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ABSTRACT
Dispersal of aquatic insects is a key process allowing colonization of new habitat
and linking existing populations among habitats. Studying the dispersal of
freshwater taxa directly is logistically challenging and assessments of population
genetic structure using DNA sequence fragments have provided an alternative
means to examine the dispersal and connectivity of natural populations. Here, I used
mitochondrial cytochrome c oxidase subunit I (COI) DNA sequences to assess the
genetic similarity for aquatic insect species across both small (<50km) and large
(>1000km) spatial scales. For the first study, I examined genetic similarity among
source and restored stream habitats in Taranaki Region, New Zealand. Three
common species were targeted based on differences in dispersal capabilities:
Archichauliodes diversus (Megaloptera; active larvae, weak flight), and
Hydropsyche colonica and Pycnocentrodes aeris (Trichoptera; sessile larvae,
strong flight). Archichauliodes diversus showed the greatest sequence diversity (19
haplotypes) followed by P. aeris (14 haplotypes) and H. colonica (4 haplotypes).
Despite relatively high levels of genetic diversity, A. diversus was genetically
similar throughout the study area, suggesting adequate dispersal among source and
restored habitats. Individuals of H. colonica, with much lower levels of haplotype
diversity, were also genetically similar between source and restored habitats. In
contrast, P. aeris had one haplotype that was more common in source versus
restored habitats. I concluded that taxa were relatively well connected between
source and restored habitats and that COI sequences can provide a useful indicator
for tracking restoration efforts within relatively small geographic areas. In the
second study, I focused on large-scale patterns of diversity for A. diversus which is
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widespread throughout both the North and the South Islands of New Zealand and
compared this with available sequences from a congeneric Australian species. I
found sequence divergences between the New Zealand A. diversus and Australian
Archichauliodes sp (11.8% divergence), and between New Zealand North Island
and South Island A. diversus (3% divergence). In the South Island, there were 8
haplotypes restricted to individual sites and 4 haplotypes that were shared among
sites. For the North Island, individuals there were 21 haplotypes restricted to one of
more sites and 1 common haplotype shared among Taranaki sites. There were 12
missing mutational steps between haplotypes from the North Island and the South
Islands. The Australian Archichauliodes sp was further separated by 70 missing
mutational steps from the South Island of New Zealand. Differentiation was also
observed within the South Island with shared haplotypes observed at distances of >
150 km. On this basis, I suggested that despite potentially weak flight, individuals
of A. diversus can regularly disperse distances of up to 150 km. However, they also
appear limited by geographic barriers such as the Cook Strait between the North
and South Islands (<25 km). Molecular clock estimates between New Zealand and
Australian Archichauliodes sp. suggested that isolation of individuals occurred
around 5 Mya and isolation between the North and South A. diversus occurred
within the last 2 Mya; corresponding with the Pliocene and Pleistocene,
respectively. On the basis of both studies, I concluded that COI gene sequences
can provide a useful method for assessing the genetic similarity of aquatic insect
populations on both small (<50km) and large (>1000km) spatial scales and that
these data can then be used to test ecological and evolutionary hypotheses.
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CHAPTER I

Thesis Introduction

1

Aquatic insects are key components in freshwater ecosystems providing key
trophic links between the primary producers and secondary consumers (Cummins,
1973; Kleine et al. 2005). The majority of their life cycle is spent as nymphs or
larvae in the aquatic realm (McCafferty et al. 1983) and consequently, they are
often used as sensitive indicators of environmental quality. The adult
(reproductive) life stage usually occurs within the terrestrial realm and can last
from as long as a few hours (e.g. mayflies) to several weeks (e.g. stoneflies,
caddisflies). The dispersal of aquatic insects drives species’ distributions and links
populations across geographic boundaries within and among freshwater
environments (Malmqvist, 2002). Within lotic habitats (streams and rivers),
aquatic insects can disperse as nymphs or larvae by walking/crawling upstream or
downstream via active, or passive drift in the water current (Müller, 1982;
Humphries et al. 2002; Parkyn et al. 2011). Among-habitat dispersal is primarily
achieved by the winged adults, although “accidental” carriage by birds is also
possible (Green et al. 2005). Accordingly, dispersal abilities can influence
species’ distributions as well as community composition within aquatic habitats.
Although mechanisms of dispersal for aquatic insects are relatively well
understood, there is still a need for data that directly examines inter-habitat
dispersal (Templeton et al. 1990; Alp et al. 2012; Tonkin et al. 2014).
Unfortunately, dispersal in freshwater taxa is difficult to study directly meaning
rare but significant dispersal events may remain undetected (Bilton et al. 2001).
Understanding the effects of connectivity within and among populations is
essential for determining the effects of both natural and anthropogenic barriers
among ecosystems (Hughes et al. 2008). Previously, research inferring dispersal
has used malaise traps to estimated dispersal of aquatic insects (e.g. Petersen et al.
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2004). Mark and recapture studies using stable isotopes have also been used to
estimate dispersal (e.g. Macneale et al. 2005). The application of molecular
techniques such as allozyme and DNA sequence based analyses have provided an
alternative approach to examine population connectivity and frequency of
dispersal events (Williams et al. 2003; Hughes et al. 2011). Genetic markers such
as allozymes have been used extensively to assess population genetic structures
for a number of aquatic insects (e.g. Scribner et al. 1998; Monaghan et al. 2002;
Hogg et al. 2002; Hughes, 2007). More recently, DNA-based approaches such as
analyses of microsatellite loci and mitochondrial gene sequences have been used
(e.g. Mesnick et al. 2010; Bock et al. 2011; Finn et al. 2011). Mitochondrial genes
have a relatively low mutation rate and have provided a useful method for
assessing species and genetic diversity (Smith et al. 2002). In particular, sequence
fragments of the mitochondrial cytochrome c oxidase subunit I (COI) allow for
species-level identification while providing enough variability to detect genetic
diversity within natural populations of the same species through subtle variation
among sequences (Hebert et al. 2003; Hughes et al. 2011). For example, sequence
fragments from the COI gene have been used to examine the effects of habitat
fragmentation on large biogeographic scales (Macey et al. 1998; Vandergast et al.
2004). Variation in the level of mtDNA diversity may be used to infer population
expansion from an area of high diversity towards one of low diversity and
suggests that the CO1 gene could be useful for studying the dispersal patterns of
aquatic insects (Trewick et al. 2011). This variation among COI sequences can be
assessed using a variety of methods including phylogenetic trees and haplotype
networks. Phylogenetic trees can be constructed using several methods including
Neighbour Joining (NJ), Maximum Likelihood (ML), Maximum Parsimony (MP)
and Bayesian analyses. Neighbour joining trees provide a straightforward method
3

using distance data while ML, MP and Bayesian analyses use more complex
evolution models for phylogenetic analysis (Saitou et al. 1987). Sequences with
differences in one or more nucleotides are termed haplotypes (Chung et al. 2003).
Haplotype networks provide a graphical representation of the mutational linkages
among haplotypes and offer a powerful method for analysing populations and
determining the association from which these subtle genetic differences arise
(Stephens et al. 2001). Despite the ability of the COI gene to detect genetic
diversity within natural populations of the same species, the geographic distances
by which variability can be detected is relatively unknown. Accordingly, scale is
an important consideration when examining dispersal among habitats. Bergsten et
al. (2012) examined the effect of increasing the geographical scale of sampling for
the performance of COI gene sequences to distinguish between ecological and
historical processes. Based on an assessment of Agabini sp. beetles, they
concluded that smaller geographical scales deliver higher accuracy when inferring
ecological processes (dispersal) and larger geographical scales deliver higher
accuracy when inferring historical processes (speciation). In order to improve our
understanding of connectivity among natural habitats and to examine the utility of
COI sequences for determining potential dispersal, I focused on three aquatic
insects, Archichauliodes diversus (Megaloptera), Hydropsyche colonica and
Pycnocentrodes aeris (Trichoptera). This thesis consists of two research chapters
and focuses on both small (<50km) and large (>1000km) spatial scales. Genetic
similarity among locations was used as a measure of gene flow (and hence
dispersal) and to examine the effects of both recent (small scale) and historical
(large scale) historical habitat fragmentation.
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The first research chapter (Chapter II) investigates connectivity of sites within
four streams representing both source and restored streams in the Taranaki Region
of New Zealand. Selection of targeted insect species was based on varying levels
of adult dispersal (flight) capability and larval drift propensity: Archichauliodes
diversus is considered to have moderate levels of larval in-stream drift potential,
although poor flight capabilities as an adult (Hogg et al. 2002; Heilviel et al.
2004), whereas both H. colonica and P. aeris have active flight as adults although
they differ slightly in their propensity to drift (Smith et al. 2002; Didham et al.
2012). The free living H. colonica form fixed retreats during larval stages and
tend to remain in situ even during high flow conditions (Edington, 1968; Elliot,
2003). In contrast, the cased P. aeris are stationary filter feeders although subject
to some drift particularly during increased stream discharge events (Watson,
1971; Collier et al. 1997). Restoration projects primarily restore habitat, with
often little consideration for invertebrate dispersal pathways and/or recovery time
(Bond et al. 2002; Parkyn et al. 2011). Furthermore, stream restoration often
occurs on smaller spatial scales, resulting in isolated patches of restored habitat
such as that found in Taranaki Region, New Zealand. It is recognized that
fragmentation and isolation with lower connectivity may result in an extremely
slow recovery rate and in some cases the failure to recover (Lake et al. 2007).
Even if habitat conditions were suitable, the re-colonisation of aquatic
invertebrates will not occur unless there is a potential source population (Hughes,
2007). Accordingly, knowledge of the dispersal pathways between habitats is
essential to ensure invertebrate recovery. The purpose of this chapter was to
investigate genetic differentiation within source and restored habitats using COI
gene sequences. I predicted that dispersal by drift would reduce genetic
differentiation within streams and that any dispersal by flight would reduce
5

genetic differentiation among streams. Further, I predicted that A. diversus would
show higher levels of genetic differentiation among site locations owing to its
potentially limited adult dispersal.

The second research chapter (Chapter III) focuses specifically on Archichauliodes
diversus. Here, I used COI gene sequences to determine genetic variability among
various locations around the North Island and the South Island of New Zealand. I
also compared these individuals with available sequences from an Australian
congener to determine the level of divergence between New Zealand and
Australian Archichauliodes species. New Zealand has a dynamic geological past
and large scale isolation events have strongly influenced the biogeography of
terrestrial and freshwater invertebrates (Winkworth et al. 2005; Hogg et al. 2006;
Pratt et al. 2008; Trewick et al. 2011). Despite isolation of New Zealand’s
landmass from Australia dating back around 80 Mya, research has suggested that
insect species assemblages in New Zealand originated as recently as the Pliocene
5 Mya (Winkworth et al. 2005; Goldberg et al. 2008). It was during this time that
New Zealand experienced significant climatic fluctuations and extensive crustal
uplift resulting in the formation of the Southern Alps, the Taupo Volcanic Zone
and land extension between the North and the South Island (Suggate, 1990). Large
glacial and interglacial oscillations resulted in an extension of the Cook Strait
‘land bridge’ periodically connecting the North and South Islands of New Zealand
(Proctor et al. 1989; Alloway et al, 2007; Boyer et al. 2009). As new habitat
became available, long-distance dispersal between the North and the South
Islands would have been possible. Towards the end of the last glacial maximum
(LGM) sea levels rose and high tidal amplitudes caused a breach in the Cook
Strait ‘land bridge’ separating the North Island and the South Island (Lewis et al.
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1994; Alloway et al. 2007; Marske et al. 2009). The geographic isolation of
populations is a well understood mechanism of speciation (Mayr, 1940) and a
species’ dispersal abilities will influence genetic differentiation among
populations and ultimately speciation (Shafer et al. 2013). In this chapter, I
obtained COI sequences for Archichauliodes diversus and used phylogeographic
methods to assess divergence over a large spatial scale (>1000km).

The final chapter of my thesis provides a summary and conclusion of the findings
within my two research chapters and suggests potential avenues for future
research.
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CHAPTER II

Using DNA barcodes to assess aquatic insect dispersal among
source and restored forest patches on Mount Taranaki, New
Zealand

*Submitted under the same title, as: Riding, MA, Hogg ID, Smith BJ, Storey RG
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ABSTRACT

The recovery of aquatic invertebrate communities following stream habitat
restoration is dependent on connectivity to source populations. Here, we used
mitochondrial DNA (COI) sequences to assess the genetic similarity (as a
measure of connectivity) for individuals of aquatic insects among 10 sites from
four streams representing both source and restored streams in the Taranaki
Region, New Zealand. Three common aquatic insect species were targeted based
on differences in dispersal capabilities: Archichauliodes diversus (Megaloptera;
active larvae, poor flight), and Hydropsyche colonica and Pycnocentrodes aeris
(Trichoptera; sessile larvae, strong flight). A. diversus showed the greatest
sequence diversity (19 haplotypes) followed by P. aeris (14 haplotypes) and H.
colonica (4 haplotypes). Despite relatively high levels of genetic diversity, A.
diversus was genetically similar throughout the study area, suggesting adequate
dispersal among source and restored habitats. Individuals of H. colonica, with
much lower levels of haplotype diversity, were also genetically similar between
source and restored habitats. In contrast, P. aeris had one haplotype that was more
common in source versus restored habitats. We conclude that taxa were relatively
well connected between source and restored habitats and that COI sequences can
provide a useful indicator for tracking restoration efforts within relatively small
geographic areas.

Key words: aquatic macroinvertebrates, dispersal, Megaloptera, population
connectivity, stream restoration, Trichoptera
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INTRODUCTION

Riverine ecosystems consist of a mosaic of habitats that are linked through a range
of physical and biological processes and support highly diverse biotic communities
(Malmqvist, 2002; Lake et al. 2007). Aquatic insects are key trophic components
of these systems and are sensitive indicators of environmental integrity (Kleine et
al. 2005). Anthropogenic activities in the vicinity of riverine systems have largely
resulted in the degradation of riparian flora and loss of lotic fauna habitats which
often require remediation (Zwick, 1992; Brederveld et al. 2011). However,
following any restoration efforts, the colonisation of restored habitat by aquatic
invertebrates is dependent on dispersal/recruitment from a suitable source habitat
(Lake et al. 2003).
Aquatic invertebrates vary in their ability to disperse and, even with a winged
adult stage, habitat recolonization may be limited despite close proximity to
source populations (Bilton et al. 2001; Lake et al. 2007; Hughes, 2007). The
ability to disperse is dependent on the mechanism of dispersal (flight and drift)
and the proximity of the restored habitats to source populations (Humphries,
2002; Hughes, 2007). As restoration often results in a mosaic of forested patches
that vary on both temporal and spatial scales, recovery of aquatic insect
populations is often limited by connectivity to source populations (Brederveld et
al. 2011). Although the mechanisms of dispersal for aquatic invertebrates are
relatively well understood there is still a need for more data directly examining
connectivity of restored habitats to potential source populations (Templeton et al.
1990; Tonkin et al. 2014).
Genetic analyses can provide a useful approach for assessing connectivity among
natural habitats (Slatkin, 1987; Hughes, 2007). Genetic markers such as allozymes
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have previously been used to assess population genetic structure for a wide range
of aquatic invertebrates (Scribner et al. 1998; Monaghan et al. 2002; Hughes,
2007). More recently, DNA-based approaches such as microsatellites and
mitochondrial DNA have also been used (Mesnick et al. 2010; Bock et al. 2011;
Finn et al. 2011). For example, sequence fragments from the cytochrome c
oxidase subunit I (COI) gene have been used to examine the effects of habitat
fragmentation on large biogeographic scales (Macey et al. 1998; Vandergast, et al.
2004). Moritz and Cicero (2004) found that within many species there was
sufficient genetic diversity to allocate individuals to a particular geographic
location. Variation in the level of mtDNA diversity may also be used to infer
population expansion from an area of high diversity towards one of low diversity
(Trewick et al. 2011). This suggests that the CO1 gene could be useful for
studying the dispersal patterns of aquatic insects on relatively small spatial scales.
Here, we assessed use of the COI gene to assess patterns of within-species genetic
variability across a small (<50km) spatial scale. We then used these data to examine
genetic similarity among locations to determine connectivity of aquatic insect
populations among source and restored fragments. Mount Taranaki on the west
coast of New Zealand’s North Island provides an ideal environment to study the
effects of fragmentation and genetic diversity on a relatively small geographical
scale. The mountain is a 2518m high symmetrical volcano (Procter et al. 2010),
with a series of “radial” streams flowing from native forest around the summit to a
surrounding ring plain of cleared farm land below. Streams that flow through this
ring plain are subject to intensive pastoral land use (dairy, sheep and beef farming)
and are thus highly modified. There have been extensive restoration efforts
including riparian planting (over 1765 km of streams replanted) and stock exclusion
fencing along stream margins (3538 km fenced since 1990). This has resulted in a
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patchwork of forested, reforested and exposed habitats in the ring plain with varying
levels of connectivity to source populations in the higher altitude native forests. We
selected three taxa, Archichaulidoes diversus (Megaloptera), Hydropsyche colonica
and Pycnocentrodes aeris (Trichoptera) and tested the hypothesis that genetic
differentiation would occur among source and restored habitats. We predicted that
dispersal by drift would reduce genetic differentiation within streams and dispersal
by flight would reduce genetic differentiation among streams. Further, we predicted
that A. diversus would show higher levels of genetic differentiation among site
locations owing to potentially limited adult dispersal, relative to H. colonica and P.
aeris.
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MATERIALS AND METHODS

Four streams around Mt Taranaki were selected: Kapuni (Stream 1), Kaupokonui
(Stream 2), Punehu (Stream 3) and Waiwhakaiho (Stream 4). Stream locations
were chosen on the basis of distance between sites. Stream 1 and Stream 2 were
located in close proximity (<4km). Stream 3 was located >25 km from Streams 1
and 2 and Stream 4 was situated on the opposite side of the mountain (>5 km). A
total of 10 sites were chosen from the four stream locations (Fig. 1).
We targeted three widespread and common aquatic insect taxa with varying levels
of adult dispersal (flight) capability and larval drift propensity: Archichaulidoes
diversus (Megaloptera), Hydropsyche colonica and Pycnocentrodes aeris
(Trichoptera). Archichauliodes diversus is considered to have moderate levels of
larval in-stream drift potential, although poor flight capabilities as an adult (Hogg
et al. 2002; Heilviel et al. 2004). In contrast, both H. colonica and P. aeris have
active flight as adults although they differ slightly in their propensity to drift
(Smith et al. 2002; Didham et al. 2012): the free living H. colonica form fixed
retreats during larval stages and tend to remain in situ even during high flow
conditions (Edington, 1968; Elliot, 2003). In contrast, the cased P. aeris are
stationary filter feeders though subject to some drift particularly during increased
stream discharge events (Watson, 1971; Collier et al. 1997). Previous records
available on the Barcode of Life Datasystems (BOLD) database (boldsystems.org;
Ratnasingham and Hebert, 2007), suggested that all species possessed sufficient
sequence diversity (> 4 haplotypes in all cases) to potentially facilitate
comparisons among locations.
In-stream sampling of larval insects was conducted 20-22 January 2015 using a
standard, 30 cm width, D- net (Stark et al. 2001). Multiple samples were taken
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haphazardly from riffle habitats at each site and contents were placed into white
20 x 30 cm sorting trays with water from the same stream. Contents of each
sample where then visually examined for target taxa and individuals were
removed with forceps and placed directly into 100% ethanol. Sampling continued
until roughly 40 individuals for each species were collected from each site.
Samples were kept on ice for return to the lab. Once in the lab, ethanol in the
samples was replaced with fresh 100% ethanol and samples were stored at 4oC
until needed for genetic analyses. Sampling nets and other equipment were
physically cleaned to remove all animals/debris and disinfected (using a
detergent) between sites.

Once in the lab, species identifications were confirmed with the aid of a dissecting
microscope (50X magnification). Up to 15 individuals were selected from each
site for each of the three target species (A. diversus, H. colonica and P. aeris). A
4 mm sample of leg tissue was taken from each individual using sterilised
(flamed) forceps and added to a single well of a 96-well plate. DNA sequencing
was conducted at the Canadian Centre for DNA Barcoding (CCDB) at the
University of Guelph, Canada following standard protocols (Ivanova et al. 2006).
A 658 bp region of the mitochondrial cyctochrome c oxidase subunit I (COI) gene
was PCR amplified using the primer pair LepF1 (5'
ATTCAACCAATCATAAAGATATTGG-3') and LepR1 (5'TAAACTTCTGGATGTCCAAAAAATCA-3') (Hebert et al. 2004). Genomic
DNA was extracted following the AcroPrepTM PALL Glass Fibre plate method
using a total mix of 5 ml insect lysis buffer (0.5 ml of Proteinase K, 20 mg/ml per
96-well plate) (Ivanova et al. 2006). A total of 5 μl of the DNA extraction product
was used for PCR. PCR thermal cycling conditions were: initial denaturation of
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samples at 94ºC for 1 minute, followed by five cycles of 94ºC for 30 seconds.
Annealing occurred at 48°C for 1.5 minutes with the extension occurring at 72°C
for 1 minute, 35 cycles of 94°C at 30 seconds, 52°C for 1 minute with the final
extension occurring at 72°C for 10 minutes. Successful PCR products were
cleaned using Sephadex® and then sequenced using an ABI3730xl DNA analyser.
All data have been added to the Barcode of Life Datasystems (BOLD) database
(Ratnasingham & Hebert, 2007) under project NZDIS (Dispersal of New Zealand
invertebrates).

Sequences were aligned using MUSCLE implemented in Geneious 7.1.9
(Biomatters, Auckland) and trimmed to exclude primer regions. Archichaulidoes
diversus sequences were further trimmed to 591bp, Hydropsyche colonica
sequences to 656bp and Pycnocentrodes aeris sequences to 654bp. PAUP* 4.0
(Swofford, 2002) was used to identify parsimony-informative sites. Chi square
tests implemented in PAUP* 4.0 were used to determine if base frequencies were
equal among all sites and among first, second or third codon positions. Neighbour
Joining (NJ) trees were constructed using MEGA v5.2.2 (Tamura et al. 2011). As
we were interested in the intraspecific differences among sites (rather than
evolutionary relationships), we did not employ outgroups which would have
compressed the trees and obscured any differences among the individual
locations. Haplotype networks for each individual species were produced using
TCS v1.2 (Clement et al. 2000), and based on a comparison of source (upper) and
restored (downstream) sites. Sites were categorized into upper (Sites 1A, 1B, 2A,
3A, 4A) and lower (Sites 1C, 1D, 2B, 2C, 3B). A pairwise distance matrix was
also constructed using MEGA v5.2.2 and used for a Multidimensional Scaling
(MDS) analysis. MDS plots were produced using STATISTICA 12 (Statsoft,
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2014) to visualize the level of similarity among individuals from the various site
locations.
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RESULTS

We sequenced 380 individuals and obtained sequences (>500 nucleotides) from
294 for a success rate of 77%. This included 109 Archichauliodes diversus, 81
Hydropsyche colonica, and 108 Pycnocentrodes aeris. Of the 618 nucleotide
positions for A. diversus, 602 positons were constant and 16 were variable with
seven parsimony uninformative and nine parsimony informative. There was an
overall A-T base frequency bias of 65.9% (A=27.0%, C=17.4%, G=16.7%,
T=38.9%). Base frequencies were homogeneous across sequences at all sites (x2
=0.53, df=315, p=1.0). Homogeneity was accepted for variable sites (x2 =19.9,
df=315, p=1.0) and parsimony informative sites (x2 =30.9, df=315, p=1.0). First
(x2 =0.24, df=315, p=1.0) second (x2 =0.24, df=315, p=1.0) and third (x2 =0.02,
df=315, p=1.0) codon positions were all homogeneous. Nucleotide composition
for H. colonica (664 nucleotide positions) showed that 418 positions were
constant, six were parsimony uninformative and 240 were parsimony informative.
A-T base frequency bias was 70.2% (A=30%, C=16.9%, G=12.6%, T=40.2%),
and base frequencies were homogenous across sequences (x2 =58.0, df=354,
p=1.0) as were variable sites (x2 =213.4, df=354, p=1.0) and parsimony
informative sites (x2 =213.9, df=354, p=1.0). Sequences were homogeneous at
first (x2 =85.9, df=354, p=1.0) second (x2 =93.3, df=354, p=1.0) and third (x2 =,
df=354, p=1.0) codon positions. Of the 657 characters for P. aeris, 642 were
constant with eight parsimony uninformative and seven parsimony informative.
The A-T base frequency bias was 70.6% (A=30.3%, C=15.7%, G=13.7%,
T=40.3%). Base frequencies were homogeneous across all sequences and sites (x2
=2.4, df=309, p=1.0). Homogeneity was also found for both variable sites (x2
=61.2, df=309, p=1.0) and parsimony informative sites (x2 =117.1 df=309, p=1.0)
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and at all codon positions (first: x2 =2.5 df=309, p=1.0; second: x2 =0.4.1 df=309,
p=1.0; third: x2 =35.2 df=309, p=1.0).
The NJ tree for the 109 A. diversus sequences showed evidence for intraspecific
variation over our small geographic sampling range (Fig. 3A). Within-species
divergences averaged 0.71% (range 0.23%-0.98%) and three branches were
observed on the NJ tree. However, there were no obvious differences related to
the various site locations (e.g. different streams or source versus restored habitats)
(Fig. 3A). For H. colonica, pairwise sequence divergences for the 81 individuals
ranged from 0.0%-0.17%. The NJ tree showed two branches also with no obvious
relationship with sites (Fig. 3B). Pairwise divergences for the 104 P. aeris
sequences ranged from 0.0% - 1.9%. The maximum divergence (1.9%) resulted
from a single sequence at Site 2C, and all other pairwise divergences were <
0.9%. The NJ tree showed four branches, the first of which corresponded to a
single individual from Site 2C. The second branch included individuals found
primarily at the upper sites with the exception of one individual from Site 3B. Ten
individuals from this branch were found only at Site 4A. The third branch
included the upper and lower sites at Stream 1 and Stream 2.The fourth branch
included the majority of individuals and had representatives from all site locations
except Site 4A (Fig. 3C).
From the 109 A. diversus sequences, we recovered 19 unique haplotypes which
was highest of the three species. There was one common haplotype and several
less common haplotypes all distributed evenly among the upper (Sites 1A, 1B 2A,
3A, 4A) and lower sites (Sites 1C, 1D, 2B 2C, 3B) (Fig. 5; Fig. S1). The
haplotype network for H. colonica showed a common haplotype shared among
most sites and no obvious differences relative to site locations (Fig. 6; Fig. S2).
For the 104 P. aeris sequenced individuals, there was a common haplotype shared
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among upper and lower sites as well as a haplotype from Site 4A that was shared
with individuals from other upper sites (sites 1A, 2A) and at one lower site (Site
3B) (Fig. S3).
The MDS plots of pairwise sequence divergences for A. diversus showed some
within-species differences and a large central cluster representing the majority of
individual divergences (n=72) with 14 additional clusters outside the central
cluster. There was some differentiation apparent among upper and lower sites. For
example, there were five clusters associated with upper sites and five clusters
associated with the lower sites. The remaining four clusters contained individuals
from both upper and lower site locations (Fig. S4). The MDS plot for H. colonica
showed three distinct clusters and showed little differentiation between upper and
lower sites. However, two clusters corresponded to individuals within the same
stream. Cluster 1 contained individuals found at upper and lower sites from
Stream 1 (n=2) and Cluster 2 contained individuals from the upper and lower sites
from Stream 2 (n=3) (Figure S5). MDS plots for P. aeris showed a large cluster
containing 81 individuals representative of all sites. There were five clusters
which showed some differentiation between upper and lower sites. Two clusters
were specific to upper sites and one specific to lower sites and one cluster was
specific to Stream 1 (2 individuals). The remaining cluster containing 18
individuals was shared between upper and lower locations. Here, 89% of the
individuals represented the upper (source) locations and of these 65% were
specific to Site 4A; only 11% were from lower sites (Fig. S6).
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DISCUSSION

Our COI analyses of three New Zealand macroinvertebrate species have shown
that COI gene sequences can provide a useful indicator of genetic differentiation
across a relatively small spatial scale and can also be applied to assess
connectivity among source and restored habitats. Archichauliodes diversus
showed the greatest within-species diversity over the small geographic range.
Although A. diversus was expected to show higher levels of genetic
differentiation among locations (owing to weaker flight capabilities as an adult
e.g. Hogg et al. 2002), we found no obvious patterns of differentiation among our
sites. This suggests that dispersal was occurring among local sites. Mechanisms
maintaining the genetic diversity of A. diversus over such a small geological area
may include volcanic events over the last 135 000 years which have created a
dynamic and fractured landscape (McGlone et al. 1988). This would promote and
maintain genetic variability among small isolated populations. For example,
Vandergast et al. (2004) found that patterns of neutral genetic variation reflected
patterns of volcanic activity for some Tetragnatha (Arachnidae) species. Trewick
et al. (2011) suggested that the effect of volcanic activity in the central North
Island Taupo Volcanic Zone in New Zealand less than 2000 years ago may have
obscured and overwritten previous population genetic structures for insect species.
Mount Taranaki remains an active volcano with a rough periodicity of 300–500
years between larger-scale eruptions (Turner et al. 2008). Accordingly, it is
possible that this dynamic environment could maintain the within-species
diversity we found for A. diversus as well as ‘overwrite’ any previous population
genetic structures. Thus, we suggest that within-species diversity shown by A.
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diversus is due to relatively recent gene flow from previously isolated
populations.
Hydropsyche colonica showed limited COI diversity within our study area.
However, all sites were genetically similar suggesting H. colonica was dispersing
among the sites. Monaghan et al. (2002) also found that the caddisfly Allogamus
auricollis (Limnephilidae) did not display genetic differentiation among site
locations and suggested that dispersal was occurring throughout the geographic
range of their study (<100 km). Lower genetic diversity is expected within smaller
populations due to the effects of genetic drift (Lacy, 1987; Templeton et al. 1990,
Watanabe et al. 2008). It is possible that the H. colonica populations were
comparatively small and restricted to a single source population isolated in the
forested national park above the ring plain of the mountain. Trewick et al (2011)
suggested that low diversity within areas of fairly homogeneous habitat can occur
as a result of smaller populations. Gene flow as a consequence of range expansion
to restored habitats would still reflect the low diversity. Our data therefore suggest
that individuals of H. colonica are dispersing well within and among the restored
streams.
For Pycnocentrodes aeris, we found evidence for some genetic differentiation
between upper and lower sites locations suggesting that dispersal may be limited
among some sites. For example, a single haplotype found most commonly at Site
4A was predominantly associated with other higher altitude sites. This suggests
that there may be some isolation or selection limiting this haplotype to the upper
(source) locations. Petersen et al. (2004) described vegetative corridors as being
the main ‘highways’ for dispersal. Accordingly, it is possible that the boundary of
the forested national park was providing a corridor which facilitated dispersal
among the upper sites on the mountain. However, this haplotype was also found
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(albeit in low numbers) at the lower sites of Streams 2 and 3 suggesting larval
drift and/or adult flight between sites 2A and 2B and flight between Sites 2B and
3B. We hypothesize dispersal pathways for P. aeris is by flight from Sites 4A to
1A to 2A followed by drift or flight to Site 2B and flight to Site 3B (see Fig 7).
Bergsten et al. (2012) examined the effect of increasing the geographical scale of
sampling for the performance of DNA barcoding to distinguish between
ecological and historical processes. Based on an assessment of Agabini beetles,
they concluded that smaller geographical scales deliver higher accuracy when
inferring ecological processes (dispersal). Within our study we found that COI
analyses can provide a useful indicator of genetic differentiation and a proxy for
dispersal across a relatively small spatial scale (<50km). However, we caution
that application of the COI gene may be limited to particular taxa. For example,
we had originally chosen Coloburiscus humeralis as a target taxon. Unfortunately,
we were unable to obtain reliable sequences from these individuals likely due to
our choice of primers – a methodological issue that could be resolved with
ongoing research. Further, some species may have little or no variability for COI
gene sequences, which would then limit the ability to assess any genetic
differences among locations. However, for the three species we ultimately used in
the study, the COI gene provided sufficient genetic variability in order to assess
differences among locations. On this basis, we conclude that COI gene sequences
can provide a useful indicator of genetic similarity within relatively small
geographic areas and that these data can be used to track dispersal among source
and restored habitats
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LIST OF FIGURES

Figure 1. A) Expected haplotype networks showing a fragmented stream scenario
with two unique haplotypes indicating no dispersal and a restored stream scenario
suggesting adequate dispersal. B) Expected haplotype network showing four
unique haplotypes between four streams indicating dispersal within stream by
drift. C) Expected haplotype network showing common haplotypes between and
within streams indicative of dispersal by drift. D) Expected haplotype network
showing common haplotype between and some unique within indicative of
dispersal by flight and drift.

Figure 2. Mount Taranaki map showing site locations (1A, 1B, 1C, 1D, 2A, 2B,
2C, 3A, 3B, 4A) and showing the “ring” of native forest habitat towards the
summit which viewed as the source.

Figure 3. A) Neighbour joining tree for individuals of Archichauliodes diversus
(Megaloptera) collected from sites on and around Mount Taranaki. Site codes
refer to Figure 2. B) Neighbour joining tree for individuals of Hydropsyche
colonica (Trichoptera) collected from sites on and around Mount Taranaki. Site
codes correspond to Figure 2. C) Neighbour joining tree for individuals of
Pycnocentrodes aeris (Trichoptera) collected from sites on and around Mt
Taranaki. Site codes correspond to Figure 2.

Figure 4. Haplotype networks showing 19 unique for Archichauliodes diversus
(Megaloptera) separated into upper (Sites 1A, 1B, 2A, 3A 4A) and lower stream
sites (Sites 1C, 1D, 2B, 2C, 3B). Size of circles is proportional to the number of
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individuals represented. Top left figure demonstrates that dispersal is occurring
from upstream to downstream.

Figure 5. Haplotype network showing 4 unique haplotypes for Hydropsyche
colonica (Trichoptera) when separated into upper (Sites 1A, 1B, 2A, 3A 4A) and
lower stream sites (Sites 1C, 1D, 2B, 2C, 3B). Size of circles is proportional to the
number of individuals represented. Top left figure represents locations for upper
and lower sites on a topographical map of Mount Taranaki.

Figure 6. Haplotype networks for individuals of Pyncocentrodes aeris
(Trichoptera) when separated into upper (Sites 1A, 1B, 2A, 3A 4A) and lower
stream sites (Sites 1C, 1D, 2B, 2C, B). Size of circles is proportional to the
number of individuals represented. Top left figure represents locations for upper
and lower sites on a topographical map of Mount Taranaki.

Figure 7. Hypothetical dispersal of Pyncocentrodes aeris (Trichoptera) among
sites based on the distribution of a unique haplotype.
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Figure S1: Haplotype networks showing 19 haplotypes for Archichauliodes
diversus (Megaloptera) collected from sites on and around Mt Taranaki (site
codes correspond to Figure 1).

Figure S2: Haplotype network for Hydropsyche colonica (Trichoptera) collected
from sites on and around Mt Taranaki (site codes correspond to Figure 1).

Figure S3: Haplotype network for Pyncocentrodes aeris (Trichoptera) collected
from sites on and around Mt Taranaki (site codes correspond to Figure 1).

Figure S4. Multidimensional scaling plot for Archichauliodes diversus
(Megaloptera) showing sequence divergences for upper (Sites 1A, 1B, 2A, 3A
4A; green) and lower stream sites (Sites 1C, 1D, 2B, 2C, 3B; Black).

Figure S5. Multidimensional scaling plot for Hydropsyche colonica (Trichoptera)
showing sequence divergences for upper (Sites 1A, 1B, 2A, 3A 4A; green) and
lower stream sites (Sites 1C, 1D, 2B, 2C, 3B; Black).

Figure S6 Multidimensional scaling plot for Pyncocentrodes aeris (Trichoptera)
showing sequence divergences for upper (Sites 1A, 1B, 2A, 3A 4A; green) and
lower stream sites (Sites 1C, 1D, 2B, 2C, 3B; Black).
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CHAPTER III

Phylogeography of New Zealand Archichauliodes diversus
(Insecta, Megaloptera) assessed using mitochondrial DNA (COI)
sequences

*To be submitted under the same title as: Morgan A. Riding, Ian D. Hogg
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ABSTRACT

We used mitochondrial DNA (COI) sequences to examine the levels of diversity
within and among 159 individuals of Archichauliodes (Insecta; Megaloptera)
from 14 sites in New Zealand’s North Island, 10 sites in South Island and one site
from Australia. We found high levels of sequence divergence between the New
Zealand A. diversus and Australian Archichauliodes sp. (11.8%), and between
New Zealand North Island and South Island A. diversus populations (3%). In the
South Island, there were 12 haplotypes and 22 for the North Island. There were 12
missing mutational steps between haplotypes from the North Island and the South
Islands. The Australian Archichauliodes sp. was separated by 70 missing
mutational steps from the South Island of New Zealand. Haplotypes were shared
by up to 150 km within the South Island, suggesting that A. diversus can disperse
relatively well on small spatial scales across land. However, it appears limited by
geographic barriers (e.g. Cook Strait) on larger spatial scales. Molecular clock
estimates suggest that New Zealand and Australian Archichauliodes sp. were
isolated around 5Mya and isolation between individuals from the North and South
occurred within the last 2 Mya, corresponding to the Pliocene and Pleistocene,
respectively.

Key Words: Megaloptera, biogeography, Pliocene, Pleistocene, population
fragmentation
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INTRODUCTION

New Zealand is an archipelago isolated by more than 1500km of ocean (Goldberg
et al. 2008). The biogeographies of New Zealand’s invertebrate taxa have been
significantly influenced by a dynamic geological past which has resulted in
isolation of populations over large spatial scales (Hogg et al. 2006; Trewick et al.
2011). As a result, New Zealand harbours a unique biota and has often been
described as an endemism hot spot (Daugherty et al. 1993). Despite isolation of
the New Zealand land mass from Australia dating back 80 million years,
molecular dating estimates suggest that species assemblages only originated
within the last 5 Myr (Suggate, 1990; Winkworth et al. 2005; Goldberg et al.
2008). During the Pliocene and Pleistocene (<5 Mya) New Zealand experienced
rapid uplift (rates as high as 4.5m/Kyr), landmass changes and significant climatic
fluctuations (Lewis et al. 1994; Trewick et al. 2011). Large climatic oscillations
resulted in a progressive decrease in air temperatures and developed into the first
major glaciation of the early Pleistocene (2.5 Mya to 2.0 Mya) (Suggate, 1990).
The most recent glacial activity in New Zealand consisted of three major
glaciations throughout the Pleistocene which resulted in eustatic changes in sea
levels (34,000 Kya to 28,000 Kya; 24,000 Kya to 21,500 Kya and 20,500 Kya to
18,000 kya) (Proctor et al. 1989; Alloway et al. 2007). During glacial and
interglacial periods of the Pleistocene, land extension of the Cook Straight provide
new habitat and dispersal pathways for previously restricted flora and fauna (Fig.
1). The last glacial maximum (LGM) ended around 18 Kya resulting in sea level
rise and a subsequent loss of the Cook Strait ‘land bridge’ (Proctor et al. 1989;
Boyer et al. 2009). By around 15 Kya the land bridge was breached due to high
tidal amplitudes and subduction-related basins migrating southwards, separating
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the North Island and the South Island (Proctor et al. 1989; Lewis et al. 1994;
Alloway et al. 2007; Marske et al. 2009).

By applying molecular techniques to assess the genetic diversity of natural
populations, we now have the ability to assess patterns of genetic diversity
relative to geological events. For example, Schmitt et al. (2001) used allozymes
to access populations of the butterfly Polyommatus coridon in relation to postglacial expansions in central Europe. Conn et al. (2007) used microsatellites to
examine patterns of divergence and distribution for the sand fly (Lutzomyia
longipalpis), mosquitoes (Anopheles darlingi and A. albitarsis) and assassin bugs
(Rhodnius prolixus and R. robustus) in relation to the Pliocene and Pleistocene.
Cytochrome c oxidase subunit I (COI) gene sequences also provide the
opportunity to assess diversity on large spatial scales (Hebert et al., 2003). For
example, the COI gene has been used to determine the effects of habitat isolation
on large biogeographical scales to examine patterns of speciation (Macey et al,
1998; Vandergast et al. 2004). Understanding the effects of large-scale geographic
isolation on natural populations may provide further insight into biological
hotspots, determine species’ dispersal capabilities and help define overall levels of
biological diversity. The geographic isolation of populations is a well understood
mechanism of speciation (Mayr, 1940) and a species’ dispersal abilities can
dictate genetic differentiation among populations and ultimately rates of
speciation (Shafer et al. 2013). In this respect taxa with limited dispersal ability
are particularly prone to speciation events (allopatric and peripatric speciation).
The aquatic insect Archichauliodes diversus (Megaloptera) is considered to have
poor flight capabilities as an adult (Hogg et al. 2002; Heilviel et al. 2004). Thus,
geological events during the Pliocene and Pleistocene would have likely presented
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major dispersal barriers. Previous research suggested that there are genetically
distinct populations occurring on within the North Island and the within the South
Island of New Zealand (Hogg et al. 2002). Here, we examined the present day
diversity of A. diversus in relation to the geological history of New Zealand. We
examined mitochondrial (COI) sequence divergences for A. diversus from the
North Island and South Island of New Zealand and included available sequences
from an Archichauliodes species in Australia. We tested the hypothesis that the
North Island and South Island A. diversus populations are genetically distinct
based on COI sequences. We predicted that timing of divergence, estimated using
molecular clock dating would correspond with geological events within the last 5
Myr and particularly through the isolation of the North and South Islands.
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MATERIALS AND METHODS

Individuals of Archichauliodes diversus (Insecta: Megaloptera) were collected
over several months from March 2014 to January 2015 from the North Island and
South Island of New Zealand (Table 1; Fig. 2). Samples were typically taken
using a standard, 30 cm width, D- net from riffle habitats at each site and contents
were placed into white 20 x 30 cm sorting trays with water from the same stream.
Contents of each sample where then visually examined and individuals of A.
diversus were removed with forceps and placed directly into 100% ethanol. Once
in the lab, ethanol in the samples was replaced with fresh 100% ethanol and
samples were stored at 4oC until needed for genetic analyses.

A 4 mm sample of leg tissue was taken from each individual using sterilised
(flamed) forceps and added to a single well of a 96-well plate. DNA sequencing
was conducted at the Canadian Centre for DNA Barcoding (CCDB) at the
University of Guelph, Canada following standard protocols (Ivanova et al. 2006).
A 658 bp region of the mitochondrial cyctochrome c oxidase subunit I (COI) gene
was PCR amplified using the primer pair LepF1 (5'
ATTCAACCAATCATAAAGATATTGG-3') and LepR1 (5'TAAACTTCTGGATGTCCAAAAAATCA-3') (Hebert et al. 2004). Genomic
DNA was extracted following the AcroPrepTM PALL Glass Fibre plate method
using a total mix of 5 ml insect lysis buffer (0.5 ml of Proteinase K, 20 mg/ml per
96-well plate) (Ivanova et al. 2006). A total of 5 μl of the DNA extraction product
was used for PCR. PCR thermal cycling conditions were: initial denaturation of
samples at 94ºC for 1 minute, followed by five cycles of 94ºC for 30 seconds.
Annealing occurred at 48°C for 1.5 minutes with the extension occurring at 72°C
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for 1 minute, 35 cycles of 94°C at 30 seconds, 52°C for 1 minute with the final
extension occurring at 72°C for 10 minutes. Successful PCR products were
cleaned using Sephadex® and then sequenced using an ABI3730xl DNA analyser.
All data have been added to the Barcode of Life Data systems (BOLD) database
(Ratnasingham & Hebert, 2007) under project NZDIS (Dispersal of New Zealand
invertebrates).

Sequences were aligned using MUSCLE implemented in Geneious 7.1.9
(Biomatters, Auckland) and trimmed to 634 bp to include sequences of
Archichauliodes sp. from New South Wales, Australia sourced from the Barcode
of Life Datasystems (BOLD; accession numbers MDFRC_MMN0001 to
MDFRC_MMN0004). PAUP* 4.0 (Swofford, 2002) was used to identify
parsimony-informative sites. Chi square tests implemented in PAUP* 4.0 were
used to determine if base frequencies were equal among all sites and among first,
second or third codon positions. A jModelTest (2.1.1) was used to determine the
most appropriate model of evolution as GTR+I+G (-InL=1, 424.179) (Posada,
2008). Bayesian trees were generated using BEAST software v1.7.5 (Drummond
et al. 2007). A relaxed clock model and speciation yule process with a Markov
chain Monte Carlo (MCMC) was set at 100, 000 000 generations, sampling trees
every 5,000 generations was employed in BEAUTI v1.7.5. The Bayesian analysis
was run in BEAST v1.7.5 and the result quality was evaluated in TRACER v1.5.
A burn of 1000 trees was entered into Tree Annotator v1.7.5 and the final tree was
produced and visualized in FigTree v1.4.0. Neighbour Joining (NJ), Maximum
Likelihood (ML) and Maximum Parsimony (MP) trees were constructed using
MEGA v5.2.2 (Tamura et al. 2011). A Jukes Cantor model was used for NJ and a
GTR+I+G was used for ML as models of evolution. All three trees NJ, ML and
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MP were set to standard default settings with 1000 bootstrap replicates.
Uncorrelated pair-wise genetic distances between COI sequences at different
locations were calculated using MEGA v5.2.2 (Tamura et al. 2011; Srivathsan et
al. 2012). Haplotype networks were produced using TCS v1.2 set to a correction
limit of 20 steps at 95% (Clement et al. 2000). Comparisons of log likelihood
sores using X2 tests implemented in PAUP* were used to determine if sequences
were evolving in a ‘clock-like’ manner. The likelihood ratio test did not detect
evidence of significant rate heterogeneity (x2=838.6 p=<0.001; df=324) and a
molecular clock is appropriate. Subsequently, approximate geological ages
between the species pairs were estimated through a molecular clock analyses in
BEAST software v1.7.5 (Drummond et al. 2007). Files generated in BEAUTI
used a GTR+I+G with speciation Yule Processes as the tree prior along with the
same MCMC set up used for the Bayesian inference analysis. A strict clock model
with a fixed rate of 0.0115 was used to simulate 2.3% divergence per million
years, determined for invertebrate data (as per Roslin, 2001; Quak et al. 2004;
Trewick et al. 2005; Wilke et al 2009). Estimated molecular dates were further
manually calculated using tD=dN/λ (Wilke et al 2009).
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RESULTS

We sequenced 164 individuals and obtained sequences from 159 individuals for a
97% success rate. Of the 634 nucleotide positions 601 were constant with 6
variable although parsimony uninformative and 27 parsimony informative. There
was an overall A-T base frequency bias of 64.9% (A=26.9%, C=17.6%, G=
16.2%, T=37.0%). Base frequencies were homogeneous across sequences at all
sites (x2=9.18, df=324, p=1) at variable sites (x2=182.35, df=324, p=1),
informative sites (x2=202.9, df=324, p=0.99) and at first (x2=0.001, df=324,
p=1), second (x2=0.00, df=324, p=1) and third (x2=67.8, df=324, p=1) codon
positions.
There were 12 haplotypes for the South Island and 22 haplotypes for the North
Island. Sequence divergences between the New Zealand A. diversus and
Australian Archichauliodes sp. were 11.8% and divergences between the North
and South Islands was 3%. The phylogenetic analyses showed three genetically
distinct groups corresponding to individuals from Australia and the North and
South Islands of New Zealand. The NJ, ML, MP and Bayesian analyses all
produced concordant results, with each branch showing high support (>87%)
(Figs 3-6), supporting genetic differentiation between the Australian and New
Zealand taxa.
The haplotype network further demonstrated a significant genetic split between
the North Island and South Island A. diversus. Overall, there are three links
between the North Island and the South Island haplotypes each divided by 12
missing mutational steps. South Island haplotypes appear to be further divided by
site. For example, some haplotypes were restricted to the upper South Island
locations (Collins River, Wakapunaka, Wai-iti River, The Brook and Blue Duck
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River) while other haplotypes were restricted to the lower South Island sites
(Waikaia River, Caitlins River and Otamita Stream). Individuals sequenced from
Opuha shared haplotypes with individuals from Blue Duck River, The Brook and
Wai-iti River. Individuals from Harris Creek shared the same haplotype as that
found on the west coast of the South Island (Figs. 7, 8). The Australian species
showed 70 missing mutational steps between the New Zealand A. diversus.
Moreover, the Australian Archichauliodes sp. showed its primary connection with
the South Island A. diversus (Fig. 7).
Based on a sequence divergence rate of 2.3% per million years, isolation of the
New Zealand A. diversus from the Australian Archichauliodes sp. was estimated
to have occurred 5.2 Mya. Isolation of the North and South Island A. diversus was
estimated at around 1.4 Mya (Fig. 7).
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DISCUSSION

Our mitochondrial DNA (COI) analyses of the 113 Archichauliodes diversus
showed measurable genetic divergences between the North and South Islands of
New Zealand. These data are concordant with previous studies on New Zealand
terrestrial insects such as cicadas and the ground weta (e.g. Marshall et al. 2008;
Trewick et al. 2011; Trewick et al. 2012). A previous study based on allozyme
analyses also showed genetically distinct populations of A. diversus on the North
and South Islands of New Zealand. In this previous study it was suggested that
genetic variation within A. diversus may have resulted from a combination of
historic change as well as contemporary dispersal abilities. By using molecular
clock estimates we were able to examine linkages between population divergences
and possible geological events (Quek et al, 2004). Using a molecular clock
calibration of 2.3% sequence divergence per million years we estimated that
populations of A. diversus diverged within the last 2 Myr congruent with events
during the Pleistocene (Proctor et al. 1989; Alloway et al. 2007; Marske et al.
2009). Therefore, population genetic structure shown for A. diversus may reflect
allopatric isolation occurring during the Pleistocene glaciations. Trewick et al.
(2011) suggested possible scenarios whereby populations would show an
association with the LGM. For example, populations may be allopatric from
North and South Islands during the Pliocene (or whenever), and having then
moved between Islands by over-sea dispersal later (3Mya - 5Mya) before
remaining isolated in each of the two Islands. A second scenario is that a
population may have existed on one Island (either North Island or South Island),
and expanding the range (e.g. via the Cook Strait land bridge) and then becoming
separated as sea level rose (Fig. 9) (Trewick et al. 2011). Both these outcomes are
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possible given the potential isolation of A. diversus (1.4 Mya). However, previous
studies have suggested A. diversus has poor flight capabilities (Hogg et al. 2002;
Heilviel et al. 2004). Given the first scenario these species would have had to
disperse by over-sea flight leaving dispersal during the Pliocene less likely. We
suggest that populations existed on one the Islands while expanding their range
during the LGM following separation through sea level rise. The inclusion of the
Archichauliodes sp individuals from the Murray Darling River, Australia showed
70 missing mutational steps from the South Island with no direct connection to the
North Island. This provides some evidence that the most recent common ancestor
for the New Zealand A. diversus was from Australia and arrived on the South
Island before moving to the North Island during range expansion during the
Pleistocene. The divergence of the Australian Archichauliodes sp. and New
Zealand A. diversus was estimated around 5 Mya coinciding with the Pliocene (5
Mya - 2 Mya). This is congruent with previous research suggesting that species
assemblages originated only within the last 5 Myr (Steven, 1980; McGlone et al.
2001; Goldberg et al. 2008). For example, Vink et al. (2003) used mitochondrial
gene regions of the COI and NADH dehydrogenase subunit 1 (ND1) and
determined that species of New Zealand wolf spider (Lycosidae antoteropsis)
share close Australian relatives and suggested that divergence occurred within the
last 5Mya. Brown et al. (1999) found the Hepialid moth species dispersed from
Australian over the past 4Mya - 5Mya around the time of the uplift of the alpine
fault. On this basis, we suggest that Archichauliodes sp. is likely to have arrived
in New Zealand roughly the same time as these other species.
Isolation of populations over prolonged periods can result genetic divergences and
ultimately speciation. Such populations may consist of morphologically similar
yet genetically distinct individuals (Taylor et al. 1998; Bilton et al. 2001; Hughes
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et al. 2011). Based on a preliminary morphological analysis of the New Zealand
North and South Island A. diversus, we were unable to find any obvious
morphological differences among individuals. However, the levels of divergence
found between individuals from the North and South Islands may represent
potential sibling species (sensu Bickford et al. 2007). Marshall et al. (2008)
conducted studies on New Zealand cicadas (Kikihia spp.) and suggested that the
required level of divergence for reproductive isolation between populations is at
least 2 Myr. Accordingly, it is possible that A. diversus have not yet diverged to a
level where they would be reproductively isolated. In the interim, the North Island
A. diversus and South Island A. diversus should be considered genetically distinct
‘sibling species’ until further data are obtained. On a smaller scale, fragmentation
of A. diversus is further apparent within the South Island. For example, haplotypes
were restricted to and shared among the upper South Island sites while other
haplotypes were restricted to and shared among sites in the lower South Island.
This suggests an isolation-by-distance occurring between the upper and lower
regions of the South Island. Similar results were obtained by Chinn et al. (2004)
where COI sequence data was used to determine phylogeographical patterns of
endemic South Island cockroaches. They suggested that divergence occurred in
response to mountain building during the Pliocene-Pleistocene. These data may
therefore be indicative of isolation during Plio-Pleistocene events such as the
uplift and formation of the Southern Alps.
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Table 1: Individuals of Archichualiodes diversus collected from the North and the
South Islands of New Zealand

Collection Date

Site

Region

Island

18-Sep-15

Mount Pirongia

Waikato

North Island

21-Jan-2015

Mount Taranaki

Waikato

North Island

11-May-2015

Collins River

Nelson

South Island

15-Apr-2015

Wakapunaka

Nelson

South Island

04-Nov-2015

The Brook

Nelson

South Island

29-Jan-2015

Wai-iti River

Tasman

South Island

03-Dec-2015

Blue Duck River

Kiakoura

South Island

19-Mar-2015

Harris Creek

West Coast

South Island

22-Jan-2015

Opunha River

Canturbury

South Island

22-Jan-2015

Waikaia River

Southland

South Island

22-Mar-2015

Caitlins River

Otago

South Island

10-Apr-2015

Otamita Stream

Southland

South Island
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Figure 1: The changing outline of New Zealand’s archipelago during the Pliocene
approximately 3 Mya and Pleistocene approximately 20 Kya. The present
New Zealand archipelago is shown as a dashed outline. Figures adapted
from Alloway et al. (2007) and Trewick et al. (2011).

Figure 2: Map of New Zealand showing the 2 sites from the North Island and 11
sites from the South Island.

Figure 3: Neighbour joining tree showing distinct genetic differences between
individuals from the North Island and the South Island of New Zealand.
An Archichauliodes sp. was used from New South Wales, Australia.

Figure 4: Maximum Likelihood tree based on the GTR+G+1 model set 1000
bootstrap replicates showing distinct genetic differences between
individuals from the North Island and the South Island of New Zealand.
An Archichauliodes sp. was used from New South Wales, Australia.

Figure 5: Maximum Parsimony tree based on the GTR+G+1 model set 1000
bootstrap showing distinct genetic differences between individuals from
the North Island and the South Island of New Zealand. An
Archichauliodes sp. was used from New South Wales, Australia.

Figure 6: Haplotype network showing distinct genetic differences between
individuals from the North Island and the South Island of New Zealand
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and the Australian Archichauliodes sp. Sizes of circles are proportional to
the number of individuals of each haplotype. The numbers between
haplotype groups are the number of mutational steps missing between the
respective haplotypes.

Figure 7: Phylogeographic distribution of haplotypes from sites on the North and
South Island New Zealand

Figure 8: Maximum likelihood phylogeny showing the distribution of unique
haplotypes at the North and the South Island sites.

Figure 9: Hypothetical dispersal of the Cook Strait during the Pliocene (5Mya)
and Pleistocene glaciations (2Mya). A) Suggests A. diversus populations
might be allopatric on older Islands before moving between Island through
oversea dispersal during the Pliocene, before remaining specific to the
two Islands (North Island and South Island) following the LGM. B)
Suggests that one population of A. diversus exists on one Island,
expanding the range (Cook Strait land bridge) during the LGM and then
becoming separated as sea level rose. Figures adapted from Trewick et al.
(2011).
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SUPPLIMENTARY MATRIAL

Fig. S1: Bayesian analysis using a GTR+G+I relaxed clock model showing
distinct genetic differences between individuals from the North Island (blue) and
the South Island (red) of New Zealand. Individuals of Archichauliodes sp. (n=4)
from New South Wales, Australia were also included in the analysis as an
outgroup.
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CHAPTER IV

Thesis Conclusion
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Prior to beginning my thesis research, previous studies had indicated that
mitochondrial DNA (COI) gene sequences could provide a useful proxy for
overall genomic differences occurring among individuals (Macey et al. 1998;
Vandergast, et al. 2004; Trewick et al. 2011). Here, I found that COI sequences
were also useful for identifying genetic variation on both small (<50km) and large
scales (>1000km). Specifically, I analysed COI sequences for three common
aquatic insects Archichauliodes diversus (Megaloptera), Hydropsyche colonica
and Pycnocentrodes aeris (Trichoptera) to examine the effects of habitat
fragmentation on levels of intraspecific genetic diversity.
In my first research chapter (Chapter II), I used genetic variability across a
relatively small scale as a proxy for dispersal. These data were then applied to
assess connectivity among source and restored habitats on Mount Taranaki. Of
the three species analysed, Archichauliodes diversus showed the greatest level of
haplotype diversity (19 haplotypes). There were no obvious patterns of
differentiation among sites for any of the three species. I suggested that limited
differentiation was due to relatively recent gene flow from previously isolated
populations and that dispersal was occurring adequately among source and
restored habitats. However, for Pycnocentrodes aeris one of the less common
haplotypes was more prevalent in the source verses the restored habitats. Using
the distribution of this haplotype as an example, I hypothesised potential dispersal
pathways for P. aeris individuals and suggested the boundary of the forested
national park had facilitated dispersal at the upper sites. Overall, I concluded that
COI sequences can provide a useful indicator for tracking restoration efforts
within relatively small geographic scales.
In Chapter III, I determined genetic divergences between populations of the North
Island and South Island Archichaulidoes diversus and sequences from an
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Archichauliodes species from Australia. New Zealand A. diversus populations and
the Australian Archichauliodes sp. showed significant divergence with 70 missing
mutational steps based on a haplotype network. Using a molecular clock
calibration of 2.3% sequence divergence per million years (Roslin, 2001; Quak et
al. 2004; Trewick et al. 2005; Wilke et al. 2009), I was able to estimate that the
Australian Archichauliodes sp. and New Zealand A. diversus diverged around 5
Mya, and coinciding with previous research suggesting species assemblages in
New Zealand have originated within the last 5 Myr (McGlone et al. 2001; Vink et
al. 2003; Goldberg et al. 2008
Phylogenetic analyses of Archichauliodes diversus within New Zealand showed
distinct genetic differentiation between the North Island and South Island. Here,
isolation was estimated to have occurred around 1.4 Mya during the Pleistocene.
It was during this time that New Zealand experienced significant interglacial
periods where new habitat allowed range expansion for previously restricted biota
(Boyer et al. 2009; Proctor et al. 1989; Alloway et al. 2007). Thus, I concluded
that the population genetic structure shown in A. diversus could be attributed to
allopatric isolation occurring during the Pleistocene glaciations. Isolation of A.
diversus populations was further apparent within the South Island. Haplotypes
were shared between the upper South Island sites whereas others were shared
more closely between lower South Island sites suggesting an isolation-by–
distance pattern of divergence. Despite the relatively poor flight capabilities of A.
diversus, individuals of shared haplotypes at sites up to 150km apart. On this
basis, I suggested that flight capabilities of A. diversus flight may be greater than
previously thought, but are limited by dispersal barriers (e.g. Cook Strait between
the North and South Islands). Overall, the preliminary morphological analyses
showed no obvious morphological differences between individuals from the North
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and South Islands. However, given the levels of genetic divergence and presentday isolation of individuals, I concluded that the North and South Island A.
diversus merit further taxonomic attention as potentially sibling species of
relatively recent ancestry.
In summary, my research has investigated genetic similarity as a measure of gene
flow (and hence dispersal) among populations of three New Zealand stream
insects and examined the effects of small scale fragmentation and large scale
historical fragmentation. This work has also broadened our knowledge of the
possible applications of using COI sequences to address ecologically-based
questions.
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FUTURE RESEARCH

The COI gene has previously been used to determine large-scale genetic diversity
linking populations on geological scales (Chinn et al. 2004; Pratt et al. 2008;
Boyer et al. 2009). The evidence presented in Chapter II suggested that COI can
provide useful insight into dispersal occurring on small scales (<50km). However,
the more widespread application of using COI gene sequences to assess
recolonization of aquatic insects following restoration efforts is still relatively
unknown. Further research in this area would be profitable. I selected insects that
possessed sufficient sequence diversity (>4 haplotypes in all cases) to facilitate
comparisons among locations. However, if genetic diversity is not sufficient
enough to infer dispersal, results may suggest adequate dispersal among sites
when in fact populations are isolated. Further, given that COI is a maternally
inherited mitochondrial gene, results could be biased if there was any strong malebiased dispersal. In this regard, the use of additional nuclear markers may deliver
the additional detail necessary to determine dispersal of aquatic insects. Multigene locus approaches may provide an opportunity for higher levels of resolution.
For example, Yaegashi et al. (2014) used microsatellite data and sequenced
individuals of caddisfly and concluded that fine scale estimates of dispersal
matched direct observations of flight. Research at this finer scale may provide
insight into recovery rates and the recolonization of aquatic insects. Such
approaches will allow the basic knowledge for planning corridors or ‘stepping
stones’ for reconnecting local populations of aquatic insects (Baquette et al.
2013). Given that the Taranaki ring plain consists of restored fragmented forested
patches, it may be possible to examine dispersal from one forested patch to
another both within and among streams using a multi-method approach. Thus, I
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suggest using a multiple genetic marker approach for inferring dispersal following
restoration which could provide insight into recovery of aquatic insects upon
Mount Taranaki.

Chapter III has enhanced our knowledge of the divergence of New Zealand’s
iconic stream “toebiter” (Archichauliodes diversus). Many studies have used
phylogenetic techniques to determine the effects of large scale isolation events
through genetic diversity of taxa. Specifically, studies suggest the biogeographies
of New Zealand have been highly influenced by a dynamic geological past, with
species assemblages only originating relative to the Pliocene and Pleistocene (5
Mya) (Trewick et al. 2005; Marshall et al. 2008; Trewick, 2011; Hogg et al.
2006). Future research using next generation sequencing (NGS) through multiple
genetic markers holds promise for studies of phylogeography and phylogeny
(McCormack et al. 2013). For example, the analysis of multiple markers could
provide estimates of population and species history and account for random
variation in patterns of gene inheritance (McCormack et al. 2013). Jones et al.
(2016) highlights the evolutionary and ecological applications of next generation
sequencing (NGS) and suggests minimising reliance on a single approach for all
research questions. In this regard, the COI gene data available in the Barcode of
Life Datasystems (BOLD) database will be critical to link these data to the biota
under study. This will allow for the determining genetic diversity of aquatic
insects on greater spatial scales at a relatively low cost.
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Appendix 1: Photos taken from PBRL laboratory microscope under 10x
magnification.
A) Archichauliodes diversus B) Hydropsyche colonica C) Pycnocentrodes aeris

A)
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B)

C)
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Appendix 2. Restoration (planting and fencing) completion in the Kapuni,
Kaupokanui, Punehu and Waiwhakaiho catchments showing patchy conditions
that vary on both temporal and spatial scales (Provided by the Taranaki Regional
Council, 2015).
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