and comparison of individual metric traits or ratios of traits that may provide a crude
approximation of shape, to more complex determinations of shape itself (the Mytilus
edulis species complex provides a particularly good example of this progression of
analytical approaches - Skibinski 1983; Ferson et al. 1985; Beaumont et al. 1989;
McDonald et al. 1991; Gardner 1995, 1996, 2004; Innes & Bates 1999; Krapivka et
al. 2007; Gardner & Thompson 2009). Here, our work addresses the question of
differences in shell aperture shape between lineages of Southern Ocean Cellana using
a Fast Fourier Transform (FFT) analysis, and its taxonomic implications and
applications. Fourier analysis is particularly suitable for the detection of differences in
oval shapes and as a result has been used for analysing the shape of diverse
organismal features, ranging from fish otoliths to flower petals and ventricular shape
in human hearts (Kass et al. 1987; Yoshioka et al. 2004; Costa et al. 2008; Schulz-
Mirbach et al. 2010), as well as in numerous bivalve and gastropods species (Gardner
& Thompson 2009, Preston ef al. 2010) including Nacellidae (de Arenzamendi et al.
2010; Hoffman et al. 2010; Gonzalez-Wevar et al. 2011). Additionally, I performed a
traits morphometric analysis to compare the efficientcy of traits measurement and
Fourier analysis. The analysis and its results can be found as an appendix to this
chapter (Appendix 1).

We describe morphometric analysis of shells from the two lineages of
Southern Ocean Cellana (Goldstien et al. 2009; Reisser et al. 2011) to test for shape
differences between them and to test for concordance between morphological and
previously described molecular variation. We take a combined evidence approach to
review and revise the taxonomy of these limpets, and in so doing demonstrate the
utility of the FFT approach to addressing questions of taxonomy in gastropod

molluscs.
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Table 3.1.
Morphometric traits of Cellana strigilis subspecies according to Powell (1979).

Subspecies Distribution Shell morphometric characters
C. s. strigilis Auckland Islands Shell very large
Campbell Island Broadly ovate
High profile

Apex at anterior 4th

C. s. redimiculum | Southern South and Stewart Islands | Shell large
Broadly ovate
Apex at about anterior 4th or 5th

C. s. flemingi Snares Islands Shell narrowly ovate
Apex at anterior 4th or 5th

C. s. bollonsi Antipodes Islands Shell rather large
Ovate to narrowly ovate
Apex at about anterior 5th to 7th

C. s. chathamensis | Chatham Islands Shell large and solid
Ovate to narrowly ovate
Apex at about anterior 5th to 7th

C. 5. oliveri Bounty Islands Shell of moderate size

Narrowly ovate

Apex very near to anterior end

Abbreviations and text conventions

ANSP — Academy of Natural Sciences of Philadelphia; GNS — Institute of Geological
and Nuclear Sciences, Lower Hutt; MNHN — Muséum National d’Histoire Naturelle,
Paris; NHMUK — The Natural History Museum, London; NMNZ — Museum of New
Zealand Te Papa Tongarewa, Wellington; USNM — National Museum of Natural
History, Washington D.C.). All specimens are at NMNZ unless specified (registration
numbers preceded by M.).
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3.2 Material and methods

3.2.1 Sample collection and storage

Specimens were collected between 2004 and 2008 (Table 3.2) across all the
subantarctic islands where they have been recorded. Individuals were preserved in
ethanol. For shape analysis, the body of each individual was entirely removed from its
shell. Shells were cleaned, dried and placed in a plastic bag containing a tagging
number referring to the individual’s DNA signature. A total of 119 shells collected
between 2004 and 2008 with no damage and no epibiota were used in the analysis. In
addition, 41 shells from the collection of Museum of New Zealand Te Papa
Tongarewa were used to complete the sample set and adjust population sizes (grand

total = 160 shells).

3.2.2 Fast Fourier Transform

Fourier Transform is a mathematical procedure that transforms a function
from the time/space domain to the frequency domain. Fourier Transform operates on
continuous functions, defined at all values of time t or space s. For digital signals,
such as image processing, the analysis involves discrete functions (Discrete Fourier
Transform: DFT), resulting in a set of sine and cosine coefficients recorded at regular
intervals of time/space (i.e. at every pixel constituting the outline of an image).
However, DFT is not an efficient calculation method and has rarely been used in
practical applications, considering the number of complex mathematical operations
required to obtain Fourier Coefficients (FCs). Cooley and Tukey (1965) described a
numerical algorithm that allowed the DFT calculation to be obtained more rapidly and
efficiently. This algorithm, called Fast Fourier Transform (FFT) decomposes the
DFT. Hsyape software uses the FFT to generate two FCs per harmonic per individual,
describing the size (amplitude) and angular offset relative to the starting position

(phase angle) of each harmonic curve (Haines and Crampton 2000).
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Table 3.2.
Description and origin of the individuals used on this study

Individuals used in genetic analysis by Reisser ef al. 2011

Voucher No. | Name N | Region Locality Latitude Longitude
M.300243 Cellana denticulata (Martyn, 1784) 5 | South Island Kaikoura 42°25.57'S | 173°42.72'E
M.300244 Cellana ornata (Dillwyn, 1817) 1 | Stewart Island Halfmoon Bay 46°54.00'S | 168°8.00'E
M.300245 Cellana strigilis redimiculum (Hombron & Jacquinot, 1841) | 5 | Stewart Island Halfmoon Bay 46°54.00'S | 168° 8.00'E
M.300246 Cellana strigilis flemingi Powell, 1955 22 | Snares Islands Hoho Bay 48°2.00'S 166° 36.00' E
M.300247 Cellana strigilis strigilis (Hombron & Jacquinot, 1841) 54 | Auckland Islands | Ranui Cove 50°32.50'S | 166° 17.00' E
M.300248 Cellana strigilis strigilis (Hombron & Jacquinot, 1841) 23 | Campbell Island | Perseverance Harbour | 52°33.00'S | 169°9.20' E
M.300249 Cellana strigilis chathamensis Powell, 1955 18 | Chatham Islands | Kaingaroa Harbour 43°43.88'S | 176° 16.00' E
M.300250 Cellana strigilis oliveri Powell, 1955 20 | Bounty Islands Proclamation Island 47°45.00'S | 179°1.80'E
M.300251 Cellana strigilis bollonsi Powell, 1955 24 | Antipodes Islands | Jerrys Cove 49°40.00'S | 178°48.10'E
Individuals from the National Museum of New Zealand Te Papa Tongarewa

Voucher No. | Name N | Region Locality Latitude Longitude
M.275230 Cellana strigilis redimiculum (Hombron & Jacquinot, 1841) | 6 | Stewart Island Ringaringa Beach 46°54.5'S 168°8.5'E
M.275231 Cellana strigilis redimiculum (Hombron & Jacquinot, 1841) | 11 | Stewart Island Lords River Estuary 47°6'S 168°7T'E
M.275233 Cellana strigilis redimiculum (Hombron & Jacquinot, 1841) | 5 | Stewart Island Ringaringa 46° 55'S 168°9'E
M.032385 Cellana strigilis flemingi Powell, 1955 19 | Snares Island Western Chain 48°3.5'S 166° 30.3'E
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Digital pictures of shells were binarized and shell outline was extracted for
each shell under the form of (X,y) coordinates using ImageJ (Rasband 2008). Shape
analysis was carried out using Hsuape, @ package containing three program codes
(Crampton and Haines 1996). FFT was performed in HangLg. Then, the program
Hrreg normalised the FCs for starting position and therefore orientation of the trace
based on properties of the entire sample population and allowing maximum overlap,
as per authors’ recommendations for organisms such as limpets with no obvious
landmark (Crampton and Haines 1996; Haines and Crampton 2000). Finally, the
outline of each shell was reconstructed according to the Fourier descriptors using
Hcurve. A total of 14 FCs from the 2™ to the 8" harmonics were retained for the
analysis. Coefficients from the 1* harmonic were discarded because they contain size

information.

3.2.3  Statistical analysis

Fourier Coefficients were subject to Discriminant Function Analysis (DFA)
using Statistica (Statsoft 1994) and Canonical Analysis of Principal Component
Coefficients (CAPCC, Anderson and Willis 2003) using CAP12 (Anderson 2004).
Matrices of assignment and scatter plots of individuals grouped according to island
population and according to lineage were obtained from the DFA and CAPCC,
respectively. Outlines corresponding to the extreme shell shapes, the average shell

shape and the most similar shell shape of the two lineages were reconstructed.

3.3 Results

3.3.1 Morphometric differentiation between lineages

CAPCC revealed an almost complete separation between the two lineages,
with positive canonical values for the northeastern group and negative canonical
values for the southwestern group (Fig.3.1a). These results are confirmed by the DFA
(A =0.140, F = 63.41, p < 0.0001), which discriminated between the lineages with
99.37% overall assignment success. Only one individual from the northeastern group

was misassigned to the southwestern group (Table 3.3a). The reconstruction of shape
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average for both lineages shows that the difference resides in the width, with the

northwestern individuals being narrower on average than the southwestern individuals

(Fig.3.2).

Table 3.3.

Matrix of assignment from DFA of Fourier Coefficients of shell shape, with the percentage of
correct assignment for each group (populations or species), and the probability “p” of population
affiliation by chance based on population size and global sample size: division by lineages (a), by
populations within the soutwestern lineage (b) and by populations within the northeastern
lineage (c). Boldface represents successful assignment.

(a)
Lineage Percent  Soutwestern Northeastern
correct p=0.700 p=0.300
Southwestern | 100.00 112 0
Northeastern 97.92 1 47
Total 99.38 113 47
(b)
Percent Auckland Campbell Snares Stewart
correct p=0.393 p=0.143 p=0.223 p=0.241
Auckland 75.00 33 3 2 6
Snares 56.00 7 2 14 2
Stewart 44.44 12 1 2 12
Total 58.04 58 12 21 21
()
Percent  Antipodes Bounty Chatham
correct p=0.479 p=0.292 p=0.229
Bounty 92.86 1 13 0
Total 89.58 28 13 7
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Canonical Analysis of Principal Coordinates on Fourier Coefficients for shell shape (a) between
lineages, (b) among the southwestern lineage populations and (c) among northeastern lineage

populations.
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(a)
(c) I
(e) |

C. strigilis C. oliveri

Figure 3.2.
Outline reconstruction of shell shapes for the two species using HCurve, with (a) (c) and (e) the

southwestern individuals extreme, average and most similar shell shape to the northeastern
individuals respectively, and (b) (d) and (f) the northeastern individuals extreme, average and
most similar shell shape to the southwestern individuals respectively.

3.3.2  Morphometric differentiation within lineages

The CAPCC on the southwestern individuals did not separate the different
populations (Fig.3.1b). The DFA reflected this uncertainty, and although there was a
significant difference among the populations (A = 0.511, F = 1.709, p < 0.0062), the
overall assignment success was only 58.03%. The highest assignment success was
75% for Auckland Island individuals and the lowest was 37.5% for Campbell Island
(Table 3.3Db).

The CAPCC on the northeastern individuals revealed partial separation of the

three populations, with Antipodes and Bounty Islands individuals separated from each
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other and Chatham Island individuals in between (Fig 3.1c). The DFA confirmed this
observation (A = 0.05, F = 2.763, p < 0.0004), with 100% and 92.86% of successful
assignment for Antipodes and Bounty islands individuals respectively, and 63.58%
assignment success for Chatham Island individuals. The overall assignment success
was 89.58% (Table 3.3c). As observed with molecular data, morphometric analysis
revealed a reasonable amount of variation within species, in particular for the
southwestern lineage, and to a lesser extent for the northeastern lineage (Fig.3.1 and

Table 3.3).

3.4 Discussion

3.4.1 Two lineages genetically and morphometrically distinct from each other

There is a strong concordance between molecular and morphometric results at
the species level, with high levels of discrimination success between the two lineages
defined by Goldstien et al. 2009 and Reisser et al. 2011. This congruence highlights
the need for a taxonomic reconsideration of the C. strigilis limpet complex. The new
taxonmy is presented below, and the two lineages will now be reffered to as Cellana
strigilis (southwestern lineage) and Cellana oliveri (northeastern lineage).

Reconstruction of each lineage “average” shape clearly shows that the
difference resides in the width of the shell compared to the length, with C. oliveri
being narrower than C. strigilis. As with molecular data, morphometric analysis
revealed a reasonable amount of variation within species, in particular for C. strigilis,
and to a lesser extent C. oliveri.

A phylogram based on combined COI and 16S (mitochondrial) gene partial
sequences places C. denticulata between C. oliveri and C. strigilis, with high levels of
bootstrap support (Reisser ef al. 2011), consistent with the findings of Goldstien et al.
(2009). This tree topology points to two different speciation events for the limpets of
the C. strigilis complex via long distance dispersal followed by speciation in isolation.
The timing of the divergence of C. oliveri and C. strigilis is estimated to have
occurred 1.85 to 7.06 Ma (mean = 4.19 Ma), there is no evidence for genetic
exchange between the lineages, and evidence of only limited exchange within them

(Reisser et al. 2011).
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3.4.1 Advantages of Fourier shape analysis for species/population discrimination

The present paper emphasizes the utility of the FFT approach in helping to
recognise shape-based differences between/among species. It is a rapid, easy to use
and efficient technique that provides reliable results at little extra cost,
particularlywhere molecular studies are not possible (e.g. shells , fossils, poorly
preserved soft tissue). Although the technique is efficient in the application described
here, we suggest that it could be improved by increased analysis automation and new
software development that groups and links the subroutines. As a general approach to
the analysis of shape differences FFT is an appropriate analytical choice for work in

diverse fields.

3.5 Taxonomy

From the published molecular data (Goldstien ez al. 2009; Reisser et al. 2011)
and the present morphometric study, it is now clear that two species group taxa are
involved, a southwestern one from South, Stewart, Snares, Campbell and Auckland
Islands (C. s. strigilis, C. s. redimiculum and C. s. flemingi), and a northeastern one
from Chatham, Bounty and Antipodes Islands (C. s. chathamensis, C. s. oliveri and C.
s. bollonsi).

Whereas the use of strigilis for the southwestern species is straight forward,
the appropriate name to be used for the northeastern one is not the oldest synonym
involved, namely Acmaea chathamensis Pilsbry, 1891, described from “Chatham Is.”,

but rather C. oliveri Powell, 1955, as discussed below.

Patellogastropoda Lindberg, 1988
Nacellidae Thiele, 1929
Cellana H. Adams, 1869

Cellana H. Adams, 1869: 273. Type species (monotypy): Nacella (Cellana) cernica
H. Adams, 1869 = Patella livescens Reeve, 1855; Recent, Mauritius.

Helcioniscus Dall, 1871: 277. Type species (by original designation): Patella
variegata Reeve, 1842 = P. capensis Gmelin, 1791; Recent, South Africa.
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Cellana strigilis (Hombron & Jacquinot, 1841)
Fig.3.3A-Q

Patella strigilis Hombron & Jacquinot, 1841: 190.

Patella illuminata Gould, 1846: 149; Gould, 1852: 340, pl. 28, figs 441a, b.

Patella radians.— Reeve, 1854: pl. 12, figs 25a, b. Not Gmelin, 1791.

Patella redimiculum Reeve, 1854: pl. 20, figs 50a, b; Hutton, 1878: 36; Hutton, 1880:
107. New synonymy.

Patella pottsi Hutton, 1873: 44.

Patella redimiculum.— Smith, 1874: 4, pl. 1, fig. 24.

Patella magellanica.— Hutton, 1880: 107; Filhol, 1885: 528. Both not Gmelin, 1791.

Patinella strigilis.— Hutton, 1884: 374.

Patinella redimiculum — Hutton, 1884: 374.

Helcioniscus redimiculum.— Pilsbry, 1892: 136, pl. 23, figs 1-3, 5; Suter, 1905: 351
(in part = C. oliveri Powell, 1955); Suter, 1909: 7 (in part = C. oliveri); Suter,
1913: 85, pl. 7, fig. 20 (in part = C. oliveri).

Helcioniscus strigilis.— Pilsbry, 1892: 137; Suter, 1905: 351 (in part = C. oliveri);
Suter, 1909: 7 (in part = C. oliveri); Suter, 1913: 87, pl. 7, fig. 22 (in part = C.
oliveri).

Helcioniscus illuminata.— Pilsbry, 1892: 142, pl. 70, figs 40-42.

Patella strigilis.— Suter, 1904: 84.

Patella strigilis var. redimiculum.— Suter, 1904: 84.

Patella illuminata.— Suter, 1904: 85.

Helcioniscus radians affinis.— Suter, 1905: 349; Suter, 1909: 6. Both in part not
Reeve, 1855 = C. oliveri.

Nacella illuminata.— Suter, 1913: 77. In part = C. oliveri.

Cellana strigilis.— Iredale, 1915: 432.

Cellana (Helcioniscus) strigilis.— Odhner, 1924: 11.

Cellana (Helcioniscus) radians.— Odhner, 1924: 11. In part not Gmelin, 1791.

Nacella strigilis.— Finlay, 1927: 337.

Nacella redimiculum.— Finlay, 1927: 337.
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Figure 3.3.
A-Q. Cellana strigilis (Hombron & Jacquinot, 1841). A, B, E, neotype of Patella strigilis, Enderby

Island, Auckland Islands, MNHN 23296. C, D, lectotype of Patella redimiculum Reeve, 1854,
Horseshoe Bay, Stewart Island, NHMUK 20100514/1[11.5]. F, G, J, Codfish Island, Stewart
Island, NMNZ M.011173. H, I, K, Snares Islands, NMNZ M.132768. L, M, P, Enderby Island,
Auckland Islands, NMNZ M.008419 [42.87=11.7]. N, O, Q, Perseverance Harbour, Campbell
Island, NMINZ M.047416. Scale bars 10 mm.
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Cellana redimiculum.— Powell, 1933: 197; Powell, 1937: 67, pl. 1, fig. 9; Powell,
1946: 69, pl. 1, fig. 9

Cellana strigilis strigilis— Powell, 1955: 70, text fig. B3; Powell, 1973: 184, pl. 70,
figs 14, 15, pl. 164, figs 14, pl. 168, fig. 1, pl. 170, fig. 3.

Cellana strigilis redimiculum.— Powell, 1955: 71, text fig. B1; Powell, 1957: 86, pl. 1,
fig. 9; Powell, 1962: 78, pl. 1, fig. 9; Powell, 1973: 188, pl. 70, figs 17-19, pl.
169, figs. 14, pl. 170, fig.1; Powell, 1976: 82, pl. 1, fig. 9; Powell, 1979: 45,
pl. 9, fig. 6, pl. 15, fig. 8.

Cellana strigilis flemingi Powell, 1955: 72, pl. 5, figs 45-47, text fig. B2; Powell,
1973: 186, pl. 168, fig. 3, pl. 169, figs 5-7, pl. 170, fig. 2; Powell, 1979: 44.
New synonymy.

Cellana strigilis strigilis— Powell, 1979: 44, pl. 15, fig. 9

Type material

Patella strigilis: No original material traced at MNHN (V. Héros, pers. comm., 13
Oct. 2010), neotype here selected (Figs 1A, B, E) MNHN 23296 (ex NMNZ
M.008419), Sandy Bay, Enderby Island, Auckland Islands, R.K. Dell, 18 Mar. 1954.
Patella illuminata: Holotype USNM 5831, Auckland Islands. Patella redimiculum:
Lectotype here selected NHMUK 20100514/1 (Figs 1C, D), the specimen figured by
Reeve (1854, pl. 50a, b), and 2 paralectotypes NHMUK 20100514/2, 3, “New
Zealand”, type locality here selected as Horseshoe Bay, Stewart Island. Patella pottsi:
Holotype NMNZ M.000247, South Island, west coast. Cellana strigilis flemingi:
Holotype GNS TM600, Snares Islands, boat harbour, intertidal, C.A. Fleming, 27
Nov. 1947.

Distribution

South Island from Kaikoura southwards, Stewart Island and Snares Islands.

Remarks

Specimens of C. strigilis identified by Reeve (1854) as C. radians (Gmelin, 1791) are
at NHMUK (1975023/1-3, figured specimen 1975023/1). Macquarie Island records
(Pilsbry 1891, p. 143; Suter 1913, p. 77) are either Nacella macquariensis (Finlay,

1927) or mislocalised specimens. For additional remarks, see below.
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Cellana oliveri Powell, 1955
Fig.3.4 A-H, K

Helcioniscus redimiculum.— Suter, 1905: 351; Suter, 1909: 7; Suter, 1913: 85, pl. 7,
fig. 20. All in part not Reeve, 1854.

Helcioniscus strigilis.— Suter, 1905: 351; Suter, 1909: 7; Suter, 1913: 87, pl. 7, fig. 22.
All in part not Hombron & Jacquinot, 1841.

Helcioniscus radians affinis.— Suter, 1905: 349; Suter, 1909: 6; Suter, 1913: 83. All in
part not Reeve, 1855.

Nacella illuminata.— Suter, 1913: 77. In part not Gould, 1846.

Cellana chathamensis.— Finlay, 1928: 240; Powell, 1933: 196, pl. 36, figs 1-4 (in part
not Pilsbry, 1891).

Cellana strigilis oliveri Powell, 1955: 73, pl. 5, figs 48-50, text fig. B4; Powell, 1973:
187, pl. 165, figs 3-5, pl. 170, fig. 4; Powell, 1979: 45, pl. 15, fig. 10.

Cellana strigilis bollonsi Powell, 1955: 73, pl. 5, figs 51-53, text fig. BS5; Powell,
1973; 185, pl. 165, figs 1, 2, pl. 170, fig. 5; Powell, 1979: 44, pl. 15, figs 11,
12. New synonymy.

Cellana strigilis chathamensis.— Powell, 1955: 73 (not Pilsbry); Powell, 1973: 186,
pl. 167, figs 1-4, pl. 168, fig. 2 (in part not Pilsbry); Powell, 1979: 44, pl. 15,
fig. 7 (in part not Pilsbry).

NOT Acmaea chathamensis Pilsbry, 1891: 56, pl. 35, figs 43-46 = based on a
mislocalised foreign Cellana species, apparently C. rota (Gmelin, 1791), and

possibly from the Red Sea.

Type material

Cellana strigilis oliveri: Holotype NMNZ M.008565, Bounty Islands, W.R.B. Oliver,
Apr. 1927. Cellana strigilis bollonsi: Holotype NMNZ M.008560, Antipodes Islands,
W.R.B. Oliver, Apr. 1927.

Distribution

Chatham, Antipodes and Bounty islands.
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Figure 3.4.
A-H, K. Cellana oliveri Powell, 1955. A, B, E, Hanson Bay, Chatham Islands, NMNZ M.118060.

C, D, F, Bounty Islands, NMNZ M.005257. G, H, K, Ringdove Bay, Antipodes Islands, NMNZ
M.011160. 1, J, L-N. Cellana chathamensis (Pilsbry 1891), locality unknown (possibly Red Sea). I,
J, L, lectotype ANSP 50050. M [23.8= 19 mm], N, paralectotypes ANSP 425026. Scale bars 10

mm.
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Remarks

The original description and illustrations of 4. chathamensis (Pilsbry 1891,
p.56, pl. 35, figs 43—46) are of shells differing markedly from any member of the
strigilis group in the combination of sculpture, colour and colour pattern. Suter (1913)
and Finlay (1930) thought that 4. chathamensis must be based on a form of the highly
variable species Cellana radians (Gmelin, 1791), which is common and widely
distributed around the North and South Islands. Aware that only a single Cellana
species occurs at the Chatham Islands, Powell (1933) concluded that 4. chathamensis
must be based on juveniles, the dimensions of which do not coincide with those
reported by Pilsbry (lengths 30 mm and 24 mm), but indicated that “actual specimens
agree with these measurements exactly”. First hand examination of type specimens of
A. chathamensis (8 syntypes ANSP 50050, Fig. 3.4. 1, J, L-N) confirms that they do
indeed differ markedly in sculpture, colour, and colour pattern from members of the
strigilis group, but also from all other limpets occurring in the New Zealand region.

The closest match with a localised specimen we are able to find in the
literature is that illustrated by Powell (1973 pl. 119, compare with Fig. 3.4. N herein),
as Cellana eucosmia Pilsbry, 1891, from Ras Banas, Red Sea, which, according to
Christiaens (1986, 1987) is really a form of Cellana rota (Gmelin, 1791). The precise
distribution of C. rota is unclear, though Christiaens (1986, 1987) recorded it as
occuring throughout the Red Sea as well as in the Gulf of Oman, and adventive in the
eastern Mediterranean. Since 4. chathamensis is based on material of foreign origin,
as first revisers we choose C. s. oliveri Powell, 1955 from among the two next
available names (oliveri and bollonsi, introduced simultaneously) as the name to be
used for the species from the Antipodes, Bounty and Chatham Islands. We choose the
larger of the two syntypes Acmaea chathamensis illustrated by Pilsbry (1891, pl. 35,
figs 43, 44, 46, ANSP 50050) as lectotype (Fig 3.4. I-L).
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CHAPTER IV

ISOLATION AND CHARACTERIZATION OF POLYMORPHIC
MICROSATELLITE MARKERS FOR THE INTERTIDAL
SEA SNAIL NERITA MELANOTRAGUS
E.A. SMITH, 1884.

Abstract

The genus Nerita is commonly found on diverse type of substrates on tropical shores,
with a few species living in temperate waters. Its relatively long pelagic larval
duration and its cosmopolitan distribution make this genus a good candidate for
population connectivity studies. However, as it is often the case with non-model
species, very little effort has been put into developing suitable specific markers for
this type of study. Here, I developed 10 highly variable microsatellite markers for N.
melanotragus, a temperate species occurring in eastern Australia, New Zealand, as
well as Norfolk, Lord Howe and the Kermadec islands. Seven of these ten markers
are subsequently used in the following chapter to study population connectivity and

self-recruitment levels across New Zealand and the Kermadec Islands.
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4.1 Introduction

The genus Nerita consists of approximately 70 extant species and represents
one of the most prominent intertidal groups along tropical shores, and although most
species inhabit tropical regions, a few species can be found on temperate coastlines. It
is believed that the genus extends back to the late Cretaceous (Saul and Squires, 1997;
Bandel and Kiel, 2003). Nerita species have colonised diverse habitats such as
mangroves, muddy cobble, sand, but are mostly found on rocky substrates. While
interspecific variation in larval duration appears to exist (Kano, 2006), most Nerita
species produce veliger larvae that spend weeks to months in the plankton (Lewis,
1960; Underwood, 1975), suggesting extensive dispersal potential. Their extended
pelagic larval duration (PLD) and near cosmopolitan distribution highlight the
suitability of Nerita species for biogeography and dispersal studies.

Nerita melanotragus E.A. Smith, 1884, also known as the Black Nerite, is an
intertidal cosmopolitan sea snail present on the rocky shore of eastern Australia, Lord
Howe Island, Norfolk islands, the Kermadec Islands and New Zealand. Its PLD of 5
to 6 months (inferred by Waters et al. 2005) and its widespread distribution across the
Tasman Sea are highly suitable for the study of connectivity in this area of the world.

Study of connectivity requires the use of highly polymorphic markers, such as
microsatellites, to characterize genetic diversity and population differentiation. Here |
developed 10 microsatellite markers to study the connectivity and self-recruitment
level in populations of N. melanotragus from the Kermadec islands and the North

Island of New Zealand.

4.2 Material and Methods

4.2.1 Sample collection and storage

Samples of N. melanotragus were collected during two independent research
trips in 2002 and 2004 in the Kermadec Islands Marine Reserve (KIMR). In total, 275
individuals were sampled from six different populations around the northern part of

KIMR (Fig 4.1). Samples were preserved in ethanol and then stored at 4°C.
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4.2.2 DNA extraction

High quality genomic DNA was extracted from 24 N. melanotragus
individuals collected in the Kermadec Islands, using the High Pure PCR Template
preparation kit (Roche). A volume of 50uL of saturated KCl solution (34.5g/100ml)
was added to the digested DNA in order to precipitate the polysaccharides contained
in the mucus. The mix was centrifuged at 14rpm for 15 minutes and the supernatant
was removed and used in the next steps of the DNA extraction following Roche’s
instruction. DNA samples were then ran on a 1% ethidium bromide stained gel

against a high mass ladder to estimate template DNA concentration.

4.2.3  Roche 454 GS FLX template preparation and sequencing

Approximately 100ng of DNA from one individual (Dayrell Island, Kermadec
Islands, New Zealand) showing the best DNA quality was picked for a sixteenth of a
run on a Roche 454 GS-FLX instrument (High-Throughput DNA Sequencing Unit,
Department of Anatomy and Structural Biology, University of Otago, Dunedin, New
Zealand). The DNA library was constructed by fractioning the genomic DNA into
smaller fragments (300-800 base pairs) and blunting (polishing) each end. The blunt-
ended, double-stranded DNA fragments were then subjected to adapter ligation
followed by isolation of the single-stranded template DNA (sstDNA). Subsequently,
DNA library fragments were captured onto beads and clonally amplified within
individual emulsion droplets (emPCR). The emulsions were disrupted using
isopropanol and beads containing amplified DNA fragments were enriched and
recovered for sequencing. The recovered sstDNA beads were packed onto a quarter
division of a 70 mm x 75 mm PicoTiterPlate (454 Life Sciences), loaded onto the GS-
FLX sequencing system and sequenced following King & Scott-Horton (2008)
pyrosequencing procedure. The run yielded 68758 reads comprised between 49bp and
1200bp and with a mean of 525bp (Fig.4.2).

4.2.4 Reads screening for STR motifs

I screened the 68,758 reads for sequence quality and removed the 14bp
primers used for 454 sequencing. Subsequently, the trimmed data were screened for

STR sequences using iQDD V1.3 (Meglecz et al 2010). This PERL program
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Figure 4.1.
Map of the sampled area around New Zealand and the Kermadec Islands. NI: North Island, SI: South Island, KIMR: Kermadec Islands Marine Reserve, BOA:

Boat Landing, DAY: Dayrell Island, DEN: East Denham, EGE: Egeria Islet, MEY: Meyer Island, MIL: Milne Islet, TAP: Tapotupotu Bay, WHA: Wharau Road,
OAK: Oakura, HEK: Waiheke Island, HAH: Hahei.
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combines the use of Blast, Clustal and Primer3 to trim the sequences, detect STR and
design possible primer pairs for PCR amplification. Minimum sequence length and
minimum PCR product size were set to 100bp and 90bp respectively. Minimum
repeat length was set to 8, 6, 4 and 4 for di-, tri-, tetra- and pentanucleotide motifs
respectively. A total of 411 di-, tri-, tetra- and pentanucleotide repeat sequences were
detected, and 3,157 primer pairs were created by Primer3. Only the best primer pair
for each STR sequence was retained. The pairs were later organized according to their
penalties and PCR product size, and 60 of them were retained for PCR testing
according to their potential for multiplexing (Table 4.1).
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Figure 4.2.
Length-frequency graph of the 68,758 reads obtained with a 1/16™ run on a 454 GS FLX

machine.

4.2.5 PCR amplification and genotyping

Four randomly selected individuals from the Dayrell Island population were
tested with each primer, using two different types of PCR protocols: a gradient PCR
and a Touchdown PCR. Cycles for both protocols are shown in Table 5.2. Gradient
PCR is a useful method to identify the optimum primer annealing temperature
(Prezioso & Jahns 2000). Touchdown PCR is a protocol allowing increased
specificity and sensitivity in PCR amplification (Korbie & Mattick 2008). PCR
products were run on a 1% Ethidium Bromide stained agarose gel and visualized
using a Gel Logic system. Although both PCR successfully amplified 36 STRs, the
Touchdown protocol gave the highest product concentration and quality and was thus

retained for further amplifications.
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Table 4.1.

Primers retained for PCR amplification, indicating the primer pair name, PCR size, primer pair penalty, forward and reverse primers sequences, melting

temperature (Tm) for each primer and the motif and number of repeat of the STR.

Primers | PCR size | Pair Penalty F_primer sequence R_primer sequence F_primer Tm | R_primer Tm Motif
ACTCA T TGTCAAT TTGA TCTTCTCTT
Ner 01 90 0.1375 CTCAGCCTGGGTGTC < CTTGACCGTCTTCTCTTCCG 60.12 59.982 (TCC),
Ner atr 01A Ner _atr 01B
Ner 02 90 03739 CGCCTTCACATGGATACAGA GCTGTCGTTGTTGTTGCTGT 50,673 50.953 (CAA)
Ner_atr 02A Ner_atr_02B
Ner 03 90 0351 TTGAGAAAAAGGGGCAGAGA | CTGGTTGGCTGGCTGTCTAT 50,926 60.277 (AGAC)s
Ner_atr 03A Ner atr 03B
Ner 04 91 0.1051 CGTCGTGGTGGTGTTTGTAG | CGACAAATGGACACAGGATG 60.065 50.96 (GA)
Ner atr 04A Ner atr 04B
AAGCAAACAACAGCTGGAA | ATGCTGCTACTTGTT! T
Ner 05 91 0.1226 CAAGC CAACAGCTGG GCTGCTACTTGTTGCCC 60.027 59.904 (AC)s
Ner atr 0SA Ner _atr 05B
Ner 06 9 0.2903 CCGCTTTTCATTCAAGCAAT GCAGCACCATTCATTTCCTT 60.209 60.081 (AGCC)s
Ner_atr _06A Ner_atr_06B
Ner 07 94 0.1069 CATCTGTGGGTCAGTTGTGG CCCAGAGTCACTCACCCCTA 50,997 60.104 (AC)s
Ner atr 07A Ner _atr 07B
Ner 08 95 02154 CGATGCCTTTTCATTCCATT AGGGTAGGGACGTGTGTTTG 50.901 50.884 (GT)s
- Ner atr 08A Ner _atr 08B
CATTTCCTTCCCTAATCGCA CTGTGCGAAGAGTCGTGAAG
Ner 09 0.261 0.031 . T
o o7 > Ner_atr_09A Ner_atr 09B 60.03 59-77 (TCCy,
CTTGTGTTGGAGTCGCTGAG | GTGGGGAAGAATAGCGACAA
Ner 1 4574 .61 .074 AGT
er 10 99 0.457 Ner_atr_10A Ner_atr_10B 59.616 60.07 (GAGT)y
T TGTACCAAGTGTTT ACAGGAGACAGACA AA
Ner 11 100 0.1106 GCOGCTGTACCAAGTG C | CACAGGAGACAGACAGGC 59.911 60.022 (GCCT)s
Ner_atr 11A Ner_atr 11B
Ner 12 103 0.2398 GCAGCTGCTACGGGAATAAG | GTACCTCGCTTGGTACAGCC 60.003 59.763 (AGG),s
Ner atr 12A Ner atr 12B
Ner 13 105 0281 CACTTCTTTAGGGGTGCGTC TCGGCAAGAGTTAGTGGCTT 50734 60.015 (AC)s
Ner atr 13A Ner atr 13B
GTCAACTCCGCCTGGAGATA | AAAGCCCTAAAATCCGAAGG
Ner 14 106 0.6512 60.218 59.567 (CACT),
- Ner_atr_14A Ner_atr_14B
GAACGCATAGCATGAGAGCA | TTTCATCCCATGACGGAAAT
Ner 15 108 0.2602 60.127 60.133 (ACC)s
- Ner_atr_15A Ner_atr_15B




Table 4.1. (continued)

Primers | PCR size | Pair Penalty F_primer sequence R_primer sequence F_primer Tm | R _primer Tm Motif
Ner 16 112 0.3934 AAGACCATGCCTGTAGGTCG GTTCCAGTTTGCTGCCTACC 60.134 50.74 (TGTC)s
- Ner atr 16A Ner atr 16B
Ner 17 13 0.0819 GACAAAACCCCATCGCTAGA | CAGAGCCGAAGTTTAGTCCG 60.074 60.008 (1),
Ner_atr_17A Ner_atr_17B
Ner 18 113 03401 AAGGAGCCGGGAGAAAATTA CCTATTCCTGCACCGACTTC 60.034 50,604 (CTGGG),
Ner atr 18A Ner atr 18B
Ner 19 114 02822 TGAGGTCGTGGTTTCAACTG CCACCCCAACTGTCTCACTT 5072 60.002 (TTTGA);
Ner atr 19A Ner atr 19B
Ner 20 114 0.6219 AGTCAGCCTGCCTACTCAGC CTGAGCGGTTCGAAATGAGT 59.775 60.397 (TG)13
- Ner atr 20A Ner atr 20B
Ner 21 115 0.1607 GCATGGAAAACTGACACCCT AGGACGTGCCTCATCAGTCT 50.973 50.866 (CTG)s
Ner_atr 21A Ner_atr 21B
Ner 22 116 0.1758 TAGGCTGAGAGGCCGTTAAA | AAACCGTCTGTCCACCAGAG 50.975 60.151 (CATT),
Ner atr 22A Ner atr 22B
Ner 23 117 0.1038 GTTATGAGGTGTTTCCGCGT AGCACCATCATGCATTCGTA 60 60.104 (GT)s
Ner atr 23A Ner atr 23B
Ner 24 119 0.9094 CCTAGAGCAGGGGCAAGTTT CGCCCTACTTCAGCTCAGAC 60.753 60.156 (CAGG)s
Ner atr 24A Ner atr 24B
Ner 25 122 03345 GTCATAGGATGGGAGACGGA CTCCACCCATCCATTCACTT 50 886 59.779 (TGGA)
Ner atr 25A Ner atr 25B
Ner 26 123 0.1262 AGATTGGTGCGGGTTAACTG ACGCGCTATTCAAAATTGCT 50.993 50.881 (CAGA)s
Ner atr 26A Ner atr 26B
TTCTGACCCCACCAATCTTC AGATGATGTGACGCAGCAAG
Ner 27 125 0.1128 59.903 60.016 (CTGT)s
Ner_atr_27A Ner_atr_27B
AAATTTGCTTTCGCCTGTGT AAGCAAGGCAAGCAGAAAAG
Ner 28 125 0.479 59.752 59.769 (CCTG)13
Ner_atr_28A Ner_atr_28B
CTGTCTCCCTGTCCGTCTGT GTCCAGGCCGTAGTTTGTGT
Ner 29 126 0.3414 60.306 60.035 (GCCT)s
- Ner_atr_29A Ner_atr_29B
GACTGGCAAGTTCTTGGCTC GGTTGCCCATAGCCTGAATA
Ner 30 127 0.0807 59.997 59.923 (GTT)s
- Ner_atr 30A Ner_atr 30B
CTGCAGGGTAGGAGGAACTG | ATCTGGCAGACTGCTTGGAG
Ner 31 128 0.694 59.861 60.555 (GCCT);s
- Ner_atr 31A Ner_atr _31B




Table 4.1.(continued)

Primers | PCR size | Pair Penalty F_primer sequence R_primer sequence F_primer Tm | R _primer Tm Motif
Ner 32 130 0.0734 ACTAGTGGTGGGTGTGGCTC AAATCCTTATTCGGTGTGCG 60.033 50.06 (CTG),
- Ner atr 32A Ner atr 32B
Ner 33 130 0.1321 TTGAAATCAGCAGCATGGAG GGAGTCTGGCCATGTCATCT 50.948 60.08 (CAGG),
Ner_atr_33A Ner_atr 33B
Ner 34 132 0.6684 CGAGTGGTATTGTGCTGTGC TTCGGTTGGGAGGAGAGTTA 60.333 50.665 (CTGTG),
Ner atr 34A Ner atr 34B
Ner 35 135 0.0925 ATCCCACGCAGCTATTCATC ACAAATGAACCTCTGTGGGC 60.066 50.973 (CTGT)s
Ner atr 35A Ner atr 35B
Ner 36 137 0.074 AATGGACAAACAAGCCCAAG TTCCACCTTCCCTCCTTCTT 50,971 60.045 (GGGA)s
- Ner atr 36A Ner atr 36B
Ner 37 138 0.0551 TGCCATCTGCTGCAATCTAC CATCCTTCATGCCTCCTCAT 50.979 60.034 (GGCA),
Ner_atr_37A Ner_atr 37B
Ner 38 141 0.176 AGACGGGCCCTTTGAAGTAT TCTCCTTCCATCCATCAACC 50.962 50.862 (GGA),
Ner atr 38A Ner atr 38B
Ner 39 141 0.4914 AAGATGCCAATTCGATGAGC TGGTAGTTCTGGGCGAGATT 60.185 50.604 (CTG);
Ner atr 39A Ner atr 39B
Ner 40 143 0.1359 CGATCAGACAAACAGGCAGA GATCCTCGTTCCACGTCTGT 50.984 60.12 (AGGC)q
Ner atr 40A Ner atr 40B
Ner 41 143 0.2847 AGGGCAAAGTTTTCCATCCT TGGATGGAGTGCGTGATAGA 50.94 60.225 (CATC)s
Ner atr 41A Ner atr 41B
Ner 42 144 0.4748 AGCAGCAATGCAGCAAATTA | TCGGGAACAGTTCATCACAA 50.613 60.088 (GCTGT),
Ner atr 42A Ner atr 42B
Ner 43 146 03598 CTTCAAGGGAGACAACCGTC | GAAACAGAGGTGTGGGGAAA 50.697 50.043 (TGO)1y
- Ner atr 43A Ner atr 43B
AGAAAGT AGTGTGCA ATCACCATGTCCTCTCCA
Ner 44 146 0.458 GAG GTGGCAGTGTGCAG CACCATGTCCTCTCCAGE 59.622 60.08 (GCAG),;
Ner atr 44A Ner atr 44B
Ner 45 147 0.4498 ACGGAATTCGTCATTGTCGT ACATCCGAGGCTATTGATGC 60.384 60.066 (CGT)
Ner_atr 45A Ner_atr 45B
Ner 46 148 0.4768 ATCCCATCTGCTGATCCAAC | GAAGGAGGTAGAGGGAGGGA 50.893 50.63 @)y,
Ner atr 46A Ner atr 46B
TTGTCTTGGCAGACTTGTCG CAGGTCAGGTGAAGTGAGCA
Ner 47 149 0.0467 60.025 60.022 (CTGA)3
- Ner_atr 47A Ner_atr 47B




Table 4.1. (continued)

Primers | PCRsize | Pair Penalty F_primer sequence R_primer sequence F_primer Tm | R_primer Tm Motif
ATCCCAGCAGAGGCGTAGTA | ATTGCCCCTAAATCTGTCCC
Ner 48 162 0.2932 59.859 60.152 (GTAG)e
- Ner_atr 48A Ner_atr 48B
CCGGGTGTTTTGTCATTAGG | CAAGTCTGCAGGTGACCAGA
Ner 49 163 0.2416 60.22 60.022 (CAGT)y
- Ner_atr 49A Ner_atr 49B
GGGTAGGGAACAAGGGTGAT | TCCCCTCTTGACTGTTTGCT
Ner 50 167 0.208 60.052 59.844 (GGGAG),
- Ner_atr 50A Ner_atr 50B
GACCCCTCTCATGGTCAGAA | GGATGGTGTTGATGGTAGCC
Ner 51 173 0.2517 60.048 60.203 (CTGO)4
- Ner_atr_S51A Ner_atr_51B
TGACGTTGGACAGACTGGAG | CCGAGAACGAGAGTCTGGAG
Ner_52 177 0.2631 59.864 60.127 (GCCT)s
- Ner_atr_52A Ner_atr_52B
TTAAGACACGCCTTCTGCCT AGTCCCTTCCACACCTTCCT
N 181 .0471 .01 . TCT
er 53 8 0.047 Ner_atr_53A Ner_atr_53B 60.015 59.968 (GTCT)s
CTGAATGCATGAATGGATGG | TGTACATCATTCCAGGGCAA
Ner_54 181 0.1926 59.883 59.924 (ATGA)y
Ner_atr_S54A Ner_Atr_54B
TGAAGTCAGTCGGCTTCTCA | GCATGCACATCAACAAAACC
Ner_55 198 0.3199 59.701 59.979 (ACCTC)s
Ner_atr_S55A Ner_atr 55B
CGAGATGAAAGGAGGCAGAG | CAAGCTCATCGGAAACATCA
Ner_56 208 0.2895 60.088 59.799 (TGCC)yo
Ner_atr_S6A Ner_atr 56B
CCGACATTCCTGGTTCAGAT | GGAGGAGTTCAAAATGACGC
Ner_57 221 0.397 59.927 59.676 (CTGC)s
Ner_atr_S7A Ner_atr_57B
TGTCTCAAGGAGCGGCTTAT TGACTCAATCGCTGCAACTC
Ner_58 223 0.1665 59.978 60.144 (ATG)y
Ner_atr_S8A Ner_atr_S8B
TGGTATGATTAACGTCCGCA | GTAGGTTGGGGAAGGCAAAT
Ner_59 223 0.2337 59.953 60.187 (TCT)18
Ner_atr_S9A Ner_atr_S9B
ACACGAAGAGACAGGCAGGT | ATGGCTCTCCTCTCCTCGAT
Ner_60 238 0.4152 59.907 60.323 (CAGG)s
Ner_atr_60A Ner_atr_60B
GTCTCCCTTCAACCCCTCTC TTTCTTCCTCGTCGCTCTGT
Ner_61 243 0.1842 60.05 60.134 (GAG);s
Ner_atr_61A Ner_atr_61B
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Table 4.2.
PCR cycles of both Touchdown (T-down) and gradient PCRs, tested on N. melanotragus.

Initial Denaturation Denaturation Final Elongation
Annealing
Elongation

Gradient 2 min at 94°C 20sec at 94°C
30x 30 sec at 45/57°C*
30 sec at 72°C 7 min at72°C

T-down 2 min at 96°C 20 sec at 94°C
20x | 30 sec at 55/45°C**
30 sec at 72°C

then

20 sec at 94°C
25x 30 sec at 45°C

30 sec at 72°C 7 min at 72°C
* Annealing temperature is raised by 1°C from one column to another on the PCR block
** Annealing temperature is progressively lowered of 0.5C every cycles for all samples

Four randomly selected individuals from the Dayrell Island population were
tested with each primer using a Touchdown (TD) PCR protocol (Table 1). The
12.5 pL reaction mix contained ~50-100 ng of DNA template, 6.25uL of Bioline
MyTaq Mix® (0.11 units/uL Taq DNA polymerase 82.5 mM Tris-Hcl pH 8.5, 22mM
(NH4)SO4, 1.65 mM MgCl2, 0.22 mM dNTPs), 0.5uL of Forward and Reverse
primers and ddH20 to volume. PCR products were run on a 2% ethidium bromide
stained agarose gel and visualized using a Gel Logic system. A total of 36 primer
pairs (60%) amplified successfully and were consequently tested on four randomly
chosen individuals from five different populations across the east coast of New
Zealand North Island (Fig. 4.1). A total of 16 pairs were retained after displaying a
high level of polymorphism among individuals. The 5’ends of the Forward primers
were tagged with fluorochrome labels 6-FAM, NED, PET, and VIC and organised
into 4 multiplex groups using Multiplex Manager V1.0. (Table 5.3) (Holleley &
Geerts 2009) to be sent for genotyping on an ABI3730 Genetic Analyzer (Massey
Genome Service, Palmerston North, New Zealand) using S00LIZ size standard. PCR
products were high quality and had to be diluted 200 times to obtain the optimum
peak amplitude for microsatellite scoring. Subsequently, those 16 primers were used
on 31 individuals from Oakura Bay and tested for linkage disequilibrium and
departure from Hardy Weinberg equilibrium, in GENEPOP (Rousset 2008). P-values

were adjusted to control for the False Discovery Rate (FDR) (Benjamini & Hochberg
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1995). Possible reasons for deviation of HWE were investigated with MICRO-
CHECKER (Van Oosterhout et al 2004)

4.3 Results and discussion:

Among the 16 primer pairs tested, five (Ner atr 25, 28, 40, 44, and 53)
showed significant scoring issues, with individuals displaying 3 peaks or over for
more than half of the dataset, and had to be discarded. The generated chromatographs
of the 10 remaining pairs were consistent with expected tri-, tetra- and

Table 4.3.
Fluorescent tagging and multiplex group organization of the 15 primers retained in the analysis.

Group | Primer name Primer sequence Fluorescence
Ner_06A CCGCTTTTCATTCAAGCAAT NED
Ner 15A GAACGCATAGCATGAGAGCA 6-FAM
1 Ner 21A GCATGGAAAACTGACACCCT PET
Ner 42A AGCAGCAATGCAGCAAATTA VIC

Ner_48A ATCCCAGCAGAGGCGTAGTA 6-FAM
Ner_18A AAGGAGCCGGGAGAAAATTA 6-FAM

Ner 28A AAATTTGCTTTCGCCTGTGT PET
2 Ner_35A ATCCCACGCAGCTATTCATC VIC
Ner_37A TGCCATCTGCTGCAATCTAC NED
Ner_55A TGAAGTCAGTCGGCTTCTCA 6-FAM
3 Ner_32A ACTAGTGGTGGGTGTGGCTC 6-FAM
Ner_49A CCGGGTGTTTTGTCATTAGG VIC
Ner_25A GTCATAGGATGGGAGACGGA 6-FAM
Ner_40A CGATCAGACAAACAGGCAGA HEX
! Ner_44A GAGAAAGTGGCAGTGTGCAG HEX
Ner_53A TTAAGACACGCCTTCTGCCT 6-FAM

pentanucleotide STR patterns. Summary statistics for the 10 loci are presented in
Table 5.4. Three loci showed significant departure from HWE and there was no
linkage disequilibrium among the loci. MICRO-CHECKER attributed this
disequilibrium to scoring mistakes due to stuttering and/or the presence of null alleles.
Microsatellite null alleles are widespread, but some groups, especially marine
invertebrates, demonstrate particularly high frequencies of null alleles (Hare et al.

1996; Bester et al 2004; Hedgecock et al. 2004). However, this disequilibrium could
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Table 4.4.

Statistics summary of 31 N. melanotragus individuals from Oakura Bay on 10 loci.

R: GCATGCACATCAACAAAACC

Locus Motif Genbank Acc. primer sequence (5’ — 3°) Size Range A Ho He Fis
No. (bp)

N.mel 06 (AGCC)s JQ364728 F: CCGCTTTTCATTCAAGCAAT 78-102 7 0.581 0.568 -0.023
R: GCAGCACCATTCATTTCCTT

N.mel 15 (ACC)s JQ364729 F: GAACGCATAGCATGAGAGCA 102-108 3 0.323 0.507 0.367
R: TTTCATCCCATGACGGAAAT

N.mel 18 (CTGGG), JQ364730 F: AAGGAGCCGGGAGAAAATTA 99-114 4 0.613 0.615 0.004
R: CCTATTCCTGCACCGACTTC

N.mel 21 (CTG)s JQ364731 F: GCATGGAAAACTGACACCCT 111-144 12 0.903 0.902 -0.001
R: AGGACGTGCCTCATCAGTCT

N.mel 32 (CTG), JQ364732 F: ACTAGTGGTGGGTGTGGCTC 122-137 5 0.548 0.65 0.158
R: AAATCCTTATTCGGTGTGCG

N.mel 37 (GGCA); JQ364733 F: TGCCATCTGCTGCAATCTAC 117-157 10 0.839 0.861 0.027
R: CATCCTTCATGCCTCCTCAT

N.mel 42 (GCTGT), JQ364734 F: AGCAGCAATGCAGCAAATTA 130-155 6 0.129 0.638 0.801
R: TCGGGAACAGTTCATCACAA

N.mel 48 (GTAG)s JQ364735 F: ATCCCAGCAGAGGCGTAGTA 155-191 6 0.484 0.496 0.024
R: ATTGCCCCTAAATCTGTCCC

N.mel 49 (CAGT)y JQ364736 F: CCGGGTGTTTTGTCATTAGG 147-195 11 0.355 0.756 0.535
R: CAAGTCTGCAGGTGACCAGA

N.mel 55 (ACCTC)s JQ364737 F: TGAAGTCAGTCGGCTTCTCA 193-248 11 0.935 0.895 -0.046

A: number of alleles; Ho/He: observed/expected heterozygosities; Fis: inbreeding coefficient.
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be due to selection or environmental pressure on the population investigated. The
addition of new individuals from different population will address this concern: the 10
loci will be used in the next chapter for population genetics analysis of N.

melanotragus across 15 populations from New Zealand and the Kermadec Islands.
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CHAPTER YV

MULTI-SCALE SPATIAL CONNECTIVITY OF AN
INTERTIDAL GASTROPOD, NERITA MELANOTRAGUS, IN THE
SOUTH PACIFIC OCEAN

Abstract

Whether marine populations are “open or closed” has been and remains a
matter of debate in the literature. However, recent reports of higher than expected
indicate that marine populations might not be as open as previously thought. Recent
studies reported high levels of genetic differentiation and self-recruitment among
populations of numerous species separated by a short geographical distance. Other
studies also demonstrated that at a similar geographic scale, island populations show a
higher genetic structuring than mainland populations. One explanation for this pattern
is that islands themselves, by their fragmented nature, create local currents or eddies
that might entrap the larvae and retain them close to home.

Here, I investigated the genetic structuring of N. melanotragus populations
from the Kermadec Islands and mainland New Zealand, and compared the genetic
structuring among populations within each group and between the two groups.
Results showed a complete lack of genetic structuring within and between both
groups, with low Fst values and an absence of isolation by distance. Hence, the theory
that islands themselves increase genetic structuring could not be tested. However, the
genetic homogeneity found here raises interesting questions regarding the

connectivity potential of remote habitats.

129



CHAPTER V — MULTI-SCALE CONNECTIVITY OF NERITA MELANOTRAGUS

5.1 Introduction

One of the most fundamental debates between marine biologists in recent
decades concerns the degree to which populations are “open or closed” (Swearer ef al.
1999, Cowen et al. 2000). In an “open” population, migration (based on the export
and import of larvae/adults) is sufficient to generate low or non-existent levels of
genetic differentiation between the source and the receiving populations. In contrast,
in a “closed” population, migration is insufficient to promote genetic homogeneity,
leaving the populations genetically differentiated from each other (Cowen 2000,
Cowen & Sponaugle 2009). Here, I consider a population to be a group of individuals
of the same species that co-occur in space and time and have an opportunity to
interact with each other (Waples & Gaggioti 2006). Early research on marine
connectivity considered most populations of marine species to be open, because of the
continuous fluid nature of the oceans and life-history characteristics of marine
organisms (particularly the dominating presence of a dispersive larval stage and/or
adults with great capacity to move). As a result, post-metamorphic individuals, larvae
and spores are likely to be transported many kilometres away from their natal sites,
thus allowing migration to other populations (Scheltema 1986). However, there is
increasing evidence to support the presence of barriers to gene flow, as well as
population differentiation, sometimes even at the scale of only a few kilometres
(Swearer et al. 1999, Wright et al. 2000, Taylor & Hellberg 2003, Bell & Okamura
2005, Cowen et al. 2006, Johnson & Black 2006, Wood & Gardner 2007), leading to
the conclusion that marine populations may not be as “open” as previously thought.

Oceanic island populations represent an interesting model for the study of
population connectivity. By definition, oceanic islands are not part of continental
shelf areas; they are not and have never been connected to any continent. Hence,
species occurring on those islands originated from the historical or still ongoing
dispersion of continental species, some of which subsequently evolved on the island.
However, the fact that many remote island biotas differ greatly from those of
continents (i.e. they are taxon-poor and yet rich in endemic species) seems to indicate
that self-recruitment occurs on a regular basis in their populations and that

immigration of larvae/adults via dispersal from more distance sources might be
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limited. For example, in his study conducted in northern Europe (Ireland, United
Kingdom, and Wales) Bell (2008) found that connectivity between islands and the
mainland was limited compared to connectivity between different mainland locations,
implying that island populations rely mostly on local recruitment and self-recruitment.

Knowing the challenges that survival represents for an oceanic island endemic
species with a larval stage, their presence on many isolated archipelagos is intriguing,
and a growing number of publications are focusing on comparing levels of self-
recruitment and genetic structuring among islands populations and between island and
continental populations (e.g. Parson 1996, Johnson & Black 2006, Bird et al. 2007,
Wood & Gardner 2007, Bell 2008). In their studies on Austrocochlea constricta,
Johnson and Black (2006) compared island population subdivision to mainland
population subdivision in the Houtman Abrolhos Islands and the coast of Western
Australia. They found that population subdivision of several species was much higher
in the islands than along the mainland coast at comparable geographic distances. One
of the theories proposed by these authors is that islands themselves, because of their
fragmented structure, create local currents or eddies, which entrap locally produced
larvae and retain them on a scale of two kilometres or less. Similar conclusions were
reached by Wood & Gardner (2007), who focussed only on island populations and
detected small-scale genetic structuring in two endemic species of the Kermadec
Islands. Hence, island populations appear more “closed” than continental populations
at an equivalent spatial scale.

To test whether island populations showed a higher genetic structuring and
levels of self-recruitment than continental populations, I investigated the genetic
diversity, genetic structuring and levels of connectivity of Nerita melanotragus, an
intertidal marine gastropod occurring within the remote Kermadec Islands Marine
Reserve (KIMR) and on the North Island coasts (NI) of New Zealand. Nerita is a
genus of widely occurring snails (Neritidae, Gastropoda, Mollusca) found mainly
along the tropical and subtropical coasts, but with a few species including N.
melanotragus occurring in temperate regions. N. melanotragus, also known as the
Black Nerite, has a pelagic larval duration (PLD) of 5 to 6 months (inferred in Waters
et al. 2005) and has been taxonomically separated from its sister species N.

atramentosa after recent phylogenetic investigation (Spencer et al. 2007). N.
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melanotragus occurs on the intertidal rocky shores of eastern Australia, northern New
Zealand, Lord Howe Island, Norfolk Island and the Kermadec Islands.

The Kermadec Islands are a subtropical island arc in the South Pacific Ocean,
composed of 11 islands approximately 0.6 to 1.4 M yr old (Gabites Appendix 2 in
Lloyd & Nathan 1981). They are divided in to three groups: the northern group (29°
15° S, 177° 55 W) with Raoul Island and its outlying islets, the middle group (30°
14* S, 178° 25> W) with Curtis and Macauley Islands, and the southern group (31°
21° S, 178°48’W) with L’Esperance Rock. The Kermadec biota is recognized as
unique and species rich, its marine environment providing important links between
the temperate waters of mainland New Zealand and tropical waters. The islands have
been protected by the Department of Conservation (DOC) since 1990 through the
designation of the Kermadec Islands Marine Reserve (KIMR). It is NZ’s largest
marine reserve and the protection zone covers 745,000 hectares (7450 km?).

As with most remote habitats, relatively few studies have taken place on the

Kermadec Islands, and those that have been conducted mainly focussed on
physiology (Creese et al. 1990) and species distribution and abundance patterns
(Schiel et al. 1986 and Gardner et al. 2006 on benthic organisms; Cole 2001 on
herbivorous fishes, and Francis et al. 1987 and Eddy ef al. 2011 on coastal fishes;
Brook 1999 on coral communities; Wicks et al. 2010 on zooxanthellae; Brook 1998
on molluscs). Only two studies have investigated levels of population connectivity
and genetic diversity within the Kermadec archipelago (Wood & Gardner 2007,
Wicks et al. 2010). However, the mix of warm temperate, tropical and subtropical
components that characterizes KIMR biodiversity indicates that species of this
archipelago are likely to be, or have been in the past, connected with other landmasses
and islands such as NZ and Tonga.
This study is the first to investigate genetic connectivity between KIMR and mainland
NZ, and to compare levels of population connectivity and genetic structuring among
the two groups. The levels of population connectivity were investigated at three
different spatial scales: (1) the micro-scale level (geographic separation ranging from
0.7 to 15 kilometres) within the northern island group of KIMR, (2) the meso-scale
level (from 14 to 1100 kilometres) along the NZ North Island (NI) coasts, and (3) the
macro-scale level (from 1000 to 2000 kilometres) between KIMR and NI.
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Figure 5.1.

Map of the sampled area around New Zealand and the Kermadec Islands. NI: North Island, SI: South Island, KIMR: Kermadec Islands Marine Reserve, BOA:
Boat Landing, DAY: Dayrell Island, DEN: East Denham, EGE: Egeria Islet, MEY: Meyer Island, MIL: Milne Islet, TAP: Tapotupotu Bay, WHA: Wharau Road,
RUS: Russell Harbour, TAU: Taupiri Bay, OAK: Oakura, HEK: Waiheke Island, HAH: Hahei, MAU: Mt Maunganui, WEL: Wellington.
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5.2 Materials and Methods

5.2.1 Sample collection and storage

Samples of N. melanotragus were collected between 2002 and 2006 for the
NZ North Island populations (NI) and during two independent research trips in 2002
and 2004 for the Kermadec Islands populations (KIMR) (Fig.5.1 and 5.2). In total,
275 individuals were sampled from six different populations around the northern part
of KIMR and 299 individuals were sampled from nine different populations along the

NI (see Table 5.1). Samples were preserved in ethanol and then stored at 4°C.

5.2.2 DNA extraction

Each individual was removed from its shell. Genomic DNA was extracted
from ~2 to 4 mm’ of foot tissue, directly under the operculum, using the High Pure
PCR Template preparation kit (Roche) following the manufacturer’s instructions.
DNA concentration was estimated by running each sample against a High DNA Mass
ladder (Invitrogen) on an ethidium bromide-stained 1% agarose gel. DNA was

subsequently stored at -20°C.

5.2.3  Primer amplification and genotyping

I used ten fluorescently labelled microsatellite primer pairs specifically designed for
N. melanotragus, and divided them into three multiplex groups (Table 5.2).
Amplifications were carried out using a Touch-Down PCR protocol described in
Table 5.3. Allele scoring was automated in GENEMARKER (SoftGenetics, State
College, PA) after the creation of allele binary files specific to each microsatellite
marker. Departure from HWE was estimated in GENEPOP’007 (Rousset 2008).
Preliminary results showed that three loci (Ner 15, Ner 42 and Ner 49) deviated
significantly from HWE. MICRO-CHECKER version 2.2.3 (Van Oosterhout et al.

2004) attributed this deviation to the presence of null alleles and stuttering. Hence, the
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subsequent genetic analyses used seven microsatellite markers: Ner 06, Ner 21,

Ner 48, Ner 18, Ner 37, Ner 55 and Ner 32.

Subantarctic Inflow
N!i'i[

Figure 5.2.

New Zealand major coastal and offshore currents. ACC: Antarctic Circumpolar Current, DC:
D’Urville Current, EAUC: East-Auckland Current, ECC: East Cape Current; ECE: East Cape
Eddy, NCE: North Cape Eddy, SAF: Subantarctic Front, SC: Southland Current, STF:
Subtropical Front, TF: Tasman Front, WAUC: West Auckland Current, WC: Westland
Current, WCC: Wairapa Coastal Current, WE: Wairapa Eddy. Taken from Will & Gemmell
(2008), modified from Laing & Chiswell (2003).
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Table 5.1.
Sampling sites where samples were collected, along with the coding used in this chapter (code), number of individuals (N), sites coordinates (geometric latitude and
longitude), and the sampling date.

Sampled sites Code N Latitude Longitude Sampling date
NI

Tapotupotu Bay, Cape Reinga TAP 30 34°26.530'S 172° 42.497'E ?
Wharau Road, Bay of Islands WHA 40 35°12.352'S 174° 02.721'E 3/10/05
Russell Harbour, Bay of Islands RUS 29 35°15.571'S 174° 07.195'E 6/10/05
Taupiri Bay, Bay of Islands TAU 30 35°16.427'S 174° 17.421'E 6/10/05
Oakura Bay, Bay of Islands OAK 31 35°22.975'S 174° 20.890'E 7/10/05
Waiheke Island, Auckland HEK 40 36°47.582'S 175°5.458'E ?
Hahei, Waikato HAH 35 36°50.231'S 175° 48.116'E 27/04/03
Mount Maunganui, Bay of Plenty MAU 32 37°38.279'S 176° 11.503'E 24/09/02
Wellington, Island Bay WEL 32 41°20.403'S 174°45.331'E 26/12/06
KIMR

Boat Landing, Raoul Island BOA 40 29°15.418'S 177° 54.140'W 8/11/04
Dayrell Island DAY 50 29° 14.407'S 177° 51.265'W 11/07/04
East Denham Bay, Raoul Island DEN 40 29°16.396'S 177° 57.010'W 4/11/04
Egeria Islet EGE 50 29° 14.586'S 177° 53.417T'W 9/07/02
Meyer Island MEY 50 29° 14.405'S 177° 52.412'W 7/07/02
Milne Islet MIL 45 29°16.516'S 177° 54.146'W 10/07/02
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Table 5.2.
Fluorescent tagging and multiplex group organization of the 10 primers used in the analysis.

Group Primer name Primer sequence Fluorescence
Ner_06A CCGCTTTTCATTCAAGCAAT NED
Ner_ 15A GAACGCATAGCATGAGAGCA 6-FAM
1 Ner 21A GCATGGAAAACTGACACCCT PET
Ner 42A AGCAGCAATGCAGCAAATTA VIC

Ner_48A ATCCCAGCAGAGGCGTAGTA 6-FAM
Ner_18A AAGGAGCCGGGAGAAAATTA 6-FAM

Ner_28A AAATTTGCTTTCGCCTGTGT PET
2 Ner_35A ATCCCACGCAGCTATTCATC VIC

Ner 37A TGCCATCTGCTGCAATCTAC NED

Ner 55A TGAAGTCAGTCGGCTTCTCA 6-FAM

Ner_32A ACTAGTGGTGGGTGTGGCTC 6-FAM
’ Ner_49A CCGGGTGTTTTGTCATTAGG VIC

Table 5.3.
PCR Touchdown cycles used with the ten microsatellite primer pairs.

Initial Denaturation Denaturation Final Elongation
Annealing
Elongation
2 min at 96°C 20 sec at 94°C

20x 30 sec at 55/45°C**
30 sec at 72°C

then

20 sec at 94°C
25x 30 sec at 45°C

30 sec at 72°C 7 min at 72°C
** Annealing temperature is progressively lowered by 0.5°C every cycle for all samples

5.2.4 Data analysis

5.2.4.1 Genetic diversity

Allelic diversity (A), observed (Ho) and expected (Hg) heterozygosities under
Hardy Weinberg equilibrium (HWE), and the inbreeding coefficient (Fis) were
estimated using GENEPOP’007 for each population and averaged over all the
populations for comparison of the two geographic groups (KIMR and NI). Tests for
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linkage disequilibrium were performed in GENEPOP using a likelihood-ratio test
with a level of significance determined by permutation (Markov Chain parameters:
10000 dememorization steps, 5000 batches, 10000 iterations per batch). Statistical
significance (P-values) was corrected for multiple testing using the False Discovery
Rate (FDR) procedure (Benjamini & Hotchberg 1995). Allelic richness [Ar(g)]
standardized for sample sizes was calculated by HPrare V1.0 (Kalinowski 2005)
using a rarefaction method, with the minimum number of genes (g) being estimated
by the software and set to a value of 46 (for NI), 76 (for KIMR) and 520 (for
KIMR+NI). Mean Ar(g) was calculated for each population and then compared across

groups using a Kruskal-Wallis test for non-parametric data.

5.2.4.2 Population genetic structuring and relationship

Population pairwise Fst values were estimated by Arlequin 3.1 (Excoffier et
al. 2005) and their significance was assessed after 10,000 permutations. Fisher’s exact
tests of differentiation between pairs of loci (Raymond & Rousset 1995) were
performed by Arlequin, with 10,000 permutations. All p-values were adjusted using
the FDR procedure.

Additional insights into the patterns of gene flow were provided by Bayesian
analysis of genotypic admixture using STRUCTURE version 2.2 (Pritchard et al.
2000, Falush et al. 2003, 2007). The number of potential clusters (K) was estimated
from 3 independent runs with K ranging from 2 to 6 for KIMR, 2 to 9 for NI and 2 to
15 for analysis of the whole dataset. For each run, uninformed priors were used with a
50,000 burn-in period followed by 500,000 Markov Chain Monte Carlo (MCMC)
replications under the admixture ancestry model and the assumption of correlated
allele frequencies among samples.

To visualize the genetic relationship of each populations within KIMR, within
NI and between KIMR and NI, an unweighted pair group method and an arithmetic
mean (UPGMA) dendogram was constructed, based on the Nei’s minimum distance
(Nei 1972) using the program Tools for Population Genetics Analysis (TFPGA —
Miller 1997). Statistical nodal support was evaluated by bootstrap analysis using 1000

pseudoreplicates.
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5.2.4.3 Estimation of self-recruitment and first generation migrants

Assignment methods are complementary to Fst estimates, in the sense that
they provide a specific assessment of contemporary migration, whereas Fst methods
assess average levels of gene flow over long timescales (see Manel et al 2005 for full
discussion). To determine levels of contemporary dispersal and self-recruitment in
each population within each group, and averaged from all populations between
groups, assignment tests were carried out with GENECLASS2 (Piry et al 2004)
following Paetkau ef al. (2004) “leave one-out” methodology. Probability of
assignment was based on 10,000 simulated individuals and an exclusion threshold of
P < 0.05. Individuals that were excluded from their populations of collection were
reassigned to another sampled population when P > 0.1. The difference between the
exclusion threshold and the reassignment threshold allows for the presence of
individuals originating from non-sampled populations (Underwood et al 2007). When
the results indicated more than one possible population of origin (P > 0.1), the
individual was assigned to population showing the highest probability. First-
generation migrants were detected using the “L-home” likelihood computation
method to allow for the possibility of individuals coming from unsampled
populations. Probability of assignment was based on 10,000 simulated individuals and
an exclusion threshold of P < 0.05. Individuals identified as first generation migrants
were removed from the dataset and the remaining individuals were used to create
references populations and identify the most likely source population of those

migrants (see Piry ef al. 2004 for more information).

5.2.4.4 Spatial genetic structuring

Any genetic signature of isolation-by-distance was investigated with a Mantel
test, performed by the software ISOLDE, through Genepop (online based form). The
Mantel test examines the correlation between genetic differentiation (pairwise Fst/(1-
Fst) values) and geographic location (using the logarithm of geographical distances
among populations).

In order to test for the presence of random, clumped, or uniform spatial
distributions of alleles, I used the software package Alleles in Space (AIS; Miller
2005) and performed an allelic aggregation index analysis (AAIA) based on the

analysis of individuals’ genotypes (and not alleles despite the name of the analysis),
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to test non-random patterns of spatial genetic diversity (null hypothesis that genotypes
are distributed at random across a landscape; see Clark & Evans 1954, and Miller
2005 for modifications). Estimation of the “physical area” encompassed by the
samples used a rectangle defined by the maximum and minimum coordinates
provided in the dataset’s coordinate file (default option in AIS). An allele-specific
aggregation index R; was calculated for each allele at each locus, and was used to
obtain an average allelic aggregation index R;*'". Significance of R; and RjAVE was

tested through the use of 1000 permutations.

5.3 Results

5.3.1 Overall genetic diversity

Rarefied allelic richness ranged from 2.998 to 14.000 with 10 private alleles
(Table 5.4a) in the KIMR group, from 2 to 12.124 with 15 private alleles for the NI
dataset (Table 5.4b), and from 4.952 to 16.786 with 22 private alleles for the
KIMR+NI dataset (Table 5.4c). No significant linkage disequilibrium was observed
for any pairs of loci after FDR correction. Two other loci showed a deviation from
HWE: Ner 32 in Oakura Bay, Waiheke Island, Hahei and Egeria Islet; Ner 55 in
Dayrell Island and Russell Harbour. However, because this deviation was only
detected in a subset of populations and their associated P-values were often near the
significance level of 0.05 (ranging from 0.0530 to 0.0808), Ner 32 and Ner 55 were
kept in the analysis.

5.3.2  Genetic structuring in the KIMR dataset

Mean rarefied allelic richness calculated over the seven loci revealed no
significant difference among the six sampled populations (Kruskal-Wallis, P = 0.416).
All pairwise Fst estimates of the KIMR analysis were not significant (Table 5.5a)
with values ranging from -0.0097 to 0.0052. Fisher’s exact tests of differentiation
between pairs of loci gave the same results (P > 0.999). The results from the
STRUCTURE analysis were congruent with the Fst and Fisher’s exact tests and
showed an absence of genetic differentiation among populations for all values of K
(Fig.5.3.).
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Table 5.4.

Genetic diversity indexes for (a) NI, (b) KIMR and (¢) KIMR+NI datasets. Bold values represent significant Fis values.

(a)
Locus
Site Ner06  Nerl5 Ner21 Ner42  Nerd8 Nerl8 Ner37 Ner55 Ner32  Ner49
Habhei Ar 5 3 11 6 5 4 10 13 7(1) 9
Ar(g) 4.620 2.949 10.376 5.695 4.617 3.882 9.632 11.985 6.086 8.961
Ho 16 12 29 15 22 17 31 29 20 13
He 16.377 15.949 30.623 25446 20.725  18.275 28.866 30.313 24.696  24.000
Fis 0.023  0.251 0.054 0.414 -0.063 0.071 -0.075 0.044 0.192 0.463
Waiheke Isl Ar 7 3 11 6 6 6 12 13(1) 6 10
Ar(g) 6.112 2991 10.081 5.789  5.350 5.677 11.076 11.386 5.463 9.396
Ho 24 7 33 16 20 23 29 30 21 16
He 24.532  21.961 31.613 28.720 19.740  25.165 31.817 32.219 24.699  31.280
Fis 0.022  0.684 -0.045 0.446 -0.013 0.163 0.090 0.070 0.152 0.492
Mt Maunganui Ar 6 2 10 5 6(2) 5 9 10 6 12
Ar(g) 5.900 2.000 9.826 4484  5.080 4.699 8.341 9.453 5.675 11.092
Ho 23 7 28 11 16 15 28 26 23 10
He 21.159 15.102 28.095 18.361 15.302 19.286 26.683 26.934 21.098 25.288
Fis -0.089  0.541 0.003 0.405 -0.046 0.225 -0.050 0.035 -0.092  0.609
Oakura Bay Ar 7 3 12 6 6(1) 4 10 11 5 11
Ar(g) 6.402  2.960 11.590 5.817  5.357 3.937 9.731 10.613 4.897 10.492
Ho 18 10 28 4 15 19 26 29 17 11
He 17.607 15.702 27.967 19.764 15.361 19.066 26.705 27.754 20.136  23.439
Fis -0.023  0.367 -0.001 0.801 0.024 0.004 0.027 -0.046 0.158 0.535
Russell Hb Ar 6 3 9 6 6 5(1) 11 13(1) 6 10
Ar(g) 5.545  3.000 8.745 5.586  5.880 4.586 10.371 12.124 5.586 9.762
Ho 19 4 24 13 18 13 23 22 20 13
He 16.930 11.978 24.439 21.544 18.754 17.070 25.404 26.175 19912  24.746
Fis -0.125  0.671 0.018 0.401 0.041 0.242 0.096 0.162 -0.005  0.479




(a) continued

Locus
Site Ner06  Nerl5 Ner21 Ner42  Nerd8 Nerl8 Ner37 Ner55 Ner32  Ner49
Tapotupotu Ar 7 4(1) 12(1) 7 5 5 8 10 5 9
Ar(g) 6431 3.792 11.568 6.664  4.523 4.821 7.752 9.978 4817 8.643
Ho 14 15 27 17 14 17 28 22 19 8
He 17.085 15.691 25.729 22983 15.729 17.291 24.597 24.208 19.273  24.309
Fis 0.183  0.045 -0.050 0.264 0.112 0.017 -0.141 0.093 0.014  0.675
Taupiri Bay Ar 8 3 12 5 4 5 10 11 4 12
Ar(g) 7.643  2.960 11.232 4992  3.767 4.792 9.743 10.903 4.000 11.497
Ho 18 12 27 14 17 21 24 23 22 17
He 19.492 15.649 26.153 19.737 18.017  19.035 26.610 24.946 21.186 25.649
Fis 0.078  0.236 -0.033 0.294 0.057 -0.105 0.100 0.079 -0.039  0.341
Wellington Ar 5 3 12(1) 6 5 5(1) 11 10 6 11
Ar(g) 4918  2.999 11.084 5792  4.638 4.438 10.532 9.783 5.638  10.601
Ho 16 6 25 12 20 16 23 25 21 19
He 16.143 13.549 27.230 22.123 16.968  16.889 23.359 24.527 21.778 26.136
Fis 0.009  0.562 0.083 0.462 -0.182  0.053 0.013 -0.020 0.036  0.276
Wharau Rd Ar 8 5(2) 9 6 4 6 13(1) 13(1) 6 11
Ar(g) 6.754  3.243 7.768 5.956  3.589 5.014 10.875 11.845 5.145  10.171
Ho 25 15 31 19 23 25 34 29 24 17
He 24.152  20.055 32.377 25972 20.727  24.273 34.338 31.362 24.623 31.987
Fis -0.036  0.305 0.043 0.271  -0.111 -0.030 0.010 0.076 0.026  0.472

A: number of alleles, private alleles in brackets; Ar(g): rarefied allelic richness; Ho/He: observed/expected heterozygosities; Fis:

inbreeding coefficient



(b)

Locus
Site Ner06  Nerl5 Ner21 Ner4?2 Ner48 Nerl8 Ner37 Ner55 Ner32 Ner49
Boat landing, Raoul Island A 6 3 11 7 6 5 12(1) 13 7 11(1)
Ar(g) 5.900 2.998 11.000  6.946 5.946 4.948 11.944  12.894 6.944 10.996
Ho 15 13 35 19 22 26 36 34 25 29
He 19.873 21.177 35911 30.279 23.684 25405 34798 35937 27.228 35.671
Fis 0.248  0.389 0.026 0.376 0.072 -0.024 -0.035 0.055 0.083 0.189
Dayrell Island A 5 4 10 7(1) 5 4 10 14 7(1) 12
Ar(g) 4.9848 3.7042 9.7546  6.5408 4.7042 39875 9.7406  13.1759 6.5927 11.4515
Ho 29 18 47 29 26 24 36 38 31 30
He 27.697 26.5152 43.5657 36.2474 24.0909 27.4138 40.9474 42.4124 33.3838 43.4444
Fis -0.048  0.323 -0.080 0.202 -0.080  0.126 0.122 0.105 0.072 0.312
East Denham Bay, Raoul Island A 7 4 11 6 5 5 9 14(1) 6 11(1)
Ar(g) 6.898  4.000 10.850  5.998 4.998 5.000 8.898 14.000 5948 10.900
Ho 21 18 32 18 22 25 36 30 28 28
He 21.253 22922  33.190 29.101 22.139 27.329 33.544 33.053 27.089 34.873
Fis 0.012  0.217 0.036 0.385 0.006 0.086 -0.074 0.094 -0.034 0.199
Egeria Islet A 7 3 10 5(1) 6(1) 4 10 12 5 12
Ar(g) 6.747  2.999 9.635 4.76 5.464 3.997 9.635 11.826  4.844 11.931
Ho 28 17 31 19 26 27 47 41 26 31
He 31.778 24.131 41980 35.121 27.859  29.697 42111 43707 30.225 43.474
Fis 0.120  0.298 0.264 0.462 0.067 0.092 -0.117 0.063 0.141 0.289
Meyer Island A 7 4 11 6 6 4 11 12 6 12
Ar(g) 6.745 3.774 10.459  5.692 5.508 4.000 10.985  12.000 5.517 11.453
Ho 32 17 43 30 27 23 35 31 33 30
He 34505 26917 42.040 32.5859 29.828  25.141 37.788  33.987 33919 41.4845
Fis 0.073  0.371 -0.023 0.0801  0.096 0.086 0.075 0.089 0.027 0.2789
Milne Islet A 8 4(1) 12 7 5 5 10 13 5 13(1)
Ar(g) 7.799 3.844 11.679  6.689 4.821 4.977 9.685 12.640  4.999 12.374
Ho 30 15 39 22 24 31 33 39 28 29
He 29.843 26.798  39.360 33.9438 22.596 29.360 38.506 39.944 30.169  39.000
Fis -0.005 0.443 0.009 0.3545  -0.063 -0.057 0.144 0.024 0.073 0.2586

A: number of alleles, private alleles in brackets; Ar(g): rarefied allelic richness; Ho/He: observed/expected heterozygosities; Fis: inbreeding coefficient



(©

Locus
Site Ner06 Nerl5 Ner21 Ner42 Ner48 Nerl8 Ner37 Ner55 Ner32 Ner49
KIMR A 8 52) 12 9(2) 8(1) 5 12 16 8 15(2)
Ar(g) 8.000 4.952 12.000  8.898 7.997 5.000 11.977 16.000 7.973 14.903
Ho 155 98 227 137 147 161 223 213 171 177
He 165.989 150.941 236.452 198.799 150.463 167.495 226.834 230.320 181.555 238.125
Fis 0.066 0.351 0.040 0.311 0.023 0.039 0.017 0.075 0.058 0.257
NI A 8 6(3) 14(2) 7 9(2) 8(3) 14(2) 17(1) 10(2) 13
Ar(g) 7.983 5.878 13.867  6.994 8.626 7.763 13.896 16.786 9.870 13.000
Ho 173 87 252 121 165 166 246 235 187 124
He 173.258 145.307 254.284 209.630 161.228 175.856 248.419 247.873 196.976 241.154
Fis 0.002 0.402 0.009 0.423 -0.023 0.056 0.010 0.052 0.051 0.486

A: number of alleles, private alleles in brackets; Ar(g): rarefied allelic richness; Ho/He:

observed/expected heterozygosities; Fis: inbreeding coefficient.
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The UPGMA analysis resulted in globally weak grouping support (i.e. no evidence of
structure), with a highest bootstrap value of 57.14% (Fig.5.4a). There was low bootstrap
support (28.57%) for the separation of the East Denham population from all other KIMR
populations. Assignment tests successfully classified 45 individuals to their sampled
populations, with assignment success ranging from 7.5% (East Denham) to 33% (Milne
Islets). A total of 230 individuals were assigned to other populations, among which six
remained unassigned. Twenty-six individuals were identified as first generation migrants,
representing between 6.8% (East Denham Bay) and 21.9% (Dayrell Island) of the total
recruitment per population (Table 5.6a, Table 5.7a). Isolation by distance analysis revealed
no correlation between genetic distance and geographic distance (R* = 0.0013). The AAIA
analysis showed no significant allelic aggregation within the KIMR sample set (Rave =

0.874, P =0.197).

Table 5.5.
Population pairwise Fst values for (a) KIMR, (b) NI, and (¢) KIMR+NI dataset. Above diagonal: p-value
after correction for FRD; below diagonal: Fst value

(2)

BOA DAY DEN MEY MIL EGE
BOA - 0.894 0.883 0.721 0.530 0.826
DAY | -0.004 - 0.347 0.088 0.735 0.546
DEN | -0.004 0.001 - 0.581 0.247 0.717
MEY | -0.002 0.005 -0.001 - 0.870  0.999
MIL | 0.000 -0.002 0.002 -0.004 - 0.877
EGE |-0.003 0.000 -0.002 -0.010 -0.003 -

(b)

TAP WHA RUS TAU OAK HEK HAH MAU WEL
TAP - 0.600 0.644 0.979 0.747 0.506 0.858 0.791 0.849
WHA | -0.002 - 0.566 0.789 0.644 0.482 0.103 0.483 0.420
RUS -0.002  -0.001 - 0.956 0.612 0.324 0.637 0.301 0.483
TAU -0.009  -0.004  -0.007 - 0.603 0.569 0.504 0.429 0.775
OAK | -0.004  -0.003 -0.002  -0.002 - 0.707 0.610 0.966 0.902
HEK -0.001 0.000 0.002 -0.001 -0.003 - 0.093 0.847 0.526
HAH | -0.005 0.006 -0.002  -0.001 -0.002 0.006 - 0.267 0.569
MAU | -0.004  -0.001 0.002 0.000 -0.008  -0.005 0.003 - 0.640
WEL | -0.006 0.000 0.000 -0.004  -0.006 -0.001  -0.002  -0.003 -

(©)

| NI  KIMR
NI - 0489
KIMR | -0001 -
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Figure 5.3.

STRUCTURE analysis of KIMR, NI and KIMR+NI datasets. Results presented here were similar for the
three analyses. Results are presented for a theoretical number of populations ranging from 2 to 6.
Vertical bars represent individuals.

K=2

K=3

K=4

5.3.3  Genetic structuring in the NI dataset

There was no significant difference in allelic richness among the nine sampled
populations (Kruskal-Wallis, P = 0.433). Pairwise Fst values ranged from -0.0087 to 0.0056
and no values were statistically significant (Table 5.5b). Fisher’s exact tests of differentiation
between pairs of loci confirmed these results (P > 0.999). STRUCTURE analysis results were
congruent with Fst and Fisher’s exact tests and revealed an absence of genetic differentiation
among populations for all values of K (Fig.5.3.). The UPGMA analysis identified globally
weak grouping support (i.e. no apparent structure), with 14.29% as the highest bootstrap
value and many nodes lacking support (Fig.5.4b). Assignment test correctly classified 30
individuals to their sampled populations, with an assignment success ranging from 0%
(Wellington Coast) to 26.7% (Taupiri Bay). A total of 267 individuals were classified to
other populations, among which 2 remained unassigned. Thirty-two first generation migrants
were identified, representing between 3.3% (Wellington Coast) and 33.3% (Taupiri Bay) of
the total recruitment per population (Tables 5.6b and 5.7b). Isolation by distance analysis
revealed no correlation between genetic distance and geographic distance (R2 =0.0013). The
AAIA analysis showed no significant allelic aggregation within the NI sample set (Rave =
0.751, P=10.303).
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Figure 5.4.

UPGMA tree of the relationship among the different populations in (a) KIMR, (b) NI and (¢) KIMR+NI
dataset. The scale represents Nei’s distance values.Values at nodes represent the percentage bootstrap
support. Nodes with no values have a bootstrap support of zero.
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Table S.6.

Assignment test results showing percentage of individuals successfully assigned for: (a) KIMR, (b) NI,
and (c) KIMR+NI datasets. Boldface shows correct assignments. The symbol (*) indicates populations
with at least one non-assigned individual.

(a)

BOA DAY DEN MEY MIL EGE
BOA* | 30.0 15.0 2.5 7.5 325 10.0
DAY* | 36.0 8.0 6.0 8.0 320 8.0
DEN* | 20.0 15.0 7.5 10.0 25.0 20.0
MEY* | 12.0 12.0 6.0 14.0 40.0 12.0
MIL 17.8  15.6 44 244 333 4.4
EGE* 20.0 12.0 8.0 16.0 34.0 8.0

b

® TAP WHA RUS TAU OAK HEK HAH MAU WEL
TAP* 13.3 33 100 333 167 0.0 10.0 6.7 33
WHA 0.0 7.5 225 325 125 5.0 2.5 15.0 2.5
RUS* 34 34 10.3 379 138 34 6.9 13.8 34
TAU 33 0.0 133 26.7 267 6.7 133 6.7 33
OAK 6.5 0.0 194 194 16.1 3.2 3.2 29.0 3.2
HEK 100 75 100 300 150 7.5 5.0 15.0 0.0
HAH 8.6 2.9 143 286 143 0.0 5.7 20.0 5.7
MAU 3.1 3.1 15.6 281 313 3.1 9.4 6.3 0.0
WEL 6.3 0.0 188 250 188 156 0.0 15.6 0.0

(©)
| NI KIMR

NI 60.5 395
KIMR | 51.5 49.5

5.3.4 Genetic structuring between KIMR and NI dataset

The Kruskal-Wallis test did not show any significant difference in allelic richness
between NI and KIMR groups (P = 1.0). The Fst value between KIMR and NI was not
significant (Table 5.5c). Fisher’s exact tests of differentiation between pairs of loci also gave
non-significant results (P > 0.999). STRUCTURE analysis results were congruent with Fst
and Fisher’s exact tests and revealed a lack of genetic differentiation among populations for
all values of K (Fig.5.3.). The UPGMA analysis resulted in globally weak grouping support,
with 42.79% as the highest bootstrap value (Fig.5.4c), and many nodes had a bootstrap

148



CHAPTER V — MULTI-SCALE CONNECTIVITY OF NERITA MELANOTRAGUS

support of zero. A total of 316 individuals were correctly assigned to their sampled

geographic group, with a 49.5% success for KIMR and 60.5% for NI.

Table 5.7.

First generation migrants at (a) KIMR, (b)NI and (¢) KIMR+NI datasets. The table should be read with
the population of origin in the first column, and the destination in the first row. The tables also present
the percentage of first generation migrants from the total number of recruits per population.

a

© BOA DAY DEN MEY MIL EGE
BOA - 4 1
DAY 1 - 2 1 1 2
DEN 1 - 1 1
EGE 2 1 3 -
MEY 1 - 1
MIL 3 -
%recr. | 69 219 6.7 13 158 73

b
® TAP WHA RUS TAU OAK HEK HAH MAU WEL
TAP - 1 3 1
WHA - 1 1 1 1
RUS 1 - 2
TAU 2 1 - 1
OAK - 2 1 1
HEK 1 3 -
HAH 1 1 1 -
MAU 1 1 -
WEL 1 1 1 -

% recr. 8 6.3 154 333 172 11.1 97 6.7 33

(©)
NI KIMR
NI - 10
KIMR | 10 -

% recr. | 7.1 7.7

Among the 258 misclassified individuals, 20 were labelled as first generation
migrants representing 7.1% (NI) and 7.7% (KIMR) of the total recruitment per group (Table
5.4c, Table 5.5c). Isolation by distance analysis showed no correlation between genetic
distance and geographic distance (R* = 0.0009). The AAIA analysis revealed significant
allelic aggregation within the KIMR+NI sample set (Rave = 0.686, P = 0.016), indicating the

presence of clusters in the geographic distribution of individuals’ genotypes.
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5.4 Discussion

Many studies have reported that island populations have a higher genetic diversity
than mainland populations at a comparable geographic scale (Parson 1996, Johnson & Black
2006, Bird et al. 2007, Wood & Gardner 2007, Bell 2008). They have also reported the
presence of coastal oceanographic features such as eddies that could reduce larval
connectivity with the archipelagos. This study aimed to investigate the levels of genetic
diversity, genetic structuring and levels of connectivity in a remote archipelago and also

investigate possible connectivity with mainland New Zealand.

5.4.1 The Kermadec islands: micro-scale connectivity

The analysis of N. melanotragus in the Kermadec Islands showed a complete genetic
homogeneity across all six populations. This lack of structuring is likely to result from high
migration rates, as reflected by the relatively weak assignment success of individuals to their
sampled population. Moreover, half of the populations had a proportion of first generation
migrants over (or about) 10%, a theoretical threshold by which immigration could lead to
significant demographic impact in the receiving population (see Slatkin 1987, 1993 and
Waples & Gaggioti 2006 for more information). All the results presented here indicate that
the KIMR populations are effectively panmictic, and could be considered as “open” at the
scale of the Kermadec archipelago. These findings contrast with previous studies on two
endemic species of limpets (Wood & Gardner 2007) and on coral assemblage (Wicks et al.
2010), which both found small but significant structuring among KIMR populations. The
genetic homogeneity observed here could be explained by the long PLD of N. melanotragus
and the small estimated larval dispersal time required for connecting the different KIMR
sites. PLD has often been used as an estimation of a species’ potential to disperse and
exchange larvae among its populations (Grantham et al. 2003, Ross et al. 2009, Kelly &
Palumbi 2010, White et al. 2010). Larvae of N. melanotragus can spend an average of five
months in the water column before either dying or settling in a population (Waters et al.
2005). Sutton et al. (2009) studied the directionality and timing of virtual larval drift in the
Kermadec region using oceanographic models and found that drifting larvae dispersed in a
roughly circular pattern from each of the Kermadec Islands, with a slight eastward bias

introduced by the mean flow. The timing of larval dispersion from Raoul Island to its
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neighbouring islands and seamounts averaged 1-3 days, and was in the order of 10 days for
the most distant islands to the south of the Kermadec archipelago. These values are very
small compared to the minimum estimated PLD of N. melanotragus and highlight the
capacity of its larvae to disperse within KIMR and connect all its population, and may

explain the global genetic homogeneity observed in my study.

5.4.2 NZ North Island populations: meso-scale connectivity

Similarly to the Kermadec Islands, genetic investigation of the nine populations
across the NZ North Island revealed complete historical and contemporary genetic
homogeneity of N. melanotragus. Five of the nine populations had a number of potential first
generation migrants over (or about) the 10% threshold indicating the possibility for a
significant impact of the migrants on the genetic composition of receiving populations.
Hence, NI populations seem to be panmictic and may be considered as “open” at the scale of
the North Island of New Zealand. These results are congruent with many connectivity studies
that have reported high levels of genetic homogeneity associated with extensive gene flow
among populations occurring as far south as 41.5 © S, the geographical extent of NZ’s North
Island (Mladenov et al.. 1997, Apte & Gardner 2001, Star et al. 2003, Waters & Roy 2003,
Hendry 2004, Waters ef al. 2005, Gardner et al. 2011).

As for KIMR populations, the high levels of connectivity observed among NI
populations could be explained by the long PLD of N. melanotragus coupled with the short
estimated dispersal times across the sampled sites, ranging from 11 to 144 days (Chiswell ef

al. 2011; Table 5.8). It is also worth noting that despite the presence of a directional current

Table 5.8.
Dispersal time between New Zealand ports calculated as the 1 percentile dispersal time from inverse-
Gaussian fits to temporal kernels (modified from Chiswell ez al. 2011)

Bay of Islands Auckland Tauranga Wellington
Bay of Islands - 13 11 103
Auckland 24 - 24 144
Tauranga - 85
Wellington -

The table is to be read along the rows. For example, the minimum dispersal time from Bay of
Islands to Tauranga is 11 days, and there is no dispersal from Tauranga to Bay of Islands.
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pattern along the east coast of NI (East Auckland Current flowing southward; Sutton et al.
2009) no particular directionality in migration was detected in the present study (131
individuals assigned to the south of their sampled populations versus 136 individuals
assigned to the north), potentially indicating the presence of localised oceanographic features

trapping larvae and allowing them to disperse against the mean flow.

5.4.3 Across the South Pacific Ocean: macro-scale connectivity

As it was the case within KIMR and within the NI, the 15 populations showed a lack
of historical and contemporary genetic structuring between KIMR and NI. Of the numerous
analyses carried out, only the allelic aggregation analysis showed a small but significant
difference between regions. This could be explained by the presence of private alleles in the
two groups (7 in KIMR and 15 in NI).

A total of 20 individuals were identified as first generation migrants, representing an
average of 7.3% of the total number of recruits. Both migrants and first generation migrants
were equally distributed between the KIMR and NI sites, implying that individuals from both
groups are well mixed. This indicates the presence of a bidirectional exchange across the
South Pacific Ocean, consistent with estimations of larval dispersal time from Raoul Island
(KIMR) to Cape Reinga (NI) and in the reverse direction (over 1.5 months, and about a
month respectively; Sutton et al. 2009) and the PLD of N. melanotragus. 1t is worth noting
that the proportion of first generation migrants between KIMR and NI was less than among
NI populations and among KIMR populations (7.3% compared to 9.5% and 11%
respectively), and could be a reflection of the greater distances and the presence of open

oceans between the two regions, and the presence of a number of private alleles in each

group.

5.4.4 Pelagic larval duration: a predictor for genetic structuring?

This study is one of the few to focus on assessing the level of gene flow among
remote habitats and with continental landmasses (but see Glynn et al. 2007, Hoareau et al.
2007, Crandall et al. 2010). The high levels of gene flow between N. melanotragus
populations within each of the KIMR and NI groups could be deemed “expected”,

considering the species’ long PLD. Indeed, similar high levels of gene flow have been
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detected previously at large spatial scales in members of the Nerita genus and other
gastropods (Hoareau et al. 2007, Crandall et al. 2010). However, the effectiveness of PLD to
estimate a species’ dispersal potential and predict its genetic structuring has been recently
questioned (Shanks et al. 2003, Siegel et al. 2003, Kinlan et al. 2005). A simple prediction
concerning levels of connectivity for benthic species having a pelagic larval stage is that the
longer the PLD, the further larvae might disperse, leading to a reduction of the genetic
structuring between adjacent populations (Sheltema 1986). For benthic species (termed
demersal or sessile), the primary means for connectivity is the dispersal phase typically
associated with the earliest life history stage (spore, egg, or larva). Extensive studies have
attempted to assess whether PLD is a good predictor of population genetic structuring
(Shulman 1998, Bowen et al. 2006, Weersing & Toonen 2009). For example, Shanks et al.
(2003) and Shanks (2009) have described an overall positive correlation between propagule
duration and dispersal distance (based primarily on invertebrates and algae, with a few fish
species included). Other studies also reported that 60 to 90% of the variation in dispersal
distances can be explained by the length of the pelagic developmental period (Siegel et al.
2003, Kinlan et al. 2005). However, as pointed out by Weersing & Toonen (2009), those
previous studies included direct developing species (see also Waples 1987, Doherty et al.
1995), which is likely to strengthen the reported correlations of life history on population
structuring (Bay et al. 2006, Bowen et al. 2006), as does the inclusion of very long PLD
species. Although no clear consensus was reached on the correlation between average length
PLD (a few days to a month) and genetic structuring, most authors agreed that direct
developers and long PLD species (more than 2 months) showed a positive correlation with
genetic structuring. Many recent studies employing long PLD species, including this one,
seem to be consistent with this statement (e.g: Levinton & Koehn 1976, Levinton &
Suchanek 1978, Sarver & Foltz 1993, Waters et al. 2007, Addison et al. 2008, Crandall et al.
2010).

However, to test this hypothesis further, the integration of the Australian populations
of N. melanotragus in the dataset would be an interesting complement. A previous study by
Waters et al. (2007) used COI sequences of N. melanotragus individuals from New Zealand
and Australia and did not find any difference between the two locations. Although this earlier
result could be due to the type of marker used, the authors associated the lack of
differentiation with a possible but rare trans-Tasman Sea larval dispersal event, following

estimations of minimum dispersal times between Australia and NZ (Chiswell et al. 2003). In
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the present study, estimated dispersal time between the most distant locations was still within
the PLD of N. melanotragus. However, according to Chiswell ef al. (2003), it would take
around 700 days (more than 4 times the PLD of N. melanotragus) for a larva to travel from
Australia to NZ and it is thought that about 6% of successfully dispersed larvae originating in
New South Wales and 0.2% of successfully dispersed larvae originating in Bass Strait can
potentially arrive in New Zealand (Chiswell et al. 2003). Now that high gene flow among M.
melanotragus individuals from the Kermadecs and New Zealand has been investigated, it
would be interesting to see how connected the Australian and NI/KIMR populations are, its
implications for the origins of recruits and population dynamics of intertidal communities

across the South Pacific Ocean.

5.5 Conclusions

This study aimed to investigate and compare the diversity and levels of genetic
connectivity of islands and mainland populations of an intertidal marine gastropod, using
seven microsatellite loci. All the tests employed in this study support the high genetic
homogeneity of N. melanotragus populations within KIMR, and within NI. This lack of
genetic structuring is most likely to be explained by low levels of self-recruitment and high
levels of migration among the different populations. Assignment tests gave similar results in
term of assignment success within KIMR and within NI, possibly pointing to similar (and
reduced) levels of self-recruitment in the two groups. However, these results need to be
tempered because of the potential bias introduced by the high genetic homogeneity found

within the groups.
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CHAPTER VI

GENERAL DISCUSSION

This PhD thesis highlights the complex nature of island connectivity and the
importance of knowing the correct taxonomy of island species to understand the
historical and contemporary dynamics of these habitats. Two major points result from
this thesis: (1) the necessity of integrating taxonomic surveys in management and
protection programs; and (2) the need to consider rafting and mediated dispersal
(other than larval dispersal) in integrated models of dispersal and conduct surveys on

its impact on population connectivity.
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6.1 Importance of taxonomy in the management and protection of

natural resources

6.1.1 Reputation of taxonomy in contemporary science

In recent decades, cladistics and evolutionary biology have been largely
flourishing, while taxonomy has suffered a continuous decline in interest and
resources allocated to its study and practice (Dubois 2003). Moreover, many scientists
now consider taxonomy to be a discipline outside of science, being mostly
descriptive, and have turned toward the two other systematics disciplines.

Not only is taxonomy deemed to be subjective (Morrison et al. 2009), there is
also a bias in coverage, with some taxa being more studied than others. This bias
could be due to where the species live, as it is more likely for it to be reviewed and
listed if it is accessible to taxonomists. Also, species will tend to be more described if
they are charismatic or economically important (Isaac et al. 2004). For example, a
recent review of 2700 conservation articles showed that vertebrate species were the
focus of 69% of the studies, while vertebrates represent only 3% of the total number
of species on Earth (Clark & May, 2002).

Another problem encountered in taxonomy concerns the ‘“random”
circumstances in which taxonomic mistakes are discovered and the lack of subsequent
taxonomic reconsideration. Now, most taxonomic errors (e.g., cryptic species) are
detected by molecular work where the aim of the study was not to test for the
taxonomic exactitude of a particular group of organisms. In such a case, the authors
mention the need for taxonomic reconsideration but subsequent work in order to have
the taxonomy reconsidered is usually not carried out (e.g. Goldstien et al. 2009).
Hence, not only are the taxonomists “under-used”, but the taxonomy remains
officially unchanged, leading to incongruent taxonomic publications and a risk of
flawed research in terms of sampling design and data analysis. This PhD research
stresses the importance of developing a scientific collaboration between evolutionary
biologists and taxonomists, in order to ensure that taxonomic updates happen at the

same speed as the discoveries for the need to consider taxonomic revisions.
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6.1.2 Importance of taxonomy for natural resource management and conservation

Taxonomy is the basis for characterizing organisms, and is complementary
and necessary for natural resource management and conservation planning. Indeed,
our attempt to understand the impacts of environmental change is compromised if we
cannot recognize and describe the interacting components of natural ecosystems
(Mace 2004). The importance of taxonomy in conservation is also reflected by the
way protection agencies communicate about endangered species, with the creation of
the CITES list and IUCN red list, using a species-level classification.

The impact of taxonomy on management and conservation was brought to
attention by May in 1990 with an article published in Nature, entitled “Taxonomy as
destiny”. This paper explained how an iguana-like reptile, the Brother’s Island tuatara
(Sphenodon guntheri) off the coast of New Zealand, was not recognized as a distinct
species from Sphenodon punctatus and had therefore been ignored by protective
legislation. May’s statement was highlighted by the title on the journal’s cover: ‘‘Bad
taxonomy can kill”. Following its publication, numerous papers followed the idea that
‘‘bad” taxonomy can hinder conservation (Gittleman & Pimm 1991; McNeely 2002;
Russello et al. 2005; Khuroo ef al. 2007). However, nobody actually described what a
good or a bad taxonomy was.

It is generally recognized that a good taxonomy is a “recent” taxonomy,
supposedly based on better sampling and newer and up-to-date methods (Morrison et
al. 2009). Taxonomy, much like many fields of biology, is a constantly evolving
discipline, and as such, has built-in instabilities that result in name and rank changes
over time. Thus, the names and the number of species fluctuate according to the study
effort of researchers on a considered taxon (Morrison ef al. 2009). Conservation
planning and resource management depends on the number of species and their
subdivision, reflecting richness, diversity, endemism, connectivity and many other
attributes that can be compared across taxa and geographic areas (Isaac et al. 2004).

A recent review tried to assess the impact of taxonomic modifications on
resource-management conservation, and if conservation policies were taking into
account changes made to taxonomy (Morrison et al. 2009). The conclusion was that
changes in taxonomy do not have consistent and predictable impacts on conservation

policies and resource management. Taxonomic changes had three major trends
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depending on the type of changes and the species under consideration: (1) taxonomic
changes have a positive impact on conservation when it involves species splitting; (2)
they have low to non-existent impact when it involves charismatic or iconic species;
and (3) they have detrimental impacts when they involve species amalgamation
(lumping) or reveal the hybrid nature of a species.

In this PhD, I worked in collaboration with Bruce Marshall on the taxonomic
description of the two newly recognized species of Cellana in the NZ subantarctic
island. This new taxonomy provided important insights into historical and
contemporary connectivity of the NZ subantarctic islands, showing that the
colonisation history and the impact of the last glacial maximum differed among the
islands. Also, this PhD revealed the presence of highly structured and diverse
populations on each island, which is of great importance for the management and

protection planning of the NZ subantarctic group, as explained in the next section.

6.2 Genetic markers, connectivity and protection of marine species

6.2.1 Genetic markers and their efficiency to detect connectivity

A distinct drawback to allele-frequency approaches is that small levels of gene
flow (a few migrants per generation) will prevent population genetic divergence
(Slatkin 1987, 1993), leading to genetic homogeneity of the populations. Hence,
despite the fact that classical genetics can give important insights on the existence of
factors limiting gene flow, the impossibility of estimating the magnitude of dispersal
among populations when there are more than a few migrants per generation led many
researchers to question the use of genetic markers to study population connectivity
(Waples 1998, Hellberg 2009). However, the presence of genetic homogeneity among
populations of a marine species might not indicate that the populations are
significantly demographically connected. Implicit in the definition of demographic
connectivity is that the level of exchange must be sufficient to impact the
demographic rates of the local population(s). The level of such ecologically relevant
exchange is several orders of magnitude larger than the level of exchange required for
the maintenance of genetic homogeneity among subpopulations. Indeed, low

migration rates (when the number of migrants per generation, m < 0.001) can result in
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a substantial number of migrant individuals when local population sizes are in the
millions, resulting in Fsr values near zero. The proportion of migrants necessary to
lead to a significant demographic connectivity among populations is arbitrary, and
strongly dependent on the conditions in the receiving population (e.g. adult density,
predation). Waples & Gaggiotti (2006) suggested setting the threshold at 10% of the
total recruitment (m = 0.1) of a population in order to indicate a significant (but
somewhat arbitrary) demographic connectivity.

Linked with the criticism of the inference of demographic connectivity from
genetic markers, estimations of a population’s recruitment from allelic frequencies
have also been questioned. As stated above, classical genetics provides a view of
genetic connectivity taking place over many generations, with the result that
separating historical from recent exchange is often difficult (Benzie 1999, Neilsen &
Wakeley 2001). However, recent applications of Bayesian analytical techniques have
demonstrated the potential to discern small spatial patterns in demographically
relevant connectivity (e.g., Baums et al. 2005, Hare et al. 2006, Richards et al. 2007,
Underwood et al. 2007). Also, assignment tests designed for use with co-dominant
markers have been developed (Manel et al. 2005), and can detect possible 1°-
generation migrants within the total migrant pool of a given population (Piry et al.
2004).

A common problem with the use of genetic markers in connectivity studies is
the absence of consensus on the type of markers to be used in such studies. Different
classes of genetic markers such as allozymes, mitochondrial DNA sequences,
microsatellites and more recently SNPs loci have been used interchangeably to
estimate population differentiation. However, it is now widely agreed that quantitative
results from different classes of genetic markers are rarely directly comparable
(Hutchison & Templeton 1999, Whitlock & McCauley 1999; Grosberg &
Cunningham 2001, Bazin et al. 2006). Weersing & Toonen (2009) compared results
in terms of quantitative population structure (Fst) to the type of markers used in
different studies. They found that mitochondrial markers generally resulted in higher
Fst values compared to nuclear markers, and indicated that multiple factors, inherent
to the markers (e.g. mtDNA’s uniparental inheritance, mutation rate, degree of

polymorphism and relative resolving power of loci) or due to a statistical consequence
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of standardization when estimating Fst (see Jost 2008, Hedricks 2005) are responsible
for the lack of congruence among markers classes and studies.

Most of the recent connectivity studies have used microsatellites (e.g. Bell &
Okamura 2005, Bell 2008b, Diaz-Viloria et al. 2009, Diaz-Ferguson et al. 2010)
including a recent study on tropical Nerita species (Crandall 2010), and the recent
development of the 2™ - generation sequencing coupled with a significant drop in cost
make their development easy and time effective. This PhD used 454 Roche
sequencing technologies to develop microsatellite markers (Chapter IV) to study
multi-scale connectivity of N. melanotragus in the South Pacific Ocean. Hence, levels
of connectivity will be comparable with other connectivity studies based on

microsatellites worldwide and taxon-wide.

6.2.2 Application of genetics to conservation and management of marine

species

Conservation planning and species management operate at many levels, from
whole ecosystems and communities down to individual organisms. At each of these
levels, molecular genetic techniques provide appropriate tools to evaluate processes
and develop management strategies. Darwin (1896) was the first to consider the
importance of genetics in the survival potential of natural populations. The modern
concern for genetics in conservation began approximately 40 years ago when Frankel
(1970) raised alarm about the loss of primitive crop varieties and their replacement by
genetically uniform cultivars. During the 1980s, conservation genetics had become an
important and expanding discipline with a strong theoretical framework (Soule and
Wilcox 1980, Frankel and Soule 1981, Schonewald-Cox et al. 1983). However, in the
late 1990s, many scientists questioned whether inbreeding and loss of genetic
variation were trivial contributors to extinction risk in small populations compared to
demographic and environmental factors, and thus if genetic factors had any
significance for conservation (Caro & Laurenson 1994, Lande 1988, Caughley 1994,
Harcourt 1995). Ultimately, it has been demonstrated that the viability (resilience and
adaptation capacity) of a species to short term demographic and environmental threats
is linked with the amount of genetic diversity it possesses (Frankham et al. 2002,

Partridge & Brufford 1994). As previously stated, the reduction of a species genetic
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diversity has been observed following inbreeding. Another scenario influencing levels
of genetic diversity is hybridization among species. Hybridization, also termed
interbreeding, sometimes leads to increased levels of genetic diversity, introducing
new alleles in both species. However, it can be of concern for endemic or rare
species/populations as it might threaten their genetic integrity (Waples and Teel
1990). When considering the management of species and captive breeding programs,
genetic screening is presently a good way of identifying hybridization in wild and
captive stocks (Baensch & Tamaru 2009, Neaves et al. 2010).

I explained above how genetic markers were useful for studying population
connectivity. Connectivity plays an important part in conservation planning, and
especially in the implementation of Marine Protected Area (MPA) networks.
Protecting both important species and their habitats has become a priority in
conserving and managing marine ecosystems. Protected areas have often been
established on an individual ad hoc basis rather than through a systematic planned
process. For an area to be considered as a MPA, it needs to meet the general
International Union for Conservation of Nature (IUCN) definition of a MPA, which is
as follows: ‘Any area of intertidal or subtidal terrain, together with its overlying water
and associated flora, fauna, historical and cultural features which has been reserved
by law or other effective means to protect part or all of the enclosed environment’
(Kelleher, 1999). Following the widespread voicing of concerns about anthropogenic
threats to the marine environment efforts have been directed toward an increased
spatial management of populations and ecosystems, with the goal to design effective
marine reserves. The importance of population connectivity and its implication in
spatial management was raised by Roberts (1997), and has later been recognized in
the value and design of MPA networks (e.g., Crowder et al. 2000, Botsford et al.
2001, Sala et al. 2002, Gaines et al. 2003, Hastings & Botsford 2003, Halpern &
Warner 2003, Kritzer & Sale 2004, Fogarty & Botsford 2007).

The term ‘network’ is used in most of the conservation literature to describe a
group of protected areas spread across a country or region that work co-operatively at
different spatial scales, and operating with a range of protection levels that are
designed to meet the goals that a single MPA cannot achieve IUCN/WCPA, 2008). A
network is commonly a group of protected areas that are connected through larval,

juvenile or adult movement. Although the topology of a network of MPAs can be
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complex, all networks should have four key features that play a fundamental role in
their functioning: the span of the network (the length of coastline or area of habitat
between the most distant protected units), the size and shape of individual reserve
units, their number, and their placement. Together these features determine other
critical network features including the amount of area dedicated to protection and
connectivity among reserve units (Lubchenco 2003). Compared to an individual
MPA, a network of MPAs represents a ‘scaling up’ of conservation and provides
resilience (here, the capacity of a system to absorb disturbance and reorganize while
undergoing change so as to still retain essentially the same function, structure and
identity; Walker ef al. 2004). More specifically, the amount of connectivity between
different sites determines the buffering an MPA is afforded from catastrophes through
external recruitment and the usefulness of the MPA as a source of recruitment to non-
MPA populations via larval export and/or adult spill-over and also the genetic
differentiation between the sites considered (Bell & Okamura 2005). Thus, a network
acts as an important insurance policy: for example, if one site is lost due to
disturbance, then others can still contribute to the re-establishment of a species. MPA
networks can also ensure that many types of biodiversity (both species and
ecosystems) are protected, helping to maintain the natural range of species, and
ensuring the protection of unique, endemic, rare and threatened species.

There are now 34 marine reserves established in New Zealand waters, which
collectively protect approximately 8% of New Zealand's territorial sea, and over 99%
of the territorial sea around isolated offshore island groups (the subantarctic islands
and the Kermadec islands). Additional reserves are planned by the NZ Department of
Conservation (DOC) in an effort to create a bioregional MPA network protecting over
10% of NZ territorial sea. This PhD contributed to this effort by investigating levels
of genetic connectivity among NZ island MPAs. Chapter Il gave important insights
on the historical and contemporary importance of the subantarctic islands for the
biodiversity of the Southern Ocean, and on levels of genetic connectivity among the
NZ subantarctic islands. When this research began, marine protection around NZ’s
subantarctic consisted of a single marine reserve/marine mammal sanctuary 12
nautical miles around Auckland/Motu Maha islands, and commercial fishing
restrictions and legal protection to various marine animals in New Zealand waters.

The low levels of connectivity reported in Chapter II demonstrate the need for the
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implementation of a set of MPAs around each island, which was done in January
2011 (DOC communication). Chapter V contributed to the better understanding of
connectivity levels within the largest NZ MPA, located around the Kermadec islands,
and also revealed for the first time potentially high level of genetic connectivity
between the Kermadec islands and NZ North Island. Thus, the Kermadec Islands
Marine Reserve (KIMR) shows resilience capacity, regarding its connection with
other MPAs in mainland NZ, both as a source and a sink population (exporting and
receiving). KIMR would then be a great asset in the context of the ongoing
bioregional New Zealand MPA policy and implementation effort on MPA network.
However, those results are to be considered carefully, as I used a model species with a
relatively long PLD, and it has been proven that different taxa have different histories
that will reflect different patterns of genetic structure, and also have different life
histories (e.g. larval dispersal or lack thereof, length of PLD, type of larval foraging;
Cowen 2000).

6.3 Mediated dispersal

6.3.1 Mediated dispersal, a component to take into account

When considering species with a larval stage, such as many marine benthic
species, the term “dispersal” is very often associated with “larval dispersal”, which is
a classic restriction of the term. Guppy (1917) was among the first scientists who
addressed the possibility of larval recruitment onto flotsam such as pumice, plant
propagules, floating shells or kelp. Mediated dispersal of marine species, including
juveniles and adults stages, can occur in many different ways, via natural aided means
(e.g. rafting on natural substrates) but can also be the result of accidental or deliberate
anthropogenic introduction (e.g. hitchhiking in ballast water, hull-fouling on boats, or
purposeful introduction for recreational activities, amelioration of environmental
conditions, or biological control of a non-native species).

The real impact of mediated dispersal on dispersal capacities and range
expansion of species became important in marine science after the publication of an
article entitled “The paradox of Rockall: why is a brooding gastropod (Littorina

saxatilis) more widespread than one having a planktonic larval dispersal stage (L.
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littorea)?” by Johannesson (1988), demonstrating that adult dispersal on rafts was
possible for marine species. A recent review of the ecology of marine rafting offers an
overview of the taxa involved with rafting, as well as the importance and frequency of
rafting events in the marine realm (Thiel & Gutow 2005). The authors confirmed that
the phenomenon was far from isolated and infrequent, and that it involved all types of
organisms and rafts (e.g. Maso et al. 2003 for unicellular organisms; Fraser et al.
2011 for epifaunal coastal invertebrates; Mortensen 1933 in Thiel and Gutow 2005,
Fell 1967 for echinoderms; Cornelius 1992, Boero & Bouillon 1993 for hydroids;
Worchester 1994 for ascidians; Knight-Jones & Knight-Jones 1984 for polychaetes;
Aliani & Molcard 2003 for western Mediterranean macrobenthic species; Nikula et
al. 2010 for crustacean; Censky et al. 1998, Raxworthy ef al. 2002 for reptiles;
Prescott 1959 in King 1962, Hafner ef al. 2001 for small mammals). Relevant to
Chapter 2, Cellana strigilis has been identified on multiple kelp rafts in the region of
the subantarctic islands. Those rafts were still at sea or had been washed up on NZ
South Island beaches (Fraser et al. 2011).

In addition to the “sea-mediated dispersal” described above, a newly published
study also confirmed the possibility for marine species (here marine gastropods) to
disperse via the air: the article, entitled “Flying shells: historical dispersal of marine
snails across central America”, demonstrated that sea snails and more generally many
intertidal organisms may be able to “fly”” with shorebirds across the Mexican Atlantic
and Pacific coasts, stuck to their legs or riding on their bellies (Miura ef al. 2011). The
“flying shells” phenomenon had already been hypothesized by Darwin, who
speculated that migratory birds could transport land snails to distant places. However,
Miura et al. (2011) gave the first report of a marine snail "flying" from one ocean to
another.

Chapter II of this PhD also stresses the possibility for marine rocky shore
invertebrates to disperse on kelp rafts, and that species do not need to be usually
associated with the type of raft they are using (i.e. Cellana strigilis has never been

associated with kelp forest habitat).
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6.3.2 Mediated dispersal as a threat to remote Island biotas

Island biotas are a product of dispersal events and in situ diversification.
Natural colonisation and extinction rates are known to be broadly related to the
geographical isolation of an island, its surface area and the life histories of the
dispersing taxa (MacArthur and Wilson 1967). After an initial phase of colonisation
or competitive redistribution of niches, the geographical isolation of oceanic islands
and their virgin ecology provides the impetus for an evolutionary radiation of unique
biological forms (neoendemics), though endemism can also arise through the
extinction of the ancestral and continental taxa (palaeoendemics; Whittaker and
Fernandez-Palacios 2007). Biodiversity on young islands, close to continents, tends to
be the result of colonisation, while on old remote islands, speciation occurs faster than
colonisation (Heaney 1986). Hence, the evolution and ultimately the persistence of
island endemics depend on a relative environmental stability over time (Jansson
2003). This stability can however be lost when non-native species get introduced in
the ecosystem.

Numerous negative impacts of introduced species on biodiversity and native
species have been reported in many different environments (see review by Lowe et al.
2000). The spread of the green macroalgae species Caulerpa taxifolia in the
Mediterranean Sea after its accidental introduction is a good example of the
devastating effects a non-native species can have on local biodiversity (Verlaque &
Fritayre 1994, Bellan-Santini et al. 1996). Insular species however, are believed to be
more susceptible to non-native species due to intrinsic characteristics such as
naturally small population sizes and high levels of habitat specialization derived from
evolution in isolation (Sodhi et al. 2004). As such, they generally show reduced
competitive abilities and are also described as being predator-naive (Darwin 1839;
Lack 1947; Curio 1966). Animals on isolated islands typically show little escape
response towards potential predators in comparison with animals on the mainland.
The mechanism underlying this loss is hypothesized to result from a reduction of
predation risk on islands either because islands are able to support fewer top predators
than adjacent mainland sites, because islands lost predators following Pleistocene sea-
level changes, or as a consequence to the founder effect (Blumstein 2002). In contrast

to island species that experience relaxed predation pressure, mainland species are
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faced with a fierce multitude of predators (Berger et al. 2007). They can quickly alter
their behaviour and initiate efficient escape manoeuvres in response to increased
predation risk by sympatric as well as newly emerging predator species (Lima & Dill
1990; Maloney & McLean 1995). Whether and how quickly island species can
develop/regain the ability to perceive introduced species as life-threatening predators
is still a matter of debate (Cayot et al. 1994; Maloney & McLean 1995).

Coupled with the appearance of introduced species/new predators, pest species
are also moving with their hosts, and the small size and naive nature of most island
populations render them particularly prone to extinction facing new introduced
pathogens (Atkinson et al. 1995, Cole et al. 1995). Several mechanisms are blamed
for the predisposition of island populations to exotic pathogens. Both theoretical and
empirical evidence suggests that small host populations on isolated islands support
only impoverished parasite communities (Dobson ef al. 1992, Dobson & McCallum
1997). This is because resident parasites are subject to the same constraints that limit
host diversity. They are also subject to additional demographic and genetic constraints
dictated by the small population sizes of their hosts. As a result, island endemics have
been exposed to few parasites and other pathogens during their recent evolutionary
history (Wikelski et al. 2004).

In the previous part, mediated dispersal was introduced as a potential
important component of population connectivity, and although it remains largely
ignored in connectivity studies, the potential threat it represent as a means to
introduce non-native species has already been recognized (Barnes, 2002). The recent
increase of studies reporting evidence of mediated dispersal could be linked with a
serious augmentation of potential rafts of anthropogenic origin in oceans across the
world (e.g. augmentation of boat traffic, but also increased number of plastic debris,
manufactured wood, tar balls from oil industry etc.; see Carpenter et al. 1972,
Gregory et al. 1984, Ryan & Moloney 1993). Although the number of “natural” rafts
may vary on a regular seasonal basis (e.g., macroalgae, plants), or may even be less
predictable and less frequent (e.g., driftwood, pumice, and animal remains),
anthropogenic rafts are delivered to the world’s oceans on a much more regular basis
than most natural floating items. Surveys carried out on many remote island shores
have also shown a dramatic increase of stranding debris on those islands. Microplastic

fragments have already been found in the sediments around the remote Southern
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Ocean island of South Georgia (Thompson et al., 2009). The fact that plastics are
floating into the remotest of localities is a strong measure of human influence on the
surface of the planet. Plastic is an ideal substratum not only for concentrating
persistent organic pollutants (POPs) but also for fouling organisms. Thus both POPs
and organisms can be distributed widely to new localities across the planet (Mato et
al. 2001). This is of particular importance to Southern Ocean biodiversity as it is the
last big area where non-indigenous animal species are not yet known to be
established. Knowing that temporal variability in supply of floating items does have
strong implications for rafting as an ecological process, the reported increase in
anthropogenic debris at sea only enhances the need to consider mediated dispersal as
a strong means to connect different habitats and a potential threat to remote island

biodiversity.

6.4 Conclusions

Taxonomy and conservation go hand-in-hand, but the collaboration between
the two fields remains limited. Taxonomy should also become an integral part of
resource management and protection programs, and it is the role of biologists,
conservationists and managers to promote taxonomy as part of “today’s science”.
Efforts should be made by protection agencies and managers to take into account
taxonomic changes, and accept the fact that taxonomic classification does fluctuate
over time, because of past errors detected by further analysis (short time scale), or
because of evolution (long time scale). As Isaac et al. (2004) so aptly stated:
“acceptance of darwinism implies that evolution will result in a continuum of living
organisms in space and time, modified by variable extinctions and intermediates.
Species are part of this continuum, rather than being particularly unique taxonomic
entities”.

This Ph.D. allowed a better understanding of the historical and contemporary
patterns of genetic connectivity in the NZ offshore islands. It illustrated how historical
events such as the last glacial maximum can shape local genetic diversity, and how
this historical pattern can be maintained because of limited contemporary gene
exchange. Also, this thesis demonstrated that remote populations could be strongly

connected to mainland populations, contributing to the resilience of both systems and
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confirming the necessity of integrating remote oceanic habitats in the creation of an
effective MPAs network to protect the marine environment.

Also, there is an urgent need to consider mediated dispersal as a serious means
of connecting populations. Research should be developed to quantify its importance,

and to integrate it in conservation models, particularly those of remote islands.
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APPENDIX 1

APPLICATION OF TWO MORPHOMETRIC TECHNIQUES,
TRAITS MORPHOMETRIC ANALYSIS AND FAST FOURIER
TRANSFORM (FFT), FOR THE DESCRIPTION OF NZ
SUBANTARCTIC CELLANA SPECIES

Abstract

Before the era of genetics, most taxonomy was based on the morphological traits of
organisms. Species were described according to colour, form, texture and numerous
anatomical attributes. Gastropods are known for their morphological plasticity and
their species-level classification has to be regularly updated. This chapter focuses on
the Cellana strigilis complex, which is endemic to the New Zealand subantarctic
islands. This complex has been classified into 6 subspecies based on morphological
characters, although two recent genetic studies (Goldstien et al 2009 and Chapter 2 of
this thesis) revealed that the complex comprises two lineages, with strong genetic
differentiation within lineages. This chapter aims to identify possible morphological
differences between these two newly described species that would be congruent with
the molecular data, using two morphometric techniques (a multivariate traits analysis
of the length, width, height, dry mass and thickness of the shells and a Fast Fourier
Transform (FFT) analysis of shell shape), I observed a significant difference in shell
shape between the two lineages using both techniques. Moreover, the very high power
of discrimination of the FFT technique compared with shell traits makes it highly
suitable for biological samples where DNA is lacking (fossils) or degraded (museum

collections).

191



APPENDIX 1- MORPHOMETRY OF THE CELLANA STRIGILIS COMPLEX

A1l.1 Introduction

Patellogastropods are known for their high levels of phenotypic plasticity.
Colour, texture, patterns, spires, scars, ribs, as well as length, width, height and apex
position are the most commonly used shell characters in species’ descriptions.
However, patellogastropods’ highly variable shell morphologies have led to enormous
confusion in their taxonomy (Nakano & Osawa 2007; Goldstien et al. 2009; Nakano
et al. 2009; Reisser et al. 2011). The lack of genetic differentiation among individuals
with different morphs has already been reported in syphonariid limpets of the South
African coasts, with four morphologically different sympatric intertidal limpets
consisting in reality of two closely related lineages and a division according to the
geography rather than the morphology (Teske et al. 2007). The situation can also be
reversed, with genetically distinct species showing a high morphologic similarity
(Kemp & Bertness 1984, Sokolova & Berger 2000, Liu 2003, Nakano et al. 2009).
However, it is important to note that cryptic species and phenotypic plasticity can
occur simultaneously in the same taxonomic family. For example, Nakano & Spencer
(2007) reported the existence of five cryptic species within the limpet species known
as Notoacmea helmsi, with at least one of these species (corresponding to N. scapha),
consisting of individuals having two highly distinct shell morphologies.

The question of how useful shell morphology is in describing differences and
resolving phylogenetic relationship among closely related species of marine
gastropods is a matter of debate. Previous genetic analysis of the Cellana strigilis
complex revealed the existence of two different linecages of what was previously
described as a single species with six different subspecies (Powell, 1955, see Chapter
2 for molecular analysis). The two lineages are geographically isolated from each
other with no migration between. Powell’s description was based on internal and
external shell colour, aperture shape of the shell, position of the apex, presence and
structure of ribs and a description of the spatula. This description allowed him to
differentiate specimens from the different islands. However, some of these attributes
(e.g: shell external colour and exact position of the apex) are hard to quantify or
estimate in natural populations, for example, because the shell may be eroded and
covered in epibionts. Nonetheless, based on Powell’s description, one character seems

to discriminate the two species: the shell’s aperture shape. The southwestern
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populations (Auckland, Campbell, Snares and Stewart islands and New Zealand
South Island) have a broadly ovate shell, whereas the northeastern populations
(Antipodes, Bounty and Chatham islands) have a narrowly ovate shell (Powell, 1979).

I conducted a morphometric analysis of the shells from the two newly
recognized lineages in order to test for any significant differences between them. For
this, I took common geometric measurements of the shells: the length, width, height
and dry mass, as well as the apex position. | tested for aperture shape (ovality)
differences using a Fast Fourier Transform analysis. Recently, Fourier analysis has
grown in popularity for analysing the shape of diverse organism features, ranging
from fish otoliths to flower petals and ventricular shape in humans (Kass et al 1987,
Yoshioka et al 2004, Costa et al 2008, Schulz-Mirbach et al 2010), as well as in
numerous bivalve and gastropods species (Gardner & Thompson 2009, de
Arenzamendi et al. 2010, Hoffman et al. 2010, Preston et al. 2010).

This study has two aims: (1) to test for morphometric differences between the
two lineages, and for island-based morphometric specificity by testing for within-
species differences; (2) compare the discriminant power of the two techniques

employed here.

A1.2 Material and Methods

I measured 5 traits on each of the 160 shells also used in Chapter 3. Length
(L), width (W) and height (H) measurements were obtained using digital callipers
with a precision of = 0.01 mm. Dry mass (M) was obtained using a scale to the
nearest 0.01 g. To obtain the most accurate results for the location of the apex, digital
pictures of the dorsal view of the shells were taken using a Sony Alpha 300 DSLR
camera, and the apex position was identified using the original shells and marked on
the pictures. Measurements of the apex position were recorded to the nearest 0.5 mm.
Because W, H and M are size-dependant, I standardized them by L. In an attempt to
normalise the data, I tested four transformations (logl0, square root, reciprocal and
Arcsin square root) on the dataset. According to the Shapiro-Wilks test for normality,
the Arcsin square root transformation was the most successful, with 25 normal
observations out of 36 tests (70% of the total dataset is thus normally distributed) and

only 4 observations with a p-value less than 0.001.
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Discriminant function analysis (DFA) was carried out with Statistica V6.0
(Statsoft 1994) and Wilk’s A, which ranges from 0 (perfect discrimination between or
among groups) to 1 (no discrimination), was estimated. Although one of the
requirements for DFA analysis is the normality of the dataset, non-normality is not
critical for the analysis, meaning that the resultant significance tests are still
trustworthy (Statistica textbook at http://www.statsoft.com/textbook/discriminant-
function-analysis/?button=1). Moreover, for all but 3 observations, the deviation from
a non-normal distribution was not profound. Pairwise Mahalanobis Distance (D)
values were calculated between populations or species and used to perform an
assignment test (proportion of individuals correctly assigned to their original
population / lineage). Canonical Analysis of Principal Component Coordinates
(CAPCC) was employed to examine multi-trait differences among individuals and
their populations based on Euclidean distances by CAP12 (Anderson 2004). Matrices
of assignment and scatter plots of individuals grouped per population and per species

were obtained from the DFA and CAPCC, respectively.

A1.3 Results

Al.3.1 Morphometric differentiation between lineages

CAPCC on the four shell traits allowed partial segregation of the two lineages,
with the southwestern lineage exhibiting negative canonical values, and the
northeastern lineage showing mainly positive canonical values, and partly
overlapping with the former (Fig. Al.1a). CAPCC observations were congruent with
the results of the DFA showing a significant but incomplete differentiation between
the two lineages (A = 0.505, F = 37.923, p < 0.0001). Southwestern and northeastern
individuals were correctly classified with 88.39% and 72.92% accuracy respectively
(Table Al.1a). The difference in assignment success can be explained by the fact that
the non-overlapping range of the southwestern individuals is more important than for

the northeastern individuals.
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Figure Al.1.
Canonical Analysis of Principal Coordinates on multivariate shell traits (a) between lineage, (b)

among the southwestern lineage populations and (c) among the northeastern lineage populations.
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Table Al.1.

Matrix of assignment from DFA of shell multivariate traits, with the percentage of correct
assignment for each group (populations or lineage), and the probability “p” of population
affiliation by chance based on population size and global sample size: division by lineage (a), by
populations within the southwestern lineage (b) and by populations within the northeastern

(a) lineage (c). Boldface represents correct assignment.

(a)

Lineage Percent Southwestern Northeastern
correct p=0.700 p=0.300
Southwestern | 88.393 99 13
Northeastern | 72.917 13 35
Total 83.750 112 48
(b)

(b)

Population | Percent ~ Auckland  Campbell  Snares Stewart
correct p=0.393 p=0.143 p=0.223 p=0.241
Auckland | 90.91 40 2 0 2
Snares 84.00 3 0 21 1
2) Total 81.25 52 15 25 20

()

Population | Percent Antipodes  Bounty Chatham
correct p=0.479 p=0.292 p=0.229

Antipodes 82.61 19 3 1
Bounty 64.29 3 9 2
Total 66.67 24 17 7
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Al.3.2 Morphometric differentiation within lineages

Within the southwestern lineage, populations were not successfully
differentiated with CAPCC (Fig.Al.1b). However, DFA revealed reduced but
significant differences among islands (A = 0.191, F =20.112, p < 0.001), and correctly
assigned 81.25% of the individuals to their original population. The highest
assignment success was 90.90% for the Auckland Islands, and the lowest success was
62.96% for Stewart Island (Table A1l.1b).

Within the northeastern lineage, populations showed more differentiation than
the southwestern lineage populations using CAPCC. While the Chatham and Bounty
islands populations still overlapped, Antipodes Island samples clustered separately
(Fig.Al.1c). This observation is reflected in the DFA, and while the A value is high (A
= 0.4591, F = 5.003, p < 0.001) there was a high assignment success of 82.61% for
Antipodes individuals. However, only 36.36% of the Chatham Island individuals
(close to what is expected by chance alone) were correctly assigned, lowering the
overall assignment success for the northeastern lineage populations to 66.67% (Table

Al.lc).

A1l.4 Discussion

The aims of this chapter were to test for shell trait and shape differences
between two closely related lineages of the C. strigilis limpet complex, as well as
among their respective populations, and to compare the discrimination power of two
morphometric approaches. Here, I found that results of the shell morphometry were
congruent with molecular evidence, and that FFT had a higher discrimination power

than shell trait morphometry.

Al.4.1 Traits and shape variation between the southwestern and northeastern lineage

The DFA on the different populations revealed considerable trait and shape
heterogeneity within both lineages. The high variation observed in term of assignment
success among populations is likely to be due to variation of local environmental

conditions, with some islands having a range of environmental conditions that some
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others do not have. This higher variability could lead to an increased variance in shell
shape within a single population, and in turn reduce the individuals’ assignment
success when performing DFA.

When comparing the two lineages, both techniques detected a significant
morphometric difference. However, FFT analysis allowed for a better discrimination
of shape difference (99.38% success for FFT versus 83.75% for shell traits). It is also
worth noticing that both techniques misclassified different individuals, meaning that
the difference in assignment success is rather due to inherent discrimination power

than due to outlier samples.

Al.4.2 Description and source of shape variation

The northeastern lineage of the C. strigilis complex exhibits, on average, a
narrower shell aperture than the southwestern lineage. The phenotypic plasticity of
patellogastropods is known to be high and has been studied for many years. However,
it is often very hard to explain a particular feature and link it with evolutionary
meaningful or environmental reasons for why the shells differ phenotypically (Urdy et
al. 2010). Variations in limpet shell shape and attributes have sometimes been
explained by environmental factors. Adaptation for desiccation resistance has been
proposed as a source of shell variation in multiple articles: morphological features
such as high spiring (Bird 2011), light pigmentation (Etter 1988, Sokolova & Berger
2000), narrow aperture shape (Lowell 1984, Harley 2009), and shell architecture (e.g.
ribs and nodules; De Wolf 1997, Harley 2009) could help reducing water loss and
heat conduction when a limpet sits on a hot surface. However, the same features are
used to explain adaptations to hydrodynamic and predation pressure. A low-spired
shell and a maximised foot surface area will reduce hydrodynamic drag and augment
the grip of the animal on the substrate (Savini et al. 2004, Guerra-Valera et al. 2009).
Also, a low-spired smooth shell reduces predation because birds and cannot easily
peck at the shell margins and crabs cannot easily grip smooth shells (Lowell 1986).

With the advent of computational technology, researchers began to formulate
mathematical models of gastropod shell form. In 1838, Moseley established a
geometric model of shell coiling based on the logarithmic spiral (in Meinhardt 2009,

ppl67). Raup used Moseley’s work as a basis for developing a new logarithmic
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model using 4 parameters (Raup & Michelson 1965): the shape of the generating
curve, the whorl expansion rate, the position of the generating curve in relation to the
coiling axis and the rate of whorl translation. Apart from the statistical description of
shell shape, numerous researchers have attempted to identify the biological origin of
shell morphometric variation. Some of them managed to create numerous shell shapes
by altering the growth rate of a model feature called the “aperture map”. The aperture
map refers to the pattern of relative rate of shell accretion for each point around the
aperture of the shell (Huxley 1932, in Rice 1998). In 1991, Checa developed a model
that allowed differential growth of different parts of the aperture during the animal’s
growth, leading to different aperture shapes. Rice (1998) combined Checa’s previous
work with additional biological parameters and modelled the biogeometry of
gastropods shells.

The aperture map, that is the rate of shell accretion around the aperture of the
shell, is likely to be determined at the cellular and molecular level, and could be
genetically influenced and therefore passed to the next generation. Thus, some shape
differences could be predominantly due to genetic factors, as opposed to
environmental factors. The question of how much environmental and/or genetic
factors affect phenotypic plasticity is still a matter of debate. Working on two
intertidal gastropods, Austrocochlea constricta and Bembicium vittatum, Parsons
(1997) showed that phenotypic plasticity was due to different factors according to the
species and the life history considered, and that part is due to genetic and part to
environmental conditions. Urdy et al. (2010) also highlighted that although
mathematical models show where/how the variation occurs to produce different
phenotypes, it can only provide a description of the underlying factors (shape and
growth rate). The exact molecular mechanisms controlling growth rate are still largely
unknown, and it is impossible to separate the genetic input from the environmental
input when considering shell shape.

Here, no conclusions can be drawn regarding the genetic contribution or the
environmental input on the Cellana shell shape. Also, no putative adaptative benefits
of this difference in shape can be proposed. Because of their remote locations and
their protected status, no translocation studies can be carried out on the field to test
hypotheses about environmental versus genotypic contributions. In addition, precise

data on the environmental conditions at the collection sites (wave exposure, wind,
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exact position of the animal in the intertidal zone) are not available. It would thus be
imprudent to correlate the shape variation to either genetic or environmental factors,

and further studies are necessary to assess both contributions to shell shape.

Al.4.3 Advantages and possible applications of FFT analysis

When trying to discriminate between the two lineages, both techniques gave
significant results. However, Fourier shape analysis was the most successful, with
only one of 160 individuals being misclassified. The first advantage of FFT compared
to multivariate trait analysis is that the data collection is automated, limitating the
error accumulation linked with multiple measurements and subjective reading.
Overall, the addition of all the manual tasks and the data transformation /
normalisation before analysis makes this approach time-consuming. Fourier analysis
however, requires only a picture of the animal and no data transformation before data
analysis.

The second advantage of FFT is the possibility to localise and identify the
source of variation between / among groups and visually observe the differences.
Because multivariate trait analysis generally requires that the dataset be transformed,
the values being worked with are completely changed, with the result that values to be
used in the analysis may not have any biological meaning. Hence, multivariate
analysis of shell traits gives a statistical result in terms of discrimination (presence or
not of a statistically significant difference), but does not highlight the origin of the
difference (what is the difference between/among samples). The creation of the
HCURVE program by Crampton & Haines (2000) allows for the extraction of a
visual representation of the source of the discrimination from a suite of FCs, and thus
provides essential information about shape differences. The opportunity to use the
program to reconstruct a population’s shape average, or to compare individual
extremes is a great advantage to quantify the amount of difference between/among
groups.

The third advantage of FFT analysis, compared to the general shell trait
measurements, concerns its very high level of accuracy. Its discriminant capacity has
important implications in many areas such as conservation and biosecurity. Indeed,

Fourier analysis could provide a means to identify morphologically cryptic sympatric
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species with no need for molecular analysis. Although nowadays molecular analyses
are not too onerous, they can still represent a considerable cost for conservation
agencies. Also, depending on the targeted organism and/or tissue to be sampled, the
removal of tissue/blood can sometimes lead to physiological stress or even death (e.g.,
when the minimum amount of tissue to be taken requires the whole animal to be
used). In some instances, tissues containing DNA information are too degraded or
have been removed from samples such as fossils or shell collections in museums. It is
for this type of situations, when molecular work is impossible, that FFT is an essential
tool and may provide new information in phylogenetic and palacontological studies.
The acquisition of the necessary information to carry out FFT analysis (here a picture
of a particular feature) is very straight forward and does not require extensive
handling by the operator of an individual in contrast to the situation for the
measurement of shell traits. Thus, Fourier shape analysis reduces the time for data
processing and makes data collection easy. The implementation of a common
standardised online database using individuals already sequenced / identified
according to their DNA profile (e.g., the “Barcode of Life” programme based on
sequencing of the COI gene) along with their corresponding FCs for a particular
feature would allow for species discrimination. In the field, only a picture of the
targeted feature (e.g. shell outline, wing shape, petal shape) would be needed. Once
the FCs are extracted, they could be inserted into the online database and a DFA
would be carried out. The sample individual would be assigned to a particular species
with a given level of confidence based on assignments made by comparison to the
internationally recognised database. This technique would be particularly interesting
for biosecurity applications, where a direct identification in the field would be
available (e.g. detection of a non-native plant, survey of shells picked up from the
beach, airport customs and control). However, one should keep in mind that shape
analysis gives a relative likelihood value and not an absolute value. It is thus
necessary to be careful when interpreting the results.

Overall, FFT is a very fast and efficient technique. The time required to
analyse 100 shells, from the measurements to the results of the DFA is half that
required for the traits analysis described in the present chapter (personal observation).
Its computational data treatment reduces the error rate of the analysis and provides

highly reliable results with no extra cost involved.
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A1.5 Conclusions

This chapter aimed to study shell shape of two recently described lineages of
the C. strigilis complex using two different morphometric techniques. I found a
significant difference between them. This difference was detected by the two
morphometric techniques used here, and it was shown that the northeastern lineage
had a narrower aperture than the southwestern lineage. My results show the very high
discriminant accuracy of the FFT analysis compared to multivariate shell traits
analysis. The advantage of FFT resides in its level of automation and its suitability for
forms lacking pre-established or identifiable homologous points (landmarks). This
advantage, coupled with the high efficiency of the technique offers new possibilities
for the study of endangered or seemingly morphologically similar species, as well as
unclassified Museum specimens, and could have a large impact on conservation and

biosecurity studies.
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