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ABSTRACT
Durvillaea antarctica is a robust, buoyant macroalga which is found growing throughout the
high latitudes of the Southern Hemisphere. This kelp grows on exposed, rocky coastlines, and their
holdfasts act as an important habitat for a wide variety of intertidal invertebrates. The internal
structure of the blades traps air and gasses, allowing the entire structure to remain highly buoyant
for extended periods of time. Thus, when kelp becomes detached following storm surges or intense
wave action, floating rafts of D. antarctica can traverse the Southern Ocean, acting as an important
transport vector for the associated invertebrates which inhabit the holdfasts.
Previous work investigating the phylogeographic structure of growing, attached D.
antarctica populations has revealed a high degree of genetic variation throughout the species’
range. The mitochondrial marker, cytochrome c oxidase subunit 1 (COI), is highly variable in attached
populations, displaying a number of unique haplotypes, some exclusive to narrow geographic areas.
With this molecular knowledge of attached populations, it is possible to assign a probable source
location to rafts of D. antarctica which have washed ashore on the New Zealand coastline.
This study collected beach-cast rafts of D. antarctica from a number of sites along New
Zealand’s east coast and assigned each sample to a known haplotype (and thus, source population)
by using established information regarding the species’ phylogeographic structure. By examining the
assemblage of haplotypes sequenced from a particular beach, general patterns in rafted
assemblages were evaluated. In particular, this study attempted to investigate how haplotype
frequency found at a particular location changed across both space and time in relation prevailing
weather patterns and ocean currents.
On a spatial scale, significant changes were detected in haplotype assemblages across New
Zealand’s east coast. Two distinct genetic breaks were found; one at Cape Campbell, and one in
Pegasus Bay. A similar genetic break has previously been documented at Cape Campbell for a range
of intertidal invertebrates with dispersing larval life-stages (e.g. limpets, sea stars, mussels, chitons).

iii

Data from this study confirm this genetic break; beach-cast D. antarctica assemblages showed
dramatic genetic turnover between sites on a very fine scale, suggesting that the currents in this
area act as a significant dispersal barrier to both D. antarctica rafts (and associated invertebrates)
and intertidal invertebrates with larval life-stages. A second genetic break in the haplotype
assemblages of beach-cast D. antarctica rafts was found in Pegasus Bay. Again, this break in
haplotypes found mirrors a change in ocean currents of the region. This study demonstrates how the
prevailing ocean currents of a particular region are intrinsically linked to the assemblage of beachcast D. antarctica found on any given stretch of coastline.
When changes in haplotype assemblages were examined across time, temporal patterns
were only detectable after spatial variation was accounted for. The Cook Strait region showed the
largest changes in haplotype assemblages found over time, which was expected, due to the variable
nature of the ocean currents in this region. Changes in prevailing wind patterns can have profound
effects on the flow of water in the Cook Strait region; prolonged shifts in prevailing wind direction
can actually reverse the net flow of surface water. Therefore, the temporal shifts in quantity and
source location of D. antarctica assemblages observed in this study are most likely a result of
fluctuating wind patterns.
This study found that the haplotype assemblages of beach-cast D. antarctica rafts show
significant patterns across both space and time. D. antarctica rafts travel with major current
systems, and thus, different assemblages of haplotypes are found in different regions of the country,
reflecting the input of local currents. However, prevailing wind speed and direction are also critical
components that influence which assemblages of D. antarctica are found on a particular beach at a
particular time. The genetic breaks and temporal shifts identified in this study have profound
implications for a wide variety of marine taxa, including the ‘hitch-hiking’ invertebrates present on D.
antarctica rafts.
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GENERAL INTRODUCTION

Naturalists have long attempted to explain how plants and animals came to inhabit their
current ranges (Nelson & Platnick, 1981). How can similar biological assemblages occupy Australia,
New Zealand, and South America, even when many of the taxa involved have no apparent capacity
for autonomous marine dispersal (Nelson & Platnick, 1981; Linder & Crisp, 1995; Crisci et al., 2003;
de Queiroz, 2005)? Why are there iguanas in Fiji, while their extant relatives are otherwise restricted
to the Americas (de Queiroz, 2005)? Similar biogeographic puzzles appear across many parts of the
world, challenging naturalists to explain how such species may have arrived at their current locales.
Many early studies of trans-oceanic dispersal experimentally examined the dispersal
potential of various plant taxa. Some terrestrial plants have seeds which can potentially be dispersed
by wind, allowing them to spread and colonize distant parts of the world (Nathan et al., 2008;
Gillespie et al., 2012). However, in many other cases the plant seeds are too large or heavy to be
effectively transported by wind (Darwin, 1859; Nathan et al., 2008). Scientists hypothesized that the
large-seeded plants could potentially be dispersed by floating across aquatic barriers (Darwin, 1859;
Guppy, 1917; Muir, 1937). Early experiments on such seeds demonstrated that the seeds of many
plants were still viable after being submerged in salt water for upwards of 200 days (Guppy, 1892,
1917; Muir, 1937). Seeds of these plants could theoretically raft across large ocean basins and
colonize distant habitats, leading to their disjunct, contemporary distributions (Darwin, 1859).
While plants offered biogeographers a fertile system with which to study passive dispersal
potential, documenting plausible explanations for disjunct distributions of animals often proved
more challenging (de Queiroz, 2005; van Leeuwen et al., 2012). While some animal taxa are able to
move themselves great distances (e.g. birds, large mammals), many others lack any obvious means
of autonomous dispersal. Despite their apparently limited dispersal capabilities, numerous animal
taxa nevertheless exhibit broad, disjunct distributions (Johannesson, 1988; Thiel & Gutow, 2005).
Intertidal crabs are one such group which exhibit limited dispersal capacities: adults are generally
restricted to the shoreline and shallow, intertidal water (Dana, 1856). However, many intertidal crab
taxa apparently have much wider distributions than even some pelagic fish species (Dana, 1856).
2
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Dana (1856) suggested that these intertidal crustaceans could to cling to rafting logs or debris and
float to new habitats, where they successfully colonized upon arrival. Other writers at the time
arrived at similar conclusions; aside from divine creation, the only way for animals to traverse such
large distances would be to ‘raft’ across oceanic barriers in some way (Darwin, 1859; Wheeler, 1916;
Muir, 1937; Fell, 1962). This hypothesis of rafting dispersal seemed feasible for some taxa, but at
other times it appeared to be offered only due to a lack of alternative hypotheses.
The development of plate tectonic theory offered new potential solutions to many of these
global biogeographic puzzles (Croizat et al., 1974; Knox, 1980; Udvardy, 1981; Chin et al., 1991). In
particular, knowledge of on-going tectonic activity provided clear geological mechanisms to explain
how numerous plant and animal taxa might have achieved their broad geographic distributions
(Wiley, 1988). This new geologic information allowed naturalists to seek out tectonic answers to
these biogeographic mysteries; a field which became known as vicariance biogeography (Wiley,
1988; de Queiroz, 2005). In light of this new development, the similarities of Southern Hemisphere
('Gondwanan') assemblages could supposedly be explained by geology alone, without having to
consider biological and ecological processes; i.e. the broad similarities between Australian, New
Zealand, and South American taxa was suggested to reflect a tectonic ancestry extending back over
80 million years (McDowall, 2005; Gheerbrant & Rage, 2006).
With such an attractive geological dispersal mechanism, the original idea that animals could
potentially raft from place to place was subsequently largely overlooked (Dennis & Gunn, 1971; de
Queiroz, 2005). However, once the initial enthusiasm for vicariance biogeography waned, it became
clear that vicariant events, although an intrinsic part of many biogeographic assemblages, failed to
explain all biotic distributions. In particular, isolated, volcanic island chains proved particularly
troublesome (de Queiroz, 2005; Waters, 2008). As knowledge of geology expanded, it became clear
that some island groups were never connected to mainland populations or landmasses (de Queiroz,
2005). In order to explain how animals came to colonize these most remote regions of the world,
rafting began to resurface as the most feasible solution.
3
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Regardless, some vicariant biogeographers maintained that rafting events seemed
statistically improbable: indeed, how could animals find suitable rafting material, survive a long
rafting journey, land at an appropriate habitat, and successfully reproduce at their new location
(Thiel & Gutow, 2005)? These researchers argued that dispersal was unlikely to explain the large
distributions exhibited by such a wide variety of organisms (Udvardy, 1981; Thiel & Haye, 2006).
Empirical studies investigating the biological evidence for dispersal by rafting have shown
that some terrestrial animals have substantial (and perhaps surprising) aquatic dispersal capacities.
One study demonstrated that anolis lizards (Anolis sagrei) were able to float unaided in laboratory
tests for upwards of 24 hours (Schoener & Schoener, 1984). A study on small mammals showed that
North American woodchucks (Marmota monax) could actively remain swimming for over 40 hours
(Wilber & Weidenbacher, 1961). Anecdotal evidence shows that stoats (Mustela erminea) can easily
swim distances of several kilometres, and have been observed rafting on mats of woody debris
(Veale, 2012). Clearly some animals, (even the improbable ones) might be able to disperse
themselves over greater oceanographic distances than previously imagined.
In addition to studies examining autonomous over-water dispersal, a wealth of
observational evidence suggests that rafting could indeed be a viable dispersal mechanism for a
variety of taxa. Off the coast of Brazil, living ant colonies have been observed in beach-washed logs
on offshore islands, floating distances of almost 10 km (Wheeler, 1916); green iguanas (Iguana
iguana) have been documented surviving on a raft of trees and vegetation, successfully colonizing
islands 200 km from their nearest source population (Censky et al., 1998); a living jack-rabbit (Lepus
californicus) was observed on a macroalgal raft off the California coast, 63 kilometres from the
closest mainland population (Prescott, 1959). On the New Zealand coastline, ten marine
invertebrate species were documented in macroalgal rafts which washed ashore, after having
travelled almost 600 km (Fraser et al., 2011).
Furthermore, studies of the rafts themselves suggest that organic rafting material may be
more durable than previously imagined (Rothäusler et al., 2011). Smith (2002) estimated rafts of
4
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Durvillaea antarctica in the Southern Ocean floating for upwards of 260 days; tethered rafts of the
macroalga Macrocystis pyrifera have been documented floating continuously for periods of almost
200 days (Edgar, 1987; Hobday, 2000). Further investigations show that some hardwood trees can
remain buoyant for upwards of two or more years (Thiel & Gutow, 2004). Such results suggest that
rafting material could be quite durable, increasing the success of successful long-distance dispersal
(Thiel & Gutow, 2004; Gillespie et al., 2012).

1.0.1 – COMMON RAFTING MATERIALS
Recent studies show that rafting animals can successfully exploit a wide variety of buoyant
substrates, each material exhibiting different advantages and drawbacks (Thiel & Gutow, 2004).
Organic rafts include a wide variety of materials, ranging from uprooted trees and other terrestrial
vegetation, to buoyant assemblages of macroalgae or grasses (Thiel & Gutow, 2004). Usually this
material becomes dislodged due to severe weather, and can float for as short as a few hours
(traveling perhaps tens of meters), or persist for several months, potentially transporting organisms
thousands of kilometres (Marsden, 1991; Thiel & Gutow, 2004). While organic rafts tend to
disintegrate faster than inorganic materials, they carry the advantage of offering rafting organisms
valuable food resources during the journey.
By contrast, inorganic rafts can be either natural (e.g. tar lumps and pumice) or man-made in
origin (Thiel & Gutow, 2004). Several observations have been made of marine invertebrates rafting
on detached aquaculture buoys (Astudillo et al., 2009), plastic debris (Winston, 1982), or utilizing
floating garbage as a transport vector (Vauk & Schrey, 1987). While extremely durable, these
inorganic rafts lack the important resources (e.g. food and habitat potential) of organic rafts.
Successful rafting therefore must become a trade-off between durability (and increased potential of
arriving at a suitable locale) and necessary resources (Thiel & Gutow 2005; Fraser et al., 2011).

5
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1.1 – RAFTING IN THE MARINE ENVIRONMENT
A wide variety of dispersal strategies exist within the marine ecosystem. Some animals (e.g.
pelagic fish, marine mammals) are able to autonomously disperse themselves over great distances
(Thiel & Haye, 2006). For more sessile creatures, however, dispersal becomes more of a challenge
(Thiel & Haye, 2006). Many sessile marine invertebrates spend part of their lives in the water column
as a pelagic larval stage, drifting on currents, and therefore facilitating dispersal and genetic
connectivity (Helmuth et al., 1994; Thiel & Haye, 2006; Cowen & Sponaugle, 2009). Conversely, some
other invertebrate taxa adopt a direct-developing lifecycle, relying on adults to disperse themselves
on a more limited scale (Johannesson, 1988; Nikula et al., 2011). Due to their greater dispersal
abilities, invertebrates with larval life-stages should theoretically show much larger geographic
ranges compared to direct-developing species (Gaylord & Gaines, 2000; Kinlan & Gaines, 2003; Pelc
et al., 2009).
Paradoxically, it has been observed that some direct-developing gastropods have a much
larger and more disjunct distribution compared to a larval-dispersing sister species (Johannesson,
1988). To explain how could a species that relies purely on adult dispersal could have a larger range
than a species whose larvae could drift for several weeks on ocean currents, Johanneson (1988)
hypothesized that the direct developing snails made use of available rafted material, traversing the
Atlantic Ocean by way of rafting (Johannesson, 1988).
With further research, it has become clear that rafting is extremely important for sessile
marine invertebrate dispersal (Ingólfsson, 1995, 1998; Waters, 2008). Laboratory studies on the
behaviour of juvenile white abalone (Haliotis sorenseni) show that vulnerable juveniles will actively
seek out and climb aboard floating fragments of macroalgae (McCormick et al., 2008). Similar studies
on a burrowing isopod (Limnoria sp.) show that individuals from a variety of life-history stages will
actively inhabit holdfasts of the macroalga Macrocystis integrifolia, and remain in the holdfast
following detachment, helping contribute to the extensive genetic mixing of local populations as the
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kelp travels with the local current systems (Miranda & Thiel, 2008). Extensive molecular studies on
rafting species have demonstrated that contemporary rafting events can be an integral part of
maintaining population connectivity between distant locations (Kyle & Boulding, 2000; Beheregaray,
2008; Muhlin et al., 2008; Nikula et al., 2010; Nikula et al., 2012).
Macroalgal rafts (e.g. Macrocystis sp., Sargassum sp., Durvillaea sp.) have increasingly been
shown to be an important component of marine invertebrate dispersal and population connectivity
around the world (Ingólfsson, 1995; Nikula et al., 2012). Many intertidal species actively inhabit or
associate with buoyant macroalgaes, thus increasing their rafting potential (Kingsford, 1992). Studies
on M. pyrifera and D. antarctica have shown that detached portions can remain viable and buoyant
for a substantial period of time following detachment (Edgar, 1987; Hobday, 2000; Smith, 2002). This
rafting durability offers enormous dispersal potential to the sessile invertebrates living within the
holdfasts, making macroalgae an important transport vector not only for colonization, but also for
maintaining genetic connectivity between distant populations of marine invertebrates (Ingólfsson,
1995; Nikula et al., 2012). As described below, molecular work on such populations has revealed
that rafting events happen much more frequently than previously recognized.

1.2 – MOLECULAR EVIDENCE OF RAFTING EVENTS
Modern molecular techniques have proved a valuable asset to rafting studies. Using
molecular evidence to examine an organisms’ phylogeny can help clarify its evolutionary history.
Dates of divergence between populations can be estimated, and source populations can be
identified (Rieppel, 2002; de Queiroz, 2005; Waters et al., 2010). These techniques can allow for
formal testing of dispersal theories, and lend support to either vicariance or rafting dispersal
(Winkworth et al., 2002; Waters & Roy, 2004; Noonan & Chippindale, 2006; Waters et al., 2007).
Furthermore, these studies are able to both disentangle vicariance theories and rafting hypotheses,
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and also highlight the importance of contemporary rafting events in maintaining genetic connectivity
between highly disjunct populations.
The Juan Fernández Islands offer a good example of how molecular techniques allow for
conflicting dispersal theories to be resolved. This island group is located approximately 600 km from
the western coast of South America (Stantelices, 1992). Due to its close proximity to the Chilean
coast, early researchers assumed that the islands were once connected to the South American
mainland, thus explaining how the Islands came to be colonized (Skottsberg, 1943; Santelices, 1992).
Phylogenetic investigations into the Island flora and fauna tell a radically different story however;
numerous molecular studies have confirmed that the vast majority of Juan Fernández taxa have
rafted there across the Pacific Ocean with prevailing currents (Santelices, 1992; Pequeño & Lamilla,
2000; Burridge et al., 2006).
In addition to confirming methods of dispersal, molecular studies can also reveal how rafting
is contributing to contemporary levels of gene flow and population connectivity (Palumbi, 2003;
Gillespie et al., 2012). Nikula et al.'s (2011) work on conspecific gastropod species in New Zealand
(Diloma arida and D. durvillaea) demonstrated that snails which associate with buoyant macroalgae
show higher levels of genetic connectivity among geographically distant populations than those
which do not inhabit kelp beds (Nikula et al., 2011). Furthermore, species known to inhabit kelp
holdfasts show much greater levels of population connectivity over a large scale than intertidal
species that also live on rocky coastlines, but do not actively inhabit kelp holdfasts (Goldstien, 2005;
Nikula et al., 2012).
Studies such as these have proved immensely important to clarifying dispersal events in an
organisms’ evolutionary history. Furthermore, robust phylogenetic analysis can clarify dispersal
pathways, historic rafting events, and source populations (Parker & Tunnicliffe, 1994; de Queiroz,
2005). In a contemporary time-frame, it is possible to analyse populations and estimate levels of
population connectivity via rafting (Waters & Roy, 2004; Nikula et al., 2011; Nikula et al., 2012).
However, while rafted material is continuously washing up on beaches world-wide, it can be difficult
8
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to sample attached animals due to desiccation and predation events (Inglis, 1989; Fraser et al., 2011.
Despite these shortcomings, molecular analysis of the rafted material can offer information about
where the rafts originated, and possible dispersal pathways to explain how they arrived on a
particular beach (Collins et al., 2010). These techniques are now being applied to macroalgal rafts in
New Zealand, allowing fine-scale resolution of how these rafts travel and where they might originate
from.

Figure 1.1 – Floating raft of Durvillaea antarctica discovered 40 kilometres off the coast of southern
New Zealand. Photo by L. Bussolini, 23 March 2011.

1.3 – DETERMINING THE GEOGRAPHIC ORIGINS OF RAFTS
Genetic and biogeographic studies have both suggested that occasional successful rafting
events can shape the biogeographic assemblages of taxa which otherwise seem poorly suited to
marine dispersal, and also occur on a much larger scale than previously imagined (Raxworthy et al.,
2002; Rieppel, 2002; Ali & Huber, 2010). However, while there is a wealth of evidence suggesting
rafting as a likely dispersal mechanism, reconstructing the geographic origins of individual rafts often
remains notoriously difficult (Thiel & Haye, 2006). One method for determining the origin of a raft
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is to calculate a minimum distance travelled from the nearest possible source population (Prescott,
1959; Thiel & Haye, 2006). While this estimation provides a useful first step, it fails to offer much
geographical resolution about precisely how the raft came to arrive at its current location. A further
shortcoming of this method is that it will often underestimate distance travelled by failing to account
for prevailing weather patterns and oceanographic conditions, which can distort the rafts’ true
origins.
Rafting journeys are intrinsically linked to fluctuations in the marine environment, as
changes in currents, tides, and prevailing winds can drastically alter their destined course (Vauk &
Schrey, 1987; Johansen, 1999; Muhlin et al., 2008). To disentangle these various influences,
oceanographic modelling can often give valuable clues to a rafts’ origins and probable route, given
prevailing current systems (Chiswell et al., 2003; Chiswell, 2009). However, oceanographic
modelling can only provide a framework for biogeographers to operate within, as stochastic events
such as storms, prevailing wind patterns, and seasonal fluctuations can dramatically alter a rafts’
course (Brodie, 1960; Kingsford, 1992; Hobday, 2000; Monzón-Argüello et al., 2012). Only by taking
all these oceanographic and atmospheric features into account, is it possible to elucidate where rafts
may have originated. This goal is often difficult to achieve, as it requires precise data and complex
models. In recent years however, molecular techniques have allowed researchers to illuminate
another dimension to the rafting story (Beheregaray, 2008).
By closely examining a taxon's phylogeographic structure, molecular studies are now
enabling historic rafting events to be retraced (Thiel & Gutow, 2005; Burridge et al., 2006; Ali &
Huber, 2010). Source populations can now be identified genetically, dates of divergence calculated,
and detailed rafting routes reconstructed. At an increasing rate, organisms whose distributions were
previously assumed to have vicariant origins are being re-examined, and molecular evidence is
suggesting a more dynamic history (de Queiroz, 2005; Waters et al., 2007).
Clearly, rafting dispersal can be critical to species distributions over evolutionary time
frames (Raxworthy et al., 2002; Burridge et al., 2006; Ali & Huber, 2010). Unfortunately, due to their
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ephemeral nature, it often remains difficult to observe and document successful rafting events in
real-time. While it is often possible to find evidence of rafted material washed up on shore (e.g.
driftwood, macroalgae, plastics), successfully finding the ‘hitch-hikers’ from these rafts remains
difficult. In recent years, however, the same molecular techniques which have helped reconstructed
rafting events for animals are now being employed on the rafting material itself.

1.4 – DURVILLAEA ANTARCTICA RAFTS IN NEW ZEALAND
In New Zealand, much work has gone into assessing the rafting potential of Durvillaea
antarctica, a widespread, buoyant macroalgae which grows throughout much of the Southern
Hemisphere (Figure 1.2) (Hay, 1977; Hay, 1988; Schiel, 1990; Rothäusler et al., 2012). D. antarctica
grows on exposed, rocky coastlines and act as important habitat for a wide variety of intertidal taxa
(Schiel, 1990; Smith & Simpson, 1995; Nikula et al., 2011). The internal structure of the kelp blades
traps air and gases, allowing the kelp to remain highly buoyant for long periods of time (Figure 1.3)
(Hay, 1979; Smith, 2002; Rothäusler et al., 2012). This feature makes this organism an extremely
important dispersal vector for otherwise sedentary marine invertebrates with limited autonomous
dispersal potential (Nikula et al., 2012). When the plants detach from their rocky bases, associated
fauna can survive in the holdfasts for several months as the rafts remain buoyant and continue to
float around the Southern Ocean (Fraser et al., 2011).
Rafts of Durvillaea antarctica are extremely common; there have been estimates of 10
million D. antarctica rafts adrift in the Southern Ocean at any one time (Smith, 2002). Therefore, it is
not surprising that kelp rafts often make landfall on the New Zealand coastline (Marsden, 1991). This
connection with the Southern Ocean was highlighted with a particular raft that washed up on the
Dunedin coastline. Molecular investigations into burrowing isopods (Limnoria sp.) found inside the
kelp holdfast revealed that the raft travelled to mainland New Zealand from the Auckland Islands, a
distance of over 600 km (Fraser et al., 2011).
11
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While these sorts of studies show important levels of population connectivity between
distant populations, it is often difficult to sample such ‘hitch-hikers’ from beach-washed specimens,
due to predation events or desiccation of kelp (Inglis 1989). Attention has subsequently expanded to
the rafts themselves; examining kelp fragments in an attempt to identify a source location for each
raft. Work by Fraser (2009) showed that attached D. antarctica populations throughout New Zealand
and the subantarctic region show unique mitochondrial haplotypes across the geographic regions
(see Chapter 3). By using these genetic tools, fragments of kelp rafts found on any beach can now be
accurately identified to a source population.
Collins et al., (2010) used this phylogeographic knowledge of attached-kelp populations to
determine the regional geographic origins for rafts found along the Canterbury Bight. As this region
of coastline is devoid of rocky kelp habitat, any D. antarctica rafts found ashore must have travelled
a minimum distance of approximately 50 km (Hay, 1977; Collins et al., 2010). By sequencing the
beach-cast fragments for the same mitochondrial gene as Fraser (2009), the authors were able to
assign samples to known haplotypes and thus determine origin populations for each individual raft
(Collins et al., 2010). By expanding this work, potential exists to use beach-washed kelp to elucidate
oceanographic processes and potential routes of rafting dispersal along the entire New Zealand
coastline. By sampling the kelp rafts instead of attached taxa, spatial and temporal changes in beachwashed assemblages can be observed. Such sampling can also help identify potential barriers for
rafting taxa, as some oceanographic features or current systems could potentially force rafts
offshore and prevent successful landfall.
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Figure 1.2 – Worldwide distribution of Durvillaea antarctica, shown in orange.

Figure 1.3 – Details of the internal structure of D. antarctica blades. These ‘honeycomb’ strucutres
trap air, allowing the kelp to remain highly bouyant for long periods of time. Photos by M. Hitchcock,
12 December 2012, Long Beach, Dunedin, New Zealand.
13
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1.4.1 – AIMS OF THIS STUDY
The main goal of this thesis is to investigate spatial-temporal changes in beach-cast kelp
assemblages along the entirety of New Zealand’s eastern coast. Previous work by Fraser (2009)
demonstrated that attached populations of Durvillaea antarctica retain a high level of population
structure (see Chapter 3). By sequencing D. antarctica samples that have washed up on the beach,
and matching them to known haplotypes of attached populations, the source location of each
individual raft can be identified (Appendix 1)(Collins et al., 2010). Therefore, this study uses the
location of haplotypes found from beach-cast samples to determine possible spatial and temporal
dispersal patterns for D. antarctica rafts.
The first aim of this thesis is to examine changes in rafted kelp assemblages on a spatial
scale. Investigation of spatial changes in beach-cast D. antarctica assemblages offers the opportunity
to examine oceanographic processes on a very fine scale. Mapping kelp assemblages can identify
currents or oceanographic features which act as a barrier to dispersing kelp rafts; a process which
remains difficult to accomplish even with the most advanced oceanographic modelling tools
Chiswell, 2009; Chiswell & Rickard, 2011). Identification of barriers to dispersing kelp rafts becomes
incredibly important, not only for the invertebrate ‘hitch-hikers’ traveling on the kelp, but also for
species with dispersing larval life-stages, as they are subjected to the same current systems
(Johannesson, 1988; Apte & Gardner, 2002; Nikula et al., 2011). Previous studies on intertidal
invertebrates with larval life-stages have identified genetic breaks in populations along New
Zealand’s east coast, and oceanographic processes have been inferred as the main causal factor
(Apte & Gardner, 2002; Ayers & Waters, 2005; Goldstein et al., 2006 ). Molecular investigations of
beach-cast kelp assemblages will allow for a close examination of these same coastal areas, to
determine whether these currents will be reflected as genetic breaks for beach-cast rafts of D.
antarctica.
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The second main aim of this thesis is to explore temporal changes in beach-cast kelp
assemblages. It is well documented that prolonged periods of onshore winds will result in floating
substrata washing ashore (Muir, 1937; Vauk & Schrey, 1987; Johansen, 1999; Monzón-Argüello et
al., 2012). Furthermore, seasonal variations in prevailing winds and currents may dramatically affect
material found along the coast (Hobday, 2000; Monzón-Argüello et al., 2012). Different major
current systems in New Zealand can transport Durvillaea antarctica rafts of different mitochondrial
lineages from all parts of the species range (Waters, 2008; Collins et al., 2010; Fraser et al., 2010a;
Nikula et al., 2010). Changing wind or ocean patterns could be reflected by dramatically different
kelp assemblages being found onshore at different times of the year.
In order to test for the spatial and temporal variation in rafting journeys, samples of beachcast Durvillaea antarctica were collected from 23 sites along a 1,000 km stretch of New Zealand’s
east coast, over four consecutive sampling trips. The large spatial scale of this study allows for
detailed sampling on either side of the potential genetic barriers. The repeated sampling allows for a
close examination of each trip to determine difference in kelp assemblages within the context of
prevailing weather systems. Furthermore, three sites in the Canterbury Bight were previously
sampled by Collins et al., (2010) in 2009 and 2010, providing a total of six replicates of data for this
region, allowing for more in-depth analysis of this particular portion of the country.

1.4.2 – THESIS STRUCTURE
This thesis contains two data chapters (Chapters 4 and 5) which were prepared as
independent manuscripts intended for publication. As such, some repetition exists between
chapters, particularly in regards to introductory material. To minimize further repetition, a chapter
on general methodology (Chapter 2) was also included, outlining basic procedures that were
common between all data chapters, including sample collection, storage, mtDNA extraction,
amplification, and sequencing. More specific methodology (e.g. specific statistical analyses) is
discussed within each chapter. In addition to a general introduction (Chapter 1) and general
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discussion (Chapter 6), an extensive literature review on the current phylogeographic structure of
attached D. antarctica populations has also been compiled (Chapter 3). A single reference list is
included at the end of the thesis, as are six appendices. Appendix 1 includes all attached D.
antarctica populations sequenced for COI, which has been assembled from a variety of sources,
while Appendix 2 lists all field sites specifically used within this study. Appendix 3 compiles all known
D. antarctica haplotypes presented in this thesis, with associated references and GenBank Accession
numbers. Appendix 4 provides summary statistics regarding the overall sequencing success of this
study, while Appendices 5 and 6 include additional reference material from Chapter 4 and 5,
respectively.
I personally conducted all fieldwork in this study, with the help of those mentioned in the
acknowledgements. I also carried out all mtDNA extraction, amplification, and sequencing, with the
technical assistance of those mentioned in the acknowledgements. This thesis makes use of
previously published data concerning the phylogeographic structure of attached D. antarctica
populations by C. Fraser and C. Collins, as well as unpublished data by C. Garden, which was
obtained with permission. Chapter 3 provides a summary of the current literature surrounding
attached D. antarctica population structure, and was largely compiled through previously published
research. All photos are used with permission of the photographer, and all photo credits are cited
within the corresponding captions. I personally created all figures included in this thesis; some
figures were adapted from published literature, and sources are cited within the appropriate
captions.
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2.1 – SAMPLING PROCEDURE
Field sites were selected based on remoteness from attached Durvillaea antarctica
populations (Hay, 1977). By maximizing distances to known attached populations, sampling of purely
local specimens could be minimized (Collins, 2009; Fraser 2009). In total, 23 beach sites were
selected along the eastern coast of New Zealand (Figure 2.1). Beach-cast samples of Durvillaea
antarctica were collected on four separate occasions (June 2011, Aug 2011, Dec 2011 and April
2012) at the 16 sites along the east coast of New Zealand’s South Island. Further collections were
undertaken in April 2012 at the 7 North Island sites (Figure 2.1, Table 2.1).
At each field site, samples were collected from a 1-2 km section of beach. To reduce the risk
of double-sampling single beach-cast specimens, beaches were always walked in one direction. To
further reduce this risk, samples were collected from rafts with attached holdfasts or primary stipes
whenever possible (Collins, 2009). When sampling specimens with attached holdfasts was not
feasible, samples were taken from specimens of kelp separated by at least 10m of beach. For each
specimen, a small sample of frond tissue (~2 cm2) was collected and stored in a plastic zip-lock bag.
At the end of each collection day, samples were transferred to 95% ethanol and stored at 4°C.

2.1.1 – STORAGE
Kelp fragments were removed from ethanol and thoroughly dried in a 60°C oven for a
minimum of 1 hour. Once fully dried, samples were given unique identification codes and stored
individually in small, zip-lock bags. Approximately 2-3 g of self-indicating silica beads (BioLab Ltd.,
Clayton, Aus.) were placed in the bag to prevent any degradation by moisture.
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Table 2.1 – List of all field sites included in this study. Exact locations are provided in
Appendix 2. n indicates the number of specimens from each site that were successfully
sequenced for the mtDNA cytochrome c oxidase 1 (COI).
No.

Location

Region

Site Name

Code

n

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

North Island
North Island
North Island
North Island
North Island
North Island
North Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island
South Island

Gisborne
Hawke's Bay
Hawke's Bay
Wairarapa
Wairarapa
Wairarapa
Wellington
Cloudy Bay
Cloudy Bay
Clifford Bay
Clifford Bay
North Canterbury
North Canterbury
North Canterbury
North Canterbury
Pegasus Bay
Pegasus Bay
Pegasus Bay
Pegasus Bay
Pegasus Bay
Canterbury Bight
Canterbury Bight
Canterbury Bight

Poverty Bay
Mohaka
Tangolo Bluff
Ocean Beach
Pourerere Beach
Riversdale Beach
Lake Ferry
Rarangi
Wairau River
Blind River
Marfells Beach
Waima River
Deadmans Stream
Claverley
Conway Flat
Amberley Beach
Leithfield Beach
Waikuku Beach
The Pines Beach
New Brighton Beach
Rakaia
Rangitata
Waitaki River

PB
MOH
TAN
OB
POR
RVD
LF
RAR
WAR
BR
MFB
WRM
DMS
CLA
CF
AB
LEI
WKB
TPB
NBB
RAK
RNG
WM

3
12
11
20
13
22
19
49
11
25
15
60
25
37
7
24
51
23
35
65
72
54
34
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Figure 2.1 – Map of sampling locations and associated codes (see Table 2.1). Sites shaded in yellow
were sampled only once, in April 2012. Sites shaded in purple were sampled a total of 3 times: in
June 2011, August 2011, and April 2012. Sites shaded in orange were sampled on four occasions: in
June 2011, August 2011, December 2011, and April 2012.
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2.2 – LABORATORY METHODS
2.2.1 – DNA EXTRACTION
Durvillaea antarctica mtDNA was extracted using a standard Chelex ® extraction (Walsh et
al., 1991) procedure with minor modifications adopted from Fraser (2009) and Collins (2009). The
full extraction protocol is described in the following five steps, outlined below:
i.

Small (< 1 mm2) sections of dried kelp tissue were removed and placed into 800 μl of 5%
Chelex ® solution with 2 μl of proteinase K (20 mg/ml).

ii.

Samples were thoroughly vortexed and left to incubate at 60°C for a minimum of 4
hours.

iii.

Following incubation, samples were vortexed again before being boiled at 90°C for 8
minutes.

iv.

Samples were vortexed a final time before being spun for 10 minutes at 14,000 rpm.

v.

Completed extractions were diluted one hundredfold with MilliQ water to increase
amplification success (Collins, 2009; Fraser 2009)

2.2.2 – PCR
A 629 basepair region of the mitochondrial gene, cytochrome c oxidase I (COI), was
amplified using the forward primer ‘Gaz F1’ 5’ TCAACAAATCATAAAGATATTGG 3’ and the reverse
primer ‘Gaz R1’ 5’ ACTTCTGGATGTCCAAAAAYCA 3’ (Saunders, 2005; Lane et al., 2006; Collins, 2009;
Fraser, 2009). Table 2.2 displays reagents and concentrations used for PCR. Amplification was
conducted in an Eppendorf Mastercycler® Pro S with the following profile. Samples were initially
heated to 94°C for 2 minutes, followed by 50 cycles of: 15 seconds at 94 °C; 30 seconds at 40°C; 1
min at 72°C; and a final extension period at 72°C for 4 minutes (Collins, 2009; Fraser, 2009).
Gel electrophoresis was used to determine success of amplification. Individual samples (2 μl)
were loaded into 1% agarose gel, and run at 100 volts for approximately 10 minutes. Gels were then
viewed with a UV transilluminator to evaluate whether COI was successfully amplified.
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Table 2.2 – List of PCR reagents used in this study. Compiled from: Henegariu et al., 1994; Collins, 2009;
Fraser, 2009.
REAGENT
PRIMER ‘GAZ F1’
PRIMER ‘GAZ R1’
MYTAQTM BUFFER
BSA
MYTAQTM DNA POLYMERASE
MILLIQ WATER
TEMPLATE DNA

CONCENTRATION

AMOUNT PER 20 μl

10 mM
10mM
5 mM
10 mg/ml
5 U/μl
-1/100

1 μl
1 μl
4 μl
0.2 μl
0.2 μl
12.6 μl
1 μl

2.2.3 – PURIFICATION
Successfully amplified PCR products were purified according to manufacturer’s instructions
using Omega Bio-Tek Ultra-sep® purification kits (Omega Bio-tek Inc., Norcross, Georgia, USA).
Purified samples were sent for full sequencing on an ABI BigDye Terminator (version 3.1) at the
Genetic Analysis Services (University of Otago, Department of Anatomy).
Returned sequences were trimmed and aligned by eye in Sequencher 4.9® (Gene Codes
Corporation, Ann Arbour, Michigan, USA). Any base ambiguities were manually resolved wherever
possible. Trimmed sequences were compared in PAUP* 4.0b10 (Swofford, 2000) against known
reference sequences using an UPGMA tree with absolute distances (please see Appendix 3 for full
list of reference sequences and GenBank Accession numbers). Sequences were then assigned to
previously identified haplotypes.
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Figure 2.2 – (left) A typical beach-cast Durvillaea antarctica specimen (detached holdfast in
foreground) found at Rakaia Beach, Canterbury Bight. Photo by R. Nikula, 7 March 2009. (right)
Collecting small samples of frond tissue from a beach-cast D. antarctica raft. Photo by M. Hitchcock,
12 December 2012, Long Beach, Dunedin.
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2.3 – SUPPLEMENTARY MATERIAL
Table 2.3 – Commercial kits and reagents used in this study.
Company

Product Used

BioLab

Self-indicating silica beads

Bioline

MyTaqTM Red DNA Polymerase
5x MyTaqTM Reaction Buffer

BioRad

Chelex®

Global Science

DNA ladders

New England Biolabs

Bovine serum albumin (BSA)

Omega Bio-tek, Inc

Ultra-sep Purification Kits

Roche

Proteinase K

Sigma-Aldrich

Primers ‘Gaz F1’, ‘Gaz R1’
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A formal phylogeographic investigation of New Zealand’s Durvillaea antarctica (bull kelp)
populations was first undertaken by Fraser (2009), who sampled attached populations from
throughout the species’ full distribution. Kelp samples were collected from the New Zealand region
(including offshore islands), South America, and numerous subantarctic islands across the Southern
Ocean (Appendix 1) (Fraser, 2009). All attached samples were sequenced for the mitochondrial gene
cytochrome c oxidase subunit 1 (COI) in order to examine genetic variation across the species range
(see Appendix 3)(Fraser 2009). Subsequent additional phylogeographic work on attached
populations was undertaken by Collins et al. (2010) and Garden (unpublished data), who
accomplished finer-scale sampling along both the eastern and western coasts of New Zealand’s
South Island (Appendix 1). The current study incorporates samples from an additional two localities
in the Cook Strait region, helping to further map the phylogeographic structure of attached D.
antarctica populations (for a full list of attached sampling locations, please see Appendix 1).

3.1 – METHODS
An array of previous studies (Fraser 2009; Collins et al., 2010; Fraser et al., 2010a, b; Fraser
et al., 2012) have contributed to the COI sequencing of attached D. antarctica populations, together
totalling 392 samples sequenced from 45 independent locations (Appendix 1). This study added
additional attached samples from Rarangi (n=3) and Cape Palliser (n=10), bringing the total to 405
samples from 47 populations. All D. antarctica samples were collected and sequenced following the
protocol outlined in Chapter 2, ‘General methodology’. For a full list of sequences and associated
GenBank accession numbers, please refer to Appendix 3.
A maximum likelihood (ML) tree was constructed using PAUP*4.0b10 (Swofford, 2000). A full
heuristic search was performed over 1000 replications with a TBR branch-swapping algorithm. The
brown alga Fucus vesiculosis and congeneric Durvillaea potatorum, D. willana, and D. poha were
included as out-groups in this analysis. In order to assess ML tree support, a bootstrap analysis was
conducted using the webserver PhyML (Guindon et al., 2010). Specifically, one thousand replicate
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data sets (resampled with replacement) were phylogenetically analysed with an HKY85 substitution
model. To determine distances between specific haplotypes, a TCS haplotype network was
constructed in TCS using 95% confidence intervals (Clement et al., 2000).

3.2 – CURRENT PHYLOGENY
The ML tree revealed four distinct clades within the D. antarctica lineage: Chilean, southern
New Zealand (‘NZ South’), northern New Zealand (‘NZ North’) and ‘subantarctic’ (Figure 3.1; Figure
3.2). This finding conforms to previous phylogenetic analyses conducted (Fraser, 2009; Fraser et al.,
2010a, b; Fraser et al., 2012). The Chilean clade is further divided into several distinct mitochondrial
haplotypes, structured in a north-south pattern across the species range (discussed in detail by
Fraser et al., 2010a). Attached D. antarctica populations from New Zealand shows a similar pattern
(Figure 3.3); the southern portion of the country is genetically distinct from the northern (Figure 3.2)
(Fraser, 2009). There is a clear north-south phylogeographic disjunction across the Canterbury Bight
(between north Otago and Banks Peninsula): i.e. Canterbury Bight marks the northern limit of the
southern clade (‘NZ South’) and southern limit of the northern clade (‘NZ North’). Attached
populations from Banks Peninsula and all sites north are represented only by ‘NZ North’ haplotypes,
as are populations from the Bounty Islands and the Chatham Islands (Figure 3.3) (Fraser et al.,
2009c).
Samples from the subantarctic region yield a completely distinct pattern and unique clade of
D. antarctica. Throughout the New Zealand subantarctic region (Figure 3.4, insert), there is
substantial regional genetic diversity, with numerous unique mitochondrial haplotypes, some
exclusive to particular islands or island groups (Fraser, 2009). In contrast, samples throughout the
rest of the Southern Ocean are dominated by a single cosmopolitan haplotype (SA-1) (Figure 3.4),
showing much less population structure than that detected in the New Zealand region (Fraser et al.,
2010b).
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Although some haplotypes are known only from rafted samples, a detailed picture of D.
antarctica phylogeography is steadily emerging. The high level of geographic structure detected
within the New Zealand and subantarctic region provides the framework for this study, as all beachcast samples sequenced here will be compared and matched to the known mitochondrial haplotypes
identified from attached populations (Appendix 3).
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.
Figure 3.1 – Maximum likelihood tree based on COI of current established D. antarctica haplotypes. Four distinct clades are
evident: Chilean (which is not further discussed within this study), ‘NZ North’ (in red), ‘NZ South’ (in blue), and ‘subantarctic’
(in gold). Assorted out-groups are shown in grey. Bootstrap values greater than 50% are shown.
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Figure 3.2 – TCS haplotype network based on COI constructed with 95% confidence. Black dots (nodes)
represent single-step changes (i.e. hypothetical haplotypes that have yet to be detected). Connections
between networks were removed to better illustrate relationships within individual clades.
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Figure 3.3 – Phylogeography of attached D. antarctica populations throughout the New Zealand mainland region,
based on COI data. Pie graphs represent the relative frequencies of each haplotype found at a particular site. Colours
correspond to haplotypes shown in abbreviated ML tree (insert). The ‘subantarctic’ clade is abbreviated for clarity.
Out-groups and bootstrap values are removed for clarity. The number of samples sequenced for COI from each site is
shown in parentheses. See Appendix 1 for a full list of sampling sites.
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Figure 3.4 – Phylogeography of attached D. antarctica populations throughout the subantarctic region,
based on COI data. Details of the New Zealand subantarctic region are shown in the insert. Pie graphs
represent the proportion of each haplotype found at a particular site. Colours correspond to haplotypes
shown in abbreviated ML tree. Out-groups and bootstrap values are removed for clarity. ‘NZ North’ and ‘NZ
South’ clades are also abbreviated for clarity. The number of samples sequenced for COI from each site is
shown in parentheses. See Appendix 1 for a full list of sampling sites.
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ABSTRACT
Durvillaea antarctica (bull kelp) is a robust, buoyant macroalga which grows on rocky coastlines
throughout the high latitudes of the Southern Hemisphere. When this kelp becomes detached
following intense wave action or storm surges, individual rafts can remain buoyant for extended
periods of time, acting as an important dispersal vector for a wide array of intertidal invertebrate
species. Previous phylogeographic analysis of attached D. antarctica populations, based on
mitochondrial markers (cytochrome oxidase c subunit 1; COI), documented a high degree of
structure among regions and populations. Unique mtDNA haplotypes exhibited in attached D.
antarctica populations are typically found within a limited geographic range. Thus, the geographic
origin of any beach-cast D. antarctica raft can be estimated by sequencing COI and matching the
sample to known, attached haplotypes. This study examines beach-cast rafts of D. antarctica along
New Zealand’s east coast to determine spatial variation in beach-cast haplotype assemblages. A total
of 688 beach-cast D. antarctica specimens from 23 sites along New Zealand's east coast were found
to show significant spatial structure. Hierarchical AMOVA analysis revealed three distinct geographic
assemblages, which reflected two oceanographic barriers to kelp dispersal. These two barriers may
thus have profound implications for the dispersal potential of D. antarctica rafts and associated taxa,
and may also be relevant for connectivity patterns in marine invertebrates with larval-life stages.
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4.1 – INTRODUCTION
Durvillaea antarctica (bull kelp) is a robust, buoyant brown alga which grows on exposed
rocky coastlines throughout much of the Southern Hemisphere's high latitude regions (Figure 1.2)
(Hay, 1988; Rothäusler et al., 2012). The holdfasts of bull kelp form an important habitat for a wide
range of marine invertebrates (Edgar & Burton, 2000; Smith, 2002; Thiel & Haye, 2006; Nikula et al.,
2010). Due to its highly buoyant nature, fragments of D. antarctica that become dislodged from
rocks can raft for long distances and thus act as a transport vector for the numerous sessile epifaunal
invertebrates that inhabit D. antarctica holdfasts (Nikula et al., 2010; Fraser et al., 2011; Nikula et al.,
2012). Beach-cast D. antarctica rafts are a common sight along the New Zealand coastline; each raft
representing a potential dispersal vector for numerous taxa (Marsden, 1991; Nikula et al., 2011).
Without molecular data, identification of a raft's source location can be extremely difficult
(see Chapter 1) (Heatwole & Levins, 1972; Helmuth et al., 1994). Due to its robust structure and
high levels of buoyancy, D. antarctica rafts could potentially travel from much further away than the
nearest source population (Smith, 2002; Garden et al., 2011; Fraser et al., 2011). Taking into account
its phenomenal dispersal potential, D. antarctica rafts found on the New Zealand coastline could
have theoretically come from anywhere in the Southern Ocean (Fell, 1962; Waters, 2008; Fraser et
al., 2009b). Despite these difficulties, phylogenetic techniques have strong potential to determine
the original source region of individual D. antarctica rafts (Collins et al., 2010).
Previous phylogenetic analyses of attached D. antarctica populations revealed a high level of
phylogeographic structure (for details, please refer to Chapter 3) (Fraser, 2009; Fraser et al., 2010a,
b). Samples from across the Southern Ocean were sequenced for the cytoplasmic marker
cytochrome c oxidase subunit 1 (COI; mitochondrial genome), and substantial cryptic diversity was
revealed (Fraser, 2009). Three distinct mtDNA clades (‘NZ North’, ‘NZ South’, and ‘subantarctic’) are
represented in the New Zealand region, with each clade further divided into several unique
haplotypes, many of which exhibit limited geographic ranges (Chapter 3) (Fraser, 2009). By matching
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mtDNA sequences obtained from beach-cast kelp specimens to known COI haplotypes from
attached populations, source regions for individual D. antarctica rafts can potentially be estimated
(Collins et al., 2010).
A recent genetic analysis of beach-cast D. antarctica rafts conducted by Collins et al. (2010)
attempted to assess the dispersal potential of these rafts. Collins et al. (2010) collected beach-cast
samples of D. antarctica from sites along the Canterbury Bight, and subsequently sequenced the
samples for COI. These sequences were matched against established haplotypes, and the geographic
origin of each sample was estimated (Collins et al., 2010). The authors determined that the
assemblage of haplotypes found at each site was consistent with prevailing oceanographic patterns,
as the majority of the kelp was estimated to have travelled north with the Southland Current (SLC) ,
an oceanographic feature that dominates the Canterbury Bight region (Chiswell, 1995; Collins et al.,
2010). However, their results also showed some spatial variation from south to north in the
assemblage of haplotypes recovered from each site (Collins et al., 2010). Variation of this sort is
expected to reflect fine-scale oceanographic variability, prevailing weather patterns, and/or
geographical variation between individual sites (Brodie, 1960; Harrold & Lisin, 1989; Muhlin et al.,
2008; Teske et al., 2008; Chiswell & Rickard, 2011).
The present study builds on the work of Collins et al., (2010); broadening the scope and
expanding the study area tenfold to include the whole of New Zealand’s east coast. In order to
determine broad spatial variation in beach-cast kelp rafts, samples of D. antarctica were collected
from 23 sites along the eastern coast of New Zealand and matched to haplotypes of known
geographic origin. The eastern coast of New Zealand is subjected to complex oceanographic and
geomorphologic features, all of which are expected to be reflected in the genetic variability of
beach-cast D. antarctica assemblages found at a particular site (Heath, 1985; Chiswell & Rickard,
2011). Oceanographic features (e.g. currents, interactions, up-wellings) can transport kelp rafts
offshore, and thus act as an effective dispersal barrier to D. antarctica rafts (Gaylord & Gaines, 2000;
Cowen & Sponaugle, 2009 ). These dispersal barriers would be reflected by a distinct break in the
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genetic assemblages found between field sites. Due to the complex nature of New Zealand’s
oceanography, significant spatial changes in D. antarctica assemblages are anticipated.
On a broad geographic scale, two distinct genetic breaks are expected to be observed in
sequenced beach-cast D. antarctica rafts, both on New Zealand’s South Island: one at Banks
Peninsula and a second at Cape Campbell (Figure 4.1). Therefore, the haplotype assemblages
sequenced from New Zealand’s east coast beaches should sort the collection sites into three distinct
geographic groups; one group south of Banks Peninsula, one group between Banks Peninsula and
Cape Campbell, and the final group incorporating sites north of Cape Campbell. Specifically it is
expected that sites south of Banks Peninsula will show a different haplotype assemblage to sites
between Banks Peninsula and Cape Campbell, and all sites north of Cape Campbell will be different
again, matching North Island locations.
The first major genetic break in beach-cast D. antarctica rafts is expected to occur at Banks
Peninsula. Specifically, it is predicted that the majority of beach-cast kelp found at sites north of
Banks Peninsula will be ‘NZ North’ lineage, whereas all sites further south, in the Canterbury Bight,
should be dominated by ‘NZ South’ samples. The justification for this hypothesis is twofold: first,
Banks Peninsula marks the southernmost point of attached ‘NZ North’ kelp (Figure 4.1, insert).
Therefore, the majority of kelp found in Pegasus Bay (the region immediately north of Banks
Peninsula) is expected to be of local origin, i.e. dominated by ‘NZ North’ haplotypes. Second, Collins
et al., (2010) demonstrated that the major current systems are primarily responsible for the
assemblage of kelp that washes up on a particular beach. The specific interactions of currents
around Banks Peninsula could force the majority of ‘NZ South’ lineage samples offshore.
This prediction is based on a close examination of oceanographic processes along the
eastern coast of New Zealand (Figure 4.1). In eastern New Zealand, the Sub-tropical Convergence
(STC) is located parallel to the coast (Heath, 1969, 1985; Barnes, 1985). Further inshore, the
Southland Current (SLC) runs parallel to the STC, flowing north along the coast (Heath, 1985;
Chiswell, 1995). The STC deflects east toward the Chatham Islands (around the latitude of Banks
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Peninsula), while the SLC continues its northerly flow along the coast, eventually reaching as far
north as Hawke’s Bay on the North Island (Brodie, 1960; Barnes, 1985; Heath, 1985; Chiswell, 1995;
Chiswell & Booth, 2008). The SLC and STC will be carrying ‘NZ South’ and ‘subantarctic’ lineage kelp
north, but the majority of these samples could be transported offshore with the STC and fail to
disperse further north into Pegasus Bay (Figure 4.1), thus creating a dispersal barrier to kelp rafts,
and a distinct break in haplotype diversity found in beach-cast D. antarctica rafts (Heath, 1969;
Chiswell, 1995).
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Figure 4.1 – a.) Insert shows phylogenetic lineages of attached kelp; blue – ‘NZ South’, red – ‘NZ
North’. For specific information regarding the genetic structure of attached D. antarctica
populations, please see Chapter 3.
b.) Arrows show direction of major current systems in the New Zealand region. Field sites are shown
by grey dots. Black circles show areas of predicted genetic breaks at; Cape Campbell, Banks
Peninsula. It is predicted that field sites will assort into three groups: one group south of Banks
Peninsula; one group between Banks Peninsula and Cape Campbell; and one group north of Cape
Campbell. Abbreviations are as follows: SLC= Southland Current; STC= Subtropical Convergence;
WE= Wairarapa Eddy; ECC = East Coast Current; D’UC = D’Urville Current; WLC= Westland Current;
WCC=West coast current. Drawn after Heath, 1985; Harris, 1990; and Schiel, 2004 .
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The second major break in rafting assemblages is predicted to occur at the northern end of
the South Island, in the vicinity of Cape Campbell (Figure 4.1). It is predicted that haplotypes found
at sites along the northernmost portion of New Zealand’s South Island will more closely resemble
sites on the North Island rather than other South Island locations. The justification for this
expectation is again reflected in the oceanographic processes of the region. Cape Campbell lies at
the eastern end of Cook Strait; an area of water characterized by complex oceanographic processes
and current systems (Carter & Heath, 1975; Bowman et al., 1983; Stanton et al., 2001). Within the
Cook Strait region, three distinct current systems (Southland Current; SLC: East Coast Current; ECC:
D’Urville Current; D’UC) converge in a narrow, shallow area of ocean, creating the up-wellings and
eddies familiar to the region (Figure 4.1) (Heath, 1969; Barnes, 1985; Vincent & Howard-Williams,
1991).
Several studies on New Zealand's intertidal invertebrate species – specifically on taxa that
have dispersing larval life-stages — have documented a major phylogeographic break occurring in
the Cape Campbell region (Apte & Gardner, 2002; Ayers & Waters, 2005; Goldstein et al., 2006;
Veale & Lavery, 2011). Samples sequenced from the northern portion of the South Island closely
align with samples taken from the North Island, and differ dramatically to samples taken from other
South Island locations.
It has been hypothesized that the complex oceanography of the region is responsible for the
genetic breaks observed; e.g. Cook Strait itself does not impede larval dispersal between the North
and South Islands, but the interaction of currents located at Cape Campbell prevent further northsouth mixing along the eastern coast of the South Island. Larvae rafting up the east coast on the
Southland Current get transported offshore when the Southland Current mixes with the East Coast
Current and D’Urville Current (Figure 4.1) (Heath, 1969). Larvae traveling south on the D’Urville
Current are able to cross Cook Strait and colonize the northern South Island, but as the current
continues east, the interactions force larvae offshore, thus preventing recruitment (Figure 4.1)
(Heath, 1985; Chiswell & Booth, 1999). Therefore, these oceanographic features present a
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substantial barrier to larval dispersal, explaining the distinct genetic breaks observed in the
populations (Chiswell & Booth, 1999; Apte & Gardner, 2002; Pelc et al., 2009). As D. antarctica rafts
are floating in the same current systems, it is possible that these features also act as a barrier to kelp
rafts. If this is the case, a sharp delineation in haplotype assemblages would be expected on beaches
either side of Cape Campbell.
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4.2 – METHODOLOGY
Samples of beach-cast Durvillaea antarctica rafts were collected from 23 field sites along
New Zealand’s east coast (Figure 4.1). All samples were sequenced for COI and matched to known
haplotypes. For full details regarding sample collection, genetic sequencing, and haplotype
identification of D. antarctica samples used in this analysis, please see Chapter 2, General
Methodology.

4.2.1 – STATISTICAL ANALYSIS
In order to detect geographic structure, haplotype frequency data from 23 field sites were
initially analysed using a principal component analysis (PCA) in PERMANOVA+ for PRIMER 6 (Clarke &
Goreley, 2006). The PCA was computed using haplotype frequency data for each site based on
distance between centroids. This analysis was used to graphically examine study-wide patterns and
genetic groupings (Goldstien, 2005; Bird et al., 2011; Donald et al., 2011).
To determine the statistical support for the detected structure, haplotype frequency data
were then examined with an analysis of molecular variance (AMOVA) using Arlequin ver. 3.0
(Excoffier et al., 1992, 2005). Geographic groupings detected in the PCA were analysed for statistical
significance by running an AMOVA using conventional F-statistics (haplotype frequencies only) with
10,100 permutations. In order to determine levels of genetic differentiation between geographic
groups and individual sites, pairwise distance FST matrices were computed using haplotype
frequencies, with 10,100 permutations and a significance level of 0.05.
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4.3 – RESULTS
A total of 1,541 samples of beach-cast Durvillaea sp. rafts were collected and analysed, of
which, 686 successfully sequenced for D. antarctica; yielding a success rate of 45% (see Appendix 4
for full summary statistics). Within these sequences, a total of 19 haplotypes were found out of the
31 established haplotypes previously detected within the D. antarctica clade (Chapter 3; Figure 4.2).
PCA analysis grouped the field sites into three distinct clusters, which neatly corresponded
to the geographic location of each site (Figure 4.3). Together, PCO1 and PCO2 account for the
majority of all variation (PCO1 = 64.6%, PCO2 =28.3%). All North Island sites assembled together into
one group, as did the two northernmost South Island sites. These sites are dominated by a particular
‘NZ North’ haplotype (specifically ‘NZN-2’, shown in red (Figure 4.2)) and collectively make up the
‘north’ group (Figure 4.2, 4.3). The second group detected (dubbed ‘central’) includes all sites from
the Cape Campbell region south through the northernmost Pegasus Bay site (Amberley Beach, AB).
This ‘central’ group is dominated by a second ‘NZ North’ haplotype, ‘NZN-1’, which is shown in
orange (Figure 4.2, 4.3). All other Pegasus Bay sites grouped with sites further south and comprise
the ‘south’ group (Figure 4.2, 4.3). Within this group there is slightly more variation at individual
sites, but all sites show a very high proportion of assorted ‘NZ South’ haplotypes, shown in blue
(Figure 4.2).
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Figure 4.2 – above: Haplotype networks of three mtDNA clades present in attached D. antarctica lineages (see
Chapter 3). Colours correspond to particular haplotypes found in this study. Dashed circles show known
haplotypes not detected in this study. Below: Assemblages of D. antarctica haplotypes found at each
collection site. Graphs show frequency of haplotype detection. Colours correspond to specific the specific
haplotypes shown in the networks above. Sample sizes are shown in parenthesis. Exact locations of field sites
are shown in Appendix 2.
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Figure 4.3 – PCA based on haplotype frequencies detected at each sampling site. Blue represents
sites in the ‘south’ group; orange represents sites in the ‘central’ group; red represents sites in the
‘north’ group. Site codes are described in Appendix 2.

Table 4.1 – AMOVA results based on 10,100 replicates using frequency of D. antarctica haplotypes
detected at each site: nSITES = 23, nSAMPLES = 688, nGROUPS = 3. Individual sites were assigned to groups
based on geographic location detected in PCA. Each group represents a geographic region of the
country; ‘south’, ‘central’, and ‘north’. **p<0.001
Source of
Variation

df

SS

Variance
Components

Percentage
Variation

F-statistic

Within Sites

664

173.947

0.26197

56.50

0.43502**

Between sites
within Groups

20

20.250

0.02630

5.67

0.09125**

Between
Groups

2

78.443

0.17540

37.83

0.37829**

Total

686

272.640

0.46368

100.00
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The structure detected in the PCA analysis is highly significant (Table 4.1). The majority of
genetic variation is accounted for by changes within individual sites (compared to the total).
However, when sites are grouped according to haplotype frequency (Figure 4.3), the percentage of
variation detected between the groups is much higher than the variation within the groups (Table
4.1). The high level of genetic differentiation between the three spatial groups is also confirmed by
examining the pairwise FST values between spatial groups (Table 4.2). The high pairwise FST values
(>0.25) suggest very high levels of genetic differentiation between the three geographic groups
found in this analysis.

Table 4.2 – Pairwise FST values based on haplotype frequencies found between distinct geographic
groupings. Higher FST values (>0.25) demonstrate very high levels of genetic dissimilarity between
groups. **p<0.001. Pairwise FST values between individual field sites are shown in Appendix 5.
‘north’
‘central’
‘central’

0.54313**

-

‘south’

0.34624**

0.33671**
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4.4 – DISCUSSION
The results from this spatial genetic analysis demonstrate a high degree of spatial structure
along New Zealand’s east coast. Two distinct genetic breaks were found, dividing the sites into three
discrete groups; ‘south’, ‘central’, and ‘north’. Specifically, the ‘south’ group incorporates all sites
from Leithfield Beach south; the ‘central’ group incorporates all sites between Amberley Beach and
Blind River; and the ‘north’ group incorporates all North Island sites, as well as two South Island
locations (Figure 4.2). Results from the analysis of molecular variance confirm that the observed
structure between the three regions is highly significant (p<0.001) (Table 4.1).
The first genetic break observed in the northern South Island (between ‘north’ and ‘central’)
is consistent with genetic breaks detected by previous molecular studies of coastal marine
invertebrates (Apte & Gardner, 2002; Ayers & Waters, 2005; Goldstein, 2005; Goldstein et al., 2006;
Veale & Lavery, 2011). At the northern end of the South Island, in the Cook Strait region, a clear
break can be seen between field sites on a relatively fine scale. The two sites further west (Rarangi
and Wairau River) closely resemble North Island locations; the two eastern-most sites (Blind River
and Marfells Beach) group with other South Island locations into the ‘central’ group (Figure 4.2). A
similar genetic break has been documented in a wide range of intertidal taxa, including limpets
(Goldstein et al., 2006), sea stars (Ayers & Waters, 2005), mussels (Apte & Gardner, 2002), and
chitons (Veale & Lavery, 2006). All of these species exhibit a similar pattern as that found in the
beach-cast D. antarctica samples; sites located at the northern end of the South Island group with
North Island sites, not with other South Island locations.
This disjunction can be explained by a close examination of the currents in the Cook Strait
region (Figure 4.4). The water in Cook Strait predominantly flows from the west, via the D’Urville
Current (D’UC) (Bowman et al., 1983; Harris, 1990). When this current reaches the eastern portion of
the strait, it combines with two other current systems: the Southland Current (SLC), which briefly
deflects into Cook Strait before continuing north; and the East Coast Current (ECC) which flows south
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along the eastern coast of the North Island (Figure 4.4) (Heath, 1969, 1985). All three of these
currents mix, transporting larvae and rafting material offshore, where they are further entrenched in
the Wairarapa Eddy (WE) (Heath, 1973; Bowman et al., 1983; Chiswell & Booth, 1999).
The strength of this current system has been known to transport larvae offshore (Chiswell &
Booth, 1999; Stanton et al., 2001) and has been invoked to explain the genetic break previously
observed in intertidal invertebrate species (Apte & Gardner, 2002; Ayers & Waters, 2005; Goldstein
et al., 2006; Veale & Lavery, 2011). Genetic investigations of intertidal invertebrates suggests that
Cook Strait does not act as a dispersal barrier to floating larvae (e.g. larvae are able to cross between
the North and South Islands regularly), but that the interaction of current systems present at Cape
Campbell presents a significant dispersal barrier to taxa with a free-swimming larval life-stage. This
dispersal barrier is thus reflected by the distinct phylogeographic structure detected within these
species (Kyle & Boulding, 2000; Pelc et al., 2009; Shanks et al., 2009).
The same phenomenon is reflected in the assemblages of haplotypes found in beach-cast
samples of D. antarctica. The D’UC carries ‘NZN-2’ kelp from the west, where it becomes deposited
at Rarangi and Wairau River (Figure 4.4). Meanwhile, the SLC transports ‘NZN-1’ (and ‘NZ South’
lineage) kelp from the south, where it gets deposited at Blind River and Marfells Beach when the
current makes its brief, westward deflection into Cook Strait (Figure 4.4) (Heath, 1969; Harris, 1990).
On the other side of Cook Strait, where these two currents collide with the southward flowing East
Coast Current (ECC), the site at Lake Ferry displays a great variety of kelp haplotypes (Figure 4.4). At
this site, ‘NZN-1’ and ‘NZN-2’ haplotypes are displayed in equal abundance, reflecting the influence
of the D’UC from the west and the SLC from the south, respectively. The ‘NZN-3’ samples present at
Lake Ferry could reflect the influence of the ECC, carrying ‘NZN-3’ kelp south from its attached
populations at Castlepoint and Cape Palliser (see Chapter 3 for full details on attached
populations)(Barnes, 1985; Heath, 1985). Clearly the strong currents present at the eastern end of
Cook Strait act as a dispersal barrier to D. antarctica rafts. The specific interactions prevent: ‘NZN-2’
kelp traveling on the D’Urville Current from dispersing further east or south; ‘NZN-1’ kelp rafting on
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the Southland Current from traveling further west or north; and ‘NZN-3’ kelp traveling on the East
Coast Current from dispersing any further south. Thus, as it has been observed in intertidal taxa,
Cook Strait itself does not present a dispersal barrier (e.g. taxa can cross between Islands), but the
specific oceanographic interactions at Cape Campbell prevent further north-south dispersal at the
north-eastern tip of the South Island.

Figure 4.4 – Detail of the Cook Strait region. Graphs of haplotype frequency are repeated from
Figure 4.2. The westernmost Cook Strait locations (Rarangi, Wairau River) are genetically distinct
from the eastern Cook Strait sites (Blind River, Marfells Beach). The assemblage of haplotypes found
at Lake Ferry is highly variable, reflecting the influence of three different current systems. Arrows
represent the flow and direction of major current systems in the region: D’UC – D’Urville Current;
SLC – Southland Current; ECC – East Coast Current; WE – Wairarapa Eddy.
The second genetic break in beach-cast kelp assemblages was expected to occur at Banks
Peninsula; all sites north were expected to be similar to one another, differing from the sites further
south in the Canterbury Bight (Figure 4.1). While this break is evidenced by an abrupt turnover from
‘NZ South’ kelp to a prevalence of the ‘NZN-1’ haplotypes, the turnover occurs much further north
than originally anticipated (Figure 4.2). Instead of all sites in Pegasus Bay grouping together, a sharp
delineation is seen between Amberley Beach and Leithfield Beach: the four southern-most Pegasus
Bay sites are clearly dominated by ‘NZ South’ kelp, while the northernmost site in the Bay (Amberley
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Beach) displays an overwhelming majority of ‘NZN-1’ kelp (Figure 4.2). This arrangement groups
Amberley Beach in with sites further north, firmly into the ‘central’ group, while the remaining
Pegasus Bay sites group neatly into the ‘southern’ group with sites in Canterbury Bight (Figure 4.2;
Figure 4.3).
The justification for this break can be rationalized by two main causes; the oceanographic
processes of the region, and individual variability between sites. A close examination of the
oceanographic patterns in the region shows a small, easterly circulation back south into Pegasus Bay,
which has been documented by several different authors (Figure 4.1) (Brodie, 1960; Carter & Heath,
1975; Barnes, 1985). Inferred through both drift card studies (Brodie, 1960) and sediment transport
models (Carter & Herzer, 1979), water will travel north past Banks Peninsula, before turning back
toward the southwest, forming a small eddy feature in Pegasus Bay (Figure 4.1) (Heath, 1973; Gibb &
Adams, 1982). Recent modelling studies on oceanographic transport and connectivity have
confirmed this connection between southern New Zealand and Pegasus Bay; modelling of coastal
ocean currents suggests there are no oceanographic barriers to rafting material between these two
locations (Chiswell & Rickard, 2011).
While this Pegasus Bay eddy can explain the prominence of ‘NZ South’ kelp in Pegasus Bay, it
fails to explain the abrupt turnover documented at Amberley Beach. Despite the close proximity to
Leithfield Beach (approximately 10 kilometres) very low levels of genetic similarity were detected
between the two sites (please see Appendix 5 for a full list of pairwise FST values between sites).
Potentially, this dissimilarity implies that Amberley Beach lies just north of the Pegasus Bay eddy
feature. Thus, the eddy is unable to bring ‘NZ South’ kelp ashore in great quantities at this particular
location. However it is difficult to predict how oceanographic features might reflect themselves on
such a fine scale (Vincent & Howard-Williams, 1991).
In addition to the oceanography of the region, the second explanation for this abrupt
transition could be due to individual variability between sites. For example, the beach at Amberley is
very steep, and very few beach-cast samples of D. antarctica persist for long periods of time before
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again being transported offshore with daily tidal movements (personal observation). To obtain any
samples from this site, collecting trips had to be conducted only after periods of prolonged onshore
weather, in order to guarantee the presence of D. antarctica rafts at this particular location. As such,
the high prevalence of ‘NZ North’ haplotypes could result from a weather-based sampling bias at this
site.

4.4.1 – SUMMARY
Phylogenetic studies of beach-cast D. antarctica allow oceanographic features to be mapped
at a very fine scale, allowing us to determine potential barriers to dispersing kelp rafts. By mapping
haplotype assemblages at beaches along the east coast of New Zealand, this study revealed very
distinct dispersal barriers at both Cape Campbell and Pegasus Bay. The hypothesized dispersal
barrier at Cape Campbell (inferred from studies of larval-dispersing intertidal invertebrates) was
confirmed by the results of this study. A southern break was detected at the northern end of
Pegasus Bay, further north than originally anticipated, and is likely a reflection of local current
systems within the Pegasus Bay region, although variability between sites may have influenced these
findings. Both of these dispersal barriers could have profound implications for the genetic
assemblage and levels of connectivity not only for larval species, but also for rafting species, ‘hitchhiking’ on D. antarctica rafts.
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4.5 – SUPPLEMENTARY MATERIAL
4.5.1 – NEW DISTANCE RECORD MEASURED FOR D. ANTARCTICA RAFTS
When assigning a beach-cast sample of D. antarctica to a haplotype of known geographic
origin, it is possible to estimate the distance travelled by an individual raft. Although some
haplotypes are found growing in multiple locations (and therefore, the exact source population is
slightly ambiguous), the minimum distance travelled from a potential source population can be
estimated, and thus provide an idea about how far D. antarctica rafts can theoretically travel.
Within the New Zealand region, the beach-cast D. antarctica rafts that have generally
travelled the furthest are ones of ‘subantarctic’ origin (see Chapter 3). Fraser (2009) examined the
phylogeographic structure of attached D. antarctica populations throughout the Southern Ocean,
and documented a single cosmopolitan haplotype (SA-1) found on almost all subantarctic islands
(see Figure 4.5). In contrast, the New Zealand subantarctic region shows a much higher level of
population structure, with numerous different haplotypes, some unique to specific island groups
(Figure 4.5) (Fraser, 2009; Fraser et al., 2009a). Using this molecular knowledge of attached
populations, beach-cast D. antarctica rafts of ‘subantarctic’ lineage can potentially be assigned to a
probable source location from within the New Zealand subantarctic region, and the distance a
particular raft travelled can be estimated.
The “first” D. antarctica raft of ‘subantarctic’ lineage documented in mainland New Zealand
was found by Fraser et al., (2011). The particular specimen sequenced as the ‘SA-2’ haplotype, which
is found at both the Snares and Auckland Islands (Figure 4.5). Usually, it is difficult to determine
which source location is most likely, as both Island groups lie in the prevailing Southland Current
(Chiswell, 1995; Chiswell, 2009). Using phylogenetic evidence from burrowing isopods (Limnoria sp.)
that were found living in the rafts holdfasts, Fraser et al. (2011) confirmed the source location to be
the Auckland Islands, meaning the raft (and the associated taxa) travelled a distance of nearly 600
km.
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Collins et al., (2010) also sequenced beach-cast rafts of D. antarctica, and found the same
haplotype (SA-2) at sites along the Canterbury Bight. In this instance, it was not possible to
distinguish whether rafts originated from the Snares or Auckland Islands, as no living invertebrate
taxa were recovered (Collins, 2009). Nevertheless these D. antarctica rafts must have travelled a
minimum distance of 500 kilometres to have arrived at their current location (or almost 800 km, if
the Auckland Islands were indeed the source population). This study used similar methodology to
determine the distance travelled for each sequenced D. antarctica raft. The ‘ruler’ function of
Google Earth v.6 (Google Inc., 2012) was used to measure the minimum distance between the
nearest attached source population, and the beach where a particular sample was recovered.
Within this study, a new distance record for D. antarctica rafting was established; one
sample at The Pines Beach (located in Pegasus Bay) sequenced for the widespread subantarctic
haplotype, ‘SA-1’ which has never before been detected in mainland New Zealand (C. Collins & J.
Waters, personal communication). The nearest source population for this raft would either be the
Antipodes Islands (1000 km to the east), or Macquarie Island (2000 km to the west).
Due to the widespread nature of the ‘SA-1’ haplotype (Figure 4.5), it is difficult to assign a
specific source population. Furthermore, no invertebrate taxa were recovered with this sample,
reducing the ability to cross-reference D. antarctica locations against invertebrate population
structures (Fraser et al., 2011). However, mapping of ocean currents in the region and
oceanographic modelling can offer clues as to the rafts most probable route. Oceanographic
modelling by Chiswell (2009) suggests very low levels of connectivity between the Antipodes Islands
and mainland New Zealand (Figure 4.5); the prevailing current systems in the region would most
likely transport rafted material from the Antipodes further east, away from mainland New Zealand.
On the other hand, Macquarie Island is situated in the flow of the Antarctic Circumpolar
Current, which circulates around the Antarctic continent in a clockwise direction (Figure 4.5) (Fell,
1962; Fraser et al., 2009b; Nikula et al., 2010). Detached rafts of D. antarctica from Macquarie Island
would travel west with prevailing currents (towards mainland New Zealand) and could travel up the
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east coast of the South Island with the Subtropical Convergence and the Southland Current,
eventually making landfall in Pegasus Bay (Stanton, 1976; Chiswell, 1995; Fraser et al., 2011). The
high detection of D. antarctica rafts of ‘subantarctic’ origin on New Zealand’s beaches (confirmed in
Collins et al., 2010; Fraser et al., 2011, and the present study; see Chapter 4), suggests that this
current system is an effective transport agent for rafting material in the Southern Ocean. Despite the
large distances, there is evidence of high levels of connectivity between subantarctic islands and the
New Zealand mainland (Collins et al., 2010; Fraser et al., 2011; Nikula et al., 2011). Therefore,
despite the longer distance, it is more likely that this particular raft arrived from Macquarie Island
(rather than the Antipodes), traveling a distance of nearly 2000 kilometres and establishing a new
distance record for D. antarctica rafts in New Zealand.
Box 4.1 – Other contenders for the title of ‘longest rafter’
Other samples detected in this study also rafted a considerable distance, and are close ‘runners up’ for the title
of furthest distance travelled. Below is a list of some of the other extreme rafters.
1200-1500 km – a ‘SA-2’ haplotype was sequenced from Ocean Beach (Hawkes Bay region) (Chapter 4); it is
unknown whether this sample travelled from the Snares (1200 km distant) or the Auckland Islands (1500 km),
but it still offers a close second to the title.
1300 km – at the mouth of the Waima River (in North Canterbury) a ‘NZS-8’ haplotype was found (Chapter 4).
This particular haplotype is currently only known from a west coast population, at Ship Creek (Chapter 3). Data
on prevailing currents in the region suggest that this raft most likely travelled around the southern tip of the
South Island, then up the east coast to arrive in North Canterbury (Stanton, 1976; Chiswell, 1995).
900-1000 km – a total of 11 (~2%) D. antarctica rafts sampled (excluding those mentioned above) were
estimated to have travelled between 900 and 1000 km from the nearest source population, suggesting that
rafts of D. antarctica regularly travel long distances.
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Figure 4.5 – Phylogeography of attached D. antarctica populations throughout the subantarctic region,
based on COI data. Details of the New Zealand subantarctic region are shown in the insert. Dotted line
shows the probable route from Macquarie Island to Pegasus Bay. Colours correspond to haplotypes shown
in abbreviated ML tree. Out-groups and bootstrap values have been removed for clarity. ‘NZ North’ and ‘NZ
South’ clades are also abbreviated for clarity. The number of samples sequenced for COI from each site is
shown in parenthesis. Grey arrows represent major current systems/net water flow. Abbreviations are as
follows: ACC – Antarctic Circumpolar Current; STC – Subtropical Convergence; SLC – Southland Current.
Currents drawn after: Schiel, 2004; Chiswell, 2009; Fraser et al., 2011; and, Nikula et al., 2012.
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ABSTRACT
There is a wealth of evidence suggesting that prevailing winds and ocean currents can drastically
influence the amount of oceanic debris that washes ashore. However, the majority of this evidence
is based on observational accounts, with no attempts to directly quantify the magnitude of this
effect. This study uses beach-cast samples of Durvillaea antarctica, a widespread, buoyant
macroalga, in an attempt to quantify wind-mediated changes on potential rafting patterns. A total of
588 beach-cast samples of D. antarctica rafts were sequenced for cytochrome c oxidase subunit 1
(COI) from 16 sites along the east coast of New Zealand’s South Island over four time periods.
Haplotype frequency data was then examined for patterns across time. The sites with the highest
levels of temporal patterning occurred in the Cook Strait region, an area of highly variable
oceanographic features. Shifts in prevailing winds can dramatically alter the oceanographic regime
of the Cook Strait region, which was reflected by the great variation in haplotypes found between
the different time periods. In addition, haplotype frequency data from the Canterbury Bight region
collected in this study was combined with data collected by Collins et al., (2010). This data was
examined in regards to prevailing weather patterns in an attempt to statistically model the effect of
prevailing winds on haplotype frequencies sequenced within the Canterbury Bight region. Although
modelling yielded significant results, no model was able to adequately fit the haplotype data within
the biological constraints of the system. Nevertheless, this study documented significant changes in
haplotypes found through time, potentially building the foundation for future wind-based modelling
studies.
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5.1 – INTRODUCTION
Oceanic debris is a common sight along all coastlines, but the influx of material is not a
constant, persistent phenomenon (Muir, 1937; Winston, 1982; Marsden, 1991). Changes in ocean
currents and prevailing weather patterns can result in major pulses of rafted material being cast
onto particular stretches of coastline (Winston, 1982; Vauk & Schrey, 1987; Johansen, 1999). For
example, observational evidence suggests that much floating debris washes ashore following periods
of strong onshore winds (Winston, 1982; Marsden, 1991; Kingsford, 1992). However, the duration of
a particular weather system, average wind speed, prevailing local currents, and local beach
topography can all influence the quantity of material which washes up at particular location, making
it difficult to predict how rafting material will respond to these effects (Brodie, 1960; Marsden, 1991;
Kingsford, 1992; Censky et al., 1998; Muhlin et al., 2008).
Around New Zealand's coastline, large piles of beach-cast bull kelp (Durvillaea antarctica)
are a common occurrence (Marsden, 1991; Fraser et al., 2011; Garden et al., 2011). D. antarctica is a
highly buoyant macroalga that exhibits a wide geographic range throughout high latitudes of the
Southern Hemisphere (see Fig 1.2) (Hay, 1988; Smith, 2002). Given oceanographic connectivity
patterns within the Southern Ocean, it is conceivable that individual beach-cast D. antarctica rafts
could have arrived from a population growing one hundred metres away, or instead from
populations many thousands of kilometres distant (Smith, 2002; Fraser et al., 2011).
Phylogenetic analysis of attached D. antarctica populations has revealed a significant
amount of geographic structure throughout the species range (see Chapter 3) (Fraser, 2009; Collins
et al., 2010; Fraser et al., 2012). As such, individual beach-cast D. antarctica rafts can be assigned to
established haplotypes (sequenced from attached populations) and patterns in haplotype frequency
and assemblages can be examined (Collins et al., 2010). Repeated sampling of beach-cast rafts at
individual sites can show how kelp assemblages fluctuate in a temporal context as a response to
prevailing weather and ocean currents (Stanton, 1976; Bowman et al., 1983). Observational
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evidence suggests that the trajectory of kelp rafts can change dramatically with shifting weather
patterns (Harrold & Lisin, 1989; Hobday, 2000; Hinojosa et al., 2011). Therefore, any major changes
in beach-cast D. antarctica assemblages are likely to reflect the particular weather patterns
occurring just prior to sampling.
This study attempted to test for temporal patterns in beach-cast D. antarctica assemblages,
by collecting beach-cast D. antarctica rafts along New Zealand’s east coast over four distinct time
periods, spanning two years. All sites were expected to show some degree of temporal patterns, but
the most dramatic shifts were hypothesized to coincide with geographic areas of highly dynamic
oceanographic and weather processes. To study temporal patterns in haplotypes found at a
particular site, two main approaches were used.
The first approach was to examine temporal patterns across the whole of New Zealand’s
South Island. To achieve this, samples of beach-cast D. antarctica rafts were collected over four
sampling trips in order to document changes in haplotype frequencies found across time (Figure
5.1). Due to the high degree of spatial structure (detected in Chapter 4), any temporal patterns are
likely to be masked on a country-wide scale. To combat the confounding effects of spatial variation,
temporal patterns were examined within the three previously detected spatial groups (Figure 5.1;
for full details on spatial patterns, see Chapter 4). Within these spatial groups, greater levels of
temporal patterning were expected in coastal areas with dynamic oceanographic process. For
example, where current systems are relatively stable (e.g. the east coast of the South Island), the
influx of D. antarctica haplotypes washing ashore is expected to remain fairly constant through time;
in areas of highly variable oceanographic systems (e.g. Cook Strait), changes in the input of D.
antarctica haplotypes is expected to reflect changes in the prevailing current systems (Carter &
Heath, 1975; Carter & Herzer, 1979; Bowman et al., 1983; Heath, 1985; Harris, 1990; Vincent &
Howard-Williams, 1991; Chiswell, 1995). Therefore, areas of the country with highly dynamic current
systems (e.g. Cook Strait) are expected to have greater levels of temporal patterning than other, less
variable, regions of the country.
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The second major approach of this study is to statistically model the effects of prevailing
wind patterns on beach-cast D. antarctica haplotypes found in the Canterbury Bight region. Data
collected from this study was combined with two years of beach-cast D. antarctica sampling data
from Collins et al., (2010), providing a total of six time periods over four years. Within the
Canterbury Bight, all three D. antarctica clades present in the New Zealand region (‘NZ North’, ‘NZ
South’, and ‘subantarctic’) are found in rafted samples (Collins et al., 2010). However, the majority of
rafted samples are ‘NZ South’ lineage, which raft up on the Southland Current from southern New
Zealand (Chiswell, 1995; Collins et al., 2010) while the other two clades documented (‘NZ North’ and
‘subantarctic’) are detected on a much more infrequent basis than ‘NZ South’ haplotypes (Collins et
al., 2010). D. antarctica of the ‘NZ North’ lineage grows just north of Canterbury Bight, on Banks
Peninsula, and could potentially drift south against the prevailing currents with strong and/or
persistent northerly weather (Collins et al., 2010). On the other hand, the majority of ‘subantarctic’
lineage kelp appears to predominantly raft further offshore (C. Garden, unpublished), and could
prove much more abundant on the Canterbury Bight following periods of prolonged onshore
weather.
These two types of haplotypes (‘NZ North’ and ‘subantarctic’) were used to model the
effects of prevailing wind patterns on the assortment of D. antarctica haplotypes found in the
Canterbury Bight. Modelling of ‘NZ South’ samples was not considered, as the input of these samples
remains relatively constant through time, in comparison to the presence of ‘NZ North’ or
‘subantarctic’ samples, which are more likely to reflect atypical weather patterns (Chiswell, 1995;
Collins et al., 2010). Two separate models were undertaken: the presence or absence of ‘NZ North’
haplotypes in relation to northerly winds; and the presence or absence of ‘subantarctic’ haplotypes
in regards to onshore winds. This study attempts to model known changes in haplotype assemblages
with prevailing weather patterns to try and quantify this relationship.
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Figure 5.1 – Map of sampling locations undertaken in this study. Sites in purple were sampled three
times (in June 2011, August 2011, and April 2012). Sites in orange were sampled four times (in June
2011, August 2011, Dec 2011, and April 2012). Coloured bars represent spatial groupings used in this
analysis: red shows the ‘northern South Island’ group (2 sites), gold shows the ‘central South Island’
group (7 sites), and blue shows the ‘southern’ group (7 sites). The three Canterbury Bight sites
(Rakaia, Rangitata, Waitaki River) were combined with two years of data from Collins et al., (2010),
providing a total of six time periods. Full details on site locations are provided in Appendix 2.
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5.2 – METHODOLOGY
Samples of beach-cast D. antarctica rafts were collected from a total of 16 sites along the
east coast of New Zealand’s South Island over four separate time periods, spaced approximately
three months apart (Figure 5.1). Sampling trips were undertaken in June 2011, August 2011,
December 2011, and April 2012. All samples were collected, processed, and sequenced for COI as
outlined in Chapter 2: General Methodology.

5.2.1 – ANALYSIS OF TEMPORAL PATTERNS
In order to detect changes in beach-cast kelp assemblages through time, an analysis of
molecular variance (AMOVA) was run using Arlequin v. 3.0 (Excoffier et al., 1992, 2005). All
subsequent tests were performed with 10,000 replications using haplotype frequency data collected
from each site, for each time period. To determine the levels of differentiation between time
periods, pairwise FST values were calculated, using haplotype frequencies over 10,100 replications.

5.2.1.1 –A CROSS THE E AST C OAST
AMOVA analyses (with the parameters outlined above) were used to test for temporal
variation in beach-cast assemblages: for the initial analysis, mtDNA sequences from all localities
were clustered into temporal (rather than spatial) groups, based on sampling dates. Following this
analysis, further AMOVAs were run on spatial subsets of the data, based on the regional genetic
structure detected in Chapter 4. Specifically, sites were grouped by sampling date, within spatial
groups previously detected (Figure 5.1): ‘northern South Island’ (Rarangi and Wairau River); ‘central
South Island’ (Blind River, Marfells Beach, Waima River, Deadmans Stream, Claverley, Conway Flat,
and Amberley Beach; and ‘southern’ (Leithfield Beach, Waikuku Beach, The Pines Beach, New
Brighton Beach, Rakaia, Rangitata, and Waitaki River). For full details regarding site locations, please
see Appendix 2.
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5.2.1.2 – W ITHIN C ANTERBURY B IGHT
Within the Canterbury Bight region, the four sampling trips undertaken in this study were
combined with data from Collins et al., (2010). Samples were grouped hierarchically by time period
in order to determine variation across time. AMOVA analysis was run with 10,000 replicates using
haplotype frequencies. Pairwise FST values between sampling trips were calculated using haplotype
frequencies over 10,100 replications in order to determine the level of genetic differentiation
between sampling trips.

5.2.2 – MODELLING OF WEATHER DATA WITHIN THE CANTERBURY BIGHT REGION
5.2.2.1 – C OLLECTION OF WEATHER DATA
Weather data (wind speed and direction) were collected from the National Climate Database
(accessible at: http://www.cliflo.niwa.co.nz), a free online resource hosted by the National Institute
of Water and Atmospheric Research, Ltd. (NIWA, 2012). Three stations were selected based on their
proximity to field sites (between 5 and 30km distant) and full data records for the temporal periods
in question (Appendix 6). Hourly observations of wind speed and direction were recorded over four
separate time frames; 3, 7, 14, and 28 days prior to each sampling trip.

5.2.2.2 – GLM MODELLING
Generalized linear models (GLMs) were used to model the effect of wind speed and
direction on haplotypes found in the Canterbury Bight region. Two specific binomial response
variables were tested independently of each other: presence/absence of ‘NZ North’ haplotypes; and
presence/absence of ‘subantarctic’ haplotypes. Presence or absence of each haplotype in question
(‘NZ North’ or ‘subantarctic) was determined for each site, for each time period.
Each model was run independently: parameters used for the ‘NZ North’ models included
average wind speed (of northerly wind), proportion of total wind coming from the north, and
distance to nearest attached ‘NZ North’ D. antarctica population (see Box 5.1). All parameters were
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considered, as were the three-way interactions between them. For the ‘subantarctic’ analysis,
parameters included average speed of onshore wind, and proportion of total wind onshore, as well
as the two-way interaction between the terms. Distance data was not used as a model parameter
for the ‘subantarctic’ models, as these samples are expected to be rafting approximately the same
distance offshore (Box 5.1; C. Garden unpublished). All wind parameters were calculated for four
time periods: 3, 7, 14, or 28 days prior to sampling.
The most successful models for each scenario were subsequently evaluated using the
inverse logit ‘invlogit’ function available through the ‘arm’ statistical package in R (Gelman et al.
2012; R Development Core Team, 2012)
Box 5.1 – Calculation of Model Parameters:
Hourly measurements of wind speed and direction data was downloaded from the National Climate
Database (NIWA 2012) for 4 timeframes (3, 7, 14, and 28 days) prior to sampling. ‘NZ North’ models
tested for associations between ‘NZ North’ haplotype presence/absence at Canterbury Bight
locations, and the effects of northerly wind (i.e. wind coming from between 270o and 90o).
Modelling of ‘subantarctic’ samples was concerned with onshore wind, defined here as winds
between 45o and 225o.
Parameters used:
Average Speed: Average speed was calculated for all measurements from the appropriate direction
over a given timeframe.
Proportion: Wind measurements from the corresponding direction of interest (northerly or onshore)
were calculated as a proportion of the total number of measurements over a given timeframe.
Distance: Distance to nearest source population (for ‘NZ North’ samples) was estimated using the
‘ruler’ function of Google Earth (Google Inc., 2012). Distances between field sites and Banks
Peninsula was measured and rounded to the nearest 5 kilometres. Distance data was not
incorporated into ‘subantarctic’ models, as samples of ‘subantarctic’ lineage are expected to be
rafting at approximately the same distance offshore.
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5.3 – RESULTS
5.3.1 – TEMPORAL ANALYSIS
When temporal patterns were examined without regard to spatial variation, little evidence
of any structure across time was evident (Table 5.1). Specifically, the majority of variation was
detected either within individual sites or among sites within temporal periods. Very little variation
was detected between temporal periods. Therefore, these results were not indicative of a countrywide pattern of changes in beach-cast haplotypes over time.

Table 5.1 – Results of AMOVA analysis of temporal structure, with no regard to spatial variation.
nSITES= 16, nSAMPLES=588, nTIME-PERIODS=4. Temporal groups were assigned based on sampling date.
Asterisks indicate statistical significance at p < 0.05.
df

SS

Percentage variation

F-statistic

Between temporal periods

3

120.68

1.19

0.012

Among sites within
temporal periods

44

968.79

46.29

0.474*

Within sites

540

1054.69

52.52

0.469*

When spatial structure was accounted for in the subsequent analyses (i.e. temporal analyses
were restricted to particular sub-regions as defined in Chapter 4), the ‘northern South Island’ group
showed the highest amount of temporal structure. The high ‘between temporal periods’ variation
suggests that there are significant changes in the haplotype frequencies sequenced through time
(Table 5.2a). Significant pairwise FST values for the ‘northern South Island’ group similarly indicate
substantial temporal genetic variation in beach-cast assemblages from this region (Table 5.2b). More
specifically, pairwise comparisons between the final sampling period (April 2012) with the two
earlier sampling periods (June and August 2011) show high levels of haplotype differentiation (Table
5.2b), indicating that the final sampling period in April 2012 was substantially different from the two
earlier time periods. Examination of a graphical representation of haplotype frequencies confirms
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this trend (Figure 5.2). The first two sampling periods (June 2011, Aug. 2011) are overwhelmingly
dominated by a specific ‘NZ North’ haplotype; ‘NZN-2’ (shown in red, Figure 5.2). The last sampling
period (April 2012) showed a marked decline in this haplotype, and a dramatic increase in other ‘NZ
North’ haplotypes (specifically ‘NZN-1’) and ‘NZ South’ haplotypes (Figure 5.2).
In contrast to the ‘northern South Island’ region, AMOVA analyses of the ‘central South
Island’ region revealed little temporal structure, with only 5.3% of genetic variation attributable to
differences in haplotypes between time periods (Table 5.3a). However, the pairwise FST values
between different sampling periods suggest a significant level of differentiation over time (Table
5.3b). Pairwise FST values between August 2011 and June 2011, or April 2012 indicate that the
second sampling period (August 2011) was moderately different to the other time periods (Table
5.3b). This pattern can be confirmed with graphical analysis of the data (Figure 5.3). There is a trend
of less variation in haplotype diversity detected in August 2011 compared with other timeframes
(e.g. Waima River, Deadmans Stream; Figure 5.3).
The ‘southern’ group shows the lowest amount of temporal patterning, with the
overwhelming majority of variation accounted for by variation within sites (Table 5.4a). All pairwise
FST values for the ‘southern’ group are quite low (<0.10), suggesting very low levels of genetic
differentiation across the four time periods (Table 5.4b). Moreover, graphical representation of the
‘southern’ group across time shows no evident trend between trips, matching the lack of structure
detected in the AMOVA (Figure 5.4).
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Table 5.2 – a. Results of temporal AMOVA analysis showing changes in haplotype assemblages
across time for the ‘northern South Island’ group. nSITES=2, nSAMPLES=60, nTIME-PERIODS=3. b. Pairwise FST
values between sampling trips; higher values (>0.15) indicate high levels of genetic differentiation.
Asterisks indicate statistical significance at p < 0.05.
(a)
Between temporal
periods
Among sites within
temporal periods
Within sites

(b)
df

Percentage
variation

F-statistic

2

57.38

0.57381*

6

-3.63

-0.085

108

46.25

0.53746*

Jun-11

Aug-11

Aug-11

-0.3361

-

Apr-12

0.4407*

0.6194*

Figure 5.2 – Results of haplotype sequencing of beach-cast D. antarctica samples from the ‘northern South
Island’ group. Graphs represent frequency of particular haplotype detection. Sample sizes are shown in
parenthesis. White circles represent an absence of samples from that particular time periods. Colours
correspond to known haplotypes shown in haplotype network (insert). Dotted circles in networks represent
haplotypes not detected at these sites. As no ‘subantarctic’ haplotypes were sequenced from these sites, the
‘subantarctic’ haplotype network was removed for clarity.
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Table 5.3 – a. Results of temporal AMOVA analysis showing changes in haplotype assemblages across time for the
‘central South Island’ group. nSITES=7, nSAMPLES=193, nTIME-PERIODS=4. b. Pairwise FST values between sampling trips;
higher values (>0.15) indicate high levels of genetic differentiation. Asterisks indicate statistical significance at p <
0.05.
(a)

(b)
df

Between temporal
periods
Among sites within
temporal periods
Within sites

3
17
369

Percentage variation

F-statistic

Jun-11

Aug-11

5.32

0.053

17.47
77.21

Dec-11

Aug-11

0.153*

-

0.184*

Dec-11

0.001

0.072

-

0.228*

Apr-12

0.018

0.242*

0.0476

Figure 5.3 – Results of haplotype sequencing of beach-cast D. antarctica samples from the ‘central South Island’ group. Graphs
represent frequency of particular haplotype detection. Sample sizes are shown in parenthesis. White circles represent an
absence of samples from that particular time periods. Colours correspond to known haplotypes shown in haplotype network
(insert). Dotted circles in networks represent haplotypes not detected at these sites.
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Table 5.4 – a. Results of temporal AMOVA analysis showing changes in haplotype assemblages across
time for the ‘southern’ group. nSITES=7, nSAMPLES=335, nTIME-PERIODS=4. b. Pairwise FST values between
sampling trips; higher values (>0.15) indicate high levels of genetic differentiation. Asterisks indicate
statistical significance at p < 0.05.
(a)

Between temporal
periods
Among sites within
temporal periods
Within sites

(b)
df

Percentage
variation

F-statistic

3

2.84

0.028*

25

4.76

638

92.40

Jun-11

Aug-11

Dec-11

Aug-11

0.031*

-

-0.049*

Dec-11

0.076*

0.029*

-

-0.076*

Apr-12

0.025*

0.015

0.035*

Figure 5.4 – Results of haplotype sequencing of beach-cast D. antarctica samples from the ‘southern’ group. Graphs
represent frequency of particular haplotype detection. Sample sizes are shown in parenthesis. White circles
represent an absence of samples from that particular time periods. Colours correspond to known haplotypes shown
in haplotype network (insert). Dotted circles in networks represent haplotypes not detected at these sites
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5.3.2 – WIND-MEDIATED TEMPORAL SHIFTS IN CANTERBURY BIGHT
There was a moderate level of temporal structure detected within the Canterbury Bight
region (Table 5.5a, b). The variation between time periods is moderate, and the associated F-statistic
indicates the structure is significant (Table 5.5a, b). The highest levels of differentiation between
time periods both involved the first sampling trip from this study (June 2011; Table 5.5b). The two
highest values occur between June 2011 with Dec 2011 and April 2010, respectively. These higher
values suggest greater levels of genetic differentiation between these sampling trips (Figure 5.5).
Modelling the assemblage of haplotypes sequenced in Canterbury Bight in regards to
prevailing winds proved problematic. The final GLM on the presence/absence of ‘subantarctic’
haplotypes included both the proportion and speed of onshore winds over a three day timeframe, in
addition to their interaction. Significant values were detected for the intercept (GLM: z=-3.293, df
=154, p=0.001), and the average speed of onshore wind (GLM: z=2.435, df =154, p=0.015; for full
model outputs, see Appendix 6). This model predicted that as the proportion and/or average speed
of onshore wind increased, the probability of ‘subantarctic’ detection would also increase. However,
the interaction of these terms predicted that an increase in both parameters (increasing average
onshore speed and an increasing proportion of onshore wind) would lead to a smaller increase than
that which would be expected from the sum of the two terms (Appendix 6). Therefore, this model
appears to have failed to produce biologically meaningful results.
Similar problems occurred when modelling the probability of finding ‘NZ North’ specimens
washed ashore in the Canterbury Bight region. In this instance, the final model examined the
distance from the nearest ‘NZ North’ population and the proportion of northerly weather over a 7
day timeframe, as well as the two-way interaction between these terms. For this model, no
statistical significance (p<0.05) was detected for any term or interaction (Appendix 6). This model
predicted that as distance from the source population increased, the probability of detecting ‘NZ
North’ samples decreased. However, this model also predicted that an increase in the proportion of
northerly wind would lead to a decrease in the occurrence of ‘NZ North’ samples. Thus, this model
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also failed to produce results of biological significance (i.e. detection of ‘NZ North’ samples was
predicted to decrease with increasing northerly weather).
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Table 5.5 – a. Results from AMOVA analysis across time for the three sites in Canterbury Bight, with data
from Collins et al. (2010) included. nSITES=3, nSAMPLES=201, nTIME-PERIODS=6. b. Pairwise FST values between
sampling dates are also shown; higher values (>0.15) indicate greater levels of genetic differentiation.
Asterisks denote statistical significance at p<0.05
(a.)
Percentage
df
SS
F-statistic
variation
Between temporal periods

5

13.29

10.21

0.102*

Among sites within
temporal periods

17

7.23

2.17

0.024*

Within sites

379

116.63

87.62

0.124*

Mar 09
0.092

Apr 10
-

Jun 11

Aug 11

Apr 10
Jun 11

0.041

0.317*

-

Aug 11

-0.045

0.083*

0.089*

-

Dec 11

0.131*

-0.011

0.340*

0.098*

-

Apr 12

-0.040

0.096*

0.112*

0.021

0.146*

(b.)
Dec 11

Figure 5.5 – Results of haplotype sequencing of beach-cast D. antarctica samples from the Canterbury Bight,
from this study, combined with 2009 and 2010 data from Collins et al. (2010). Graphs represent frequency of
particular haplotype detection. Sample sizes are shown in parenthesis. White circles represent an absence of
samples from that particular date. Colours correspond to known haplotypes shown in haplotype network
(insert). Dotted circles in networks represent haplotypes not detected at these sites. The blue line shown the
approximate northern extent of attached ‘NZ South’ populations; the red line shows the southern extent of
‘NZ North’ populations.
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5.4 – DISCUSSION
5.4.1 – TEMPORAL VARIATION IN BEACH-CAST D. ANTARCTICA ASSEMBLAGES
This study revealed no country-wide trends over time in beach-cast D. antarctica haplotypes,
at least over the temporal intervals and scales sampled here. However, temporal patterns on such a
large scale were not expected due to the high levels of spatial genetic structure detected in Chapter
4; any variations across time on such a large geographic scale were likely masked by spatial
influences.
When spatial variability was accounted for (i.e. separate sub-regions were analysed
independently), significant levels of temporal structure were revealed. The ‘southern’ and ‘central
South Island’ groups (Table 5.3 and 5.4; Figure 5.3 and 5.4, respectively) revealed weak levels of
temporal structure, suggesting evidence of changes in haplotypes detected across time. However,
the highly variable sample sizes in this study (due to variability in both numbers of samples collected
and sequencing success; see Appendix 4) could have masked true temporal variability in beach-cast
D. antarctica rafts for these two geographical groups.
Despite unequal sample sizes between time periods (nsamples = 1-34), the ‘northern South
Island’ group displayed evidence of fairly dramatic temporal variation (Table 5.2). The proportion of
haplotypes founds in the first two time periods, June and Aug. 2011, were very similar to each other,
but both differed dramatically from the third time period, April 2012(Figure 5.2).
The most likely explanation for this dramatic shift in haplotypes found involves the
oceanographic currents of the region. Cook Strait is a highly dynamic region of water, where three
main current systems converge (Barnes, 1985; Heath, 1985; Harris, 1990.). The D’Urville Current
travels from the west, through to the eastern portion of the Strait, where it mixes with the East
Coast Current flowing south from the North Island, and the Southland Current flowing north from
the South Island (see Figure 4.1 for a full diagram of the major currents present in the region)
(Barnes, 1985; Heath, 1985).
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Although characterized by its dynamic nature, the net flow of water through Cook Strait
flows from west to east, as do the prevailing winds for the majority of the year (Carter & Heath,
1975; Bowman et al., 1983). However, oceanographers in the region have documented radical
changes in net water flow when winds shift from a westerly, to an easterly direction for a prolonged
period of time (Bowman et al., 1983; Stanton et al., 2001). For example, prolonged or intense
changes in wind direction (over a period of approximately four days) can dramatically change the
interaction of surface currents, and actually reverse the direction of surface water flow in the region
(Carter & Heath, 1975; Bowman et al., 1983; Harris, 1990).
The particular shifts in haplotype assemblages found at the four Cook Strait sites reflects an
influx of kelp carried north by the Southland Current. This current carries ‘NZN-1’, ‘NZ South’ and
‘subantarctic’ lineage kelp up from the east coast of the South Island (see Chapter 4) (Heath, 1985;
Collins et al., 2010). Typically, the Southland Current makes a slight westward deflection into Cook
Strait before continuing north (Harris, 1990). This deflection explains the difference between eastern
and western Cook Strait sites: the Southland Current deposits ‘NZN 1’, ‘NZ South’ and ‘subantarctic’
samples at the easternmost sites in Cook Strait (Blind River, Marfells Beach), but does not travel far
enough west to influence the assemblages at Rarangi or Wairau River (Chapter 4). The dramatic shift
in April 2012 could be a reflection of a change in the position of the Southland Current deflection.
Prolonged or intense winds from the east or southeast can shift the ‘bend’ in the Southland Current
further west than usual (Carter & Heath, 1975; Bowman et al., 1983; Heath, 1985), which could
explain why D. antarctica rafts traveling on the Southland current (particularly rafts of ‘subantarctic’,
‘NZ South’, and ‘NZN-1’ lineage) are suddenly seen in high abundance further west in Cook Strait
than previously detected by the earlier sampling trips.

5.4.2 – CHANGES IN HAPLOTYPE ASSEMBLAGES WITHIN CANTERBURY BIGHT
Temporal structure was found within the three Canterbury Bight sites, displaying changes in
the haplotypes found across time. There were significant fluctuations in the input of ‘NZ North’ and
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‘subantarctic’ lineage samples, and it was predicted that these fluctuations would be able to be
modelled in accordance with prevailing weather patterns. Although the models were able to
produce results for both the ‘NZ North’ and the ‘subantarctic’ predictions, no models were able to
generate predictions that were biologically meaningful. The reason for this failure likely results from
the structure of the dataset. The particular haplotypes of interest (‘NZ North’ or ‘subantarctic’)
constituted the minority of the dataset, representing 8% and 14% of the total dataset, respectively.
The haplotypes of interest were simply masked by overabundance of ‘NZ South’ samples. As there
were more ‘subantarctic’ samples in the dataset, these models were more successful than the ‘NZ
North’ models, but still failed to reproduce predictions in a meaningful way. Specifically, although
‘subantarctic’ models predicted an increase in the presence of ‘subantarctic’ kelp with increasing
wind speed or proportion, the final model predicted that an interaction of these terms (i.e. greater
speed and proportion) would yield less ‘subantarctic’ rafts than would be expected from the
combined sum of these terms. Similarly, ‘NZ North’ models predicted a decrease in sample presence
with increasing distance from the source population, but that detection of ‘NZ North’ haplotypes
would also decrease with increasing northerly wind (see Appendix 6 for full model outputs).
Despite these difficulties with the predictive models, modelling of haplotype assemblage as
a function of prevailing weather patterns was able to show some interesting trends. Both final
models incorporated weather data over a timeframe of either 3 or 7 days, suggesting that influences
of wind are most relevant over this shorter timeframe. This finding supports anecdotal evidence by
Brodie (1960) and Marsden (1991), who both documented a greater influx of rafted material
following approximately 4 days of prolonged onshore weather. Other observational studies on
rafting driftwood reported more debris washing ashore following persistent onshore winds lasting
four or more days (Johansen, 1999). The longer timeframes of 14 or 28 days failed to adequately
model the data at all, suggesting that any important weather influences are masked over longer time
periods. However, a larger dataset is needed to adequately model wind-mediated influences on D.
antarctica haplotypes in Canterbury Bight. More sampling trips, (particularly after pertinent weather
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patterns), could result in enough haplotypes of interest (‘NZ North’ and ‘subantarctic’) for the
models to be able to quantify the data successfully.

5.4.3 – CONCLUSION
Temporal patterns in beach-cast D. antarctica haplotypes were found, but only after
accounting for spatial structure. As predicted, areas of New Zealand with highly variable oceanic
systems showed the greatest degree of change across time. Results of the temporal patterns in
haplotype assemblages found in Cook Strait are likely to be reflected by wind-mediated changes to
the surface currents (Carter & Herzer, 1979; Bowman et al., 1983). However, further sampling of the
Cook Strait region is needed to help elucidate how wind (e.g. storm surges, seasonal variation)
mediates the temporal variability detected.
Mathematical modelling of wind-induced changes in beach-cast D. antarctica assemblages
within the Canterbury Bight region proved unsuccessful, but warrants future efforts and increased
sampling to build a more robust dataset. This study shows that beach-cast D. antarctica assemblages
change over time, and that it is possible to quantify changes in haplotype assemblages against
changes in prevailing weather patterns. Continued sampling of the Canterbury Bight region could
boost the size of the dataset to the point where statistical modelling would be successful.
Furthermore, the dramatic temporal shifts observed in the Cook Strait regions suggest that with
additional sampling effort, this region may also be an area for future wind-induced modelling
research.
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The high levels of phylogeographic structure present in attached Durvillaea antarctica
populations (Chapter 3) offer a unique system for analysing marine biogeographic processes
operating within the New Zealand region. By estimating the origin of beach-cast D. antarctica rafts,
we can investigate the rafting potential of D. antarctica, examine connectivity mechanisms for
marine invertebrates, identify potential dispersal barriers to rafting taxa, and determine the
biological impacts of ocean currents. Additionally, phylogeographic studies such as this one allow for
such dispersal processes to be elucidated on fine geographic and temporal scales.

6.1 – SPATIAL VARIABILITY IN BEACH-CAST KELP ASSEMBLAGES
When beach-cast samples of D. antarctica rafts were examined across a large spatial scale, a
significant degree of spatial genetic structure was observed, not all of which conformed to the initial
hypotheses. Notably, the first predicted genetic break at Banks Peninsula (separating kelp of ‘NZ
South’ lineage from ‘NZ North’ lineage; Chapter 4) was not present, and this break was instead
detected further north, at the northern edge of Pegasus Bay. This pattern likely reflects the
oceanographic features of the region; as the Southland Current flows north, a small but persistent
eddy feature forms, trapping D. antarctica rafts of ‘NZ South’ lineage, which could then make
landfall on the shores of Pegasus Bay (Brodie, 1960; Carter & Herzer, 1979; Gibb & Adams, 1982;
Barnes, 1985). This region of the South Island has not previously been suggested as a potential
oceanographic barrier for dispersing marine species, but, in light of findings from this study, this area
could represent a new location to examine population connectivity and dispersal potential of larvaldispersing or D. antarctica rafting marine invertebrates.
The second major genetic break detected in rafted specimens of D. antarctica conformed to
a priori oceanographic predictions, occurring at the north-eastern tip of the South Island (Cape
Campbell; Chapter 4). Specifically, the northernmost South Island sites closely matched sites on the
North Island, but were distinct from sites immediately to the south, suggesting that the waters
around Cape Campbell (rather than Cook Strait itself) represent an oceanographic barrier for D.
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antarctica rafts. A similar north-south disjunction in the same area has been seen in a wide range of
intertidal invertebrates with dispersing larval life-stages: individuals collected from sites at the
northern end of the South Island more closely resemble North Island populations than other South
Island populations (Apte & Gardner, 2002; Ayers & Waters, 2005; Goldstien, et al., 2006; Veale &
Lavery, 2011). The abrupt turnover exhibited between sites reflects the influences of different ocean
currents combining in this region (Gaylord & Gaines, 2000).
The justification for such a dramatic break has previously been explained by the oceanic
features of the Cook Strait region (Gaylord & Gaines, 2000): larvae are able to disperse from the
North Island across Cook Strait and colonize the northern portion of the South Island, but the
interaction of currents at the eastern extent of Cook Strait (i.e. Cape Campbell) prevents further
north-south mixing along the east coast (Heath, 1985; Harris, 1990). The interaction of the currents
in the region force larvae offshore, thus presenting a substantial barrier to dispersal, which is in turn
reflected in the population structure of the species (Apte & Gardner, 2002; Ayers & Waters, 2005;
Goldstien et al., 2006). A similar pattern is observed in beach-cast rafts of D. antarctica; there is
evidence of connectivity between the North and South Islands in western Cook Strait, but the abrupt
transition between haplotypes assemblages found between western and eastern Cook Strait sites
(Chapter 4) suggests that the currents are responsible for the genetic disjunctions observed in
beach-cast D. antarctica rafts.

6.2 – TEMPORAL PATTERNS IN BEACH-CAST D. ANTARCTICA RAFTS
When haplotype assemblages of beach-cast D. antarctica rafts were examined for variation
over time, no distinct temporal patterns could be detected until geographic structure was accounted
for (Chapter 5). Using the spatial groups detected in Chapter 4, temporal patterns were examined in
these smaller, sub-sections of the country. The highest level of genetic variation on a temporal scale
was observed at sites in the Cook Strait region (specifically Rarangi and Wairau River; see Chapter 5).
For the first two time periods, sites were dominated by a particular ‘NZ North’ haplotype (NZN-2);
79

CHAPTER VI

GENERAL DISCUSSION

whereas, on the final sampling trip, this haplotype dropped to less than half of the sequenced
samples (Chapter 5).
The dramatic change in haplotypes may be explained by a close examination of the
oceanographic variability within the Cook Strait region. The currents in Cook Strait are known to be
highly variable, with the net flow of water potentially changing direction in response to shifts in
prevailing winds (Heath, 1973; Carter & Heath, 1975; Harris, 1990; Vincent & Howard -Williams,
1991; Stanton et al., 2001). Although the Southland Current makes a slight deflection west into Cook
Strait, this ‘bend’ in the current usually does not extend far enough to influence the assemblage of
kelp found at the westernmost Cook Strait sites (Chapter 4) (Heath, 1969, 1985). However,
prolonged easterly weather could shift the Southland Current deflection further west, dramatically
altering the haplotype assemblage found at the western Cook Strait sites (Carter & Heath, 1975;
Bowman et al., 1983). Lending further support to this prediction, haplotypes found ashore after an
easterly shift in wind were consistent with kelp rafts known to be traveling on the Southland Current
(Chapter 4) (Collins et al., 2010). Within the confines of this study, it is impossible to determine if the
observed variations were the result of a particular weather event (e.g. storm surges), or a reflection
of seasonal variability in the ocean currents. Further sampling of this region could help explain how
individual storm surges and seasonal variability could alter the assemblage of D. antarctica rafts
found on particular beaches.
When the interaction between kelp rafts and prevailing wind was tested in Canterbury Bight
over six sampling periods, modelling attempts proved unsuccessful (Chapter 5). Generalized Linear
Models were able to fit the data and provide significant results, but when tested, no model was able
to produce biologically meaningful outcomes. Despite this shortcoming, potential exist to continue
modelling-based approaches. The models failed due to the low proportion of haplotypes of interest
(specifically ‘NZ North’ and ‘subantarctic’ samples). Future sampling trips could be conducted
following prolonged or intense periods of onshore or northerly winds in order to boost samples sizes
and provide more data for the models to work with. With a larger, more informative dataset, the
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approach undertaken in this study could prove highly informative for documenting wind-mediated
effects on D. antarctica assemblages in the Canterbury Bight region.

6.3 – CONTRIBUTIONS AND FUTURE DIRECTIONS
The results of this study have led to a greater understanding of oceanographic processes in
the New Zealand region. Specifically, mapping of beach-cast D. antarctica genetics have allowed for
very fine-scale inferences of oceanographic processes across both space and time. Furthermore, the
results of this work have highlighted the connectivity between New Zealand and the greater
subantarctic region. This study documented a new distance record for D. antarctica rafts, with the
detection of the widespread subantarctic haplotype (SA-1) washing ashore in Pegasus Bay (see
Chapter 4, Supplementary Material). The nearest source for this specimen would be the Antipodes
Islands (a distance of 1000 kilometres), but oceanographic modelling suggest very low levels of
connectivity between the Antipodes and mainland New Zealand (Chiswell, 2009). When prevailing
current systems are taken into account, it becomes much more likely that this particular raft
originated at Macquarie Island, a distance of nearly 2000 kilometres away; confirming that D.
antarctica rafts effectively connect isolated islands within the Southern Ocean, potentially acting as
a dispersal vector for an array of marine invertebrates over vast distances (Fraser et al., 2010b;
Fraser et al., 2011; Nikula et al., 2012).
Much work has already gone into the rafting potential of marine invertebrates within the D.
antarctica system. For example, Nikula et al. (2012) confirmed greater levels of population
connectivity for sessile invertebrates which inhabit kelp holdfasts, compared to non-rafting species
which inhabit the same rocky platforms. Other work on conspecific gastropods has revealed a similar
pattern: species that associate with buoyant macroalgae have much higher levels of population
connectivity (Nikula et al., 2011). Other studies examining levels of population connectivity of
marine invertebrates in the Cook Strait region (Apte & Gardner, 2002; Ayers & Waters, 2005;
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Goldstien et al., 2006; Veale & Lavery, 2011) inspired the collection of D. antarctica rafts from either
side of Cape Campbell, which has allowed for these oceanic dispersal barriers to be mapped in much
greater detail (Chapters 4, 5). Currently, no molecular-based invertebrate studies have detected a
dispersal barrier or genetic break in Pegasus Bay, such as that reported here (Chapter 4). Further
work on kelp-associated invertebrates in this area could potentially help clarify the extent of genetic
turnover in this region.
Presently, studies examining rafting material are often descriptive when it comes to the
effects of different wind directions (Winston, 1982; Vauk & Schrey, 1987; Johansen, 1999). Few
studies are able to successfully quantify the relationship between prevailing weather and changes in
beach-cast debris. The high level of genetic structure present in attached D. antarctica populations
allows for this question to be addressed in fine detail. Although rafts of bull kelp continue to wash
ashore, subtle changes in haplotypes found from beach-cast samples can offer clues in regards to
the effect of prevailing winds on rafting material. While it is unfortunate that in this study, no model
could adequately portray the interaction between prevailing wind patterns and beach-cast
haplotypes found, potential exists to expand this work. Further sample collection within the
Canterbury Bight region could be conducted following periods of intense weather patterns, thus
providing better data as the model input. The dramatic temporal shift detected in the Cook Strait
region also offers scope to model changing wind and current systems on beach-cast kelp
assemblages found within this region of the country.
In-depth molecular investigations into D. antarctica rafts and associated invertebrate taxa
can help elucidate how ocean currents connect and interact. These studies can clarify an organisms’
evolutionary history, potential colonization routes, and contemporary levels of population
connectivity (Hänfling et al., 2002; Waters, 2008; Nikula et al., 2012). Furthermore, the D. antarctica
system provides an excellent framework for a multi-disciplinary approach to Southern Ocean
biogeography. Kelp rafts are heavily influenced by storm surges, ocean currents, tidal fluctuations,
and prevailing weather patterns. By combining areas of research, patterns found within the New
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Zealand region can be extrapolated to other species in other regions of the world, helping to clarify
the biogeographic processes operating throughout the world’s oceans.
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APPENDIX 1 – LOCATION OF ATTACHED D. ANTARCTICA SAMPLING SITES
Table A.1 – Locations and samples sizes of all attached D. antarctica populations sequenced. Compiled from Fraser, 2009; Collins et al., 2010; Fraser et al., 2010b; C.
Garden (unpublished). #COI corresponds to the number of samples successfully sequenced for COI from that population.
Species

Region

Area

Site/s

Latitude

Longitude

#COI

Haplotypes

D. antarctica

New Zealand 'North'

Auckland

Maori Bay

36°49'55.27"S

174°25'27.94"E

5

NZN-6

New Zealand 'North'

Banks Peninsula

Le Bons Bay

43°43'38.29"

173°7'10.45"E

5

NZN-2

New Zealand 'North'

Banks Peninsula

Te Oka Bay

43°51'55.51"S

172°46'40.97"E

2

NZN-2

New Zealand 'North'

Bounty Islands

47°42'14.20"S

179°4'34.26"E

7

NZN 4

New Zealand 'North'

Cape Campbell

41°43'37.17"S

174°16'38.14"E

4

NZN-1, NZN-2

New Zealand 'North'

Cape Palliser

-42° 33‘ 42.6"S

174° 55‘ 6"E

10

NZN-2, NZN-3

New Zealand 'North'

Castlepoint

40°54'20.15"S

176°13'40.85 E

3

NZN-3

New Zealand 'North'

Chatham Islands

Point Webb

43°56'45.66"S

176°33'38.08"W

20

NZN-1, NZN-5

New Zealand 'North'

Kaikoura

Raramai Tunnels

~42°30'43"S

~173°30'25"E

5

NZN-2

New Zealand 'North'

Northland

90 Mile Beach

~35°23'23"S

~173°13'22"E

6

NZN-6

New Zealand 'North'

Rarangi

Whites Bay*

-42° 36‘ 30.6"S

174° 3‘ 6.6"E

3

NZN-2

New Zealand 'North'

Wellington

Island Bay

41°21'0.88"S

174°46'0.23"E

6

NZN-1, NZN-2

New Zealand 'South'

Otago

Kakanui

45°10'58.38"S

170°54'28.47"E

11

NZS-2

New Zealand 'South'

Otago

Moeraki

45°21'21.37"S

170°51'31.96"E

4

NZS-2

New Zealand 'South'

Otago

Shag Point

45°28'3.47"S

170°49'42.82"E

11

NZS-2

New Zealand 'South'

Otago

Taiaroa Heads

45°46'19.15"S

170°43'41.36"E

8

NZS-2, NZS-3

New Zealand 'South'

Otago

Allans Beach

45°48'53.29"S

170°44'46.41"E

12

NZS-1, NZS-2, NZS-6

New Zealand 'South'

Otago

Second Beach

45°54'59.94"S

170°29'8.02"E

8

NZS-1, NZS-6

New Zealand 'South'

Otago

Blackhead Point

45°55'43.66"S

170°25'38.06"E

10

NZS-2

New Zealand 'South'

Otago

Brighton

45°56'54.91"S

170°20'12.72"E

5

NZS-1

New Zealand 'South'

Otago

5km South of Brighton

45°58'55.63"S

170°16'30.18"E

10

NZS-1

New Zealand 'South'

Otago

Akatore

46°6'46.05"S

170°11'35.94"E

9

NZS-2

New Zealand 'South'

Catlins

Cannibal Bay

46°28'4.89"S

169°45'37.41"E

3

NZS-1

Cape Palliser Lighthouse*
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New Zealand 'South'

Southland

Tautuku

46°36'27.28"S

169°25'39.12"E

6

NZS-1

New Zealand 'South'

Southland

Waipapa Point

46°39'43.47"S

168°50'47.49"E

11

NZS-1

New Zealand 'South'

Southland

Cosy Nook, Orepuki

46°19'56.36"S

167°42'2.14"E

8

NZS-1

New Zealand 'South'

Fiordland

Puysegur Point

46°9'21.46"S

166°36'47.97"E

5

NZS-1, NZS-4, NZS-5

New Zealand 'South'

Fiordland

Ship Creek†

43° 45'17.8"S

169° 8'56.76"E

3

NZS-2, NZS-8

New Zealand 'South'

Stewart Island

Port Pegasus

~47°12'4"S

~167°40'58"E

5

NZS-1

New Zealand 'South'

West Coast

Point Elizabeth†

42° 23'5.7"S

171° 13'2.2"E

3

NZS-1

New Zealand 'South'

West Coast

Twelve Mile Bluff†

42° 18'50"S

171° 16'29.2"E

3

NZS-1

New Zealand 'South'

West Coast

Truman Track†

42° 5'29.3"S

171° 20'14"E

3

NZS-1

New Zealand 'South'

West Coast

Tauranga Bay†

41° 46'22.4"S

171° 27'15.9"E

3

NZS-1

New Zealand 'South'

West Coast

Gentle Annie Point†

41° 30'20.04"S

171° 56'46.98"E

3

NZS-1

New Zealand 'South'

West Coast

Karamea Coast†

41° 6'26.2"S

172° 5'59.3"E

3

NZS-1

New Zealand 'South'

West Coast

Wharariki Beach†

40° 29'59.8"S

172° 40'28.1"E

3

NZS-1

Subantarctic

Falkland Islands

4 Sites

-52° 17‘ 32.4"S

61° 42‘ 7.2"W

27

SA-1

Subantarctic

South Georgia

2 Sites

-55° 32‘ 57"S

36° 49‘ 58.2"W

19

SA-1

Subantarctic

Gough Island

3 Sites

-41° 41‘ 20.4"S

9° 3‘ 51"W

22

SA-1, SA-5

Subantarctic

Marion Island

6 Sites

-47° 5‘ 39.6"S

37° 44‘ 19.2"E

23

SA-1

Subantarctic

Crozet Island

3 Sites

-47° 35‘ 5.4"S

51° 58‘ 23.4"E

17

SA-1

Subantarctic

Kerguelen Island

Port-Aux-Français

-50° 38‘ 53.4"S

70° 13‘ 16.2"E

10

SA-1

Subantarctic

Macquarie Island

-55° 22‘ 28.8"S

158° 51‘ 33.6"E

10

SA-1

Subantarctic

Antipodes Islands

-50° 18‘ 45.6"S

178° 46‘ 10.2"E

6

SA-1

Subantarctic

Auckland Islands

Enderby Island

-51° 29‘ 55.2"S

166° 17‘ 6.6"E

8

SA-2, SA-3, SA-4

Subantarctic

Campbell Island

3 Sites

-53° 26‘ 20.4"S

169° 13‘ 31.2"E

22

SA-6, SA-7, SA-8

Subantarctic

Snares

~48°0'22"S

~166°33'23"E

15

SA-2

*New to this study
†Unpublished data provided by C. Garden
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APPENDIX 2 – LOCATION OF FIELD SITES USED IN THIS STUDY
Table A.2 – Location of all field sites used in this study; # COI shows the number of samples which successfully
amplified from each site over all four time periods.
Location

Region

Site Name

Code

Latitude

Longitude

# COI

North Island

Gisborne

Poverty Bay

PB

38° 40‘ 15.6"S

178° 0‘ 13.8"E

3

North Island

Hawke's Bay

Mohaka

MOH

39° 7‘ 20.4"S

177° 12‘ 2.4"E

12

North Island

Hawke's Bay

Tangolo Bluff

TAN

39° 21‘ 9"S

176° 54‘ 36"E

11

North Island

Wairarapa

Ocean Beach

OB

39° 44‘ 31.8"S

177° 0‘ 42.6"E

20

North Island

Wairarapa

Pourerere

POR

40° 5‘ 54.6"S

176° 52‘ 19.2"E

13

North Island

Wairarapa

Riversdale Beach

RVD

41° 5‘ 12.6"S

176° 4‘ 33"E

22

North Island

Wellington

Lake Ferry

LF

41° 23‘ 54"S

175° 8‘ 36.6"E

19

South Island

Cloudy Bay

Rarangi

RAR

41° 23‘ 24"S

174° 3‘ 36"E

49

South Island

Cloudy Bay

Wairau River

WAR

41° 26‘ 24"S

174° 1‘ 48"E

11

South Island

Clifford Bay

Blind River

BR

41° 39‘ 36"S

174° 9‘ 36"E

25

South Island

Clifford Bay

Marfells Beach

MFB

41° 43‘ 18"S

174° 11‘ 45"E

15

South Island

North Canterbury

Waima River

WRM

41° 54‘ 36"S

174° 7‘ 12"E

60

South Island

North Canterbury

Deadmans Stream

DMS

41° 58‘ 12"S

174° 3‘ 0"E

25

South Island

North Canterbury

Claverley

CLA

42° 34‘ 12"S

173° 29‘ 24"E

37

South Island

North Canterbury

Conway Flat

CF

42° 37‘ 48"S

173° 27‘ 36"E

7

South Island

Pegasus Bay

Amberley Beach

AB

43° 9‘ 36"S

172° 47‘ 24"E

24

South Island

Pegasus Bay

Leithfield Beach

LEI

43° 12‘ 36"S

172° 45‘ 36"E

51

South Island

Pegasus Bay

Waikuku Beach

WKB

43° 16‘ 48"S

172° 43‘ 12"E

23

South Island

Pegasus Bay

The Pines Beach

TPB

43° 22‘ 12"S

172° 42‘ 36"E

35

South Island

Pegasus Bay

New Brighton Beach

NBB

43° 31‘ 12"S

172° 44‘ 24"E

65

South Island

Canterbury Bight

Rakaia

RAK

43° 53‘ 60"S

172° 11‘ 24"E

72

South Island

Canterbury Bight

Rangitata

RNG

44° 10‘ 48"S

171° 30‘ 36"E

54

South Island

Canterbury Bight

Waitaki River

WM

44° 57‘ 0"S

171° 8‘ 24"E

34
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APPENDIX 3 – GENBANK ACCESSION NUMBERS
Table A.3 – Full list of all haplotypes and species used in this analysis, with corresponding source populations, GenBank accession numbers, and references
Species

Clade

Haplotype

Sites

GenBank Accession Number/s

D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica

Chilean
Chilean
Chilean
Chilean
Chilean
NZ North
NZ North
NZ North
NZ North
NZ North
NZ North
NZ North
NZ North
NZ North
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
NZ South
subantarctic
subantarctic

Chile-1
Chile 2
Chile-3
Chile-4
Chile-5
NZN-1
NZN-2
NZN-3
NZN-4
NZN-5
NZN-6
NZN-7
NZN-8
NZN-9
NZS-1
NZS-2
NZS-3
NZS-4
NZS-5
NZS-6
NZS-7
NZS-8
NZS-9
NZS-10
NZS-11
NZS-12
SA-1
SA-2

Queule; Punta Loncoyen; Bahia Mansa; Pumillahue; Isla Guafo; Isla Betecoi
Pichicuy; Montemar; Cartagena; Constitucion
Pumillahue; Cucao
Dichato; Tumbes
Montemar
Cape Campbell; Chatham Islands; Wellington
Wellington; Cape Campbell; Raramai Tunnels; Banks Peninsula
Castlepoint
Bounty Islands
Chatham Islands
Maori Bay; Ninety Mile Beach
Wrack from Waima River
Wrack from Whites Bay, Rarangi
Wrack from Ocean Beach, Wairarapa
Second Beach; Brighton; Tautuku; Waipapa Point; Orepuki; Puysegur Point; Port Pegasus; W. Coast
Moeraki; Taiaroa Heads; Ship Creek
Taiaroa Heads
Puysegur Point
Puysegur Point
Second Beach
Wrack from Canterbury Bight
Ship Creek, West Coast
Offshore drift kelp 'A12'
Wrack from Pegasus Bay
Wrack from Pegasus Bay
Wrack from Canterbury Bight
Falkland Is; South Georgia; Gough Is; Marion Is; Crozet Is; Kerguelen Is; Macquarie Is; Antipodes Is
Auckland Islands; Snares

FJ550093 – Fraser et al., 2010a
FJ550095 – Fraser et al., 2010a
FJ550094 – Fraser et al., 2010a
FJ550099 – Fraser et al., 2010a
FJ550097 – Fraser et al., 2010a
FJ550112 – Fraser et al., 2009b, c
FJ550096 – Fraser et al., 2009b, c
FJ550098 – Fraser et al., 2009b, c
FJ550087 – Fraser et al., 2009b, c
FJ550088 – Fraser et al., 2009b, c
FJ550105 – Fraser et al., 2009b, c
**
**
**
FJ550089 – Fraser et al., 2009b, c
FJ550106 – Fraser et al., 2009b, c
FJ550109 – Fraser et al., 2009b, c
HQ165750 – Fraser et al., 2009b, c
HQ165749 – Fraser et al., 2009b, c
FJ550108 – Fraser et al., 2009b, c
HQ166840 – Fraser et al., 2009b, c
†
†
**
**
**
FJ550107 – Fraser et al., 2009b
FJ550102 – Fraser et al., 2009b
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D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica
D. antarctica

APPENDICES

subantarctic
subantarctic
subantarctic
subantarctic
subantarctic
subantarctic
subantarctic
subantarctic

SA-3
SA-4
SA-5
SA-6
SA-7
SA-8
SA-9
SA-10

D. poha (Cape)

Cape-1

D. poha (Cape)
D. poha (Cape)
D. poha (Cape)
D. willana
D. willana
D. willana
D. willana
D. chathamensis
D. chathamensis
D. potatorum
Fuscus vesiculosus

Cape-2
Cape-3
Cape-4
Will-1
Will-2
Will-3
Will-4
Chat-1
Chat-2

**
†

Auckland Islands
Auckland Islands
Gough Island
Campbell Island
Campbell Island
Campbell Island
Offshore drift kelp 'B4'
Wrack from Pegasus Bay
Stewart Is.; Tatuku Pen.; Kaka Pt; Brighton; Second Beach; Taiaroa Heads; Karitane; Moeraki; Banks
Pen.; Kaikoura
Banks Penn; Orepuki; Tautuku Penn.
Doubtful Sound, Fiordland
Doubtful Sound; The Snares
Taiaroa Heads, Brighton, Stewart Island, Tautuku Penn.
Castle Point, Banks Peninsula, Kaikoura
Paturau River mouth, Northwest Nelson (West Coast)
Wharariki Beach, Northwest Nelson (West Coast)

FJ550101 – Fraser et al., 2009b
FJ550103 – Fraser et al., 2009b
FJ550104 – Fraser et al., 2009b
FJ550092 – Fraser et al., 2009b
FJ550091 – Fraser et al., 2009b
FJ550090 – Fraser et al., 2009b
†
**
JF906751.1 – Fraser et al., 2009c
JF906752.1 – Fraser et al., 2009c
JN091637.1 – Fraser et al., 2009c
JN091638.1 – Fraser et al., 2009c
HQ386115.1 – Fraser et al., 2010b
HQ386133.1 – Fraser et al., 2010b
†
†
HQ386080.1 – Fraser et al., 2010b
HG386083.1 – Fraser et al., 2010b
FJ872919-FJ873102 – Fraser et al., 2009a
AY494079

New to this study
Unpublished Result, collected and sequenced by Chris Garden (2011)
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APPENDIX 4 – SUMMARY STATISTICS
Table A.4 – Below is a table summarizing the overall sequencing results from each site, for each time period; parameters include the number of samples extracted (n
extracted), the number of samples successfully sequenced for COI (n sequenced), and the overall success rate of sequencing (% success). The total number of samples
sequenced from each site, per time period, is further divided into the three species that were sequenced during this study; D. antarctica, D. poha, and D. willana.
Sequencing of beach-cast D. antarctica samples does not have an overly high success rate (Collins et al., 2010), but the success of sequencing varied greatly between sites,
and between time periods. Although beach-cast samples of D. poha and D. willana were not intentionally collected, distinguishing these species in the field remains
difficult, especially when attempting to identify small fragments of frond tissue (Fraser et al., 2009b; Collins et al., 2010).

Date

Site Name

Code

n extracted

n sequenced

% success

D. antarctica

D. poha

D. willana

June 2011

Rarangi

RAR

13

10

76.92

8

0

2

Wairau River

WAR

5

3

60.00

1

2

0

Blind River

BR

21

19

90.48

17

0

2

Waima River

WRM

28

13

46.43

10

3

0

Deadmans Stream

DMS

24

15

62.50

11

3

1

Claverley

CLA

28

14

50.00

14

0

0

Conway Flat

CF

8

0

0.00

0

0

0

Amberley Beach

AB

3

1

33.33

0

1

0

Leithfield Beach

LEI

25

9

36.00

7

2

0

Waikuku Beach

WKB

4

1

25.00

0

1

0

The Pines Beach

TPB

27

8

29.63

1

7

0

New Brighton

NBB

34

29

85.29

24

5

0

Rakaia

RAK

42

15

35.71

13

2

0

Rangitata

RNG

37

15

40.54

4

11

0

Waitaki River

WM

15

12

80.00

0

12

0

Rarangi

RAR

39

35

89.74

34

0

1

Wairau River

WAR

2

1

50.00

1

0

0

Blind River

BR

2

2

100.00

0

0

2

August 2011
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Marfells Beach

MFB

18

12

66.67

1

11

0

Waima River

WRM

49

42

85.71

42

0

0

Deadmans Stream

DMS

21

11

52.38

6

3

2

Claverley

CLA

9

8

88.89

8

0

0

Conway Flat

CF

7

4

57.14

3

0

1

Amberley Beach

AB

2

1

50.00

0

0

1

Leithfield Beach

LEI

12

3

25.00

1

2

0

Waikuku Beach

WKB

2

2

100.00

1

1

0

The Pines Beach

TPB

1

0

0.00

0

0

0

New Brighton

NBB

32

20

62.50

3

17

0

Rakaia

RAK

46

43

93.48

31

12

0

Rangitata

RNG

32

32

100.00

24

3

0

Waitaki River

WM

33

26

78.79

20

4

0

Amberley Beach

AB

22

16

72.73

15

1

0

Leithfield Beach

LEI

43

33

76.74

29

3

1

Waikuku Beach

WKB

43

37

86.05

12

25

0

The Pines Beach

TPB

42

33

78.57

25

8

0

New Brighton

NBB

35

31

88.57

30

1

0

Rakaia

RAK

20

18

90.00

13

5

0

Rangitata

RNG

20

19

95.00

15

4

0

Waitaki River

WM

25

24

96.00

11

12

1

Poverty Bay

PB

19

3

15.79

3

0

0

Mohaka

MOH

29

12

41.38

12

0

0

Tangolo Bluff

TAN

30

14

46.67

11

3

0

Ocean Beach

OB

37

21

56.76

20

1

0

Pourerere Beach

POR

36

14

38.89

13

1

0

Riverdale Beach

RVD

37

22

59.46

22

0

0

Lake Ferry

LF

34

20

58.82

19

1

0

Rarangi

RAR

24

8

33.33

5

1

0

Wairau River

WAR

25

12

48.00

9

3

0
102

CHAPTER VIII

APPENDICES

Blind River

BR

33

14

42.42

8

3

3

Marfells Beach

MFB

23

13

56.52

10

3

0

Waima River

WRM

27

7

25.93

7

0

0

Deadmans Stream

DMS

34

9

26.47

5

3

1

Claverley

CLA

24

15

62.50

14

0

1

Conway Flat

CF

31

11

35.48

4

1

6

Amberley Beach

AB

34

16

47.06

9

7

0

Leithfield Beach

LEI

24

15

62.50

14

1

0

Waikuku Beach

WKB

33

16

48.48

10

6

0

The Pines Beach

TPB

36

10

27.78

7

3

0

New Brighton

NBB

36

13

36.11

8

5

0

Rakaia

RAK

20

20

100.00

16

4

0

Rangitata

RNG

20

12

60.00

10

2

0

Waitaki River

WM

24

24

100.00

1

23

0
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APPENDIX 5 – PAIRWISE FST VALUES BETWEEN FIELD SITES
Table A.5 – (following page) Matrix of pairwise FST values between field sites used in Chapter 4. Pairwise FST values were calculated using haplotype frequencies over 10,100
replications in Arlequin v3.0 {Excoffier et al., 2005}.Values between less than 0.05 indicate little genetic differentiation; values between 0.05 and 0.15 indicate moderate
genetic differentiation; values between 0.15 and 0.25 indicate high levels of genetic differentiation; values greater than 0.25 indicate very high levels of genetic
differentiation (Weir & Cockerham, 1984). Significant values (p<0.05) are shown in bold and italics. Field sites are clustered by detected geographic groupings; ‘north’,
‘central’, and ‘south’ and are coloured accordingly (see Chapter 4).
Site abbreviations are as follows: RAR = Rarangi; WAR = Wairau River; TAN = Tangolo Bluff; OB = Ocean Beach; POR = Pourerere Beach; RVD = Riverdale Beach; LF
= Lake Ferry; MOH = Mohaka; PB = Poverty Bay; WRM = Waima River; DMS = Deadmans Stream; CLA = Claverley; CF = Conway Flat; AB = Amberley Beach; BR = Blind River;
MFB = Marfells Beach; LEI = Leithfield Beach; WKB = Waikuku Beach; TPB = The Pines Beach; NBB = New Brighton Beach; RAK = Rakaia; RNG = Rangitata; WM = Waitaki
River.
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'north'

'south'

'central'

'north'

RAR

WAR

TAN

OB

POR

'central'
RVD

LF

MOH

PB

WRM

DMS

CLA

RAR

-

WAR

0.225

-

TAN

-0.040

0.129

-

OB

0.006

0.083

-0.032

-

POR

0.024

0.395

0.069

0.092

RVD

0.049

0.492

0.134

0.141

0.000

-

LF

0.311

0.038

0.185

0.148

0.384

0.459

-

MOH

0.020

0.381

0.060

0.085

0.000

0.000

0.374

-

PB

-0.131

0.160

-0.144 -0.087

0.000

0.000

0.211

0.000

-

WRM 0.647

0.441

0.645

0.565

0.735

0.759

0.375

0.732

0.692

-

DMS

0.544

0.146

0.462

0.394

0.618

0.672

0.147

0.610

0.505

0.204

-

CLA

0.751

0.599

0.792

0.686

0.887

0.903

0.487

0.885

0.858

0.010

0.299

-

CF

'south'
AB

BR

MFB

LEI

WKB

TPB

NBB

RAK

RNG

WM

-

CF

0.686

0.352

0.675

0.535

0.901

0.932

0.271

0.896

0.794

-0.064

0.093

-0.052

-

AB

0.589

0.293

0.540

0.451

0.680

0.730

0.237

0.673

0.579

0.003

0.096

0.058

-0.053

-

BR

0.569

0.290

0.519

0.426

0.658

0.709

0.233

0.651

0.555

0.048

0.114

0.110

0.004

-0.003

-

MFB

0.475

0.055

0.375

0.304

0.579

0.654

0.069

0.569

0.409

0.174

-0.032

0.311

0.074

0.067

0.092

-

LEI

0.515

0.157

0.429

0.393

0.569

0.606

0.162

0.565

0.493

0.482

0.138

0.547

0.397

0.364

0.379

0.143

-

WKB

0.382

0.095

0.261

0.210

0.427

0.494

0.037

0.418

0.276

0.372

0.137

0.459

0.260

0.207

0.201

0.096

0.149

-

TPB

0.358

0.013

0.255

0.212

0.409

0.461

0.052

0.402

0.287

0.349

0.059

0.424

0.241

0.213

0.214

0.031

0.046

0.037

-

NBB

0.287

0.011

0.200

0.180

0.347

0.381

0.078

0.343

0.247

0.444

0.181

0.507

0.373

0.329

0.337

0.131

0.076

0.074

0.022

-

RAK

0.556

0.220

0.491

0.456

0.615

0.641

0.250

0.611

0.559

0.546

0.218

0.606

0.487

0.445

0.465

0.229

0.002

0.216

0.092

0.098

-

RNG

0.457

0.124

0.367

0.332

0.506

0.543

0.142

0.501

0.422

0.465

0.151

0.526

0.379

0.337

0.349

0.145

0.014

0.075

0.027

0.035

0.022

-

WM

0.497

0.209

0.395

0.346

0.534

0.584

0.175

0.528

0.429

0.489

0.221

0.554

0.391

0.332

0.338

0.211

0.146

0.018

0.088

0.112

0.173

0.051
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APPENDIX 6 – MODELLING OF TEMPORAL PATTERNS WITHIN CANTERBURY BIGHT
The assemblage of haplotypes found on Canterbury Bight beaches was modelled in relation to
prevailing weather patterns prior to sampling (Chapter 5). Weather data was downloaded from the National
Climate Database, a free, online database hosted by the National Institute of Water and Atmospheric
Research, Ltd. (NIWA 2012). Data on wind speed and direction was measured hourly for four time periods
prior to sampling; 3, 7, 14, and 28 days. The table below (Table A.5) shows the weather stations used for this
analysis (chosen due to their proximity to field sites and completeness of records).
Table A.6 – Weather stations (NIWA, 2012) used to collect data for GLMs. Wind speed and direction data was
measured hourly at each of these locations, over 4 different time periods; 3, 7, 14, and 28 days.
Station Name

Station I.D.

Latitude

Longitude

Distance to Nearest Site

Ashburton Airport

26170

43° 54‘ 18"S

171° 48‘ 18"E

30 km to Rakaia (RAK)

Timaru Airport

5086

44° 18‘ 18"S

171° 13‘ 30"E

25 km to Rangitata (RNG)

Oamaru Airport

5142

44° 58‘ 22.8"S

171° 4‘ 51.6"E

5 km to Waitaki River (WM)

Full GLM outputs for the best ‘NZ North’ model are shown below (Box A.5.1). This model examined
the interaction between the presence/absence of a ‘NZ North’ haplotype (HapYN) in relation to the interaction
between the proportion of northerly wind over 7 days (PropN7) and the distance from the site to the nearest
attached ‘NZ North’ population (Dis). No parameters or interactions proved significant for this model. When
tested, this model failed to produce predictions that fit within the biological constraints of the system.

Box A.6.1 – Full GLM outputs for the best ‘NZ North’ model in the Canterbury Bight region. This model examines
the proportion of northerly weather over 7 days (PropN7) and the distance from the nearest attached source
population (Dis) in relation to the presence or absence of detecting a ‘NZ North’ haplotype. No significant values
were detected for any parameter or interaction.
glm(formula = HapYN ~ PropN7 * Dis, family = binomial, data = data)
min

1Q

Median

3Q

Max

-1.086

-0.323

-0.256

-0.203

2.667

Estimate

Std. Error

z value

Pr(>|z|)

(Intercept)

-0.254

7.926

-0.032

0.974

PropN7

-6.293

10.276

-0.612

0.540

Dis

-0.121

0.104

-1.154

0.248

PropN7:Dis

0.221

0.146

1.518

0.129

Coefficients:
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(Dispersion parameter for binomial family taken to be 1)
Null deviance: 106.709 on 200 degrees of freedom
Residual deviance: 95.505 on 197 degrees of freedom
AIC: 103.51
Below are the full model outputs for the ‘subantarctic’ model which best fit the data (Box A.5.2). This
model examined the presence/absence of a ‘subantarctic’ haplotype (SAHap) in relation to the interaction
between the proportion of onshore wind over 3 days (PropON3), and the average speed of onshore wind over
the same time period (OnAS3). Although two parameters were significant to some degree (Intercept, OnAS3),
this model failed to accurate produce biologically meaningful results (Chapter 5).
Box A.6.2 – Full GLM outputs for the best ‘subantarctic’ model. The final model examined the average onshore
wind speed over three days (OnAS3) and the proportion of wind in an onshore direction, also over three days
(PropON3). Significant values were obtained for the intercept and for the average onshore wind speed over
three days (OnAS3). No significance was detected for the proportion of onshore winds (PropON3) or for the
interaction of the terms
glm(formula = SAHap ~ PropON3 * ONAS3, family = binomial, data = data)
min

1Q

Median

3Q

Max

-1.555

-0.428

-0.405

-0.128

2.410

Coefficients:
Estimate

Std. Error

z value

Pr(>|z|)

(Intercept)

-7.838

2.381

-3.293

0.001*

PropON3

12.353

6.886

1.794

0.073

OnAS3

0.550

0.226

2.435

0.015*

PropON3:OnAS3

-1.283

0.711

-1.805

0.071

(Dispersion parameter for binomial family taken to be 1)
Null deviance: 63.318 on 157 degrees of freedom
Residual deviance: 55.498 on 154 degrees of freedom
AIC: 63.498
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