
 

 

 

WETA AFFAIRS: AN INVESTIGATION INTO THE 

POPULATION STRUCTURE AND POSSIBLE 

HYBRIDISATION OF TWO TREE WETA SPECIES 

(HEMIDEINA) IN CANTERBURY  

A thesis submitted in partial fulfilment of the requirements for the Degree 

of Doctor of Philosophy in Evolutionary Ecology 

in the University of Canterbury 

by R. A. van Heugten 

University of Canterbury 

2015 

  



 

CONTENTS 

 

ACKNOWLEDGEMENTS 1 

 

ABSTRACT 2 

 

INTRODUCTION 3 

1.1 Genetics and conservation 3 

1.1.1 Hybridisation 3 

1.1.2 Population Genetics 5 

1.1.2.1 Small Populations 5 

1.1.2.2 Population structure and landscape genetics 8 

1.2 The current study 10 

1.2.1 The aims of the current study 15 

 

CHAPTER TWO – Species distribution modelling 17 

2.1 Abstract 17 

2.2 Introduction 17 

2.3 Aim 24 

2.4 Method 24 

2.4.1 Data 24 

2.4.2 Interpolation methods 26 

2.4.2.1 Model 1 – Inverse Distance Weight 26 

2.4.2.2 Model 2 – Spline with barrier 27 

2.4.2.3 Model 3 – Kriging 27 

2.4.2.3.1 Model 3A 28 

2.4.2.3.2 Model 3B 28 

2.4.3 Habitat model 28 

2.5 Results 29 

2.5.1 Interpolation models 29 

2.5.2 Habitat model 35 

2.6 Discussion 36 

2.7 Conclusion 40 

 



 

CHAPTER THREE – DNA sampling, species distributions and 41  

cohabitation observations 

3.1 Abstract 41 

3.2 Introduction 41 

3.3 Aim 45 

3.4 Method 45 

3.4.1 Motel design 45 

3.4.2 Site locations 46 

3.4.2.1 Established motels 46 

3.4.2.2 New motels 49 

3.4.3 Checking motels 51 

3.4.4 Active searching and additional methods 52 

3.4.5 DNA Sampling 52 

3.4.6 Distribution analysis 55 

3.5 Results 55 

3.6 Discussion 77 

3.7 Conclusion 85 

 

CHAPTER FOUR – Hybridisation 86 

4.1 Abstract 86 

4.2 Introduction 86 

4.3 Aim 90 

4.4 Method 90 

4.4.1 Sampling 90 

4.4.2 DNA extraction 94 

4.4.3 Microsatellite markers 95 

4.4.3.1 Microsatellite genotyping 95 

4.4.3.2 Genotyping protocol 96 

4.4.3.3 Microsatellite marker suitability 96 

4.4.3.4 Microsatellite data analysis 97 

4.4.3.5 Morphological and genetic data comparison 99 

4.4.3.6 Replicates 99 

4.4.4 Mitochondrial DNA (mtDNA) 99 

4.4.4.1 Mitochondrial DNA (mtDNA) sequencing 100 



 

4.4.4.2 PCR product cleaning protocol 100 

4.4.4.3 Sequencing PCR protocol 100 

4.4.4.4 Sephadex protocol 101 

4.4.4.5 Sequencing protocol 101 

4.4.4.6 Mitochondrial sequencing data analysis 101 

4.5 Results 102 

4.5.1 Microsatellite data analysis 102 

4.5.2 Mitochondrial DNA analysis 109 

4.6 Discussion 111 

4.6.2 Recommendations for conservation 117 

4.7 Conclusion 118 

 

CHAPTER FIVE – Mating behaviour and hatching success 119 

5.1 Abstract 119 

5.2 Introduction 119 

5.3 Aim 123 

5.4 Method 123 

5.4.1 Sampling of individuals 123 

5.4.2 Husbandry 125 

5.4.3 Mating observations 126 

5.4.3.1 Motion sensor cameras 126 

5.4.3.2 Observations in person 127 

5.4.3.3 Analysis 131 

5.4.3.4 Returning individuals 132 

5.4.5 Offspring fitness 133 

5.4.5.1 Egg conditions 133 

5.4.5.2 Analysis 133 

5.4.5.2.1 Winter and watering method 135 

5.4.5.2.2 Parentage 137 

5.5 Results 137 

5.5.1 Mating observations 137 

5.5.1.1 Copulation 137 

5.5.1.2 Female resistance 138 

5.5.1.3 Male effort 139 



 

5.5.1.3.1 Count data 139 

5.5.1.3.2 Duration data 140 

5.5.1.4 Interaction overviews 141 

5.5.2 Egg hatching success 147 

5.5.2.1 Winter and watering method 147 

5.5.2.2 Parentage 149 

5.6 Discussion 152 

5.7 Conclusion 163 

 

CHAPTER SIX – Population and landscape genetics of H. ricta 164 

6.1 Abstract 164 

6.2 Introduction 164 

6.3 Aim 168 

6.4 Method 168 

6.4.1 Sampling and DNA extraction 168 

6.4.2 Microsatellite genotyping 168 

6.4.3 Microsatellite data analysis 169 

6.4.4 Landscape genetics 172 

6.4.4.1 Genetic distance 172 

6.4.4.2 Geographic distance and habitat resistance 173 

6.4.4.3 Isolation by distance or resistance analysis 175 

6.4.4.4 Principal co-ordinate of neighbouring matrices (PCNM) 177 

 and variance partitioning 

6.4.4.5 Mantel and partial mantel tests 178 

6.5 Results 178 

6.5.1 Cluster analysis 178 

6.5.2 Population genetic diversity 183 

6.5.3 Population genetic differentiation 189 

6.5.4 Landscape genetics 190 

6.5.4.1 Banks Peninsula 192 

6.5.4.1.1 PCNM 192 

6.5.4.1.2 Mantel and partial mantel tests 193 

6.5.4.2 North Western sites: Population sample one 194 

6.5.4.2.1 PCNM 194 



 

6.5.4.2.2 Mantel and partial mantel tests 194 

6.5.4.3 North Eastern sites: Population sample two 195 

6.5.4.3.1 PCNM 195 

6.5.4.3.2 Mantel and partial mantel tests 196 

6.5.4.4 Central Western sites: Population sample three 197 

6.5.4.4.1 PCNM 197 

6.5.4.4.2 Mantel and partial mantel tests 197 

6.5.4.5 Central Eastern sites: Population sample four 198 

6.5.4.5.1 PCNM 198 

6.5.4.5.2 Mantel and partial mantel tests 199 

6.5.4.6 Southern sites: Population sample five 199 

6.5.4.6.1 PCNM 199 

6.5.4.6.2 Mantel and partial mantel tests 200 

6.6 Discussion 200 

6.6.1 Recommendations for conservation 211 

6.7 Conclusion 211 

 

CHAPTER SEVEN – Population and landscape genetics of  213 

H. femorata  

7.1 Abstract 213 

7.2 Introduction 213 

7.3 Aim 216 

7.4 Method 216 

7.4.1 Sampling and DNA extraction 216 

7.4.2 Microsatellite genotyping 218 

7.4.3 Microsatellite data analysis 218 

7.4.4 Landscape genetics 219 

7.4.4.1 Genetic distance 219 

7.4.4.2 Isolation by distance and resistance analysis 219 

7.4.4.2.1 Canterbury regional analysis 219 

7.4.4.2.2 Banks Peninsula analysis 221 

7.4.4.3 Principal co-ordinate of neighbour matrices (PCNM) 221 

and variance partitioning 

7.4.4.4 Mantel and partial mantel tests  221 



 

7.4.5 Habitat fragmentation and genetic diversity 221 

7.5 Results 222 

7.5.1 Cluster analysis 222 

7.5.2 Population genetic diversity 228 

7.5.3 Population genetic differentiation 232 

7.5.4 Landscape genetics 233 

7.5.4.1 Isolation by distance and resistance 233 

7.5.4.1.1 Canterbury regional analysis 233 

7.5.4.1.1.1 PCNM 233 

7.5.4.1.1.2 Mantel and partial mantel tests 235 

7.5.4.1.2 Banks Peninsula analysis 235 

7.5.4.1.2.1 PCNM 235 

7.5.4.1.2.2 Mantel and partial mantel tests 236 

7.5.4.2 Habitat fragmentation and genetic diversity 237 

7.6 Discussion 241 

7.6.1 Recommendations for conservation 249 

7.7 Conclusion 252 

 

DISCUSSION 254 

8.1 Hybridisation 254 

8.2 Population genetics 262 

8.3 Conclusion 267 

 

REFERENCES 269 

 

APPENDIX A 299 

 

APPENDIX B 300 

 

APPENDIX C 302 

 



1 
 

ACKNOWLEDGMENTS 

 

To Marie, Roddy and Tammy thank you for guiding me through this thesis. I am very lucky 

to have had such kind, approachable and patient supervisors. To Mike Bowie, thank you for 

lending your time, expertise and company to my field trips, without your efforts over the 

years on Banks Peninsula this work would not have been possible. Gemma, Jane, Andrew, 

Ashleigh, Ilina, Michael, Matt, Josh, Alex, Denise, Gloria, Ayla, Jasmine, Sarah, Natalie, 

Alannah, Paddy and Kelly, thanks for being my lab and office buddies. Your support, both 

emotional, practical and in the form of baked goods has been part of what has made this 

thesis a joy and part of what I will miss most. Maggie, you were my fairy-godmother and I 

hope you know how grateful I and all the other people in our lab group are for the time and 

effort you put in. Your kind and giving nature is a legend that has outlived your time in our 

lab. Craig, for your help and humour, thank you. Thanks to Hannah and Brad for your help 

with R from the other side of the world. Special thanks to Mum and Dad. I’m sure you didn’t 

expect part of your parenting job description would include slogging up hills to help wrangle 

angry insects but I appreciate it immensely. Thanks for keeping me clothed and fed, and not 

complaining too much when the house became full of weta and weta related supplies. For the 

endless hugs and sympathetic ear, thank you Josh. I know you said I didn’t need to thank you 

but you have helped more than you know. Scott, your enthusiasm knows no bounds and is a 

great for panicking Rachels, love you lots. To Larry Field, thanks for showing me the best 

weta spots in Kaikoura. Funding was provided by the Brian Mason Trust and Invitrogen. 

Thanks to all the wonderfully understanding landowners who let me look for weta on their 

property, I could not have done this without you. To the less understanding but still 

wonderful Hemideina femorata and Hemideina ricta, I knew very little about you when I 

started, and some people will say this is Stockholm syndrome, but I think you’re awesome 

and adorable. To Sarvi, miss you lots. Finally, because I said I would do this, to Fruju 

popsicles which made field work on a hot day possible.   



2 
 

ABSTRACT 

 

Recently, hybridisation has been increasingly recognised as contributing to the extinction of 

species; with the risk especially high for rare species hybridising with more common species. 

Such risks have raised concerns for the Banks Peninsula tree weta, Hemideina ricta, which is 

restricted to the eastern half of Banks Peninsula and in some areas lives in sympatry with the 

more widespread Canterbury species, H. femorata. A previous genetics study found evidence 

of hybridisation between these two species. However, conclusions made by this study were 

likely limited by its small sample size. To further assess the risk hybridisation poses to the 

conservation of these species, a larger genetic study was undertaken. With hybridisation 

between H. ricta and H. femorata previously hypothesized to be a rare event, modelling of 

likely sympatric zones was undertaken to optimize the sampling effort. The results of genetic 

analysis on the resulting samples were consistent with the previous study, in that they suggest 

hybridisation does occur but is fairly rare. To help determine what processes are maintaining 

the distinction between the two species, the current study has expanded to incorporate 

observations of mating behaviour and egg hatching experiments. As well as potential risks 

from hybridisation, H. ricta and H. femorata have also suffered habitat loss. The Canterbury 

region has been transformed by the introduction of exotic plant species, fire and logging, with 

only small patches of native bush remaining. The loss and fragmentation of the native forest 

is likely to impact the forest fauna such as the tree weta. A previous study of a closely related 

species H. maori, in a naturally fragmented habitat, determined that dispersal between 

suitable habitat patches was fairly limited. Therefore, similar to their habitat, H. ricta 

populations may be small and isolated. Such populations are prone to the fixation of 

deleterious alleles as well as a loss of genetic diversity. Deleterious traits not only have a 

short term negative impact but a lack of genetic variation can prevent adaptation in the long 

term. In the past, studies of population structure have included the influence of intrinsic 

factors, such as dispersal capabilities but neglected extrinsic factors, such as the environment. 

The current study uses microsatellite markers to determine the population structure of both 

species and where possible, maps of land-cover are analyzed for a correlation with genetic 

structure. 
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INTRODUCTION 

 

1.1 Genetics and conservation 

 

Historically it was widely believed that genetic factors had little influence over the extinction 

risk of a population or species. Evolutionary processes were seen as too slow to be of great 

significance, with demographic or environmental factors thought to cause extinction before 

genetic factors became an issue (Sarre and Georges, 2009, Lande, 1988). However, evidence 

suggests that this is not the case (Spielman et al., 2004). In order to survive, populations need 

to be able to adapt to changing conditions, a challenge which requires genetic diversity 

(DeSalle, 2005). Correlations between the amount of genetic diversity and the fitness of a 

population have also been discovered (Reed and Frankham, 2003). Spielman et al. (2004) 

tested 170 threatened taxa and found that 77% had lower levels of genetic diversity than 

related non-threatened taxa. Furthermore, Spielman et al. (2004) reiterated that for the 

remaining 33% of taxa there was still time for genetic impacts to be witnessed before the 

species went extinct. Consequently, there has been an increased interest in the role of genetics 

in extinctions (Gaggiotti, 2003). New developments in molecular markers and genetic 

analysis have expanded the range of questions that can now benefit from genetic studies 

(Sarre and Georges, 2009). The information that can now be gained through genetic analysis 

is often difficult or impossible to acquire from other sources (Sarre and Georges, 2009). The 

rest of this chapter introduces two broad areas in conservation genetics, hybridisation and 

population genetics, as well as how these areas pertain to two species of tree weta (Genus 

Hemideina) in the Canterbury region of New Zealand.  

 

1.1.1 Hybridisation 

Hybridisation poses a complex problem for conservation (Stronen and Paquet, 2013, 

Richards and Hobbs, 2015). In some cases hybridisation can increase the genetic diversity of 

a population, which might otherwise lack the genetic variation required to adapt to changing 

conditions (Hedrick and Fredrickson, 2010, Stronen and Paquet, 2013). However, 

hybridisation and introgression can break up gene combinations that interact favourably, as 

well as disrupt adaptive interactions between genes and the environment (Gaggiotti, 2003, 

Edmands, 2007). Even if a loss of fitness is not immediately obvious in the offspring, with 

sexual reproduction each recombination and segregation event can further disrupt these 

interactions, such that fitness may still be lost in later generations (Grant, 1981, Edmands, 
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2007). The more genetically distant two populations are the greater the fitness reduction in 

offspring from the cross (Edmands, 2007). Therefore, interspecific crosses are expected to be 

particularly at risk of resulting in a loss of fitness. If hybrid offspring are infertile or 

nonviable then the matings between heterospecifics represents a waste of energy, gametes 

and time for the individuals involved (Gröning and Hochkirch, 2008, Koen et al., 2014, 

Roberts et al., 2010). As a result there will be less parental offspring to contribute to the next 

generation. This can be particularly important for rare species, which as a consequence may 

become rarer, resulting in a feedback loop that leads to extinction (Cordingley et al., 2009, 

Roberts et al., 2010). 

 

Rare species in contact with more common species are also at a higher risk of hybridising e.g. 

thistle Onopordum (Balao et al., 2015), oak Quercus (Lepais et al., 2009) and ducks Anas 

(Rhymer et al., 1994). When species are rare or present in small populations mate choice will 

be limited (Greene, 1999). If a similar species is more locally abundant the chance of 

encountering heterospecific mates can be greater than the chance of encountering conspecific 

mates (Hochkirch and Lemke, 2011, Gómez et al., 2015). With females receiving relatively 

more gametes from heterospecific matings than conspecific matings, prezygotic isolation 

barriers can breakdown and the rate of hybridization can increase (Wirtz, 1999, Willis, 2013).  

This is sometimes referred to as Hubbs’ Principle (Wirtz, 1999, Hubbs, 1955). Furthermore, 

in a small population the comparative number of hybrids can become quite high 

(Lindenmayer and Burgman, 2005). If backcrossing occurs the genes from the common 

species can spread throughout the rare species, rendering it genetically extinct, in a process 

called genetic swamping (Lindenmayer and Burgman, 2005, Cordingley et al., 2009). 

Lindenmayer and Burgman, (2005) suggest that genetic swamping can only occur if the 

hybrids have a selective advantage.  However, Allendorf et al. (2001) proposes that hybrids 

can proliferate even if they are selected against. While the parental species must mate with a 

conspecific to increase the number of parental type individuals, any mating involving a 

hybrid will produce more hybrid offspring (Allendorf et al., 2001). Therefore, a species does 

not need to be less successful than the hybrids to be at risk of extinction. 

 

Hybridisation is becoming more common as a result of human activities (Haig and Allendorf, 

2006, Crispo et al., 2011). Translocation of species by humans can result in secondary contact 

between previously allopatric species (Dobzhansky, 1940). Such species had no selection 

pressure to evolve isolation barriers whilst they were geographically separated, increasing the 
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likelihood of hybridisation upon secondary contact (Dobzhansky, 1940, Crispo et al., 2011). 

Furthermore, human actions are currently causing environmental changes on a large scale, 

through habitat modification and climate change (Chunco, 2014, Rhymer and Simberloff, 

1996). Such changes promote secondary contact between previously isolated species (Nolte 

and Tautz, 2010, Crispo et al., 2011). Many species are maintained as separate entities 

because of their different adaptations to the environment (Seehausen et al., 2008, Mayr, 

1963)  e.g. vipers Vipera (Tarroso et al., 2014), iguana Ctenosaura (Pasachnik et al., 2009, 

Pasachnik, 2006), grasshoppers Chorthippus (Hochkirch and Lemke, 2011).  In a 

homogenous environment selection for these adaptations is weakened and mate choice 

becomes more costly, increasing the likelihood of hybridisation or “reverse speciation” 

(Seehausen et al., 2008). In addition, habitat modification can create new niches or open 

habitat which some hybrid combinations may be suited to, promoting their proliferation 

(Grant, 1981, Nolte and Tautz, 2010). 

 

In summary, while in some cases hybridisation can increase the genetic diversity of a species, 

interspecific matings are likely to lead to a loss of fitness (Edmands, 2007, Koen et al., 2014). 

Such matings are increasingly common as a result of anthropogenic activities and may be of 

particular concern for rare species coming into contact with more common species (Allendorf 

et al., 2001, Crispo et al., 2011). However, hybridisation is not the only genetic threat to rare 

species persisting in small populations.  

 

1.1.2 Population Genetics 

1.1.2.1 Small Populations 

Maintaining genetic diversity is a major goal of conservation efforts (Neel and Cummings, 

2003). However, in small populations a loss of genetic diversity is inevitable (Spielman et al., 

2004). When populations are very small stochastic events result in random changes in allele 

frequencies, known as genetic drift (Nei et al., 1975, Wright, 1990, Luo et al., 2012). This 

occurs regardless of whether the genes are under selection (Nei et al., 1975). Genetic drift 

tends to result in a loss of genetic variation (Lande, 1988, Star and Spencer, 2013). Rare 

alleles are the most likely to be lost, which at first will have little impact on heterozygosity 

(England et al., 2003). However, while heterozygosity is important for immediate adaptive 

responses (Neel and Cummings, 2003), the ability of a population to adapt to changing 

conditions is ultimately limited by the number of alleles (Caballero and García-Dorado, 

2013). Genetic drift eventually results in a decrease of heterozygosity and a fixation of alleles 
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(Lande, 1988, Lynch and Gabriel, 1990). Populations that experience a reduction in size for 

long periods of time are particularly prone to the effects of drift but even a brief drop in 

population size can result in a loss of genetic variation (Vandergast et al., 2007). Given 

enough time, mutation can replenish the lost genetic variance but this will take generations 

and will depend upon the mutation rate and population size (Gaggiotti, 2003).  

 

As mentioned previously, a lack of genetic diversity hinders a population’s ability to adapt to 

changing conditions, thereby reducing the potential for long-term evolutionary change 

(Baskauf et al., 2014, Lande, 1988). However, there is evidence that genetic drift can also 

have short-term consequences for a species (Baskauf et al., 2014). One such example 

involves the major histocompatibility complex (MHC) (Gaggiotti, 2003, Luo et al., 2012). 

The MHC is a group of genes involved in immune responses (Luo et al., 2012, Frankham et 

al., 2010). When variation in the MHC is lost in a population all the individuals become 

equally susceptible to disease (Frankham et al., 2002). Luo et al. (2012) found evidence that 

genetic drift had lead to a loss of variation at a MHC locus in the golden snub-nosed monkey, 

Rhinopithecus roxellana. Hedrick et al. (2000) proposed that the low levels of genetic 

variation detected at the MHC class II DRB locus in a captive population of Arabian oryx, 

(Oryx leucoryx), could explain the apparent susceptibility of the population to disease. The 

MHC provides an example of the potential for genetic factors and other extinction risks such 

as disease to interact.  

 

Furthermore, as selection is inefficient in small populations, genetic drift can result in an 

increase in the frequency of slightly deleterious mutations in a population (Zeyl et al., 2001, 

Star and Spencer, 2013). As a result, the fitness of the population decreases and subsequently 

the population size also decreases (Zeyl et al., 2001). This causes a feedback loop in a 

process called mutational meltdown that leads towards extinction (Zeyl et al., 2001). 

Evidence of a mutational meltdown was found in experiments on small populations of 

Saccharomyces cerevisiae with differing mutation rates (Zeyl et al., 2001). Those with faster 

mutation rates were expected to be more likely to suffer from deleterious mutations and 

therefore experience a mutational meltdown (Zeyl et al., 2001). Populations with faster 

mutations rates were found to decrease significantly in size and even go extinct, while the 

wild-type populations did not show these effects (Zeyl et al., 2001). Mutational meltdown 

describes how genetic factors can lead to extinction. 
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As well as genetic drift, inbreeding is also inevitable in small populations (Spielman et al., 

2004). In small populations, even with random mating, there are few mates to choose from 

and mating amongst relatives eventually becomes common (Gaggiotti, 2003). This results in 

an increase in homozygous individuals (Gaggiotti, 2003). Heterozygosity is expected to 

decrease at a rate  of 1/2Ne, where Ne refers to effective population size, regardless of the 

number of alleles at a locus (Wright, 1990). Inbreeding increases the expression of recessive 

deleterious alleles that have been maintained in the population by mutation selection balance 

(Gaggiotti, 2003, Charlesworth and Charlesworth, 1999). In theory this should expose these 

deleterious alleles to selection which might remove them from the population in a process 

called purging (Frankham et al., 2001). However, as selection is inefficient in small 

populations, evidence suggests that purging is unlikely to occur under these conditions (De 

Cara et al., 2013). In simulations run by De Cara et al. (2013) inbred matings did not lead to a 

purging of deleterious alleles. Instead the populations with inbreeding experienced a decrease 

in fitness (De Cara et al., 2013).  The resulting loss of fitness is referred to as inbreeding 

depression (Frankham et al., 2010).  

 

Small populations are expected to suffer higher levels of inbreeding depression as selection is 

ineffective at removing deleterious alleles when drift is strong (Hedrick and Miller, 1992). 

Inbreeding depression can also result from a loss of heterozygote advantage, otherwise 

known as overdominance (Charlesworth and Charlesworth, 1999). However, evidence 

suggests that this is not as commonly the cause as the increased expression of recessive 

deleterious alleles (Charlesworth and Charlesworth, 1999). Inbreeding depression can result 

in a reduction in reproductive fitness and subsequently a decrease in population size, which 

increases the chances of further inbreeding as well as genetic drift (Reed and Frankham, 

2003). Once dismissed as rare in the wild, inbreeding depression has now been identified in a 

range of taxa in natural populations (Crnokrak and Roff, 1999) e.g. harbour seals Phoca 

vitulina (Hoffman et al., 2014), black robins Petroica traverse (Kennedy et al., 2014) and 

guppies Poecilia reticulate (Johnson et al., 2010). Crnokrak and Roff (1999) also concluded 

that inbreeding depression can be much greater in natural conditions compared to captivity. 

 

To summarise, small populations are prone to a loss of genetic diversity that can have short 

term and long term consequences on the ability of the population to adapt to changing 

conditions (Spielman et al., 2004, Baskauf et al., 2014). Genetic drift and inbreeding within 

small populations can lead to the increased frequency and expression of deleterious 
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mutations, which selection is inefficient at removing under these conditions (Charlesworth 

and Charlesworth, 1999, Zeyl et al., 2001). The resulting loss of fitness and subsequent 

decrease in population size can increase the chances of further genetic drift and inbreeding 

(Zeyl et al., 2001, Reed and Frankham, 2003). The resulting feedback loop can lead to 

population extinction (Zeyl et al., 2001). However a population’s size is not the only factor 

determining the likelihood of a loss of genetic diversity (Star and Spencer, 2013). 

 

1.1.2.2 Population structure and landscape genetics 

A loss of genetic connectivity between populations is thought to decrease the likelihood of 

the long term survival of a species (Vandergast et al., 2007). Migration has the possibility of 

replenishing lost genetic variation (Gaggiotti, 2003). Without genetic connectivity genetic 

drift is thought to have more influence, especially in small populations where it is already 

prevalent (Vandergast et al., 2007). As well as increasing the likelihood of a population going 

extinct, a lack of migration decreases the chance of recolonisation of an area (Pavlacky Jr et 

al., 2009). Therefore, in order to prioritize and optimize management actions, an 

understanding of the organization of genetic variation within a species is important (Neel and 

Ellstrand, 2003). The closer two populations or individuals are physically the more 

genetically similar they are expected to be, in a pattern referred to as isolation by distance 

(Loiselle et al., 1995). However, only considering the geographic distance between samples, 

be they populations, individuals or species, may ignore important environmental influences 

(Kozak et al., 2008). Distances based on river drainages, topography and habitat types have 

been found in some cases to provide a more accurate prediction of genetic distance than 

geographic distance alone (Kozak et al., 2008). With human activities increasing rates of 

habitat loss and fragmentation, understanding how the landscape influences the genetic 

diversity and structure of species will continue to become important (Gilbert and Bennett, 

2010). Such questions fall into the scope of landscape genetics (Manel et al., 2003) 

 

Landscape genetics aims to determine how gene flow, genetic drift and selection are 

influenced by landscape features (Manel et al., 2003). It is a rapidly expanding field of 

research which brings together scientists from a range of different disciplines (Wang, 2011, 

Storfer et al., 2007). With improvements in the generation of molecular data as well as high 

resolution spatial information, the number of studies using landscape genetics techniques is 

thought to increase (Storfer et al., 2010). Despite the increasing number of studies 

incorporating landscape genetics, most are still centred around large charismatic species 



9 
 

(Zeller et al., 2012). While the order Carnivora and class Amphibia are represented quite 

well, birds and invertebrates make up a small percentage of studies (Zeller et al., 2012). One 

theme emerging from past landscape genetics studies is the importance of both historical and 

contemporary barriers to gene flow (Kozak et al., 2008).  Researchers often discover a lag 

between the creation of the barrier and evidence of its effects (Kozak et al., 2008). As such, 

the degree to which contemporary barriers and historical barriers explain the genetic structure 

within a species has become an area of interest to researchers (Maleque et al., 2006, Pavlacky 

Jr et al., 2009, Vandergast et al., 2007).  

 

There are currently a large variety of analyses available for researchers interested in 

landscape genetics but little guidance on which to choose (Balkenhol et al., 2009). Transect 

based methods attempt to quantify the amount of each habitat type between two samples and 

relate this to the genetic distance between them (Van Strien et al., 2012). While transect 

methods do not require assumptions to be made about the effect of each habitat on dispersal, 

decisions must be made around the choice of transect (Van Strien et al., 2012). Alternatively 

there are methods which use a resistance surface to represent potential landscape barriers to 

dispersal (Spear et al., 2010). The least cost path methods and circuit theory based methods 

both use resistance surfaces (Spear et al., 2010). However, while least cost path methods 

involve finding the optimal path for dispersal, circuit theory considers all possible pathways 

(Spear et al., 2010, McRae, 2006). Circuit based methods are thought to be more appropriate 

when dispersal is happening over multiple generations and when organisms are unlikely to 

have the knowledge necessary to choose the optimal path (Spear et al., 2010). Mantel and 

partial mantel tests have been widely used to compare environmental and genetic distances, 

however recent criticisms have lead to confusion over their suitability in landscape genetics 

research (Guillot and Rousset, 2013). While alternative methods have been suggested there is 

still debate on their reliability (Diniz-Filho et al., 2013b, Gilbert and Bennett, 2010). As a 

result, the use of multiple methods has been advocated by some researchers (Diniz-Filho et 

al., 2013b). 

 

Conservation biologists usually focus on investigating the genetic variability in rare species 

(Baskauf et al., 2014). However, evidence suggests that even in species with wide 

distributions, which are subsequently viewed as common, habitat fragmentation can result in 

small, isolated populations that consequently lose genetic variation (Vandergast et al., 2007, 

Honnay and Jacquemyn, 2007). In their study of the common frog species Rana temporaria, 
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Johansson, Primmer and Merilӓ (2007) found that fragmented populations were associated 

with lower allelic richness and observed hetereozygosity. Furthermore, populations that 

lacked diversity also had smaller larvae which did not survive as long as larvae from more 

variable populations (Johansson et al., 2007). Species with high dispersal capabilities have 

also been found to be affected by habitat degradation (Vandergast et al., 2007). The 

mahogany Jerusalem cricket (Stenopelmatus mahogany) is a widely distributed species, 

living in habitat fragments throughout southern California, where it can reach high local 

density (Vandergast et al., 2007). However, Vandergast et al. (2007) identified a correlation 

between habitat size and genetic diversity in mitochondrial DNA (mtDNA). If the mtDNA 

accurately represents the rest of the S. mahogany genome then, given that the species also 

demonstrates isolation by distance, there is a risk of small isolated populations of S. 

mahogany going extinct despite its wide distribution (Vandergast et al., 2007). Therefore, 

even widespread or locally abundant species could be at risk from genetic extinction threats. 

 

As well as size, the connectivity of a population influences the likelihood of it experiencing a 

loss of genetic diversity (Star and Spencer, 2013). Increasing anthropogenic changes to 

habitat are likely to have consequences on the genetic connectivity and diversity of species 

(Whiteley et al., 2015, Frankham et al., 2010). Common species with wide distributions are 

not necessarily immune to these effects (Vandergast et al., 2007). The contemporary and 

historical effects of landscape on the genetics of populations can be studied with landscape 

genetics techniques (McRae, 2006). Research on insects currently amounts to only a small 

proportion of all landscape genetics studies (Zeller et al., 2012). 

 

1.2 The current study 

 

New Zealand is home to some of the most ancient species on Earth, many of which are 

endemic (Hitchmough et al., 2005). Among these species are members of the family 

Orthoptera (Anostostomatidae), commonly referred to as weta (Pratt et al., 2008). Found 

mostly in subalpine and temperate environments, across a wide range of elevations, weta 

include over 70 species, all of which are large, nocturnal and flightless (Gibbs, 2001, Bowie 

and Ross, 2006, Pratt et al., 2008). The weta species are divided into four groups, giant weta 

(genus Deinacrida), tree weta (genus Hemideina), tusked weta (genera Anisoura and 

Motuweta) and ground weta (genus Hemiandrus) (Bowie et al., 2014). Of the 70 species of 

weta identified, at least 16 are of conservation concern (Sherley, 1998). The threats faced by 
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weta include anthropogenic habitat modification, introduced browsing animals and 

introduced mammalian predators whose nocturnal nature and use of olfactory senses make 

them adept at hunting weta (Sherley, 1998, Gibbs, 1998). 

 

One of the 16 species of conservation concern is the tree weta Hemideina ricta. While locally 

abundant H. ricta has the most restricted range of any of the tree weta species, found only on 

the eastern half of Banks Peninsula (Townsend et al., 1997). Before the work of Brown and 

Townsend (1994) and Townsend (1995), H. ricta was only known from two locations. A 

detailed survey by Townsend (1995) extended the known distribution of H. ricta on Banks 

Peninsula and uncovered areas of sympatry with another tree weta species H. femorata 

(Townsend et al., 1997). It is believed that H. ricta diverged from the mountain species H. 

maori and colonised the area when Banks Peninsula was an island (Townsend, 1995, King et 

al., 2003). In contrast H. femorata is thought to have colonised the area after Banks Island 

joined the mainland (Townsend, 1995). H. femorata has a much wider range than H. ricta, 

found throughout the Canterbury region (Ramsay and Bigelow, 1978). On Banks Peninsula, 

H. femorata is found predominantly on the western half of the peninsula (Townsend et al., 

1997) (Figure 1.1).  
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Figure 1.1. The distribution of H. femorata (blue) and H. ricta (red) in New Zealand 

 

Townsend et al. (1997) proposed that by utilizing different niches H. ricta and H. femorata 

could co-exist. Elevation was identified as an important factor separating the two species 

(Townsend et al., 1997). 97% of H. femorata were found below 400 m above sea level (a.s.l), 

with none identified above 450 m a.s.l (Townsend et al., 1997). In contrast 76.9% of H. ricta 

were located at a height greater than 400 m a.s.l (Townsend et al., 1997). Townsend et al. 
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(1997) postulated that this apparent altitudinal shift could be related to the change in habitat 

from lowland podocap to montane forest at 500 m a.s.l. There was some evidence that H. 

ricta and H. femorata prefer different species of plants as refuges. 47 of the 48 refuges found 

inhabited by  H. femorata were discovered in kanuka trees, Kunzea ericoides, while H. ricta 

were found in a wider range of hardwood tree species (Townsend et al., 1997). Furthermore 

at elevations greater than 670 m a.s.l H. ricta was also discovered living in rock crevices and 

within or under logs (Townsend et al., 1997). However, other studies on H. femorata have 

discovered this species at higher elevations and inhabiting a wider range of refuges, including 

rock crevices (Little, 1980, Sandlant, 1981, Scott et al., 2012). This has resulted in the 

alternative hypothesis that competition with H. ricta excludes H. femorata from high 

elevations on Banks Peninsula (Bowie et al., 2014). 

 

Previous studies have largely distinguished between H. ricta and H. femorata based on 

morphology (Brown and Townsend, 1994, Townsend et al., 1997, Morgan-Richards and 

Townsend, 1995, Bowie et al., 2014). H. femorata has distinctive black bands on the 

posterior of their abdominal tergites on top of a pale background (Field and Bigelow, 2001, 

Townsend, 1995). H. femorata also have dark markings on their prothorax (Townsend, 

1995). In contrast, while H. ricta can have dark bands on the anterior or posterior of their 

abdominal tergites, it has an additional morph which is a uniform reddish brown (Ramsay 

and Bigelow, 1978, Field and Bigelow, 2001, Townsend, 1995). Any markings on the 

prothorax of H. ricta individuals are pale compared to H. femorata (Townsend, 1995). The 

stridulatory structures of these species also differ (Field, 1993b). H. femorata usually have 

eight or fewer ridges on their tergal files, while H. ricta often have 10 or more on each file 

(Field, 1993b). Using both colouration and stridulatory ridge numbers, two morphological 

intermediates have been identified between H. ricta and H. femorata (Morgan-Richards and 

Townsend, 1995). These individuals were used in a genetics study investigating the 

possibility of hybridisation between H. ricta and H. femorata (Morgan-Richards and 

Townsend, 1995). 

 

Genetic markers known as allozymes were used previously to investigate hybridisation 

between H. ricta and H. femorata (Morgan-Richards and Townsend, 1995). A total of 14 

weta were chosen, eight of which had either colouration or colouration and tergal ridge 

numbers intermediate of those expected for H. ricta and H. femorata (Morgan-Richards and 

Townsend, 1995). The two individuals intermediate for both traits were confirmed to be 
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hybrids based on the genetic analysis (Morgan-Richards and Townsend, 1995). All the other 

weta tested were found to be genetically H. ricta or H. femorata (Morgan-Richards and 

Townsend, 1995). Morgan-Richards and Townsend (1995) concluded that the hybrids were 

most likely first generation hybrids. Morgan-Richards and Townsend (1995) suggested that a 

lack of later generation hybrids could be explained by the fact that hybridisation is a rare 

event, this was a new hybrid zone and a greater diversity of hybrids will be seen in later 

generations or hybrids are infertile (Morgan-Richards and Townsend, 1995). While the 14 

weta tested were chosen after a more extensive ecological survey, which identified 170 H. 

ricta and 84 H. femorata (Townsend et al., 1997), the small number tested means it is not 

clear how extensive hybridisation between H. ricta and H. femorata is. Given that H. ricta is 

already range restricted, the possibility of extensive hybridisation with H. femorata is a 

concern for the conservation of H. ricta.  

 

The different Hemideina species are thought to have evolved largely in allopatry and 

therefore did not experience strong selection for reproductive isolating barriers (Trewick and 

Morgan-Richards, 1995, Field and Rind, 1992). Unlike some groups of Orthoptera, 

Hemideina do not perform elaborate courtship rituals (Field and Jarman, 2001). No species 

specific calls or pheromones have yet been identified (Field, 1982, Field and Jarman, 2001). 

As a result, hybridisation is expected to occur whenever two Hemdeina species come in 

contact (Field and Jarman, 2001). Captive observations support this with most adult tree weta 

undeterred from mating with heterospecific mates (Morgan-Richards et al., 2001). Evidence 

of attempted matings, cohabitation and the production of hybrid offspring has also been 

found in nature (Morgan-Richards et al., 2001). In the case of H. ricta and H. femorata 

observations have been made in captivity of a H. ricta male attempting to mate with a pair of 

H. femorata females (Field, 1993a). The observations were limited to one evening and only 

involved two male H. ricta which were introduced to a cage housing two male and female 

pairs of H. femorata (Field, 1993a). Furthermore, Field (1993a) believed that, compared to 

previous observations of male H. ricta, the males appeared less persistent in their pursuit of 

the H. femorata females than they were of conspecifics. Despite this, the observation amounts 

to more evidence for a potential risk to H. ricta from hybridisation with H. femorata.  

 

However, hybridisation with H. femorata is not the only threat to H. ricta. Townsend (1995) 

identified habitat loss as the greatest threat to H. ricta. Before the first human settlers, Banks 

Peninsula was covered extensively in forest (Wilson, 2008). During the first 500 years of 
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human settlement one third of the forest was removed due to fires from early Polynesian and 

Maori inhabitants (Wilson, 1992, Halkett, 1991, Johnston, 1969). However more intense 

deforestation occurred after the arrival of European settlers during the 1800s (Johnston, 

1969). Fire and sawmills meant that by the 1920s less than 1% of the old growth forest 

remained (Wilson, 2008). Today the majority of Banks Peninsula’s landcover is grazed 

pasture (Wilson, 1992). The remaining broken patches of forest are found in gullies and 

valleys where the fires did not reach or where regeneration has occurred thanks to moist 

conditions and a lack of grazing in less accessible areas (Wilson, 1992). Only 800 ha of the 

old forest remains, with another 9000 ha of regenerated forest, consisting of 3000 ha of 

kanuka forest and the rest is a mixture of hardwoods (Wilson, 2008). As a result of this 

change in landscape, grassland insect species, many exotic, have replaced a large number of 

the forest fauna and those that remain are thought to live in fragmented populations (Wilson, 

1992). 

 

H. ricta is one of the species Wilson (1992) suggests has likely suffered because of 

deforestation on Banks Peninsula. The dramatic loss of habitat is likely to have resulted in a 

population bottleneck. In addition, being flightless, tree weta are not expected to disperse 

great distances (Leisnham and Jamieson, 2002). Furthermore, it has been suggested that tree 

weta are vulnerable on the ground (Moller, 1985). Moller (1985) observed 378 H. crassidens 

by torch light at night and only found four individuals on the ground. Leisnham and Jamieson 

(2002) studied a metapopulation of H. maori living on rocky tors, naturally fragmented by 

uninhabitable meadows. Over three field seasons a total of 602 weta were captured on more 

than one occasion. During this time only 12 adults and two juvenile individuals were 

recording dispersing between the tors. In H. ricta, Townsend (1995) followed 29 individuals 

over two weeks. While on five occasions individuals were found to have moved up to 15.5 m 

over pasture, in 51 occasions the individuals were relocated on the same group of bushes 

(Townsend, 1995). Therefore, if gene flow between forest fragments is limited, H. ricta may 

be experiencing the genetic threats to extinction associated with existing in small isolated 

populations.  

 

1.2.1 The aims of the current study 

The current study aims to use recently developed microsatellite markers and DNA samples 

from a large number of H. femorata and H. ricta individuals to investigate the following. 



16 
 

1. To assess whether H. ricta and H. femorata are hybridising on Banks Peninsula and, 

if hybridisation is occurring, to characterise the hybrid zone and any level of 

introgression. 

2. To run behaviour and breeding experiments in order to determine if mating barriers or 

decreased fitness in hybrid offspring are limiting the potential for hybridisation 

between H. ricta and H. femorata.  

3. To determine the population genetic structure of H. ricta and where suitable relate this 

to past deforestation. 

4. To determine the population genetic structure of H. femorata and where suitable 

relate this to past deforestation. 

 

Chapter Two outlines how data on the known distributions of H. ricta and H. femorata were 

used to model areas of predicted sympatry. Chapter Three details the sampling method used 

for DNA collection as well as observations about the ecology of each species made during 

sampling. Chapter Four discusses the genetic evidence for hybridisation between H. ricta and 

H. femorata. Chapter Five extends the investigation into hybridisation between H. ricta and 

H. femorata with behaviour and breeding experiments. Chapters Six and Seven concern the 

population and landscape genetics of H. ricta and H. femorata respectively. Chapter eight 

summarises and discusses the findings of this study. 
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CHAPTER TWO 

Species distribution modelling 

 

2.1 Abstract 

 

When attempting to sample a rare species modelling the species’ distribution can help to 

optimize the sampling effort. Models based on the habitat preferences of the species are often 

used for this purpose. However, in some cases the distance to sites that a species is known to 

inhabit may be more informative, especially if it is not clear which habitat variables influence 

the species’ distribution. Spatial interpolation methods are capable of using this spatial data. 

In the current study three different spatial interpolation methods are used to model the 

distribution of H. ricta and H. femorata, as well as areas where the two species are likely to 

live in sympatry. All three interpolation methods produce similar predicted surfaces as a 

result of the strong spatial pattern within the data. A model of the distribution of H. ricta and 

H. femorata based on habitat alone fails to account for this spatial pattern. As a result, spatial 

interpolation represents a suitable modelling tool for this dataset. The resulting species 

distribution maps will be used to guide the sampling of H. ricta, H. femorata and potential 

hybrids for the analysis in future chapters.  

 

2.2 Introduction 

 

The aim of ecological sampling is to obtain a subsample of individuals from a population  

that is representative of the whole population (Rew et al., 2006). In some cases, the number 

of individuals of interest to a study may be small but in most studies populations are very 

large, rendering exhaustive sampling impractical (Zar, 1999). There are numerous sampling 

strategies designed to select an unbiased sample that represents the population i.e. systematic, 

random point, and stratified sampling (Rew et al., 2006). However, these design-based 

sampling strategies are often insufficient for sampling rare events (Edwards Jr et al., 2005). 

Rew et al. (2006) proposed that if the aim is to collect as many of a particular sample or 

species as possible, a more appropriate technique would be biased towards those areas with a 

high probability of finding that particular species. In the present study, the sample site, Banks 

Peninsula, is large enough that exhaustive sampling of the entire area would be impractical. 

Furthermore, as a consequence of their arboreal and nocturnal nature, sampling tree weta at a 

location takes considerable time and effort (Trewick and Morgan-Richards, 2000). The 
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overall aim of sampling on Banks Peninsula is to collect as many potential hybrids between 

H. ricta and H. femorata as possible, as well as members of each parental species for genetic 

comparison. Morgan-Richards and Townsend (1995) hypothesized in their earlier study that 

hybridisation between H. ricta and H. femorata could be a rare event, rendering many 

sampling strategies ill-equipped. Therefore, modelling the distribution of H. ricta and H. 

femorata provides an opportunity to optimize the sampling effort for both species as well as 

potential hybrids.  

 

One way to identify areas with a high probability of containing a species is by utilizing prior 

knowledge of the species’ distribution (Rew et al., 2006). Variables associated with species 

presence can be incorporated into a model to direct an intensive sampling effort more 

efficiently. Such modelling is known as “species distribution modelling” (SDM) and has 

become more common with improvements in computer software and data availability (Miller, 

2010, Kearney, 2006, Crawford and Hoagland, 2010). In most models to date the distribution 

of a species is predicted based upon its association with environmental conditions  (Kearney, 

2006). This can reveal locations with suitable conditions that have not yet been sampled 

(Fouquet et al., 2010). Other surveys of endangered New Zealand species have used SDM as 

a guide. For example, a wide variety of climate and habitat variables were used to predict the 

distribution of the long-tailed bat, Chalinolobus tuberulatus (Greaves et al., 2006). 

Subsequent field surveys implementing this model found it improved estimates in 

comparison to previous distribution models (Greaves et al., 2006). In a study of the 

endangered native New Zealand frog species, Leiopelma hochstetteri, Fouquet et al. (2010) 

took advantage of previous knowledge on the habitat preferences of L. hochstetteri to predict 

the past and future distribution of the frogs. Meanwhile, to map the potential distribution of 

the redback spider, Latrodectus hasseltii in New Zealand, Vink et al. (2011) incorporated 

climate data and the conditions known to be required by L. hasseltii for growth and 

development. However, models based only on climate and habitat data have been criticised 

for ignoring other important influences (Guisan et al., 2006). 

 

Habitat and climatic models rely on the assumption that the species under study is in 

equilibrium with the environment (Crawford and Hoagland, 2010). It is therefore expected 

that the species will be present in all suitable habitat and absent from all unsuitable habitat 

(Crawford and Hoagland, 2010). However there are a number of reasons why a species may 

be out of equilibrium with its environment (Pearce et al., 2001). While a species may be 
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capable of inhabiting a wide range of abiotic conditions, biotic factors can further reduce the 

number of suitable habitats (Kearney, 2006). Such biotic factors are often dismissed because 

researchers believe that they only function on a local scale (Wisz et al., 2013). However, 

Wisz et al. (2013)  found that incorporating biotic predictors can improve the accuracy of 

species distribution models. Without appropriate limiting factors models can be 

“overgenerous” and identify unsuitable areas for a species (Crawford and Hoagland, 2010). 

In conservation studies resources are often limited and, so that they are not wasted, 

conservative estimates are required (Crawford and Hoagland, 2010). 

 

Dispersal limitations can also prevent species from inhabiting all of the suitable habitat 

(Allouche et al., 2008). As a result, the species will not be in equilibrium with the 

environment (McPherson and Jetz, 2007). Recent advances allow dispersal to be incorporated 

into species distribution models (Wisz et al., 2013). When modelling the effect of climate 

change on the distributions of 13 species of grasshopper and cricket, Buse and Griebeler 

(2011) attempted to incorporate the species’ dispersal capabilities into the models. The results 

suggested that, even in highly mobile species, assuming there is no limitation on dispersal 

leads to an overestimation of species abundance (Buse and Griebeler, 2011). For the three 

species whose ranges were predicted to expand with climate change, assuming unlimited 

dispersal overestimated their expansion by 21 to 200% (Buse and Griebeler, 2011). Allouche 

et al. (2008) found similar results in their study of 226 species of land snail, nesting land 

birds and wood plants in Israel. Models which incorporated habitat preferences and the 

distance to known locations of the species were superior to models that were based on habitat 

preferences alone (Allouche et al., 2008). Furthermore, Allouche et al. (2008) found that 

when the dataset contained a large number of samples, models based on the spatial 

information alone were consistently superior to the habitat based models (Allouche et al., 

2008). As the results were consistent across a wide taxonomic range, Allouche et al. (2008) 

provide evidence that incorporating dispersal limitations could improve models in a wide 

range of species. Even for highly mobile species including distance constraints can still 

improve modelling predictions as habitat types are likely to be grouped spatially (Allouche et 

al., 2008). 

 

Interactions with other organisms an also influence the distribution of a species. Competition 

for resources can restrict species’ distributions (Wisz et al., 2013). Competition with other 

felids is thought to be responsible for the absence of bobcats (Lynx rufu) from suitable habitat 
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in Southern Mexico (Sánchez-Cordero et al., 2008). Competition can also act alongside other 

important biotic factors (Tompkins et al., 2003). Tompkins et al. (2003) found that 

competition alone could not explain the replacement of the red squirrel, Sciurus vulgaris, by 

the European grey squirrel, S. carolinensis, in Norfolk. However, when the introduction of a 

disease from S. carolinensis to S. vulgaris was also considered replacement could be 

modelled much more accurately (Tompkins et al., 2003). Predation and herbivory are other 

important factors that influence the distribution of a species (Pearce et al., 2001, Lau et al., 

2008). Lau et al. (2008) found that, while abiotic factors appear to determine recruitment 

success in the annual plant species Collinsia sparsiflora, biotic factors, specifically herbivory, 

determine survival. 

 

In the current study, several habitat factors have been suggested to influence the distributions 

of H. ricta and H. femorata on Banks Peninsula (Townsend et al., 1997). In their study of the 

distribution and habitat preferences of tree weta across Banks Peninsula, Townsend et al. 

(1997) found evidence that refuge type, aspect and elevation influence the likelihood of tree 

weta being present. H. femorata and H. ricta appeared to have different preferences for the 

type of refuge they inhabited (Townsend et al., 1997). While 94% of H. femorata were found 

in kanuka trees (Kunzea ericoides), only 19% of H. ricta were found living in this species 

(Townsend et al., 1997). In contrast, H. ricta were found in a variety of other tree species as 

well as under rocks and in fence posts (Townsend et al., 1997). Furthermore, 97.1% of H. 

femorata were found below 400 m above sea level (a.s.l), while 76.9% of H. ricta were found 

above this elevation (Townsend et al., 1997). H. ricta were also more likely to be found on 

north and west facing slopes while H. femorata were more common on north-east facing 

slopes (Townsend et al., 1997). However, other studies have found H. femorata inhabiting 

refuges in a wider range of habitats and at higher elevations (Scott et al., 2012, Sandlant, 

1981, Little, 1980). In addition, H. ricta is restricted to the eastern half of Banks Peninsula 

despite apparently suitable habitat on the western half of the peninsula (Townsend et al., 

1997). As a consequence habitat alone may not explain the distribution patterns of H. ricta 

and H. femorata on Banks Peninsula. 

 

It is possible that biotic factors are also shaping the distributions of H. ricta and H. femorata 

on Banks Peninsula. The similar ecology of H. ricta and H. femorata could lead to 

competition between the two species in some cases (Trewick and Morgan-Richards, 1995). 

Competitive exclusion is thought to play a role in maintaining the distributions of H. 
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crassidens and H. thoracica on Mount Taranaki and Mount Ruapehu (Bulgarella et al., 

2014). The possibility of competition between H. ricta and H. femorata is explored further in 

Chapter Three.  

 

Dispersal limitations may also influence the distribution of H. ricta and H. femorata. As 

flightless insects thought to be vulnerable on the ground, tree weta such as H. femorata and 

H. ricta are not expected to be able to disperse great distances (Moller, 1985, Leisnham and 

Jamieson, 2002). Evidence from several previous studies suggests that adult tree weta rarely 

disperse great distances. While studying H. maori on rocky tors separated by uninhabitable 

meadows, Leisnham and Jamison (2002) found that over three field seasons only 12 adults 

and two juvenile individuals, out of a total of 602 recaptured individuals, dispersed between 

the rocky tors. Dispersal distances ranged from 36 to 672 m (Leisnham and Jamieson, 2002). 

Similarly, a study of H. crassidens found that during the two sample seasons (April-May 

2003 and March-April 2004) no individuals were recorded dispersing the 200 m between the 

two sample locations. Furthermore, Field and Sandlant (2001) observed that galleries used by 

tree weta often have a clumped distribution. The kanuka longhorn beetles (Ochrocydu 

huttoni) are responsible for the construction of some of these galleries and the clumped 

distribution is thought to be the result of the methods used by O. huttoni females to find 

suitable trees (Field and Sandlant, 2001). Field and Sandlant (2001) also postulated that tree 

weta were unlikely to locate suitable roosts at random and therefore maybe be drawn to 

suitable sites. This may also contribute to a clumped distribution. As a result, it is expected 

that there will be some degree of spatial autocorrelation in tree weta distributions, with tree 

weta more likely to occur in locations near where other tree weta have been observed 

previously. Spatial autocorrelation can be used to aid the modelling of species distributions.  

 

The presence of spatial autocorrelation has been used in a number of studies involving 

species distribution modelling. The principle that the closer two sites are the more likely they 

are to share similarities is the basis of spatial interpolation (Burrough P.A., 1998, Longley, 

2005). Spatial interpolation uses measurements or observations from sampled sites to 

estimate the conditions at nearby unsampled sites (Burrough P.A., 1998, Longley, 2005). The 

result is a continuous surface that predicts the variability in the observed variable over the 

entire space (Childs, 2004). Bonsignore et al. (2008) used spatial interpolation on data of the 

presence and absence of boring beetles (Capnodis tenebrionis) from a sample of trees in an 

orchard in Italy. The resulting model allowed for precise predictions of the distribution of C. 
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tenebrionis throughout the rest of the orchid. Spatial interpolation was used to create a 

surface showing the probability of fish presence in the Datuan stream in Taiwan (Lin et al., 

2011). Santos et al. (2010) also used spatial interpolation to produce maps showing the 

probability of two species of Mediterranean pine voles, Microtus lusitanicus and M. 

duodecimcostatus, being present across an area. These maps were then overlaid to determine 

areas of likely sympatry. A similar method could be developed here to locate areas of 

sympatry between H. femorata and H. ricta, where hybridisation could be occurring. 

 

A wide variety of spatial interpolation methods are available. Three commonly used 

techniques are the inverse distance weighted method (IDW), spline and kriging (Akkala et al., 

2010). Several papers have performed comparisons between these methods. IDW, spline and 

kriging were used alongside regression methods to estimate the temporal and spatial 

distribution of air temperature in the southern Qilian Mountains (Chuanyan et al., 2005). 

While on average over the whole year the regression method produced the best estimates, for 

several months kriging was the better predictor (Chuanyan et al., 2005). Jarvis and Stuart, 

(2001) also tested IDW, a spline method and a kriging method when interpolating maximum 

and minimum daily temperature across England and Wales. While all three methods gave 

similar estimates, Jarvis and Stuart, (2001) judged their spline method to be the most 

accurate. In contrast, when Azpurua and dos Ramos, (2010) tested IDW, spline and kriging to 

find the best estimator of electromagnetic field strength in Venezuela, they concluded that 

IDW performed best. Each of these methods has its own benefits and disadvantages, and as 

these examples show there is no overall best method (Akkala et al., 2010, Azpurua and dos 

Ramos, 2010). The suitability of the model depends upon the dataset available and the aim of 

the study (Dille et al., 2003).  

 

The inverse distance weighted model is the most commonly used spatial interpolation method 

(Longley et al., 2005). It is considered a very simple method where estimated points are 

predicted using the average of a set of nearby sample points, that are linearly weighted so that 

the closest points have the most influence (Longley et al., 2005). Because of its simplicity, 

IDW requires little decision making on the part of the analyst and is often chosen as a user-

friendly option (Longley et al., 2005). While it has been used effectively with a range of data 

sets, the simplicity of IDW consequently means it is not always accurate (Longley et al., 

2005, Caruso and Quarta, 1998). As each predicted value is the average of the values around 

it, the predicted values cannot be greater or smaller than their neighbouring values (Longley, 
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2005). As a result, “pits” and “peaks” in the data can be misrepresented i.e. “peaks” become 

flattened and “pits” become shallow (Longley et al., 2005). IDW is an exact method which 

means the predicted surface must pass through all the known values at each sampled data 

point (ESRI, 2007). As with all exact methods, this requirement leaves IDW vulnerable to 

outliers (Azpurua and dos Ramos, 2010) and sampling error. IDW is also sensitive to 

clustering and works best with evenly distributed samples (ESRI, 2012, Azpurua and dos 

Ramos, 2010).  

 

The second method, spline interpolation, is another common method that has similarities to 

IDW. Spline is also an exact method and like IDW utilizes a single mathematical algorithm to 

estimate the unknown values (Kitanidis, 1997, Song et al., 2010). However, in spline 

interpolation the mathematical formula is designed to minimize the curvature of the surface 

(ESRI, 2007). Without more sampling in the potential sympatric zone it is difficult to tell if 

the two species overlap over a smooth gradual zone or if the change is abrupt. However, 

spline interpolation is best used when the sample data are irregularly spaced, which they 

appear to be in this study (Akkala et al., 2010). The main advantage of using the spline 

method in this study is that it is possible to incorporate a barrier into the prediction, to 

estimate the effect of Akaroa harbour, which is a large barrier to tree weta dispersal. It is 

expected that this will increase the accuracy of the model (ESRI, 2007). 

 

The final method tested during this study is kriging. Unlike the previous two methods, 

kriging does not apply a generic formula to predict the unknown values for every surface 

(Kitanidis, 1997). Instead, kriging uses attributes of the data being analysed to determine 

which of the possible algorithms is best suited for the analysis (Kitanidis, 1997, Longley et 

al., 2005). To do this, the model first generates a semivariogram, which graphs the difference 

in the measured variable between each of pair of data points against the physical distance 

between them (Longley et al., 2005). A formula is then selected which best fits the 

semivariogram (Longley et al., 2005). This formula can then be used as the algorithm to 

estimate values across the surface (Longley et al., 2005). With kriging it is possible to 

generate an estimation of the error in the predictions (Wackernagel, 1995). Unlike IDW, 

many of the parameters of a kriging model are under the control of the analyst (Longley, 

2005). Furthermore, there are at least five different kinds of kriging, each suited to different 

kinds of datasets (ESRI, 2013b). With so many options, kriging can be more demanding on 

the analyst and may overwhelm beginners (Longley 2005). The data are also assumed to 
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show stationarity, meaning that the same equation can be used to make predictions across the 

entire sampling area (Johnston et al., 2008). Changes in variability across the dataset or a 

global trend in the data suggest a break with the stationarity assumption (Fortin et al., 2005). 

However, in some cases a global trend can be accounted for in the model, which increases the 

accuracy of predictions made by this method (Dalezios et al., 2002). 

 

2.3 Aim  

 

In light of previous criticisms of habitat models, the aim of this chapter was to take advantage 

of spatial autocorrelation to model the likely areas of sympatry between H. ricta and H. 

femorata on Banks Peninsula to guide the sampling of these species. During this modelling 

process three different spatial interpolation methods were compared to determine how their 

various costs and benefits affected the resulting model of sympatry. A model of the predicted 

distribution of H. ricta and H. femorata based on observations of habitat usage by Townsend 

et al. (1997) was also produced for comparison. 

 

2.4 Method 

 

2.4.1 Data 

Data on the presence of H. ricta and H. femorata across Banks Peninsula came from a 

number of different sources. Lincoln University has used artificial roosts to survey the 

presence of tree weta on Banks Peninsula for a number of years. The data used here consisted 

of presence records from 2009 and 2010. Additional data points were taken from Brown and 

Townsend (1994), Townsend et al. (1997) and Morgan-Richards and Townsend (1995).  

The co-ordinates of the additional data points were presented as map references in the NZMS 

260 system. These co-ordinates were converted to New Zealand Map Grid (NZMG) co-

ordinates via the Land Information New Zealand website (LINZ). Conversion of data points 

from one co-ordinate system to another can introduce error into the data (Lashlee et al., 

2012). In the current dataset this resulted in the converted points from Brown and Townsend 

(1994) not aligning with those mapped by Townsend et al. (1997), which reportedly used 

many of the same sites. However, at a regional scale these differences will have little impact 

on the overall pattern. Conversion of the data points was necessary as NZMS 260 map 

reference is not a system recognised by ArcGIS10 (ESRI, 2011) which was used to model the 

distributions. 
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Absence records were not included in this modelling dataset. Gillingham et al. (2012) 

excluded absence records during their modelling of the distribution of carabid beetles in 

Great Britain as they believed that the data was unlikely to represent true absences. Instead, 

Gillingham et al. (2012) suggested that in a number of cases the absences could have been the 

result of a lack of exhaustive sampling. As mentioned above, due to their arboreal and 

nocturnal nature, tree weta can be hard to find in the field (Trewick and Morgan-Richards, 

2000). Townsend et al. (1997) tried to avoid destroying natural refuges and as a result their 

survey of H. ricta and H. femorata is not considered exhaustive. The artificial roosts set up 

by Lincoln University can be empty for a variety of different reasons. Not enough time may 

have passed for tree weta to locate the new artificial roosts or an abundance of more suitable 

natural roosts may result in empty artificial refuges. As a result, weta absence data may not 

prove accurate and the modelling used here focuses on presence records.  

 

All data points were assigned a “species ID” (SID). Sites where H. ricta have been observed 

were valued at three while sites with H. femorata were denoted as one. The spatial 

interpolation methods used here cannot process “co-occurring” points where both species 

were recorded at the exact same co-ordinates. This inability to process co-occurring points 

results from the theory that when the distance between two points is zero, the values of those 

points are expected to be identical. Therefore, to remove co-occurring points from the data set 

one record from each location was offset by a metre. As the GPS co-ordinates were often 

within five metres of accuracy, this offsetting is unlikely to add significant error to the 

models. In a previous study two first generation hybrids between H. femorata and H. ricta 

were identified (Morgan-Richards and Townsend, 1995). While the site that these individuals 

were sampled from could have been coded as a two for species ID, the model would interpret 

this as a sympatric hotspot which would likely limit the ability of the model to predict other 

potential sympatric sites. As only the hybrids and H. femorata were identified at this site it is 

unclear if it does represent a sympatric site or if they hybrids dispersed from another area. 

Therefore, the site was coded as a H. femorata site, species ID one. The final dataset included 

a total of 86 data points, which included 31 records of H. femorata and 55 records of H. ricta 

(Figure 2.1). 
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Figure 2.1. The species observation data used in the species distribution models in this 

chapter. The blue sites represent records of H. femorata observations the red sites represent 

records of H. ricta observations. The purple sites represent areas where both species were 

found. The black circle marks the location of the township of Akaroa. 

 

2.4.2 Interpolation methods  

All models were created using the geostatistical program ArcMAP 10 (ESRI, 2011).  The 

relevant outputs included maps of predicted distributions and potential zones of species co-

occurrence. 

 

2.4.2.1 Model 1 – Inverse Distance Weight 

Inverse Distance Weight (IDW) was carried out using the Geostatistical Analyst tool in 

ArcMAP 10. The size of search neighbourhood was based on previous knowledge of tree 

weta dispersal. Morgan-Richards et al. (2000) suggested that a related species of tree weta, 

Hemideina thoracica, can disperse at least 100 m per generation. As approximately 20 years 
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has passed since the first observations were made and tree weta have a generation time of two 

to three years (Leisnham et al., 2003), weta may have dispersed 1000 m since the original 

observations and data points 1000 m away could influence the estimated values. Therefore, a 

search neighbourhood radius of 1000 m was deemed appropriate. Within this search 

neighbourhood a maximum of 86 data points and a minimum of two data points were used to 

calculate estimates of SID. If no two data points were within the 1000 m search 

neighbourhood the neighbourhood was extended to include the two closest data points. All 

other options used the default conditions. The resulting surface was reclassified into three 

zones, representing areas likely to contain only H. femorata, areas likely to contain both 

species and areas likely to contain only H. ricta. These areas had the “species ID” ranges of 

1-1.2, 1.2-2.8 and 2.8-3 respectively. The range of 1.2-2.8 for the predicted sympatric area 

was a compromise in an effort to include all the areas likely to contain both species, while 

exclude those sufficiently unlikely to contain more than one species, to ensure effective use 

of sampling resources. 

 

2.4.2.2 Model 2 – Spline with barrier 

The spline with barrier (SWB) method was carried out using the Spatial Analyst Toolbox in 

ArcMAP 10. All optional settings were left with the default values. A polygon was 

constructed to represent the expected barrier to tree weta dispersal posed by Akaroa Harbour. 

The resulting surface was then reclassified into three zones as in Model 1. The estimated 

values in the spline method are not calculated as a simple weighted average of the 

surrounding known points. Therefore, the estimated SID values are not confined between one 

and three. However the predicted sympatric zone should still occur between these two values. 

Therefore, the predicted sympatric zone was represented as SID values between 1.2 and 2.8, 

as in Model 1. Areas with SID values below 1.2 are predicted to contain only H. femorata, 

while areas with SID values above 2.8 are predicted to contain only H. ricta. 

 

2.4.2.3 Model 3 – Kriging 

All kriging was performed with the Geostatistical Analyst Tool. The Geostatistical Analyst 

Tool in ArcMAP 10 was also used to investigate the presence of a trend in the SID data. 

Evidence of a trend suggested the assumption of stationarity was likely to be broken. 
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2.4.2.3.1 Model 3A 

As a result of trend analysis, universal kriging was used as this method can account for 

spatial trends (Dalezios et al., 2002). A linear east to west trend was removed. The 

“optimize” option was then used to find the best fitting semivariogram. The default sector 

type was used with a minimum number of data points set to two, as in the IDW, and the 

maximum set as high as possible at 50 data points. All other default options were used. As 

with IDW, the resulting surface was reclassified into three zones with SID values of 1-1.2, 

1.2-2.8 and 2.8-3, to represent areas likely to contain only H. femorata, areas where the 

species are sympatric and areas likely to contain only H. ricta respectively. This kriging 

method also generated a surface representing the standard error of the estimates across Banks 

Peninsula.   

 

2.4.2.3.2 Model 3B 

The Geostatistical Analyst Tool also enables the use of indicator kriging which is designed 

for use with quantitative or binary data (Fortin et al., 2005). While indicator kriging did not 

allow for any trends in the data to be accounted for, the data presented here is quantitative. 

Therefore, indicator kriging was also used to predict the distribution of H. ricta and H. 

femorata across Banks Peninsula. In contrast to the previous methods, indicator kriging 

works by modelling the likelihood of values exceeding a certain threshold (Fortin et al., 

2005). In the current study the SID threshold was set to one so that the resulting surface 

represents the likelihood of an area containing H. ricta. The rest of the analysis continued 

with the same options as Model 3A. However, unlike the previous methods, the resulting 

surface was reclassified into three zones with probability values of 0-0.1, 0.1-0.9 and 0.9-1. 

These zones represent areas likely to contain only H. femorata, areas were the species are 

sympatric and areas likely to contain only H. ricta respectively.  As in Model 3B, a surface 

representing the standard error of the estimates was also generated. 

 

2.4.3 Habitat model 

The likely distribution of H. ricta and H. femorata was modelled based on observations made 

by Townsend et al. (1997) regarding the tree species they were found inhabiting and the 

elevation range at which they were most commonly identified. As with the previous models, 

the habitat model was generated in ArcMAP 10 (ESRI, 2011). The distribution of habitat on 

Banks Peninsula was extracted from the Landcover Database version 3 (LCDB3). Based on 

the observations by Townsend et al. (1997) detailed above, manuka and/or kanuka habitat 



29 
 

below 400 m in elevation was selected to model the distribution of H. femorata. The 

following habitat types, manuka and/or kanuka, broadleaved indigenous hardwoods, 

indigenous forest, deciduous hardwoods and matagouri or grey scrub, were selected as likely 

to contain H. ricta, according to the observations of Townsend et al. (1997) . However, as the 

majority of H. ricta identified by Townsend et al (1997) were located above 400 m in 

elevation, only suitable habitat within this altitudinal range was selected to model the 

distribution of  H. ricta. Elevation was determined from a New Zealand 80 m digital 

elevation model, from the Shuttle Radar Topography Mission (Ollivier & Co). The chosen 

habitat categories were extracted from the overall LCDB3 dataset. The elevation layer was 

reclassified to isolate elevations above and below 400 m. The raster calculator tool was then 

used to isolate the appropriate habitat patches either above or below 400 m in elevation. 

 

2.5 Results 

 

2.5.1 Interpolation models 

Each of the interpolation models produced a similar prediction of the likely distribution of H. 

femorata and H. ricta on Banks Peninsula (Figures 2.2 to 2.5). In each model a predicted 

sympatric zone extended north to south along the centre of the peninsula (Figures 2.2 to 2.5). 

All of the models, except model 3B, suggested that a sympatric zone would exist in the 

northeast of the peninsula around an isolated population of H. femorata (Figures 2.2 to 2.4). 

In contrast model 3B only indicated the presence of a sympatric zone in this area (Figure 2.5). 

All of the models indicated the likelihood of a sympatric zone in the southeast of the 

peninsula (Figures 2.2 to 2.5). In model two this sympatric area was a continuation of the 

sympatric zone along the centre of the peninsula (Figure 2.3). Model one produced a fairly 

narrow sympatric zone in comparison to the other models, in particular model 3A and model 

3B (Figures 2.2, 2.4 and 2.5). The trend analysis of the SID data showed a linear trend in SID 

values increasing from west to east (Figure 2.6). A smaller trend in SID values was also 

evident, increasing from north to south (Figure 2.6). The maps of the standard errors of the 

predictions made by models 3A and 3B both suggested the error is greatest in the southwest 

and north-eastern corners of the surfaces, where there are few data points on which to base a 

prediction (Figures 2.7 and 2.8). 
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Figure 2.2. Interpolated surface produced via IDW Model 1. Blue areas of the map indicate 

areas likely to contain only H. femorata, while red indicates areas where only H. ricta is 

likely to be sampled and the yellow indicates areas where both species are predicted to be 

found. The black circles represent the locations of the data points interpolated in this model. 
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Figure 2.3. Interpolated surface produced via SWB Model two. Blue areas of the map 

indicate areas likely to contain only H. femorata, while red indicates areas where only H. 

ricta is likely to be sampled and the yellow indicates areas where both species are predicted 

to be found. The black circles represent the locations of the data points interpolated in this 

model. 
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Figure 2.4. Interpolated surface produced via universal kriging Model 3A. Blue areas of the 

map indicate areas likely to contain only H. femorata, while red indicates areas where only H. 

ricta is likely to be sampled and the yellow indicates areas where both species are predicted 

to be found. The black circles represent the locations of the data points interpolated in this 

model. 
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Figure 2.5. Interpolated surface produced via indicator kriging Model 3B. Blue areas of the 

map indicate areas likely to contain only H. femorata, while red indicates areas where only H. 

ricta is likely to be sampled and the yellow indicates areas where both species are predicted 

be found. The black circles represent the locations of the data points interpolated in this 

model. 
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Figure 2.6 . Trend analysis of the SID data. The x axis moves from west to east, while the y 

axis moves from south to north. The z access shows the SID value. A linear trend is visible 

from west to east and a smaller trend from north to south.  

 

 

Figure 2.7. The standard error of the estimated SID values generated by model 3A and 

represented in figure 2.4. The black circles represent the locations of the data points 

interpolated in this model. 
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Figure 2.8. The standard error of the estimated SID values generated by model 3B and 

represented in figure 2.5. The black circles represent the locations of the data points 

interpolated in this model. 

 

2.5.2 Habitat model 

The habitat model suggested that suitable habitat for H. ricta is found at high elevations 

across Banks Peninsula (Figure 2.9). As a consequence the model predicted that H. ricta will 

not be isolated to the eastern half of the peninsula. Similarly, suitable habitat for H. femorata 

was located around the entire edge of the peninsula and H. femorata was not predicted to be 

restricted to the western half of Banks Peninsula (Figure 2.9).  
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Figure 2.9. The distribution of habitat suitable for H. femorata (blue) and H. ricta (red) based 

on observations made by Townsend et al. (1997) on which tree species the weta were found 

in and at what elevation they were located.  

 

2.6 Discussion 

 

Each of the interpolation methods tested here predicted a similar pattern of tree weta 

distribution on Banks Peninsula. In each case a sympatric zone was predicted down the centre 

of the peninsula with additional zones of sympatry predicted in the north-eastern and south-

eastern corners of the peninsula (Figures 2.2 to 2.5). The consistent pattern across the 

different methods is a reflection of the strong spatial pattern in the data. Whether other 

studies find a high degree of similarity between their interpolation methods will depend on 

the nature of their datasets  (Azpurua and dos Ramos, 2010). Dirks et al. (1998) compared the 

ability of four interpolation methods, including IDW and kriging, to predict rainfall across 

Norfolk Island. In previous studies predicting rainfall kriging usually provided the more 

accurate predictions (Dirks et al., 1998). However, the high resolution of the dataset used by 

Dirks et al. (1998) allowed IDW, which focuses on local values, to perform equally well as 
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the kriging method (Jarvis and Stuart, 2001). As a result, no one interpolation method is 

expected to perform consistently better than another (Akkala et al., 2010, Azpurua and dos 

Ramos, 2010). 

 

The level of accuracy and resolution required from a model will also impact on the 

interpretation of the results (Azpurua and dos Ramos, 2010). The aim of the current study 

was to produce an unbiased general guide for sampling of H. ricta and H. femorata. With the 

location of suitable weta habitat and access to private property likely to further limit suitable 

sampling sites, a finer scale guide may have been too restrictive. However, other studies may 

require fine scale results. Azpurua and dos Ramos, (2010) aimed to find the most accurate 

estimate of electromagnetic field strength in Caracas, Venezuela, using IDW, a spline method 

and kriging. Statistical tests determined that IDW produced the most accurate estimates 

(Azpurua and dos Ramos, 2010). However, the general pattern produced by each of the 

interpolation methods showed a similar distribution of high and low field strengths across 

Caracas (Azpurua and dos Ramos, 2010). Therefore, if their aim had been to find areas of 

high field strength in which to sample, any of the methods might be equally suitable 

(Azpurua and dos Ramos, 2010). 

 

The current study tested two different kinds of kriging that suited the data for different 

reasons. Both kriging methods produced very similar surfaces (Figures 2.4 and 2.5). This was 

expected given the strong spatial pattern in the data. However, as model 3A was able to 

account for the trend in the data while model 3B was not, the results suggest that the trend in 

the data did not have a large impact on the resulting predictions. However, the standard error 

of the predictions suggests that model 3A had a higher level of error at the extremes of the 

surface than model 3B (Figures 2.7 and 2.8). This may be the result of the fact that model 3B 

used indicator kriging which is designed to work with quantitative data such as the species 

presence data used here (Fortin et al., 2005). Kriging is a complex method with many choices 

under the control of the analyst (Longley, 2005). There is a balance between the time it takes 

to optimize a model and the degree to which this improves the resulting estimates (Dirks et 

al., 1998, Azpurua and dos Ramos, 2010). In the case of the current study, a general guide 

was all that was required. As such, the optimize function provided by ArcMAP 10 was a 

suitable method for optimizing the kriging models. Other studies may require more precise 

results, in which case additional exploration of the data may be required to fully optimize the 

model. 



38 
 

 

While similar overall, as a result of the different methods used to interpolate the surfaces, the 

models displayed slight differences. In model two, a barrier was incorporated into the spline 

method in the form of Akaroa harbour. As a result, H. ricta were excluded from the south-

western edge of the harbour and consequently no sympatric zone was predicted in this area in 

model two (Figure 2.3). The fact that models 3A and 3B predict an area of sympatry at the 

south-western edge of the harbour (Figures 2.4 and 2.5) can be attributed to the inability of 

these models to incorporate a barrier. Therefore, this predicted zone of sympatry can be 

ignored during sampling for potential hybrids. The different methods differed in the width of 

the sympatric zone they predicted (Figures 2.2 to 2.5). As exact interpolators, the surfaces 

produced by IDW and Spline methods must pass through all known points, which restricts 

where it can predict a sympatric zone (Chuanyan et al., 2005). The IDW method is further 

restricted as unlike the spline method, estimates in IDW are the average value of 

neighbouring observed values and cannot go beyond the range of values of the neighbouring 

points (Longley et al., 2005). As it is not an exact interpolator, kriging is not restricted in this 

manner (ESRI, 2013a). Instead, in kriging the width of the sympatric zone is influenced by 

the “range” of the semivariogram, the distance at which the data become spatially 

independent (Dirks et al., 1998). Because of the large distance between some of the weta 

observations in the SID dataset, the semivariogram with the best fit to the data has a large 

range. As a result, models 3A and 3B apply a large search neighbourhood on which to base 

their estimates of species distribution. Consequently, the width of the sympatric zone is also 

large. There are reasons that a wide or narrow predicted sampling zone could be beneficial.  

 

A narrow sympatric zone such as that predicted in model one would require less time and 

fewer resources to sample extensively, compared to the larger sympatric zones predicted by 

models 3A and 3B (Figures 2.2, 2.4 and 2.5). However, model one uses an exact method 

which assumes that all known data points are correct and the predicted surface passes through 

these values exactly (Chuanyan et al., 2005). In reality it is possible that in certain sites one of 

the tree weta species persists at a much higher frequency than the other and the rarer species 

may go unobserved. Therefore an exact method may underestimate the width of the 

sympatric zone. This is particularly important as the rates of hybridisation are known to 

increase when a species is more likely to encounter heterospecific mates than conspecific 

mates (Seehausen et al., 2008). As kriged surfaces are not required to pass through all known 

values, they are less vulnerable to this form of sampling error (ESRI, 2013a). However, the 
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wide sympatric zone of the kriging models must also be interpreted with caution. The models 

presented here do not incorporate the effect of elevation. While the exact relationship 

between changing elevation and the distributions of H. ricta and H. femorata is unclear, 

elevation adds a third dimension of distance that is unaccounted for in the current models. 

This may result in neighbouring data points appearing closer than they truly are which would 

lead to an increase in the width of the sympatric zone in the kriging methods. The IDW 

method is less vulnerable to this as the sympatric zone is restricted between the known data 

points. Therefore a compromise between the two widths of sympatric zone may be best.  

 

Whether spatial interpolation is appropriate to incorporate into modelling will depend on the 

individual study. When knowledge of the relationship between the distribution of a species 

and the environment is lacking, spatial methods may be more appropriate. With limited 

information available on the ecology of their study species, Capnodis tenebrionis, 

Bonsignore et al. (2008) used IDW methods to model the distribution of adults through an 

orchard. The resulting surfaces provided information regarding the spread of the borer C. 

tenebrionis as well as factors likely to influence their distribution (Bonsignore et al., 2008). 

However, using spatial interpolation alone does not account for environmental factors such as 

elevation or habitat (Chuanyan et al., 2005). Therefore, whether spatial interpolation methods 

are appropriate depends on whether spatial autocorrelation or other factors such as elevation 

have the larger impact on the data (Chuanyan et al., 2005). In their study of air temperature in 

the Qilian Mountains of China, Chuanyan et al. (2005) found that IDW and kriging methods 

were superior for predicting air temperature for some parts of the year. However, the strong 

relationship between air temperature and elevation meant that a multiple linear regression, 

which incorporated elevation, explained the most variation in air temperature overall 

(Chuanyan et al., 2005). There are some methods which allow the use of environmental 

variables as well as spatial autocorrelation. However, the benefits of using both factors will 

again depend on their relative levels of influence on the data (Jarvis and Stuart, 2001, 

Goovaerts, 2000). 

 

In the case of H. femorata and H. ricta, a previous study by Townsend et al. (1997) suggested 

possible environmental factors that would allow the production of a niche model, such as the 

simple model based on habitat preferences generated here. The tree species available as 

roosts, the elevation and aspect of the hill slope were all proposed as influencing the 

distribution of H. femorata and H. ricta on Banks Peninsula (Townsend et al., 1997). 
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However, the exact nature of the relationship between weta distribution and a number of the 

environmental factors remains unclear. To model an organism’s distribution based on habitat 

it is important to understand how the species interacts with its environment (Kearney, 2006). 

Edwards Jr et al. (2005) found that in the case of a rare lichen species, (Psuedocyphelaria 

rainierensis), the use of a species distribution model based on previous knowledge of the 

ecology of P. rainierensis did not increase observations of the species in the field in 

comparison to systematic sampling. This suggested the ecological knowledge of P. 

rainerensis was incomplete (Edwards Jr et al., 2005). While habitat is likely to have 

influenced the distribution of tree weta on Banks Peninsula the spatial information is likely to 

be more influential in this case. Habitat with suitable tree species and elevation could be 

found across the peninsula and, as seen in this study, a model using only these factors would 

fail to represent the clear spatial pattern in which H. ricta is found solely on the eastern half 

of the peninsula, while H. femorata lives predominately on the western half (Figure 2.9). 

Therefore, in the study performed here, spatial interpolation is the more appropriate form of 

modelling. 

 

2.7 Conclusion 

 

As a result of the strong spatial pattern in the observations of H. ricta and H. femorata on 

Banks Peninsula, the three interpolation methods tested here all predicted a similar sympatric 

zone. Because the predicted surfaces are so similar and each method has its own benefits, a 

combination of the surfaces will guide sampling of H. ricta, H. femorata and potential 

hybrids. The barrier of the spline method is useful in restricting the sympatric zone to the 

eastern half of Banks Peninsula. The kriging method provides a sympatric zone that is likely 

unrealistically wide but the IDW sympatric zone is likely restricted by the formula used to 

predict the surface. Therefore a compromise between the two sympatric zones will be 

applied. A model based on habitat use alone is inefficient at mapping the distribution of H. 

ricta and H. femorata on Banks Peninsula. However, habitat is still likely to be an important 

influence regarding the presence and absence of tree weta at a site. Therefore, considerations 

regarding suitable habitat will be made in the field. The next chapter outlines the sampling 

methods for DNA collection, based on the surfaces produced here. 
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CHAPTER THREE  

DNA sampling, species distributions and cohabitation observations 

 

3.1 Abstract 

 

The choice of sampling method can have important consequences for the success of a study 

and the impact on the organisms involved. Here artificial roosts, known as weta motels, are 

used as a non-destructive method of sampling Hemideina spp. on Banks Peninsula. Once 

located, the H. ricta and H. femorata individuals were sampled for DNA with the removal of 

a small section of a tarsus, a non-lethal sampling method. Observations made during the 

sampling suggest that at the broad scale the distributions of H. ricta and H. femorata appear 

largely unchanged since a study approximately 20 years ago. The sympatric zone predicted in 

Chapter Two appears to be accurate. Despite living in close proximity at five sites, H. ricta 

and H. femorata were not found cohabiting during the course of this study. The cohabitation 

patterns of H. ricta and H. femorata with conspecifics are generally in agreement with 

previous findings for Hemideina species. However, the limited sampling over winter makes 

the observation of seasonal patterns difficult.  Similarly, the cohabitation of these Hemideina 

species with other organisms is also in accordance with what has been found in previous 

studies of Hemideina spp. 

 

3.2 Introduction 

 

The sampling method implemented by a genetics study can have a large impact on its 

success. Adequate samples must be collected to accurately represent a population or species, 

if the study is to produce meaningful results (Gurdebeke and Maelfait, 2002, Hale et al., 

2012). Guidelines have been produced to help determine the number of samples required 

(Hale et al., 2012, Sinclair and Hobbs, 2009, Hoban et al., 2013). However, in addition to the 

number of samples collected, their distribution is also important (Sinclair and Hobbs, 2009). 

If all the samples are collected from a small area they may not represent the entire population 

or species accurately (Sinclair and Hobbs, 2009). Furthermore, not all sampling methods are 

suitable for endangered or elusive species (Smith and Wang, 2014, Piggott and Taylor, 2003). 

For such species, which are likely already at risk from a loss of habitat, predation and other 

factors, sampling methods should be chosen which are non-invasive (Piggott and Taylor, 
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2003). However non-invasive DNA sampling can mean compromising on the quality and 

quantity of the DNA recovered.    

 

As mentioned in Chapter Two, several life history traits of Hemideina species complicate 

their sampling (Trewick and Morgan-Richards, 2000). All Hemideina species are nocturnal 

(Moller, 1985). While several species have been reported living under rocks or logs, most use 

arboreal refuges (Townsend et al., 1997, Little, 1980, Scott et al., 2012). These refuges 

consist of tunnels made by other insects, such as the larvae of the kanuka longhorn beetle, 

Ochrocydus huttoni, as well as natural cracks in branches and loose bark  (Field and 

Sandlant, 2001). While tree weta do not construct the galleries themselves they are thought to 

widen or modify the entrances through chewing with their mandibles and it is believed that 

without this the holes would grow over (Field and Sandlant, 2001). Therefore, evidence of 

such galleries is usually a good indication of the presence of Hemideina (Rufaut and Gibbs, 

2003, Gibbs and Morris, 1998). However, weta must be removed from galleries before 

morphological identification and DNA sampling can be undertaken. Removing weta from a 

gallery is extremely difficult without injuring the weta in the process, or destroying the 

refuge, which leaves the weta vulnerable to predators (Bleakley et al., 2006). 

 

Hemideina individuals emerge from their galleries about an hour after sunset before 

ascending the branches towards the edges of the tree to feed (Gibbs and Morris, 1998). 

Sampling weta during this time avoids the risks associated with attempting to remove 

individuals from their galleries. However, once the weta move into the canopy they are 

difficult to detect and collect, which limits the time available for sampling. Furthermore, 

unless potential refuges have been identified in advance this method requires considerable 

time and effort (Watts et al., 2011). Even if potential refuges are identified, weta do not 

emerge every night (Ordish, 1992). Both air temperature and the amount of food an 

individual has stored in its crop are thought to influence the likelihood of emergence (Ordish, 

1992, Rufaut and Gibbs, 2003). Furthermore, weta will only remain still under a spotlight for 

a short period of time (Gibbs and Morris, 1998). Therefore, collecting individuals may prove 

difficult even after they have been detected (Gibbs and Morris, 1998). 

 

Another method that has been used to monitor and sample weta is pitfall trapping. Watts et al. 

(2011) used pitfall traps to capture 1126 individuals of various weta species over 4 years. 

While it has been shown that DNA can be extracted from insects in pitfall traps, the quantity 
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and quality of the DNA depend upon the trap design and the solution used inside the trap 

(Gurdebeke and Maelfait, 2002). As with the active searching, pitfall trapping is also 

considered time consuming (Watts et al., 2011). However, the main disadvantage of methods 

such as pitfall trapping and fogging of trees is that they are lethal, not only to the study 

species but also indiscriminately to other organisms. As this study concerns a species of 

conservation concern lethal trapping would be counterproductive. Watts et al. (2011) also 

employed tracking tunnels, a nonlethal method for measuring changes in weta populations. 

While this method is ideal for conservation, in that it poses no threat to the species involved, 

it is not suitable for this study as a DNA sample cannot be collected.  

 

The use of artificial galleries, commonly called weta motels (Bowie et al., 2014) or artificial 

roosts (Trewick and Morgan-Richards, 2000), is an alternative to the above methods. The use 

of artificial galleries allows destruction of native habitat to be avoided.  In addition to being 

non-destructive, the galleries are reportedly easy to manufacture for a relatively low cost 

(Bowie et al., 2006). While variations have been made, all designs for the galleries have an 

entrance hole for the weta to enter and a groove or cavity for them to reside in (Bleakley et 

al., 2006). From the results of their study, for weta monitoring Bleakley et al. (2006) 

suggested using single-gallery refuges rather than multi-gallery refuges and attaching these to 

trees at a height easily accessible by researchers. While there is no definite answer on how 

tree weta find suitable galleries several suggestions have been made, including volatile 

chemicals from the damaged trees or from resident weta as well as stridulations or vibrations 

generated from conspecifics (Bowie et al., 2014, Field and Sandlant, 2001, McVean and 

Field, 1996, Ordish, 1992). All of these methods are likely to result in a clumped spatial 

distribution of individuals (Field and Sandlant, 2001). Therefore, it is suggested that artificial 

roosts will be most successful at recruiting individuals if they are set up on trees that already 

show signs of weta presence (Bowie et al., 2014, Bowie et al., 2006, Trewick and Morgan-

Richards, 2000).  

 

In addition to allowing weta to be located for DNA sampling, artificial roosts provide an 

opportunity to gain additional information about their ecology (Watts et al., 2011). Trewick 

and Morgan-Richards (2000) reported that the motels could be used to study changes in the 

sex ratio and age structure of weta populations. Artificial galleries have been utilized in other 

studies to investigate aspects of weta behaviour related to the formation of harems and mating 

as well as mark and recapture studies to track weta dispersal (Spurr and Berben, 2004, Kelly, 
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2006). Furthermore, the artificial roosts can be used for long term monitoring and the 

transportation of weta if translocation or captive breeding programs are required (Bowie et 

al., 2006). In the current study, observations and DNA samples taken from the artificial roosts 

will reveal the current distribution of H. ricta on Banks Peninsula. Through a comparison 

with the distribution observed approximately 20 years ago, by Townsend et al. (1997), it can 

then be determined whether the range of H. ricta has become further restricted.  

 

In addition to non-destructive sampling, the method of DNA collection must also be carefully 

considered so that the impact on the study species is minimized. In previous studies, 

investigating the possibility of hybridisation between H. ricta and H. femorata, the genetic 

tests required that individuals be killed so enough tissue could be collected (Morgan-Richards 

and Townsend, 1995). However, given that H. ricta is of conservation concern (Hitchmough 

et al., 2005), non-lethal methods are preferable. In a study on the protected moth, Graellsia 

isabelae, Vila et al. (2009) were able to extract good quality DNA from a section of the 

middle left leg of a moth. While there was a possibility that the sampling negatively affected 

the chances of females mating they concluded that this could have been the result of 

additional stress and that these result could not necessarily be extended to other species (Vila 

et al., 2009). Tree weta are known to lose or damage their limbs in the wild (Moller, 1985). 

One of their aggressive behaviours is called bite-tibia, where one weta grabs the hind tibia or 

another in its mandibles in an effort to dislodge its position (Sandlant, 1981).  Sandlant 

(1981) reported that in male-male interaction experiments two individuals lost legs from the 

bite-tibia behaviour but neither attack was fatal. Moller (1985) reported that 42% of females 

(n = 41) and 17% of males (n = 36) were found to have suffered damage during their study of 

Hemideina crassidens, with damage to legs being the most common injury. Similarly, during 

a study of H. crassidens, Kelly (2006) observed weta with damage to their tarsi, most often 

females, probably because bite-tibia is used by males during courtship (Jarman, 1982). Weta 

that have not yet reached adulthood are able to regenerate their limbs during subsequent 

moults, however the regenerated limb grows slower than the others and so will inevitably be 

smaller (Ramsay, 1964).  Hind tibia are important in defensive behaviours and mobility 

(Gibbs and Morris, 1998, Kelly, 2006). Therefore, as with the study of the moth Graellsia 

isabelae (Vila et al., 2009), the left middle-tarsus will be sampled during this study. Given 

the evidence that weta sustain damage to their tarsi in the wild, this method is considered 

fairly non-invasive. 
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3.3 Aim 

 

The remainder of this chapter details the use of artificial roosts in combination with limited 

active searching to collect DNA samples from H. ricta and H. femorata throughout 

Canterbury. Furthermore, additional observations regarding cohabitation and species 

distributions are reported. 

 

3.4 Method 

 

3.4.1 Motel design 

Lincoln University has been setting up weta motels since 2003. Over this time the motels 

have maintained a basic design similar to those mentioned above but have undergone a 

number of subtle changes. Early designs included the use of native wood such as kanuka, to 

more closely mimic the habitats that the weta had been previously found in. However later 

models were made of pine as this was reportedly easier to cut and drill, while causing no 

apparent drop in the number of weta located (Bowie, personal communication). The sizes of 

the motels also varied. The three sizes used during this study were, small motels 50 x 50 x 

210 mm each with a cavity approximately 64cm³ inside, large motels 90 x 45 x 250 mm each 

with a cavity approximately 160 cm³ inside and long motels 50 x 50 x 250 mm with a cavity 

approximately 104 cm
3
. The latest motels were constructed with kiln-dried untreated pine or 

oregon. The entrance hole at the bottom was 14-16mm in diameter to prevent mice from 

preying on the inhabiting weta. The bottom was cut diagonally and the top sloped parallel to 

this with a plastic roof to minimise any water damage. The front of each motel had a door 

that swivelled on a screw, with a tapering diagonal edge that prevented light from entering 

the motel when it was closed tightly. The door was held in place by a removable nail (Figure 

3.1). Each motel was secured to the habitat with tie wire. It was necessary to periodically 

replace the wire as rust made it unsecure or the tree it was attached too had grown to the point 

that the wire was having a damaging effect.  
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Figure 3.1, An example of the style of artificial roost or weta motel used for sampling during 

this study. A) The front of the motel displaying the swivelling door which is held in place 

with a nail, as well as the interior cavity where the weta will reside. B) The back and bottom 

of the motel, showing the entrance hole which weta use to enter and exit the roost.  

 

3.4.2 Site locations 

3.4.2.1 Established motels 

In the years before this study, Lincoln University had set up 63 sites with weta motels across 

Banks Peninsula (Figure 3.2). Lincoln University also set up a transect of weta motels down 

the western side of Okains Bay Road, which for the purpose of this study has been split into 

three sites representing the bottom, middle and upper ends of the transect. This does not 

include additional sites set up across the Port Hills. The sites include privately owned areas, 

curb-side vegetation and conservation areas. The majority of the sites consist of ten weta 

motels tied to native vegetation. However, some sites which had been used in weta preference 

experiments contained additional motels, while in other sites motels have been lost or 

A) B) 
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removed overtime. The placement of motels in each site was guided by previous 

recommendations as to which habitats were preferred by H. femorata, H. ricta and other 

closely related species (Townsend et al., 1997, Jamieson et al., 2000). Motels were also set up 

where weta frass, remains or living weta indicated that the site was preferable. Furthermore, 

it is thought that without maintenance from insects, such as tree weta, the clean circular holes 

in trees, characteristic of gallery entrances, would close overtime (Field and Sandlant, 2001). 

Therefore, trees with such holes were also treated as an indication that a site was likely 

suitable for tree weta (Figure 3.3). The vast majority of the motel sites are along the eastern 

side of Akaroa, reflecting Lincoln University’s interest in H. ricta. However, a number of 

sites are located on the western half of the peninsula where H. femorata is expected to be 

located. Additional sites on the Port Hills are also expected to be inhabited by H. femorata.  
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Figure 3.2. Weta motel sites on Banks Peninsula. The green circles represent sites set up by 

Lincoln University prior to the beginning of this study. The yellow circles represent sites set 

up by Lincoln University during this study. The red circle represents a site set up by a 

member of the public. The purple circles represent sites I set up during this study. 
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Figure 3.3. A) The arrow indicates an example of the entrance to a natural gallery, treated as 

an indication of the presence of tree weta and used as an indication of a suitable site for 

sampling using artificial roosts. B) The arrow indicates the rear legs of a tree weta found 

inhabiting a natural gallery. This was also taken as evidence that a site was suitable for 

sampling using artificial roosts. 

 

In addition to the motels set up by Lincoln University, Canterbury University also had a 

number of weta motels established at their Mount Cass field station, 21 of which were visited 

during this study (Figure 3.4). Furthermore, a number of landowners have also placed 

artificial weta roosts on their property. One of the sites set up by Lincoln University also 

contained motels made and distributed by the owner. The owner’s artificial roosts consisted 

of two halves of a log routed out and tied together. Weta from only one of these roosts were 

sampled in addition to the Lincoln University motels at the site. Because of the small number 

of owner’s roosts sampled, the site has been marked as a Lincoln University site on figure 

3.2.  An additional site, marked on figure 3.2 consisted solely of motels designed and placed 

by the owners. In contrast to the previous privately made motels, the motels at this were very 

similar to the design of Lincoln University’s large motels. 

 

3.4.2.2 New motels 

As well as the motels already established by Lincoln University additional motels were set up 

over the course of this study. During the first sample season from November 2010 until the 

A) B) 
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end of June 2011 160 weta motels were set up in search of potential hybrids. The motels were 

distributed at 15 sites, with most sites containing 10 motels. An additional 10 or 12 motels 

were given to two sites, where both species were found living in close proximity. The new 

sites were centred round the hypothesized zone of sympatry (Chapter Two), both within and 

on either side of it. This was done in an effort to maximise the chance of finding any hybrids 

but also any possible introgression on either side of the zone. In addition to the motels that I 

set up, Lincoln University also set up five new sites, each with 10 motels, during the first 

season (Figure 3.2).  

 

The sampling in season two, from September 2011 until the end of February 2012, was 

designed to provide a more in depth sampling into locations where both species were found 

during season one, as well as focusing on locations where hybrids and both species were 

found by Morgan-Richards and Townsend (1995). One site which was set up in season one 

had no success in recruiting tree weta by season two and the area seemed to have a large 

population of spiders which inhabited the models. As the presence of some species of spider 

is known to deter weta from inhabiting motels (Sandlant, 1981), these motels were removed 

and used at another site. Including these motels 109 motels were set up in season two.  

 

After season two, tree weta were sampled on and off from August 2012 until August 2014 

but with less intensity than the previous seasons. During this time motels were removed from 

eight sites that had failed to show any evidence of tree weta inhabitance. Including these 

motels 165 new motels were set up after season two. In March 2013, 14 motels were added to 

the 20 already in place at a site containing both species. The remaining motels were placed at 

five new sites throughout the wider Canterbury region between December 2012 and March 

2013 (Figure 3.4). Four of these sites consisted of 32 weta motels whilst the fourth only had 

27 motels as more favourable sites were prioritized.  
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Figure 3.4. Weta motel sites in the wider Canterbury region. The green circle represents a site 

set up by Lincoln University prior to the beginning of this study. The blue circle represents a 

site set up by Canterbury University. The purple circles represent sites I set up during this 

study. 

 

3.4.3 Checking motels 

A total of 91 sites were visited over the course of this study. Certain sites, such as those in the 

predicted zone of sympatry, were checked on multiple occasions to increase the likelihood of 

finding samples of interest. All motels were checked during the day and were found using 

written notes, GPS co-ordinates, memory and in some cases photographs. New sites were 

usually left for a few months before being checked, to give weta time to colonise the motels. 

The inside of some motels had become clogged with the frass of various species, spider web 

and insect remains. A bottle brush or small stick was implemented to clean the motels as tree 
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weta tend to be found in clean refuges. Certain species are thought not to co-inhabit with tree 

weta and so if these were found inside a weta motel they were encouraged to leave.  

 

3.4.4 Active searching and additional methods 

While the majority of samples were obtained from weta motels, there were additional 

samples obtained via active searching. During the day active searching occurred 

opportunistically when researchers came across dead wood that appeared suitable for weta to 

inhabit. Any living plant material was left alone and weta were only extracted if this could be 

done easily without injuring them. Once sampled the weta were either returned to their 

original refuge or placed in a nearby unused weta motel. 

 

Additional samples were obtained through other means. Dr Roddy Hale at Lincoln University 

provided two tarsi from weta collected in the field. 42 extracted DNA samples were provided 

by Dr Marie Hale, which she had used during the development of microsatellites for H. ricta 

and H. femorata (Hale et al., 2010). Three samples were taken from weta that had been part 

of a collection held at the University of Canterbury by Dr. Larry Field, which was provided 

by Dr Marie Hale. The complete storage history of these weta is not known but they were 

found stored in glass jars at room temperature, in an unknown solution. A further ten tissue 

samples were received from Dr Mary Morgan-Richards at Victoria University, eight of which 

had been part of her hybridisation study (Morgan-Richards and Townsend, 1995). An 

additional nine samples were taken from preserved weta in a collection held by Mike Bowie 

at Lincoln University. While these additional samples will be utilized in the genetic analysis 

of later chapters they are not incorporated into the results or discussion section of this 

chapter.  

 

3.4.5 DNA Sampling 

A simple sampling procedure was followed with each live weta found. First each weta was 

photographed either after removal from their gallery or where possible inside the gallery. The 

sex and a rough estimate of whether they had reached adulthood were recorded. The number 

of stridulatory ridges on each side of the tree weta was counted using a 10x magnifying glass 

(Figures 3.5 and 3.6). A tissue sample was then retrieved by removal of the claw and one pad 

from the left middle leg of the tree weta using tweezers and small surgical scissors (Figure 

3.7). Additional samples were acquired from clippings of antennae tips. These clippings were 

approximately 1.5cm long which were cut and stored using the same procedure as the tarsus 
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clippings. As antennae are used in mating and other activities I refrained from taking 

antennae clippings unless the individual already suffered extensive damage to one or more 

feet. Such circumstances included individuals I used in mating experiments that had their 

tarsus sampled previously in the field. Between each sample the tweezers and surgical 

scissors were sterilized in 70% ethanol, to prevent transfer of diseases as well as the cross-

contamination of samples. If the ethanol had not evaporated from the tools before the next 

sample then they were dried with a clean tissue. The samples were stored in small plastic 

tubes of 100% ethanol, temporarily held at room temperature before being transported to a 

freezer at -20
O
C. The samples from Dr. Larry Field’s collection were taken in a similar 

manner but as there was no concern for the continued health of these weta, more of the leg 

was sampled in the hope it would compensate for any DNA degradation that had occurred 

during storage.  

 

 

Figure 3.5. An example of using a magnifying glass to read the number of stridulatory ridges.  
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Figure 3.6. An example of the stridulatory ridges counted on each tree weta. 

 

 

Figure 3.7. Sampling kit containing microtubules of 100% ethanol, tweezers, surgical scissors 

and tubes of 70% ethanol for sterilizing. Microtubules containing tissue samples are labelled 

in red vivid.  
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3.4.6 Distribution analysis 

The program ArcMap 10 (ESRI, 2010) was used to create the distribution maps presented in 

this chapter. The elevation of each site was also extracted in ArcMap 10 using data sourced 

from Ollivier and Co (https://koordinates.com/layer/1418-nz-80m-digital-elevation-model/). 

 

3.5 Results 

 

Over the course of this study 538 living tree weta were recorded. As well as living weta, 10 

deposits of tree weta remains were discovered. In nine of these cases the remains appeared to 

be those of a single individual, while in the tenth case a collection of remains had formed at 

the blocked end of a tree gallery. DNA from 508 of these individuals was used for the genetic 

analyses during this study, detailed in later chapters. The majority of the weta were found 

using artificial galleries, with only 16 removed from natural galleries. Based on stridulatory 

ridge counts, with ambiguous individuals confirmed genetically (see Chapter Four), 257 

individuals were identified as H. femorata, while 271 were identified as H. ricta. The 

remaining individuals were predominantly early instar individuals. Due to their small size, a 

considerable proportion of an early instar individual’s leg would need to be removed to 

provide sufficient DNA. Therefore, sampling of early instar individuals was avoided. 

Furthermore, as a result of their small size, early instar weta were difficult to restrain, 

preventing the use of morphological characteristics to determine their species. Additional 

individuals, of later instars, could not be safely removed from their refuge, or escaped before 

their species could be determined. 

 

The results of the sampling effort provide a current map of the distribution of each species on 

Banks Peninsula (Figure 3.8). H. ricta were restricted to the eastern half of the peninsula 

while H. femorata were found on the western half. Five sites were located where H. ricta and 

H. femorata were found in close proximity. In three of these sites members of both species 

were found inhabiting one of more of the same motels, but not concurrently. In the remaining 

two sites, H. ricta and H. femorata were found in different motels between 26 and 226m 

apart. These sites ranged in elevation from 261 to 350m above sea level (a.s.l). The amount of 

overlap between the distributions of H. ricta and H. femorata ranged from 78 to 226m at 

ground level. In areas near the sympatric zone H. femorata was usually found at lower 

elevations than H. ricta. However, away from the sympatric zone, both species were found at 

a wide range of elevations. The sites where H. ricta were found ranged in elevation from 58 
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to 723 m a.s.l, with an average of 298 m a.s.l (n = 36). On Banks Peninsula, the sites 

inhabited by H. femorata ranged in elevation from 56 to 730 m a.s.l, with an average of 265 

m a.s.l (n = 25). When sites outside of Banks Peninsula were included the range of elevations 

inhabited by H. femorata did not change but the average rose to 295 m a.s.l (n = 32). The 

sites on Banks Peninsula where no tree weta were observed were at elevations ranging from 

27 to 687 m a.s.l, with 275 m a.s.l as the average elevation.  

 

 

Figure 3.8, The distribution of H. ricta and H. femorata determined from sampling during 

this study. Sites where H. ricta were identified are represented in red. Sites where H. 
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femorata were identified are represented in blue. Sites where both species were found in 

close proximity are represented in purple. Sites where no tree weta were discovered are 

represented in grey. Species identification was accomplished via morphological 

characteristics, with the identity of ambiguous individuals confirmed genetically (see Chapter 

Four for details).  

 

Observations made whilst sampling tree weta from artificial roosts also provide information 

about the cohabitation patterns within each species. The majority of artificial roosts were 

inhabited by a single male or female tree weta, regardless of species (Figures 3.9 and 3.10). 

This pattern was consistent throughout the year. However, sampling efforts were much 

smaller in the cooler months, June through to September, which makes conclusions about this 

time period less reliable. Pairs of males were found cohabiting in a motel on four occasions, 

once with H. femorata individuals and three times with H. ricta individuals (Figures 3.9 and 

3.10). In three of these pairs one of the males was identified as an adult while the other male 

was a juvenile or subadult. In the remaining pair both males were identified as adults (Figure 

3.11). In addition, three adult H. ricta males were found when a motel was removed from a 

tree for sampling. However, it is believed that two of them were behind the motel, rather than 

within it. Two pairs of female weta were found inhabiting motels without a male present. In 

addition, two females were found inhabiting the cavity of a tree, however without destroying 

the gallery it was not possible to confirm that no other weta were present (Figure 3.10). On 

two occasions a male subadult H. femorata was found living in a motel with an adult male 

and female H. femorata (Figure 3.10). A motel with six H. ricta adult females and two H. 

ricta adult males was also discovered (Figure 3.12). Not included in figures 3.9 and 3.10 are 

the three occasions where weta were discovered living with the remains of another weta. 
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Figure 3.9. The number of each kind of grouping of H. ricta individuals found within weta 

motels sampled during the course of this study. The data from each year has been pooled by 

month. Red and blue represent motels with single females and males respectively. M/F 

represents a male and female pair. M/NF represents a male with multiple females where N is 

the number of females. M/M represents a pair of males. MM/FF represents a pair of males 

living with at least one female. 
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Figure 3.10. The number of each kind of grouping of H. femorata individuals found within 

weta motels sampled during the course of this study. The data from each year has been 

pooled by month. Red and blue represent motels with single females and males respectively. 

M/F represents a male and female pair. M/NF represents a male with multiple females where 

N is the number of females. M/M represents a pair of males. F/F represents a pair of females. 

MM/FF represents a pair of males living with at least one female. 
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Figure 3.11. Two adult male H. ricta found inhabiting the same long style weta motel. 
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Figure 3.12. A weta motel inhabited by 2 adult male and 6 adult female H. ricta. 

 

In addition to conspecifics, the tree weta were also found cohabitating with other species. 

Cave weta (Family Rhapidophoridae) (Bowie et al., 2006), earwigs (Order Dermoptera), 

slaters (Order Isopoda), Artystona species and beetles from the Carabidae family were all 

found commonly cohabitating the artificial roosts with the tree weta (Figure 3.13 and 3.14). 

The tree weta were also found living with a number of spider species (Figures 3.15 and 3.16). 

However, cohabitation with spiders was rare, especially with spider species that constructed 

extensive webbing around and within the motel. Similarly, while Hemideina individuals were 

found cohabitating with leaf-veined slugs (Family Athoracophoridae) this was also rare and 

only observed on a few occasions (Figure 3.17). Cohabitation between the two Hemideina 

species and the Canterbury gecko, Hoplodactylus aff. maculatus 'Canterbury', was also fairly 

rare, observed in only four artificial roosts (Figure 3.18). However, one of the artificial roosts 

found to contain a male H. femorata and a gecko in October 2013, was rechecked in August 

2014, and was found to contain a male H. femorata missing his left middle foot, suggesting 

he had been sampled previously, and a gecko.  
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Figure 3.13. A harem of H. ricta cohabitating with some members of the genus Artystona. 
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Figure 3.14. A H. ricta individual found cohabitating with a cave weta female (Family 

Rhapidophoridae). 
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Figure 3.15. A juvenile H. ricta individual found in a motel full of spider web and spider egg 

sacks. 
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Figure 3.16. An adult male H. ricta individual found cohabitating with a spider and an 

earwig. 
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Figure 3.17. A juvenile H. ricta individual found cohabitating with some leaf-vein slugs 

(Family Athoracophoridae). 



67 
 

 

Figure 3.18. A male H. femorata found cohabitating with a Canterbury gecko, Hoplodactylus 

aff. maculatus 'Canterbury', some slaters (Order Isopoda) and beetles of the genus Artystona. 

 

Weta that had previously been sampled could be identified by their left middle claw, which 

was either stunted or missing entirely as a result of the sampling (Figures 3.19 and 3.20). It 

was therefore possible to distinguish between new residents and weta which had been found 

on a previous visit. The time between the first and second sampling visit ranged between 10 

and 452 days with an average of 210 days. These results exclude one site where sampling had 

to be continued over two days. A total of 35 out of a possible 83 individuals were 

rediscovered on the second sampling visit. As individuals were not marked uniquely it was 

difficult to follow the history of individuals in most cases, especially after successive 

sampling visits to a site. However, as a consequence of the age and sex as well as unique 
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injuries of some of the individuals found, it was possible to track them as the site was 

resampled. There were 18 such individuals, of which 17 were found living in the same motel 

each time. The one individual that was discovered in a different motel on the second visit, 

202 days after the first visit, was found in a neighbouring tree 3 m away. 12 of the individuals 

which could be uniquely identified were living alone in their motel on the first and second 

time they were observed. However, two of these individuals, a male and a female H. 

femorata, were able to be uniquely identified when their motels were visited a third time, at 

which point each had a pair of new weta living with them. In contrast, a male and female 

were found living together two months after they had been sampled in the same motel. In 

another case a male and female, originally sampled living with another female, were found 8 

months later living with a new subadult male. In addition, one female originally found living 

alone, was discovered a year later living with a new adult male and adult female. One H. 

femorata male was found dead 14 months after he was first discovered. Given the length of 

time that had passed his death was unlikely to be related to the removal of his foot for DNA 

sampling.  
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Figure 3.19. An example of a regrown foot from a weta that had been sampled previously 

(see arrow). The regrown foot is smaller than the unsampled foot underneath it.  
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Figure 3.20. An example of a weta that has been sampled previously but has not regrown her 

foot (see arrow). 

 

Aside from a missing section of their foot as a result of sampling, a number of individuals 

were discovered with other injuries. The most noticeable injuries were those to the legs but 

damaged antennae were also discovered. Examples of the injuries found are given in the 

figures below (Figure 3.21 to 3.24). One female H. femorata was found with a prolapsed 

rectum (Figure 3.25). Evidence of disease was also discovered. Weta were found with areas 

of dark pigmentation, thought to be the result of an infection (L. Field personal 

communication) (Figure 3.26). Furthermore, on two occasions weta in motels were found 

obviously infected by a fungus, which likely killed them (N. Cummings personal 

communication) (Figure 3.27).  
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Figure 3.21. An adult male H. ricta found with damage to his rear legs. 
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Figure 3.22. An adult female H. femorata found with damage to her left middle leg. 
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Figure 3.23. An adult female H. ricta found missing her rear left foot. 
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Figure 3.24. An adult male H. ricta found with damage to both of his antennae. 
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Figure 3.25. A female H. femorata found with a prolapsed rectum. 
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Figure 3.26. An adult H. femorata found with dark pigmentation, likely the result of 

infection. 
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Figure 3.27. A dead adult male and female H. femorata both found infected by a fungal 

agent.  

 

3.6 Discussion 

 

The artificial roosts used during this study attracted enough tree weta for 508 DNA samples 

to be collected for use in later analyses. This included 92 samples from sites where H. ricta 

and H. femorata were found in close proximity. Along with samples collected from areas of 

allopatry, this should enable a genetic study into the possibility of hybridisation between H. 

ricta and H. femorata to be undertaken. In the previous study investigating hybridisation 

between H. femorata and H. ricta a total of fourteen tree weta were collected (Morgan-

Richards and Townsend, 1995). The greater number of samples collected here will allow for 

a more extensive and powerful study than was possible previously (Morgan-Richards and 

Townsend, 1995). In addition, as samples were collected across Banks Peninsula and, in the 

case of H. femorata, throughout the wider Canterbury region, population genetic analysis of 

these species will also be possible.  
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The current distribution of H. ricta and H. femorata on Banks Peninsula, identified during 

this study, is very similar to that identified previously (Townsend et al., 1997, Bowie et al., 

2014). As reported in Townsend et al. (1997), H. ricta was restricted to the eastern half of the 

peninsula, while H. femorata was found on the western half of the peninsula. The results also 

largely support those reported by Bowie et al. (2014). However, Bowie et al. (2014) reported 

finding H. femorata at two eastern sites. Both of these sites were visited during this study and 

while stridulatory ridges suggested that one weta appeared to be a H. femorata, the cuticle 

colouration and genetic analysis suggested this was not the case (see Chapter Four for 

methods). As each report of H. femorata in these areas represents a single sighting (T. Troup 

personal communication), the individuals may be morphological outliers of H. ricta. The 

results of Chapter Four show that the use of stridulatory ridges alone as a form of species 

identification can lead to the misidentification of H. ricta individuals. It is however possible 

that H. femorata is rare in these areas and was therefore not detected during this study. 

Therefore, continued surveying of these areas would be beneficial. This is especially true for 

the north eastern site as this is an area where sampling has been less successful in the past 

(Townsend et al., 1997, Bowie et al., 2014).  

 

The new sample sites, with locations based on the modelling in the previous chapter (Chapter 

Two) were successful in finding areas where H. ricta and H. femorata lived in close 

proximity (Figure 3.8). This suggests that the modelling provided an accurate estimate of the 

sympatric zone. However the spatial structure of the data on which the model was 

constructed was very strong and therefore the model was expected to be reliable. There 

appear to be some differences in the location of this sympatric zone compared to that 

described by Townsend et al. (1997). The data presented by Townsend et al. (1997) suggests 

that H. ricta were previously located further west, closer to the township of Akaroa. 

However, the different co-ordinate system used in the previous study makes fine scale 

comparisons difficult as the same locations could not be visited. Instead it is recommended 

that, where permitted by landowners, the current sites continue to be surveyed so that 

movement of the sympatric zone, which might threaten the continued existence of H. ricta, 

can be recorded. Whilst both species were found living in close proximity at five sampling 

sites during the current study, and even utilized the same artificial roosts at different points in 

time, at no point during this study were H. ricta and H. femorata individuals found 

cohabitating. This is largely consistent with previous findings (Townsend et al., 1997, Bowie 

et al., 2014). Townsend et al. (1997) only found H. ricta and H. femorata cohabitating in the 
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same tree on a single occasion, despite finding four sites where the species lived in close 

proximity. Townsend et al. (1997) did find a hybrid male sharing a gallery with a H. femorata 

female. Similarly, Bowie et al. (2014) reported finding no cohabitation between the two 

species.  

 

Several studies of tree weta species have suggested that elevation is an important factor in 

determining their distribution (Townsend et al., 1997, Trewick and Morgan-Richards, 1995). 

In the previous study, of the distribution of H. ricta and H. femorata on Banks Peninsula, 

76.9% of H. ricta were found above 400 m a.s.l. while 97.1% of H. femorata were found 

below this elevation. However, the current study suggests that while H. femorata is found at 

lower elevations in the sympatric zone, in areas of allopatry H. femorata and H. ricta live 

over a very similar range of elevations. This suggests that H. femorata may be competitively 

excluded from higher elevations by H. ricta. A similar relationship has been suggested 

between H. crassidens and H. thoracica (Trewick and Morgan-Richards, 1995, Bulgarella et 

al., 2014). H. crassidens is believed to be more successful than H. thoracica at lower 

temperatures (Bulgarella et al., 2014, Sinclair et al., 1999). As a result, it is thought that 

isolated populations of H. crassidens are able to competitively exclude H. thoracica from the 

higher elevations of Mount Taranaki and Mount Ruapehu, even though the rest of the H. 

crassidens range has retreated further south (Bulgarella et al., 2014). Similarly, ice 

nucleators, which are thought to help weta deal with the stress of freezing, have been detected 

in the haemolymph of H. ricta but not H. femorata. Therefore, H. ricta may competitively 

exclude H. femorata from the higher elevations of Banks Peninsula (Ramløv, 1999, Sinclair 

et al., 1999). 

 

Alternatively, the difference in elevations inhabited by H. femorata and H. ricta in the 

sympatric zone may simply result from the fact in this area lower elevations are found to the 

west, where H. femorata is located (Figure 3.28). This would explain why, unlike H. 

crassidens on Mount Taranaki or Mount Ruapehu, H. ricta is not restricted to high elevations 

on Banks Peninsula and H. femorata was not found at lower elevations on the eastern rim. In 

theory, H. ricta and H. femorata could occupy different regions of the peninsula to avoid 

competition for resources. All Hemideina spp. are known to have a relatively similar ecology, 

which could lead to competition for resources (Trewick and Morgan-Richards, 1995). While 

previous studies have suggested that suitable galleries may be a limiting resource, when 

observed the number of uninhabited roosts suggests that competition for galleries is likely to 
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be weak (Kelly, 2006). Similarly, competition for food is unlikely to be responsible as tree 

weta are known to consume both native and exotic plants as well as the occasional insect 

(Ordish, 1992). However, during this study at each site the same motels tended to be used 

consistently, allowing for the possibility that the other motels were unoccupied as they were 

less suitable. The combination of a suitable gallery and locally abundant food could be 

limited in some cases (Kelly, 2005a). This would be expected to result in competition.  

 

 

Figure 3.28. a map showing the elevation across Banks Peninsula where lighter shades 

represent higher elevations. Sites where H. ricta were identified are represented in red. Sites 

where H. femorata were identified are represented in blue. Sites where both species were 
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found in close proximity are represented in purple. Sites where no tree weta were discovered 

are represented in grey. Species identification was accomplished via morphological 

characteristics, with the identity of ambiguous individuals confirmed genetically. 

 

Sexual exclusion is another alternative explanation for the limited overlap in the distributions 

of H. ricta and H. femorata. Sexual exclusion occurs when the cost of reproductive 

interference prevents species from co-existing (Gröning and Hochkirch, 2008, Kuno, 1992). 

Reproductive interference encompasses any interactions between two species that occur 

during mate acquisition and results from incomplete species recognition, which causes a loss 

of fitness in at least one of the species involved (Gröning and Hochkirch, 2008). Sexual 

exclusion through reproductive interference has been suggested as an alternative to 

competitive exclusion in herbivorous insects (Kuno, 1992, Hochkirch et al., 2007).  

However, the significance of any effect that reproductive interference has on species 

coexistence is difficult to determine and with evidence scarce the importance of sexual 

exclusion is still debated (Gröning and Hochkirch, 2008). Despite this, there has been some 

evidence supporting the theory of sexual exclusion (Hochkirch and Lemke, 2011, Sun et al., 

2014, Gröning et al., 2007). Hochkirch et al. (2007) found that the reproductive success of the 

ground-hoppers Tetrix ceperoi and Tetrix subulata was significantly reduced when 

heterospecifics were present. Therefore, it was suggested that the lack of local sympatry 

observed between T. ceperoi and T. subulata resulted from selection to reduce the amount of 

reproductive interference between the species (Hochkirch et al., 2007). Hybridisation is a 

known form of reproductive interference (Gröning and Hochkirch, 2008). As Morgan-

Richards and Townsend (1995) suggest that hybridisation is possible between H. femorata 

and H. ricta, sexual exclusion is an alternative explanation for the lack of coexistence 

observed during sampling. The likelihood of this explanation will become more evident when 

the extent of hybridisation is investigated in later chapters. 

 

As well as the distribution of each species, the inhabitants of the motels provide other 

information about H. ricta and H. femorata. Overall the results of this study show a trend 

towards solo occupancy in both H. femorata and H. ricta (Figures 3.9 and 3.10). Sandlant 

(1981) found the same pattern when investigating H. femorata but emphasized that the size of 

the motel can influence the number of weta likely to inhabit it. However, Spurr and Berden 

(2004) found only single H. crassidens individuals inhabiting artificial roosts despite the 

refuges containing cavities large enough to hold more weta. The results of the current study 
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differ what was found by Wehi, Jorgensen and Morgan-Richards (2013) in H. thoracica. 

Wehi et al. (2013) found that during the summer months the proportion of roosts inhabited by 

both sexes rose from under 20% to over 60%. At no point during this study did the proportion 

of roosts inhabited by both sexes surpass 33%, found in H. ricta in August. However, during 

the current study, the sampling intensity was not consistent throughout the year which 

compounds attempts to determine any seasonal patterns. In both H. femorata and H. ricta, 

after single weta, male-female pairs and a single male with two females were the next most 

common groupings. This is consistent with the findings by Wehi et al. (2013). However, 

unlike Wehi et al. (2013) a single male with three females was not the fifth most common 

grouping. The largest harem found in H. femorata consisted of one male and four females. In 

H. ricta on two separate occasions a male was found living with six females and in one visit a 

male was found cohabitating with seven females. It is of interest that the largest harem was 

found in a long style motel, rather than a large motel which has a greater internal cavity. This 

suggests that larger harems were possible, similar to the findings of Spurr and Berden (2004), 

mentioned above.  

 

Occurrences of multiple members of the same sex living together were also discovered. A 

pair of female weta living together in the absence of a male was only found on three 

occasions during this study, all involving H. femorata individuals. On one of these occasions 

the females shared the motel with the remains of a dead weta. The rare nature of this pairing 

is consistent with the findings of Kelly (2006) in H. crassidens, which suggested that females 

will chose to live alone, rather than with other females, where possible. Similarly, Wehi et al. 

(2013) also suggested that female H. thoracica avoid living with other females, however this 

result was seasonally dependent. Multiple males living together without females were also 

observed during this study. This occurred in both H. ricta and H. femorata (Figures 3.9 and 

3.10). It is generally believed that males will not tolerate the presence of a rival male within 

the same gallery (Sandlant, 1981). However Ordish (1992) reported a personal 

communication from Meeds (1991) who suggested that adult males could live peacefully 

together if there was a lack of sexual stimulus. This would be consistent with the lack of 

females in the motels. Furthermore, in three of the four male pairs found in motels, one of the 

males was not yet an adult which likely reduced rivalry between the males. Two adult H. 

ricta males were discovered living in the same gallery with six adult females. However, in 

this case, it is likely the refuge was so cramped that even if the males were aware of each 

other’s presence fighting would have been impossible (Figure 3.12). In addition, one 
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hypothesis states that tree weta become more tolerant of conspecifics as dawn approaches and 

galleries are required for protection from predators (Field and Sandlant, 1983).  

 

As well as conspecifics, H. ricta and H. femorata were found cohabitating with a number of 

other species. Species found commonly living along side tree weta included other arthropods 

such as cave weta of the family Raphidophoridae, slaters, earwigs and Artystona spp. Similar 

organisms were found co-inhabiting with H. crassidens in motels set up by Ordish (1992). In 

general, dirty galleries are thought to be avoided by tree weta (Gibbs and Morris, 1998). 

These invertebrates tended to leave motels clean and so are probably tolerated by tree weta 

unless in large numbers. Beetles of the genus Artystona were particularly common and it has 

been hypothesized that their presence might benefit the tree weta in some way, such as 

keeping the motel clean (M. Bowie, personal communication). The discovery of tree weta 

cohabitating with brown geckos of the genus Hoplodactylus was somewhat unexpected as, 

while the geckos appeared to leave the motels clean, they are known predators of tree weta 

(King et al., 2003). However, Townsend (1995) also reported finding the common gecko and 

on one occasion a skink living with adult or large subadult tree weta. Perhaps adult and 

subadult tree weta are large enough to prevent being eaten by the gecko. This would explain 

why an adult male H. femorata individual was rediscovered cohabitating with a gecko 

approximately 10 months after a male and gecko of the same description were found in the 

motel. It is also consistent with the observation by Townsend (1995) that juvenile weta were 

often displaced from motels by the common gecko. 

 

A number of other species were frequently found inhabiting weta motels but very rarely 

cohabitated with tree weta. Sandlant (1981) and Gibbs and Morris (1998) both found that 

Cambridgea, a genus of spiders, appear to exclude tree weta from motels. A similar trend was 

observed in this study, with tree weta being absent from the majority of motels inhabited by 

spiders. While large spiders such as Cambridgea spp. were found to create a lot of web inside 

and around motels, some smaller members of the Theriidae family created very little mess 

inside the motel and may be more likely to cohabitate with tree weta. This is supported by the 

fact that in figure 3.16 an adult male is seen co-inhabiting with a spider but the motel is fairly 

clean. In the majority of cases where a tree weta was found living in a motel with a 

considerable amount of web the weta was a juvenile. Juvenile weta may be large enough to 

avoid being eaten by the spider but small enough to move around the motel without 

becoming tangled. Another possibility is that they are outcompeted for clean galleries by 
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larger tree weta or that they are in an area with a high population of spiders and have no other 

option. Similar to spiders, leaf vein slugs also create a considerable mess inside the galleries 

they inhabit. During this study leaf vein slugs were often found in motels full of frass, which 

according to Gibbs and Morris (1998) should have deterred tree weta from using these 

motels. This might explain why although leaf vein slugs were found utilizing weta motels 

they were rarely found cohabitating with tree weta. 

 

Observations made during DNA sampling also provide some information about the 

movement patterns of H. ricta and H. femorata. Based on the observations of H. crassidens 

by Ordish (1992) adult males appear to take over motels from juvenile tree weta, with adult 

females moving in subsequently. Conversely, Kelly (2006) proposed that males only take 

control of a gallery in order to mate with any resident females before leaving. Meanwhile, 

Wehi et al. (2013) found that the presence of males or females was likely to attract members 

of the opposite sex to a refuge. During this study both single male and female weta were 

subsequently found in the same motel living with as part of a harem. While this is consistent 

with the findings of Wehi et al. (2013), the motels during this study were not checked at 

regular intervals and, as a consequence of the long periods of time between checks, the 

arrival and departure of new inhabitants is likely to have been missed. Of the rediscovered 

weta that could be identified on an individual level only one out of 18 was found to have 

moved between motels. The one weta that did move was rediscovered in a neighbouring 

motel just 3m away. On two occasions individuals were found inhabiting the same motel 

after 12 months. This supports previous evidence that tree weta are loyal to particular sites 

(Leisnham and Jamieson, 2002). However, out of a possible 83, only 35 weta were resighted, 

suggesting more movement went unrecorded.  

 

It is unlikely that the injury resulting from DNA sampling was responsible for the subsequent 

departure of weta. At one site sampling had to be extended over two days and on the second 

day some weta were found to have departed from their motels despite having not had any 

DNA collected. Furthermore, in their mark and recapture study Leisnham and Jamieson 

(2002) did not report collecting any DNA from individuals but still only recaptured 60 to 

70% of their marked weta. The discovery of weta with injuries in the wild reinforces the non-

destructive nature of the DNA sampling technique implemented here. Many of the damaged 

weta were found surviving with injuries greater than those suffered as a result of DNA 

collection. Others had limbs that were small compared to the rest of their body, characteristic 



85 
 

of regenerated appendages, providing more evidence that regeneration of limbs is sometimes 

possible in these species (Ramsay, 1964). Most of the tree weta that were rediscovered had 

not regenerated their lost tarsus but the wound had hardened over and the leg was still 

functional. Whilst one male who had previously been sampled for DNA was subsequently 

found dead in the same motel, the fact that 14 months had passed since he was sampled 

suggests that his death was unlikely to be related to the injury. These observations all support 

the fact that the removal of a tarsus and a single pad from the left middle foot of a tree weta is 

a non-destructive method for sampling DNA. 

 

3.7 Conclusion 

 

The results of this sampling effort suggest that the use of artificial roosts or weta motels is an 

appropriate method for finding and sampling Hemideina spp. for DNA. Furthermore, the 

artificial roosts also provide information on the cohabitation patterns of H. ricta and H. 

femorata, both with conspecifics and other species, which would not be possible with active 

searching. The results of this study suggest that the distribution of H. ricta and H. femorata 

across Banks Peninsula is largely unchanged since the earlier study by Townsend et al. 

(1997). However, as it is not clear what maintains this distribution, continued surveying is 

advised. The DNA samples whose collection is detailed in this chapter will be used in 

subsequent chapters to investigate the structure of H. ricta and H. femorata populations, as 

well as the degree of any hybridisation between the two species.  

  



86 
 

CHAPTER FOUR 

Hybridisation 

 

4.1 Abstract 

 

Human activities are leading to increased rates of hybridisation. While hybridisation is 

recognised as an important part of the evolutionary process, for rare species mating with 

more common species hybridisation can increase the risks of extinction. By mating with 

heterospecifics rare species waste valuable reproductive resources and as a result population 

sizes may decrease. If introgression occurs, the rare species can become genetically swamped 

by genes from the more common species, rending it effectively extinct. As a consequence of 

these risks, there is concern that hybridisation with the more common species Hemideina 

femorata may lead to the extinction of the range restricted species H. ricta on Banks 

Peninsula. As tree dwelling insects, anthropogenic deforestation of Banks Peninsula may 

have increased the likelihood of hybridisation between these species. The current study uses 

microsatellite markers and mitochondrial DNA to determine the extent of hybridisation 

between H. ricta and H. femorata. The results suggest that while hybridisation is possible 

between these species, hybrids appear to be rare. However, it is emphasized that further 

changes to habitat or the population densities of these species could increase the likelihood of 

hybridisation and continued monitoring is recommended. 

 

4.2 Introduction 

 

Once thought to be rare and inconsequential, natural hybridisation is now recognised as an 

important part of the evolutionary process (Arnold and Meyer, 2006, Schwenk et al., 2008). 

Hybridisation can generate new combinations of genes or introduce genetic variation into 

existing species. Endangered species often persist in small populations that may have gone 

through recent bottlenecks and are vulnerable to genetic drift, resulting in a lack of genetic 

diversity (Hedrick and Fredrickson, 2010, Sarre and Georges, 2009, Allendorf et al., 2001). 

Without genetic diversity it is difficult for species to adapt to changing conditions. 

Furthermore, individuals in these small populations are also prone to inbreeding depression, 

which hybridising with unrelated individuals might help relieve (Hedrick and Miller, 1992, 

Allendorf et al., 2001). However, hybridisation is a complex issue for conservation (Stronen 

and Paquet, 2013). Human activities, including the introduction of exotic species, habitat 
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modification and anthropogenic climate change are promoting secondary contact between 

species, creating new niches and weakening divergent selection (Crispo et al., 2011, 

Dobzhansky, 1940). As a consequence, the rate of hybridisation is increasing beyond normal 

levels (Haig and Allendorf, 2006). Anthropogenic hybridisation is leading many taxa to go 

extinct as a result of genetic mixing and replacement (Allendorf et al., 2001). Risks of 

extinction are especially great for a rare species coming into contact with a more common 

species (Allendorf et al., 2001). 

 

With a limit of available conspecific mates, members of a rare species, in contact with a 

similar but more common species, are likely to partake in cross species matings (Greene, 

1999, Hochkirch and Lemke, 2011). If backcrossing occurs,  genes from the more common 

species can spread throughout the rare species’ gene pool until there are no longer any pure 

members of the rare species left (Cordingley et al., 2009). The process renders the rare 

species genetically extinct and is referred to as genetic swamping (Cordingley et al., 2009, 

Lindenmayer and Burgman, 2005). Even if hybrids are relatively unsuccessful, as any 

offspring they produce will also be hybrids, they can continue to proliferate (Allendorf et al., 

2001). In contrast, purebred individuals waste reproductive resources mating with 

heterospecifics and any viable hybrids (Gröning and Hochkirch, 2008). With each subsequent 

generation pure members of the rare species become rarer, increasing the chances of 

heterospecific matings and causing a positive feedback loop that can lead to extinction 

(Cordingley et al., 2009, Gröning and Hochkirch, 2008).  

 

Hemideina ricta is the rarest species in a group of insects commonly known as tree weta, 

from the Orthopteran family Anostostomatidae (Bowie et al., 2014). Classified as “range 

restricted” H. ricta is only found on the eastern half of Banks Peninsula, where it has limited 

sympatry with the more widely distributed Canterbury tree weta, H. femorata (Chapter Three, 

Morgan-Richards and Townsend, 1995, Hitchmough et al., 2005). Hemideina species are 

believed to have evolved in allopatry, limiting selection for species identification and 

reproductive isolating barriers between the species (Trewick and Morgan-Richards, 1995, 

Field and Rind, 1992). As a consequence, hybridisation is expected between two tree weta 

species whenever they come into contact (Field and Jarman, 2001).Given the conservation 

status of H. ricta there are concerns it could be at risk of extinction via hybridisation with H. 

femorata. 
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Niche differentiation is known to reduce the number of interactions between co-existing 

species (Townsend, 1995, Seehausen et al., 2008). While mapping the distribution of H. ricta 

and H. femorata, Townsend et al. (1997) observed a number of apparent differences in their 

use of habitat. All H. femorata specimens identified by Townsend et al. (1997) were located 

below 450 m in elevation, while the majority of H. ricta specimens were found above 400 m 

in elevation. The vast majority of H. femorata were found in galleries in the tree species 

kanuka, Kunzea ericoides (Townsend et al., 1997). In contrast, H. ricta was more evenly 

spread across a wide range of tree species (Townsend et al., 1997). Furthermore, H. ricta was 

more commonly found in logs and unlike H. femorata was located living in fenceposts and 

under rocks (Townsend et al., 1997). However, subsequent research has found H. femorata at 

higher elevations and living in a wider range of refuges including rock crevices (Chapter 

Three, Bowie et al., 2014, Scott et al., 2012). Therefore, the two species may not occupy as 

distinct niches as once thought and it is likely that H. ricta and H. femorata have 

opportunities for contact in the field. Furthermore, changes to their habitat on Banks 

Peninsula may increase the likelihood of hybridisation between H. femorata and H. ricta.  

 

Both H. ricta and H. femorata occupy galleries in trees during the day to avoid predators and 

desiccation (Field and Sandlant, 2001). Banks Peninsula has undergone dramatic 

deforestation since the first human settlement (Wilson, 1992). Once covered extensively in 

forest, the use of fire and sawmills resulted in a loss of over 99% of old growth forest by the 

1920s (Wilson, 2008). Today the forest consists of fragmented patches in the gullies and 

valleys where moist conditions and low accessibility protected old growth forest from 

deforestation and now allows regeneration to commence (Wilson, 1992). Along with the 

forest, populations of forest fauna are also believed to have become fragmented, with tree 

weta listed among those likely to have been affected (Wilson, 1992). In small isolated 

populations H. ricta and H. femorata may have restricted mate choice, increasing the 

likelihood of hybridisation between the two species (Detwiler et al., 2005, Lepais et al., 

2009). Furthermore, changes in the extent of the forest via deforestation and subsequent 

regeneration may increase opportunities for secondary contact between H. ricta and H. 

femorata (Nolte and Tautz, 2010, Vallender et al., 2007). 

 

Evidence supports the theory that Hemideina species will mate when they come into 

secondary contact. Courtship among Hemideina is simple, with a sequence of stereotyped 

behaviours identified across a number of species, including H. femorata and H. ricta (Field 
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and Jarman, 2001, Field, 1993a, Sandlant, 1981). H. femorata and H. ricta are also among the 

Hemideina species that have attempted cross species matings in captivity (Chapter Five, 

Morgan-Richards et al., 2001, Field 1993a). While, no successful mating was observed 

between H. ricta and H. femorata, evidence of hybridisation has been found in the field 

(Morgan-Richards and Townsend, 1995). A genetic study, using allozymes, identified two 

hybrids between H. femorata and H. ricta close to the township of Akaroa (Morgan-Richards 

and Townsend, 1995). Morgan-Richards and Townsend (1995) concluded that the individuals 

were most likely first generation hybrids. Three possible reasons were given for the apparent 

lack of later generation hybrids (Morgan-Richards and Townsend, 1995). Hybridisation may 

have been a rare event, any hybrids produced may have been infertile or the hybrid zone may 

have been fairly young and a greater diversity of hybrids would be found in subsequent 

generations (Morgan-Richards and Townsend, 1995). Given that approximately twenty years 

has passed since the study was completed, and tree weta only live for two to three years, a 

sufficient number of generations may have passed to determine if the hybrid zone was 

previously too young to observe later generation hybrids (Kelly, 2008a, Leisnham and 

Jamieson, 2002).  

 

While previous studies suggest that hybridisation is occurring between H. femorata and H. 

ricta, how hybridisation should be treated in future conservation plans depends on the extent 

to which it is occurring (Field, 1993a, Morgan-Richards and Townsend, 1995, Allendorf et 

al., 2001) . To determine the extent of hybridisation and possible introgression, a more 

detailed study is required. Samples for the previous genetics study by Morgan-Richards and 

Townsend (1995) were taken from an extensive ecological survey, which identified 170 H. 

ricta and 84 H. femorata (Townsend et al., 1997). However, only a limited sample of 14 weta 

were used during the genetic study (Morgan-Richards and Townsend, 1995). Furthermore, 

since Morgan-Richards and Townsend (1995) completed their study, a number of 

microsatellite markers have been developed for use in Hemideina (Hale et al., 2010, King et 

al., 1998). As a result of their non-coding and highly mutable nature, microsatellites are 

thought to be more variable than allozymes and are therefore able to detect finer levels of 

genetic structure (Anne, 2006, Li et al., 2002, Sunnucks, 2000). Mitochondrial DNA 

(mtDNA) sequences have also been amplified from Hemideina (King et al., 1996, King et al., 

2003). Mitochondrial markers have a lower mutation rate than microsatellites and therefore, 

genetic patterns divulged by mtDNA are older than those identified by microsatellite markers 

(Wang, 2011). Using a combination of microsatellite and mtDNA markers allows researchers 
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to distinguish between contemporary and ancestral events as well as compensating somewhat 

for the non-independent nature of mtDNA markers (Wang, 2011, Anne, 2006). In addition, as 

mtDNA is maternally inherited, they can provide information about the direction of 

hybridisation (Morgan-Richards et al., 2001). 

 

4.3 Aim 

 

The research undertaken in this chapter builds on the work started by Morgan-Richards and 

Townsend (1995). I aim to use a combination of microsatellite markers and mtDNA to 

determine the extent of hybridisation and introgression between H. ricta and H. femorata.  

 

4.4 Method 

 

4.4.1 Sampling 

The DNA used in this chapter came from a number of different sources. I collected 417 

samples, during this study. The methods used to acquire these samples are detailed in Chapter 

Three. The sites chosen for sampling were based on modelling predictions calculated in 

Chapter Two to include both allopatric and sympatric sites for H. ricta and H. femorata. The 

samples collected included 139 individuals identified as H. femorata and 205 individuals 

identified as H. ricta based on stridulatory counts. Based on observations by Morgan-

Richards and Townsend (1995) and Field (1993b), individuals were assigned to H. femorata 

if they had a total of 16 or fewer stridulatory ridges on their tergal files, while individuals 

with 20 or more stridulatory ridges were assigned to H. ricta. The remaining 73 individuals 

could not be assigned to a species based on stridulatory numbers as this data was either 

missing or the individual had an intermediate number of ridges. Table 4.1 details how many 

of each species were sampled from each of the sample sites shown in Figure 4.1. An 

additional 50 DNA samples were acquired from other researchers (Table 4.2). Of these 

additional samples 13 were reported to be H. femorata, 27 were reported to be H. ricta, 9 had 

no species identification and 1 was reportedly a first generation hybrid between H. femorata 

and H. ricta (Table 4.2).  
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Table 4.1. The number of DNA samples collected from individuals at each sample site during 

this study. H. femorata indicates how many individuals were sampled with a total of 16 or 

fewer stridulatory ridges. H. ricta indicates how many individuals were sampled with a total 

of 20 or more stridulatory ridges. Unknown includes individuals whose species could not be 

determined based on the available stridulatory data. It should be noted this differs from the 

information in the previous chapter which also included dorsal colour as well. *A second 

individual was identified as H. femorata at this site but the DNA is not included in this 

chapter. 

Sample site H. femorata H. ricta Unknown 

Sugarloaf 6 0 0 

Double Bay Road 2 0 0 

Holmes Bay 1 2 0 0 

Holmes Bay 2 1 0 0 

Menzies Bay 0 7 0 

Starvation Gully 0 2 0 

Mount Fitzgerald 2 0 0 

Mount Sinclair 1 0 0 1 

Mount Sinclair 2 1 0 1 

Mount Pearce 0 7 1 

Pigeon Bay 1 1* 15 5 

Pigeon Bay 2 0 1 0 

View Hill 0 2 1 

Seftons Road 1 1 1 1 

Seftons Road 2 0 11 3 

Pigeon Bay 3 9 0 1 

Pigeon Bay 4 1 0 0 

Summit Road 1 11 0 1 

Duvauchelle 1 1 0 0 

Duvauchelle 2 2 0 0 

Pipers Valley 0 1 1 

Okains Bay Road Lower 10 0 4 

Okains middle 1 1 1 

Okains Bay Road Upper 1 5 3 
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Okains Upper 2 0 0 6 

Tizzards Road 4 0 0 

Sawmill Road 2 0 0 

Robinsons Bay 1 8 3 

Otepatotu 0 2 1 

Panama Rock 0 1 0 

Summit Road 2 0 1 0 

Takamatua Bay 1 0 0 

Old Le Bons Bay Road 24 0 7 

Old Le Bons Bay Track 21 15 2 

Takamatua Valley Road Lower 4 0 2 

Takamatua Valley Road Upper 0 7 2 

Woodills Track 3 0 1 

Long Bay Road 1 4 0 2 

Long Bay Road 2 9 8 5 

Long Bay Road 3 0 23 6 

Eastern site 0 2 1 

Ellangowan 0 4 0 

Hinewai 0 4 0 

Long Bay Road 4 0 1 0 

Goughs Bay 0 18 0 

Paua Bay Road 1 0 1 0 

Paua Bay Road 2 0 1 0 

Fishermans Bay Upper 0 5 1 

Fishermans Bay Lower 0 18 0 

L'Aube Hill Reserve 14 0 4 

Stoney Bay Road 1 1 0 0 

Stoney Bay Road 2 0 1 0 

Stoney Bay Road 3 0 3 1 

Stoney Bay Road 4 0 4 1 

Flea Bay Upper 1 0 1 0 

Flea Bay Upper 2 0 1 0 
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Flea Bay 1 0 4 0 

Flea Bay 2 0 5 0 

Nikau Palm Gully  0 14 3 

 

 

Figure 4.1. The sample sites where DNA was collected for use in this chapter. The blue 

circles represent sites where H. femorata was identified morphologically based on 

stridulatory ridge counts. It should be noted this differs from the information in the previous 

chapter which also included dorsal colour. The red circles represent sites where H. ricta was 

identified morphologically based on stridulatory ridge counts. The purple circles represent 

sites where DNA was collected from individuals which included both H. ricta and H. 

femorata based on stridulatory ridge counts. The white circles represent sites where none of 

the individuals sampled could be assigned a species based solely on stridulatory ridge count 

data. The sites are 1. Sugarloaf, 2. Double Bay Road, 3. Holmes Bay 1, 4. Holmes Bay 2, 5. 

Menzies Bay, 6. Starvation Gully, 7. Mount Fitzgerald, 8. Mount Sinclair 1, 9. Mount 
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Sinclair 2, 10. Mount Pearce, 11. Pigeon Bay 1, 12. Pigeon Bay 2, 13. View Hill, 14. Seftons 

Road 1, 15. Seftons Road 2, 16. Pigeon Bay 3, 17. Pigeon Bay 4, 18. Summit Road 1, 19. 

Duvauchelle 1, 20. Duvauchelle 2, 21. Pipers Valley, 22. Okains Bay Road Lower, 23. 

Okains middle, 24. Okains Bay Road Upper, 25. Okains Upper 2, 26. Tizzards Road, 27. 

Sawmill Road, 28. Robinsons Bay, 29. Otepatotu, 30. Panama Rock, 31. Summit Road 2, 32. 

Takamatua Bay, 33. Old Le Bons Bay Road, 34. Old Le Bons Bay Track, 35. Takamatua 

Valley Road Lower, 36. Takamatua Valley Road Upper, 37. Woodills Track, 38. Long Bay 

Road 1, 39. Long Bay Road 2, 40. Long Bay Road 3, 41. Eastern site, 42. Ellangowan, 43. 

Hinewai, 44. Long Bay Road 4, 45. Goughs Bay, 46. Paua Bay Road 1, 47. Paua Bay Road 2, 

48. Fishermans Bay Upper, 49. Fishermans Bay Lower, 50. L’Aube Hill Reserve, 51. Stoney 

Bay Road 1, 52. Stoney Bay Road 2, 53. Stoney Bay Road 3, 54. Stoney Bay Road 4, 55. 

Flea Bay Upper 1, 56. Flea Bay Upper 2, 57. Flea Bay 1, 58. Flea Bay 2, 59. Nikau Palm 

Gully. 

 

Table 4.2. Additional DNA samples provided by other researchers during this study, 

separated by the species they were reported as. *DNA samples provided by Dr M. Hale 

include those collected by other researchers including Mark Petrie and Dr R. Hale. ** This 

sample was collected by me during this study from Banks Peninsula but the exact location 

was not recorded. 

Source H. femorata H. ricta Unknown Hybrid 

Mike Bowie 3 0 4 0 

Dr M. Hale* 8 22 4 0 

Dr M. Morgan-Richards 2 5 0 1 

Rachel van Heugten 0 0 1** 0 

 

4.4.2 DNA extraction 

DNA extractions were completed using the Invitrogen PureLink Genomic DNA Kit. The 

extraction procedure followed the Mammalian Tissue and Mouse/Rat Tail Lysate protocol, 

with a few modifications. Large tarsus clippings were cut in half before being added to the 

genomic digestion buffer. Subsequently, before the sample was incubated for the genomic 

digestion step a micropestle was used to grind each sample until the exoskeleton was 

thoroughly broken. This extra step allowed the digestion buffer and proteinase K to reach the 

cells inside the tarsus which contained the DNA. The elution step was also modified. 50 µl of 
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elution buffer was added to the final spin column and left to incubate at room temperature for 

at least five minutes and no more than ten minutes. This was to increase DNA yield and is in 

contrast to the one minute stated in the Invitrogen manual. The samples provided by Dr. M. 

Hale were already extracted. 

 

4.4.3 Microsatellite markers 

4.4.3.1 Microsatellite genotyping 

The PCR protocol for the microsatellite loci used 15 µl reactions for each sample, consisting 

of 1 µl DNA extract, 0.6U Biotaq (Bioline), 1x PCR buffer (Bioline), 2 mM MgCl2, 0.080 

mM dNTPs and 0.330 µM of each of the forward and reverse primers. The reaction cycle for 

each PCR ran at 95°C for 12 mins, followed by 10 cycles of 94°C for 15 sec, the annealing 

temperature (Ta°C) for 30 sec, 72°C for 30 sec, then 30 cycles of 89°C for 15 sec, Ta°C for 

30 sec, 72°C for 30 sec, before a final extension of 72°C for 10 mins. A negative control was 

run in each PCR reaction which included all of the reagents except the DNA. A Mastercycler 

EP thermocycler (Eppendorf) was used for all PCR reactions. A primer (the forward primer 

in HR3, HR5, HR12, HR15, HR34, HR43, Hma01, Hma02, Hma03 and Hma04; the reverse 

primer in HR10A, HR13A and HR35) for each microsatellite locus was fluorescently labelled 

with either 6-FAM, NED, PET or VIC dyes (Applied Biosystems). PCR products were then 

run on a 1.4% agarose gel to check for amplification and possible contamination in the 

negative control. The annealing temperature, repeat motif, primer sequence and fluorescent 

3dye used for each of the primers are listed in Table 4.3.  

 

Table 4.3. The repeat motif, primer sequence, annealing temperature (Ta°C) and fluorescent 

dye used for each of the loci included in this chapter. 

Locus Repeat Primer sequence (5'-3') 

Ta 

(°C) Dye 

HR3 [CT]10 F:TGACGGTGTGCTTCGATAAG 55 6-FAM 

  

R: CACGAGGGCGATAGATGTTT 

  HR5 [TG]14 F: TAAATGCATCAGCGGCACTA 55 NED 

  

R: TGTGTGGTACATTGGATGGAA 

  HR10A [GA]13 F: GCATCTAAGGGAACCGTCCT 55 PET 

  

R: CGCTCGGCCGTATATGTTTA 

  HR12 [TA]9 F: CCAATTCGCTACCTTCTTTCC 55 VIC 
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R: CCCTAGGGAATAAGCGATGA 

  HR13A [AC]9 F: CTTAGCGTAGGGCGATTTTT 55 NED 

  

R: TTTCCGTGAACTGCTAGGTG 

  HR15 [AC]9 F: AAATGAAGGGGAGAGGGAGA 58 6-FAM 

  

R: TGTCTATGTGGTAGTATGGGGTGT 

  HR34 [CAT]8 F: AAAATAATATGCAACATAATTCA 48 6-FAM 

  

R: AGGGTCACAGACTAGAAAGC 

  HR35 [CTT]7 F: CAACTGGGGATCAATTCCTG 55 6-FAM 

  

R: GGAGGGAAATGGAAGAGTCC 

  HR43 [CGG]7 F: GGGTGGTGAGGGATACAGGT 55 VIC 

  

R: ACATTGAGGCAATCGACAGG 

  Hma01 [AC]13 F: CACAGCTCCCTGCCTGTAG 54 6-FAM 

  

R: CATTCACCACCAGGAACAGA 

  Hma02 [TG]21 F: TCGAACACATGTTCAGGGTC 50 NED 

  

R: AACGTGAATATGCTGTTGGTGC 

  Hma03 [TG]13 F: TATGCTCACAAGGTCCACCA 52 VIC 

  

R: CTCAGACACTGGCATTACATCC 

  Hma04 [TC]24 F: CACGAAACTAGACAGAGTTACA 48 PET 

  

R: CCAACCTTCAGGTTATACAC 

   

4.4.3.2 Genotyping protocol 

PCR products were diluted with PCR water as necessary by 2.5x, 5x or 10x, judging by the 

brightness of the band on a 1.4% agarose gel. After dilution 0.5 μl of the resulting product 

was added to 12 μl of HiDi Formamide (Applied Biosystems) and 0.3 μl of GeneScan
TM

 500 

Liz Size Standard (Applied Biosystems). DNA was denatured at 95°C for 3mins before the 

fluorescent DNA fragments were detected using an ABI 3130xl Genetic Analyser (Applied 

Biosystems).The detected fragments were sized with the program GeneMarker (SoftGenetics) 

and scored manually. 

 

4.4.3.3 Microsatellite marker suitability 

Nine microsatellite markers, previously developed for H. ricta and H. femorata that were 

polymorphic in either one or both species (Hale et al., 2010) were used in this study. In 

addition King et al. (1998) developed four microsatellite markers for H. maori (Hma01, 
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Hma02, Hma03, Hma04). King et al. (1998) tested these microsatellites against DNA from 

two individuals of both H. ricta and H. femorata. While all four microsatellites amplified in 

H. ricta and three amplified in H. femorata, the results were only examined on a gel, with no 

allele scoring performed (King et al., 1998). All four microsatellite markers from King et al. 

(1998) were amplified in four individuals from H. ricta and H. femorata to determine if they 

were appropriate for use in this study. Using the PCR protocol above, a variety of annealing 

temperatures were tested to optimize the amplification of the four microsatellites. All four 

markers produced bands in both H. ricta and H. femorata. This is in contrast with King et al. 

(1998) who observed no amplification of Hma04 in H. femorata samples.  

 

When the PCR products were subsequently genotyped Hma01 did not produce consistently 

scorable results. After failing to display any polymorphism within the first four individuals, 

Hma02 was amplified in an additional 34 individuals, including members of each species. 

None of these 34 individuals were polymorphic for the Hma02 locus. Therefore, only Hma03 

and Hma04 were used for subsequent genotyping. Similar to Hma01 and Hma02, while HR5 

displayed polymorphism when developed by Hale et al. (2010), artefacts during genotyping 

made it consistently difficult to score and it was excluded from subsequent genotyping and 

the final analysis. Locus HR10A was also excluded after initial genotyping suggested the 

locus was sex linked, with only females displaying heterozygosity. HR43 was excluded 

because the genotyping results were not reliably reproducible.  

 

4.4.3.4 Microsatellite data analysis 

STRUCTURE (version 2.3.4) (Pritchard et al., 2000, Falush et al., 2003, Falush et al., 2007, 

Hubisz et al., 2009) as used to perform genotype assignments tests. All assignment tests had a 

burnin period of 100000 repetitions followed by 1000000 MCMC repetitions after the burnin. 

An admixture model with no prior location information was selected and allele frequencies 

were correlated. Both K = 1 and K = 2 were tested (K = number of clusters) to determine if 

the species remain separate or if a hybrid swarm was more likely. Each K had 10 repetitions 

which were then combined for further analysis. The mean and standard deviation of the 

estimated Ln probability was calculated for each K in STRUCTURE Harvester (Earl and 

vonHoldt, 2012) and a likelihood ratio test used to determine which K is more likely. 

CLUMPP (CLUster Matching and Permutation Program Version 1.1.2 (Jakobsson and 

Rosenberg, 2007)) was used to find a consensus of Q values combining all ten repetitions of 

each K. Q is the estimate of the membership coefficient to each cluster, calculated for each 
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individual by STRUCTURE. All possible permutations were run in CLUMPP, with the 

similarity statistic G. Once the consensus Q values were calculated the final STRUCTURE 

plot was created in Microsoft Excel. 

 

To determine a suitable Q value for distinguishing hybrids from purebred individuals, 

simulations were run in HybridLab (version 1.1) (Nielsen et al., 2006). Genotype profiles 

from H. ricta (N = 127) and H. femorata (N = 23) individuals which were sampled on Banks 

Peninsula, but were not located near areas of sympatry based on morphological data, were 

selected to represent purebred members of their respective species. HybridLab does not take 

sample size into account and recommends avoiding unequal sample sizes (Nielsen et al., 

2006). HybridLab suggests sample sizes of 30 - 50 should help to avoid the bias of small 

samples. However as only 23 H. femorata were available all 23 samples of H. femorata were 

used along with a random selection of 30 H. ricta individuals. This will be referred to as 

“simulation sample 1” for the rest of the chapter. HybridLab was then used to simulate 

genotype profiles for 100 H. femorata, 100 H. ricta and 100 first generation hybrids (F1). 

The resulting genotype profiles were then used to simulate genotype profiles for 100 second 

generation hybrids (F2) and 100 backcrosses to each parental species. The final 600 

simulated genotype profiles were run through an assignment test in STRUCTURE, to test K 

= 2 with the same parameters as above. The results provided expected Q values for purebred 

individuals as well as various levels of hybridisation. The whole analysis was repeated twice 

more, each with a new random subsample of H. ricta and the original 23 H. femorata. After 

the initial analysis the results suggested that one of the 23 H. femorata individuals (Fit7b) 

may have hybrid ancestry. Therefore these simulations were rerun without this individual. 

 

Individuals indicated by STRUCTURE to be purebred H. femorata (N = 181) or H. ricta (N 

= 284) were subsequently used in an analysis of molecular variance (AMOVA) to calculate 

FST. FST is statistic that measures the proportion of inbreeding in all the populations that is 

due to differentiation among the populations (Frankham et al., 2010) . FST is commonly used 

to measure genetic divergence between populations or species (Balloux and Lugon-Moulin, 

2002). The AMOVA was performed in Genetic Analysis in Exel, version 6.4 (GenAlEx) 

(Peakall and Smouse, 2012), with 999 permutations. GenAlEx was also used to calculate the 

maximum-FST. The original FST was then standardized (F’ST) for intraspecies variation by 

dividing it by the maximum FST (Meirmans and Hedrick, 2011, Hedrick, 2005). 

Heterozygosity, allele frequency and allelic diversity were also measured using GenAlEx. 
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The loci used in this chapter were tested to see if they were in Hardy-Weinberg equilibrium 

(HWE) in the program Arlequin version 3.1 (Excoffier and Schneider, 2005). Arlequin was 

also used to test for evidence of linkage between the loci. The results for the HWE test are 

presented below. The results for the linkage analysis are given in Chapter Six and Chapter 

Seven. 

 

4.4.3.5 Morphological and genetic data comparison 

The results of the microsatellite species assignment method were compared to morphological 

assignment based on stridulatory ridge counts, to test the accuracy of the later method. 

Stridulatory ridge count data was available for 138 H. femorata and 227 H. ricta. Based on 

Morgan-Richards and Townsend (1995) as well as Field (1993b), individuals were assigned 

to H. femorata if they had 16 or fewer ridges on their tergal files (both sides combined), 

while they were assigned to H. ricta if they had 20 or more ridges on their tergal files. As 

well as a comparison of the two methods, the distribution of ridge counts within the species, 

assigned by genetic data, was also plotted.  

 

4.4.3.6 Replicates 

To test for genotyping error 30 individuals were chosen at random to act as replicates for 

genotyping. In addition 3 individuals were resampled during the course of this study. An 

additional 30 individuals were also chosen to have their genotypes re-called in Gene Mapper 

to test the accuracy of manual calling. The tests involved 11 loci, the 8 analysed in this 

chapter (HR3, HR12, HR13A, HR15, HR34, HR35, Hma03, Hma04) and 3 additional loci 

that only amplify in H. ricta (HR14, HR19A, HR21), which are used in the population 

genetics analysis of H. ricta (Chapter Six). The error rate was calculated as the percentage of 

samples whose genotype was not repeatable per locus, which was then averaged over all 11 

loci. 

 

4.4.4 Mitochondrial DNA (mtDNA) 

75 DNA samples from individuals identified as H. femorata by the microsatellite analysis and 

154 DNA samples from individuals identified as H. ricta by the microsatellite analysis were 

further analysed with mitochondrial DNA markers. The mitochondrial DNA of the two 

individuals identified as having possible hybrid ancestry by the microsatellite analysis was 

also analysed. 
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4.4.4.1 Mitochondrial (mtDNA) sequencing 

PCR was used to amplify an approximately 650bp fragment of mtDNA containing segments 

of the genes for tRNA leucine and cytochrome oxidase subunit II (King et al., 2003). The 

PCR protocol for the mitochondrial locus used 15 µl reactions for each sample, consisting of 

1 µl DNA extract, 0.6U Biotaq (Bioline), 1x PCR buffer (Bioline), 1 mM MgCl2, 0.08 mM 

dNTPs and 0.33 µM of each primer, COIIB-605 (5’ AATATGGCAGATTAGTGCA 3’) and 

A-TLeu (5’ GCTCCACAAATTTCTGAGCA 3’). The reaction cycle for each PCR was 95°C 

for 12mins, followed by 10 cycles of 94°C for 15sec, Ta°C for 30°sec, 72°C for 30sec, then 

30 cycles of 89°C for 15sec, Ta°C for 30sec, 72°C for 30sec, before a final extension of 72°C 

for 10mins. The annealing temperature (Ta°C) was 57°C for all of H. femorata samples and 

56°C for all H. ricta samples. A Mastercycler EP thermocycler (Eppendorf) was used for all 

PCR reactions. The predicted hybrid sample HrHf321, provided by Mary Morgan-Richards 

from a previous study (Morgan-Richards and Townsend, 1995) was amplified with the H. 

ricta PCR protocol. PCR products were then run on a 1.4% agarose gel to check for 

amplification and possible contamination. 

 

4.4.4.2 PCR product cleaning protocol 

25 μl ddH2O was added to each PCR product before it was transferred to an acroprep plate 

(PALL Life Sciences) and centrifuged at 1500 g for 15mins. An additional 25 μl ddH2O was 

added to each PCR product in the acroprep plate (PALL Life Sciences), which was spun at 

1500 g for 15mins. Lastly 25 μl ddH2O was added to each PCR product in the acroprep plate 

(PALL Life Sciences), which was rocked for 20 mins. PCR products were then transferred to 

a PCR plate. 5μl of the clean products were run on a 2% agarose gel with 2 μl of Sybr Safe 

(Invitrogen) at 80 v for 1hr to ascertain if all fragments except the desired segment had been 

removed, indicating the sample was suitable for sequencing.  

 

4.4.4.3 Sequencing PCR protocol 

The cycle sequencing protocol for the mitochondrial locus used 10µl reactions for each 

sample, consisting of 1µl purified PCR product, 0.875x Sequencing buffer (Applied 

Biosystems), 0.5μl Big Dye Terminator V3.1 Cycle Sequence RR-100 (Applied Biosystems) 

and 0.66 µM of primer A-TLeu. PCR cycling conditions were 25 cycles of 96°C for 10sec, 

50°C for 10sec and 60°C for one minute. A Mastercycler EP thermocycler (Eppendorf) was 

used for all PCR reactions. COIIB-605 was not used in the sequencing reaction as the 

subsequent sequences were difficult to read and provided no additional information.  
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4.4.4.4 Sephadex protocol 

10 μl of water was added to each Sequencing PCR product and all 20μl was transferred to a 

Unifilter 800 plate (Whatman) loaded with Illustra Sephadex G-50 Fine DNA Grade (GE 

Healthcare, Life Sciences). The Unifilter 800 plate was placed on top of a PCR plate and 

centrifuged at 750 g for 5 minutes. Centrifugation was repeated as necessary until 20 μl of 

product was seen in each well of the PCR plate. The PCR plate was then separated from the 

Unifilter 800 plate and centrifuged at 750 g before sequencing. 

 

4.4.4.5 Sequencing protocol 

Initially both the forward and reverse DNA fragments were sequenced. However, initial 

results showed that one direction produced cleaner sequences and subsequently the A-TLeu 

primer was used in the remaining sequencing PCR reactions. Sequences were read using an 

ABI 3130xl Genetic Analyser (Applied Biosystems). 

 

4.4.4.6 Mitochondrial sequencing data analysis 

The sequences were viewed and trimmed in Geneious 5.5.9 (Kearse et al., 2012). Those that 

had peaks that were difficult to read were excluded from further analysis. After editing, 

sequences of 581bp were used for the final analysis. The sequences were imported into 

GenAlEx and ambiguous base pairs (bp) were coded appropriately according to FASTA 

DNA codes. GenAlEx codes all ambiguous bases as 0 for AMOVA analyses. The resulting 

sequences were used to run an AMOVA to calculate θPT. θPT is an analog of FST which can 

be used to estimate genetic differentiation with haplotype data (Excoffier et al., 1992, Xu et 

al., 2008). The Haploid distance calculation was used with 999 permutations. Standardised 

θPT (θ’PT) was calculated in the same fashion to FST (see above). GenAlEx was used to find 

the haplotypes. The sequences from an individual with each haplotype were run in a Blastn 

megablast analysis against all the Hemideina sequences in the National Centre of 

Biotechnology Information’s (NCBI) nucleotide collection database (National Library of 

Medicine http://blast.ncbi.nlm.nih.gov/Blast.cgi).   
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4.5 Results 

 

4.5.1 Microsatellite data analysis 

STRUCTURE calculated the estimated Ln probability of K = 1 to be -10844.09 0.03 

(mean standard deviation), while the estimated Ln probability of K = 2 is Ln probability of -

6605.32 0.84 (mean standard deviation). The likelihood ratio test indicated that K = 2 is 

significantly more likely than K = 1 (χ
2

calc=8477.54, χ
2

0.05,1=3.841). The STRUCTURE 

analysis suggested that 90% of the simulated parents had a Q value of greater than 0.941, 

0.946 and 0.9434 in simulation one, two and three respectively. No second generation 

hybrids (F2) had a Q value of greater than 0.941 in any of the simulations and on average 

only 0.833% of backcrossed individuals had a Q value of greater than 0.941 over all three 

simulations. When the analysis was rerun without Fit7b, because of this individual’s possible 

hybrid ancestry, the results were slightly different. Without Fit7b, 90% of the simulated 

parents had a Q value of great than 0.94, 0.935 and 0.94 in simulation one, two and three 

respectively. No F2 individuals had a Q value greater than 0.935 and on average only 1.333% 

of backcrossed individuals had a Q value above this threshold across all three simulations. By 

taking 90% of simulated parental individuals these cut offs maximize the number of 

purebreds included while minimizing the number of misidentified hybrids.  

 

Despite the slight differences in the Q value threshold suggested by the simulations with or 

without Fit7b the overall results did not change. At either threshold only three individuals in 

the real dataset were suggested to have hybrid ancestry. One, a male HrHf321 previously 

identified as an F1 hybrid by Morgan-Richards and Townsend (1995) was assigned with a 

probability of 52.3% to H. ricta and 47.7% to H. femorata (Figure 4.2). The remaining 

individuals were assigned to H. femorata with a probability of 88.0% and 93.2% respectively 

(Figure 4.2). However, by virtue of their sampling location and the nature of the alleles that 

appeared to drive their assignment as possible hybrids, it was thought unlikely that these later 

individuals had hybrid ancestry. This reasoning is explained further in the discussion of this 

chapter. As a consequence both individuals were assigned to H. femorata for further analysis.  
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Figure 4.2. A barplot of Q values from a genotype assignment test in STRUCTURE, 

assuming K = 2. Hemideina femorata includes individuals sampled during this study that 

appeared to be H. femorata based only on stridulatory ridge counts, as well as samples 

provided by other researchers which had been identified by them as H. femorata. Hemideina 

ricta includes individuals sampled during this study that appeared to be H. ricta based only 

on stridulatory ridge counts, as well as samples provided by other researchers which had been 

identified by them as H. ricta. Unknown samples are those which could not be identified 

based on stridulatory ridges alone or where provided by other researchers without a species 

identification. 

 

The morphological species assignment and genetic species assignment were generally in 

agreement with only four H. ricta misidentified as H. femorata based on stridulatory ridge 

counts (Figure 4.2). None of the individuals collected during this study with intermediate 

ridge counts were found to be hybrids based on the microsatellite (Figure 4.2) and 

mitochondrial data (see below). There was very little overlap in the ridge counts of both 

species but at their extremes, the values became very close (Figure 4.3). The average number 

of stridulatory ridges on H. femorata was 11.420 0.145 (mean standard error), while on 

average H. ricta had 22.832 0.181 (mean standard error) stridulatory ridges. Ridge counts 

on H. femorata ranged from seven to 15, while ridge counts on H. ricta ranged from 14 to 29, 

with the majority 16 or above (Figure 4.3).  
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Figure 4.3. The frequency distribution of the total number of stridulatory ridges of individuals 

assigned to their species via genetic methods.  

 

An FST value of 0.561 (P = 0.001) with a F’ST value of 0.973 supported a high degree of 

genetic differentiation between H. ricta and H. femorata, as suggested by the genotype 

assignment test. All of the eight loci used here contained at least one species specific allele 

(Table 4.4). In three of the loci there were no alleles shared between the species. Two of these 

loci, HR13A and Hma03, were polymorphic in both species, while the third, Hma04, was 

only polymorphic in H. ricta. Genetic diversity appeared to be lower in H. femorata than H. 

ricta with an effective number of alleles (Ne) of 1.650 0.238 (mean standard error) and 

2.872 0.725 (mean standard error) respectively (Table 4.5). While Ne can be subject to 

effects from differing sample sizes, heterozygosity is less biased by sample size and the 

unbiased-heterozygosity (UHe) in GenAlEx incorporates sample size in its calculation 

(Kalinowski, 2005). UHe showed the same trend as Ne, with H. femorata showing less 

diversity than H. ricta, 0.311 0.088 (mean standard error) and 0.490 0.114 

(mean standard error) respectively, however there was considerable variation depending on 

the locus and within the species (Table 4.5).  
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Table 4.4. The number and frequency of alleles in H. femorata and H. ricta on Banks 

Peninsula. The number of individuals (N) from each species that amplified at each locus is 

also reported. 

Locus Allele H. femorata H. ricta 

HR3 N 181 282 

 

141 0.000 0.147 

 

143 0.003 0.000 

 

145 0.011 0.041 

 

148 0.006 0.326 

 

150 0.738 0.280 

 

152 0.127 0.206 

 

154 0.108 0.000 

  156 0.008 0.000 

HR12 N 180 283 

 

183 0.003 0.000 

 

185 0.003 0.007 

 

187 0.000 0.299 

 

189 0.000 0.078 

 

191 0.000 0.021 

 

192 0.758 0.000 

 

193 0.000 0.039 

 

195 0.175 0.009 

 

197 0.000 0.011 

 

199 0.000 0.018 

 

201 0.000 0.005 

 

202 0.000 0.034 

 

204 0.000 0.067 

 

206 0.000 0.104 

 

208 0.000 0.118 

 

210 0.000 0.080 

 

212 0.003 0.037 

 

214 0.000 0.018 



106 
 

 

216 0.000 0.025 

 

218 0.058 0.014 

 

219 0.000 0.002 

 

221 0.000 0.007 

 

223 0.000 0.007 

  227 0.000 0.002 

HR13A N 179 284 

 

173 0.000 0.512 

 

175 0.000 0.463 

 

177 0.000 0.012 

 

179 0.000 0.012 

 

191 0.475 0.000 

 

195 0.483 0.000 

  197 0.042 0.000 

HR15 N 180 284 

 

153 0.239 0.000 

 

155 0.761 0.002 

 

157 0.000 0.002 

  168 0.000 0.996 

HR34 N 180 284 

 

73 0.981 0.000 

  88 0.019 1.000 

HR35 N 177 284 

 

227 0.000 0.602 

 

228 0.000 0.004 

 

230 0.000 0.083 

 

232 0.003 0.000 

 

233 0.511 0.069 

 

236 0.105 0.028 

 

238 0.161 0.000 

 

239 0.011 0.060 

 

240 0.000 0.004 



107 
 

 

241 0.195 0.000 

 

242 0.000 0.093 

 

243 0.000 0.004 

 

244 0.014 0.000 

 

245 0.000 0.053 

  248 0.000 0.002 

Hma03 N 174 277 

 

95 0.000 0.005 

 

99 0.000 0.002 

 

103 0.000 0.621 

 

104 0.006 0.000 

 

105 0.000 0.366 

 

106 0.971 0.000 

 

107 0.000 0.004 

 

113 0.000 0.002 

 

114 0.017 0.000 

  116 0.006 0.000 

Hma04 N 176 284 

 

84 1.000 0.000 

 

88 0.000 0.002 

 

90 0.000 0.533 

 

91 0.000 0.005 

 

92 0.000 0.002 

 

93 0.000 0.065 

 

95 0.000 0.062 

 

97 0.000 0.033 

 

98 0.000 0.004 

 

99 0.000 0.157 

 

101 0.000 0.005 

 

103 0.000 0.002 

 

104 0.000 0.005 

 

106 0.000 0.048 
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108 0.000 0.004 

 

110 0.000 0.025 

 

112 0.000 0.005 

 

116 0.000 0.004 

 

118 0.000 0.009 

 

120 0.000 0.012 

 

122 0.000 0.018 

 

124 0.000 0.002 

 

Table 4.5. A summary of the genetic diversity per locus. The locus name, the number of 

individuals, the number of alleles (Na), the effective number of alleles (Ne), the observed 

heterozygosity (Ho), the unbiased expected heterozygosity (UHe) and whether the locus met 

the expections of Hardy-Weinberg equilibrium (HWE) are given for each locus, as well as 

the average over all the loci for each species. 

Locus Species N Na Ne Ho UHe HWE 

HR3 H. ricta 282 5.000 3.991 0.621 0.751 Yes 

  H. femorata 181 7.000 1.748 0.387 0.429 Yes 

HR12 H. ricta 283 22.000 7.290 0.735 0.864 Yes 

  H. femorata 180 6.000 1.642 0.256 0.392 Yes 

HR13A H. ricta 284 4.000 2.096 0.419 0.524 Yes 

  H. femorata 179 3.000 2.170 0.492 0.541 Yes 

HR15 H. ricta 284 3.000 1.007 0.004 0.007 Yes 

  H. femorata 180 2.000 1.571 0.256 0.365 Yes 

HR34 H. ricta 284 1.000 1.000 0.000 0.000 Yes 

  H. femorata 180 2.000 1.040 0.039 0.038 Yes 

HR35 H. ricta 284 11.000 2.564 0.574 0.611 Yes 

  H. femorata 177 7.000 2.971 0.559 0.665 Yes 

Hma03 H. ricta 277 6.000 1.924 0.339 0.481 Yes 

  H. femorata 174 4.000 1.060 0.040 0.056 Yes 

Hma04 H. ricta 284 21.000 3.107 0.556 0.679 Yes 

  H. femorata 176 1.000 1.000 0.000 0.000 Yes 

Average H. ricta 282.8 9.125 2.872 0.406 0.490 - 

 

H. femorata 178.4 4.000 1.650 0.253 0.311 - 
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Results from the repetitions suggest the findings are reliable. The repetitions found two 

individuals whose results were not replicated, each a one locus. Therefore, the genotyping 

error rate of the PCR was only 0.5% for the 11 loci tested in 33 individuals. For the manual 

calling four of the 30 individuals had the genotype at one locus not replicated. Therefore, the 

error rate for manual calling was slightly higher but still very low at only 1.2%.  

 

4.5.2 Mitochondrial DNA analysis 

The results of the mitochondrial DNA analysis were consistent with the findings of the 

microsatellite DNA analysis. H. ricta and H. femorata were found to be differentiated by a 

θPT of 0.982 (P=0.001) with a θ’PT value of 0.986. All individuals identified by the 

microsatellite analysis as belonging to H. femorata had mitochondrial DNA which aligned 

most closely with a known sequence from H. femorata. Similarly all individuals identified by 

the microsatellite analysis as belonging to H. ricta possess a mitochondrial sequence which 

aligned most closely with a known sequence from H. ricta. Fit7b, identified as having 

possible hybrid ancestry possessed a mtDNA haplotype found only in H. femorata 

individuals. A total of 37 haplotypes were identified. 12 haplotypes were found in H. 

femorata and 24 were found in H. ricta. The remaining haplotype was identified from the 

individual identified previously by Morgan-Richards and Townsend (1995) as an F1 hybrid. 

The mitochondrial DNA sequence from this individual was of lower quality and therefore the 

resulting haplotype is shorter than the others. However, the sequence was still sufficient to 

align closely with other H. ricta mtDNA sequences. The frequency of each haplotype is given 

in Table 4.6. The sequence of each haplotype and the accession number for the sequence it 

aligned most closely with in a Blastn analysis can be found in Appendix A (Table 9.1). 

 

Table 4.6. The frequency of each haplotype in 76 individuals identified as H. femorata by the 

microsatellite analysis (including Fit7b) and 154 individuals identified as H. ricta by the 

microsatellite analysis. 

  H. femorata H. ricta 

Haplotype N = 76 N = 154 

1 0.14 0 

2 0.01 0 

3 0.01 0 

4 0.64 0 
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5 0.03 0 

6 0.01 0 

7 0.01 0 

8 0.01 0 

9 0.01 0 

10 0.03 0 

11 0.05 0 

12 0.03 0 

13 0 0.01 

14 0 0.01 

15 0 0.01 

16 0 0.01 

17 0 0.01 

18 0 0.06 

19 0 0.24 

20 0 0.02 

21 0 0.01 

22 0 0.01 

23 0 0.01 

24 0 0.03 

25 0 0.05 

26 0 0.06 

27 0 0.01 

28 0 0.03 

29 0 0.01 

30 0 0.01 

31 0 0.03 

32 0 0.01 

33 0 0.39 

34 0 0.01 

35 0 0.01 

36 0 0.01 
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4.6 Discussion 

 

The results of this study support the original findings of Morgan-Richards and Townsend 

(1995) in their allozyme study of H. ricta and H. femorata 20 years ago. Hybridisation 

between the two species is possible but appears to be rare, or any hybrids produced die very 

young before they can be sampled, and the two species remain distinct. Results of a genotype 

assignment test in the program STRUCTURE suggests a K of 2 is most likely, meaning that a 

hybrid swarm has not occurred and two species remain distinct. Further analysis of the 

microsatellite data supports this with an FST of 0.561, P=0.001 and a F’ST of 0.973. Wright 

(1978) reported a guide to the biological meaning of FST values, with values greater than 0.25 

indicating a high level of genetic differentiation; suggesting that H. ricta and H. femorata are 

very distinct. Analysis of the mitochondrial DNA of both species also indicates high levels of 

genetic differentiation with a large θPT of 0.982 (P=0.001) and a θ’PT value of 0.986. 

Furthermore, with a Q-value threshold of 0.941, only three individuals of the 466 analysed 

showed any evidence of hybrid ancestry. Of the remaining individuals 98.93% were assigned 

to one species by a Q-value of 0.99 or greater. This is further evidence H. ricta and H. 

femorata remain distinct, despite occasional hybridisation. 

 

Deciding on an assignment cut-off, a Q-value threshold, at which to separate hybrids from 

purebred individuals with rare alleles is not always simple. Studies have used a range of 

values as thresholds in the past, including values as high as 0.98 in a study of warbler species 

(Acrocephalus) (Hansson et al., 2012), to values as low as 0.88 in a study of wild and 

domestic felines (Felis silvestris) (Oliveira et al., 2008). Even studies of the same species do 

not necessarily employ the same Q-value threshold. Two studies of hybridisation in sika 

(Cervus nippon) and red (Cervus elaphus) deer, both published in 2009, set two different Q-

value thresholds to distinguish hybrids from purebred individuals. McDevitt et al., (2009) set 

the threshold at Q value of 0.99, while Senn and Pemberton, (2009) had a less stringent 

threshold at 0.95. Furthermore, the  number of loci, amount of genetic differentiation between 

the parental species and the history of the species under study will all influence the suitability 

of a particular Q-value threshold (Vähä and Primmer, 2006). Therefore, during this study 

hybrids and parental type individuals were simulated using the known allele frequencies of 

allopatric parental populations, to test the accuracy of various Q-value thresholds (Vähä and 

Primmer, 2006). In a conservation study such as this, where hybridisation is a potential threat 

to a rare species, it is important not to underestimate the degree of hybridisation when 
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selecting a Q-value threshold, even at the expense of misidentifying some purebred 

individuals (Vähä and Primmer, 2006). Therefore, the Q-value threshold was chosen which 

only included 90% of the simulated parental individuals but throughout the simulations 

included less than 2% of individuals with hybrid ancestry.  

 

Of the three individuals identified as potentially having hybrid ancestry, two were assigned 

Q-values characteristic of simulated individuals that resulted from a mating between a H. 

femorata individual and a first generation hybrid. This would indicate that hybrids between 

H. ricta and H. femorata are fertile, contrary to the suggestions by Morgan-Richards and 

Townsend (1995). However, both individuals were found in allopatric sample sites that 

otherwise only contained H. femorata. Both sites, Mount Fitzgerald and Sugar Loaf, are a 

considerable distance from the nearest known sympatric site (Figure 4.1). Neither weta was 

morphologically intermediate, although morphology is unlikely to be a reliable estimate of 

parentage in later generations of hybrids. Both individuals possessed an allele which is 

common in H. ricta and rare in H. femorata but has been identified in multiple H. femorata 

from northern Banks Peninsula and Sugar Loaf. In addition the two individuals also possess 

alleles which are rare among H. femorata on Banks Peninsula but were more commonly 

found in H. femorata in the greater Canterbury region. Neither individual amplified the three 

loci (HR14, HR19A and HR21) found only to amplify in H. ricta.  Consequently, given the 

scarcity of individuals showing hybrid ancestry in general, it seems much more likely that 

these rare alleles are the result of gene flow from H. femorata outside of Banks Peninsula 

rather than the result of hybridisation with H. ricta. Therefore, introgression between H. ricta 

and H. femorata seems unlikely. Further evidence of the likelihood of introgression will be 

available if mating behaviour observations can be run on the hybrids produced in captivity 

from experiments in Chapter Five. 

 

The remaining hybrid detected during this study, HrHf321, was one of two individuals 

identified as first generation hybrids by Morgan-Richards and Townsend (1995). This 

confirms that the microsatellite markers used during this study are capable of identifying 

hybrids between H. ricta and H. femorata. STRUCTURE’s assignment of HrHf321 of 47.7% 

to H. femorata and 52.3% to H. ricta is consistent with values of simulated F1 hybrids. Based 

on the Q-values of simulated individuals it is also possible that HrHf321 was a F2 hybrid or 

even a backcross, though this is much less likely. HrHf321 has inherited two copies of the 

88bp allele at locus HR34. While this allele is rather rare in H. femorata (Table 4.1) if F2 
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hybrids and backcrosses were being produced I would expect more of them would be 

detected. Therefore, it is most likely that HrHf321 is a F1 hybrid, as suggested by Morgan-

Richards and Townsend (1995). Morgan-Richards and Townsend (1995) also deduced, using 

a sex linked allozyme marker, that HrHf321 was likely the result of a mating between a H. 

ricta female and a H. femorata male. The mitochondrial haplotype of HrHf321, as well at his 

genotype at sex linked microsatellite locus HR10A, also suggests he had a H. ricta mother. 

As HrHf321 was sampled from a location were no H. ricta individuals were identified, this 

result is consistent with a proposal by Wirtz (1999) that the maternal parent of hybrids is 

often the rarer of the two species. The theory behind this is that female mate choice 

determines the success of male mating attempts and she is only likely to mate with a 

heterospecific when conspecifics are rare (Wirtz, 1999). As no H. ricta were found at the site 

this species is likely to be locally rare. However, the current study has an extremely limited 

sample size of hybrids so additional hybrids would need to be located to determine if the 

pattern is consistent.  

 

During this study, the accuracy of a morphological technique used to distinguish H. ricta and 

H. femorata was tested. Ridges on the weta’s abdomen, used during stridulation, were 

counted to distinguish the species morphologically. Townsend (1995) recommended other 

morphological characteristics, such as the degree of abdominal banding, markings on the 

prothorax and the pattern of retrolateral spines be used to distinguish between the two 

species, as she believed that stridulatory ridges would be too difficult to count in the field, on 

a live insect. However, stridulatory ridge counts were used by Bowie et al. (2014) to 

distinguish between H. ricta and H. femorata, and were found to correlate well with genetic 

species identification during this study. The results were consistent with earlier reports that 

H. ricta usually have 20 or more ridges (10 per file) while H. femorata usually have 16 or 

less (8 per file) (Morgan-Richards and Townsend, 1995, Field, 1993b). However at the 

extremes of their distributions H. ricta and H. femorata did overlap in ridge counts, with one 

H. ricta recorded as having only 14 ridges. This morphological overlap supports the 

suggestion in Chapter Two, that rare sightings of H. femorata on the eastern half of the 

peninsula may represent morphological outliers. During this study an individual was found 

with stridulatory ridge counts indicative of H. femorata at an eastern site, Seftons Road 1 

(Figure 4.1) however genetic analysis determined that this individual was a purebred H. ricta. 

Unlike in the original study by Morgan-Richards and Townsend (1995), based on genetic 

analysis, none of the morphologically intermediate individuals found here were hybrids. The 
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species of individuals with intermediate ridge counts could usually be determined when the 

abdominal colour was also considered. While H. ricta has a striped morph, similar to H. 

femorata, the abdominal tergites show more speckling or have a considerably darker base 

colour than H. femorata individuals (Figure 4.4 and 4.5). Therefore, stridulatory ridge counts 

and abdominal colour should be a good first indication of species identity. However, given 

the variation in stridulatory ridge counts within H. ricta and H. femorata, it is expected to be 

difficult to identify hybrids, especially later generations, with this method. Therefore, if tree 

weta from Banks Peninsula are to be involved in future captive breeding or translocations 

genetic testing would be advisable, to decrease the risk of introducing hybrids into purebred 

populations.  

 

 

Figure 4.4. Adult male H. femorata (left) and adult female H. femorata (right) with transverse 

stripes, but a lack of speckling, on their tergites.  
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Figure 4.5. A) Adult male H. ricta (left) with uniform morph and adult female H. ricta (right) 

with transverse stripes. B) Adult H. ricta with transverse stripes and speckling on his tergites.  

 

The fact that hybridisation between H. ricta and H. femorata is possible but a gene flow is 

limited is consistent with other Hemideina species. An F1 hybrid individual between H. 

thoracica and H. trewicki, from Mohi Bush Scenic Reserve, was identified based on 

A) 

B) 
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karyotype and allozyme data (Morgan-Richards, 1995a). Trewick and Morgan-Richards 

(1995) stated that cytogenetics and pronotum evidence suggested they had identified viable 

hybrid offspring between H. trewicki and H. crassidens. However, despite living in sympatry 

or parapatry, allozyme markers suggest that H. thoracica, H. crassidens and H. trewicki 

remain genetically distinct (Morgan-Richards et al., 1995).  Each pair of species had at least 

two fixed differences separating them and all had at least one private allele (Morgan-

Richards, 1995a). Whilst H. thoracica and H. crassidens both showed intraspecific variation 

in their karyotypes, all three species could be distinguished based on karyotype analysis 

(Morgan-Richards, 1995a). When two species live in sympatry but possess fixed genetic 

differences, there is likely a lack of gene flow between them (Morgan-Richards, 1995a). With 

a lack of introgression many studies conclude that there are reproductive barriers between the 

species (Koen et al., 2014, Austin et al., 2011). Morgan-Richards and Townsend (1995) 

suggested that the hybrid zone between H. ricta and H. femorata may have been new and 

more hybrids would be detected with time. However, as 20 years later no new hybrids have 

been detected, it seems likely that reproductive isolating barriers separate H. ricta and H. 

femorata. Possible reproductive isolating barriers are explored in Chapter Five. 

 

Numerous other studies, on a range of taxa, have detected a lack of introgression or 

hybridisation between sympatric species, including birds (Hansson et al., 2012, Steeves et al., 

2010), fishes (Santos et al., 2006), mammals (Aghbolaghi et al., 2014, Koen et al., 2014), 

amphibians (Austin et al., 2011) and shrubs (McIntosh et al., 2014). With a lack of 

introgression many of these studies suggest there is little immediate risk of the species 

involved going extinct via hybridisation (Koen et al., 2014, Austin et al., 2011). However, 

several also emphasize that this could change in the future (Koen et al., 2014, Aghbolaghi et 

al., 2014, Austin et al., 2011). With continued climate change and habitat modification, areas 

of sympatry may increase in the future, providing more opportunities for hybridisation (Nolte 

and Tautz, 2010). Such changes can also reduce population sizes of already rare species, 

thereby decreasing the ratio of available conspecific mates relative to heterospecific mates. 

With a shortage of conspecific mates the number of heterospecific matings and therefore 

hybrids are expected to increase (Wirtz, 1999, Hubbs, 1955). Similarly, in small populations, 

stochastic events could cause a sex bias amongst a rare species (Steeves et al., 2010). This 

sex bias will result in a shortage of conspecific mates for one of the sexes and subsequently 

an increase in hybridisation (Steeves et al., 2010). After several generations of hybridisation, 

the genetic integrity of the rare species may be lost (Koen et al., 2014). 
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It should be acknowledged that the relationship between conservation and hybridisation is 

complex (Haig and Allendorf, 2006). It is not always easy to determine if hybrids are the 

result of anthropogenic actions or a natural part of the evolutionary process, which may 

themselves be eligible for conservation (Allendorf et al., 2001, Stronen and Paquet, 2013). 

Furthermore, hybridisation can increase the genetic variation and subsequently the fitness of 

the population (Allendorf et al., 2001, Roberts et al., 2010). This is the basis for “genetic 

rescue” a relatively new conservation management option (Hedrick and Fredrickson, 2010). 

However in the current study, given the severity of anthropogenic habitat modification on 

Banks Peninsula, it would seem reasonable that hybridisation between H. ricta and H. 

femorata may not be the result of a natural process. While the results of later chapters suggest 

that both H. ricta and H. femorata on Banks Peninsula have lost genetic diversity (Chapter 

Six and Seven) hybridisation between the two species is not the best method for combating 

this. To reduce the risks of outbreeding depression it is important to use genetically similar 

populations as an outbreeding group for genetic rescue (Edmands, 2007). H. maori is more 

closely related to H. ricta than H. femorata (King et al., 2003). Therefore, if genetic rescue 

becomes necessary the introduction of H. maori would be a more suitable way of increasing 

genetic variation. For H. femorata on Banks Peninsula, introducing individuals from 

populations across the Canterbury Plains would be a more suitable way of increasing genetic 

variation (Chapter Seven). Genetic rescue should only be attempted when there is evidence of 

a loss of fitness (Hedrick and Fredrickson, 2010). As no such evidence is available in either 

H. femorata or H. ricta, at this point, such drastic action seems unnecessary. 

 

4.6.2 Recommendations for conservation 

The findings of this study suggest that H. ricta is not in immediate danger of extinction from 

hybridisation with H. femorata. However, as hybridisation between the two species is 

possible this may change in the future. Continued monitoring is recommended. Alone, 

stridulatory ridge counts are unlikely to be sufficient to detect hybrids but accompanied by 

abdominal colouring may be sufficient for detecting F1 hybrids. However, to detect any 

introgression periodic genetic sampling from the zone of sympatry would be beneficial. 

Protection of habitat should be continued to prevent small population sizes that might 

increase the chances of hybridisation. If captive breeding is to be undertaken, genetic tests of 

the individuals would help to ensure no hybrids were introduced into the population. More 

research into which barriers are preventing hybridisation would not only aid future 
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conservation but help with a better understanding of speciation among these and other 

species.  

 

4.7 Conclusion 

 

The results of this study support the findings of Morgan-Richards and Townsend (1995). 

Hybrids between H. ricta and H. femorata appear to be rare, with no new first generation 

hybrids detected during the current study. Evidence of possible introgression was detected in 

two individuals however their position in relation to the hybrid zone and the nature of their 

genotypes suggests that they are more likely the product of gene flow from populations 

outside of Banks Peninsula. With hybridisation rare and introgression unlikely the immediate 

risk to H. ricta and H. femorata from hybridisation is limited. However, as hybridisation 

between the two species is possible in the field, a change in habitat or population density 

could increase the likelihood of hybridisation in the future. Continued surveying of the 

sympatric zone is recommended. While morphological identification may indicate the 

presence of possible hybrids, molecular methods are more accurate. Possible reproductive 

isolating barriers between H. ricta and H. femorata are explored in the next chapter. 
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CHAPTER FIVE 

Mating behaviour and hatching success 

 

5.1 Abstract 

 

Evidence suggests that hybridisation is possible between the range restricted species H. ricta 

and the more widely distributed H. femorata. However, genetic analysis of individuals from 

the field suggests that hybridisation is rare. Assortative mating and poor fitness in hybrid 

offspring could explain the lack of observed hybridisation. In this chapter, conspecific and 

heterospecific mating pairs were observed and their behaviour recorded. As well as testing if 

matings are more likely between conspecifics, efforts were made to determine if male effort 

or female resistance was responsible for the lack of hybrids observed in the field. The results 

suggest that under laboratory conditions, with a lack of mate choice, heterospecific matings 

are common between H. ricta and H. femorata. Hatching success of eggs resulting from these 

pairings also suggests that hybrid offspring have a fitness intermediate of the parental species. 

As a consequence, the results do not provide support for avoidance of heterospecific matings 

and poor hatching success acting as reproductive isolating barriers between H. femorata and 

H. ricta. Alternative explanations are discussed. 

 

5.2 Introduction 

 

The extinction of many species has been enhanced, directly or indirectly, by hybridisation 

(Chapter One and Three). The risks are particularly high for rare species which hybridise 

with a more common species (Allendorf et al., 2001). Matings with heterospecifics could 

waste valuable reproductive resources if the hybrid offspring are unfit or sterile (Cordingley 

et al., 2009). Furthermore, rare species may go genetically extinct when their gene pools are 

swamped by genes from a more common species (Cordingley et al., 2009). Previous evidence 

suggests that hybridisation between the range restricted tree weta species H. ricta and the 

more widely distributed H. femorata is possible (Chapter Three; Morgan-Richards and 

Townsend 1995). Despite living in close proximity at numerous locations throughout Banks 

Peninsula, evidence suggests that hybrids between the two species remain rare (Chapter two 

and three).  

 



120 
 

The current chapter attempts to narrow down reasons for this apparent lack of hybridisation. 

Morgan-Richards and Townsend (Townsend, 1995) proposed that the hybrid zone may have 

occurred fairly recently, which would explain the lack of identified hybrids during their 

study. Approximately ten generations have passed since the original study. Therefore, if there 

was no barrier to hybridisation we might expect to see more evidence of hybrids. An 

alternative possibility is that differences in niche can limit opportunities for heterospecific 

encounters (Gröning and Hochkirch, 2008, Hochkirch and Lemke, 2011). However, while, 

Townsend (1997) reported a number of differences in the habitat preferences of H. ricta and 

H. femorata, subsequent observations on Banks Peninsula and throughout Canterbury suggest 

these differences may be less than initially thought (Chapter Three, Bowie et al., 2014, Scott 

et al., 2012, Sandlant 1981, Little 1980). Both species have been found inhabiting the same 

galleries, though not concurrently, suggesting there are opportunities for heterospecific 

encounters (Chapter Three, Morgan-Richards and Townsend 1995). Furthermore, as 

numerous Hemideina species are known to be receptive to mates during summer (Barrett, 

1991), it is likely that H. ricta and H. femorata are receptive to mates at the same time. As a 

result of these observations, the rest of the chapter will focus on factors surrounding mating 

behaviour and offspring success, to investigate why so few hybrids have been detected.  

 

Some groups of Orthoptera have elaborate mating behaviours (Field and Jarman, 2001). Male 

Enisfera are known to use odour, vibrations and song to attract females (Brown and T., 

1997). However, the courtship rituals of Hemideina are not thought to be elaborate (Field and 

Jarman, 2001). A sequence of stereotyped behaviours has been identified in a number of 

Hemideina species, including H. femorata and H. ricta (Jarman, 1982, Sandlant, 1981, Field, 

1993a). Courtship begins with males antennating and palpating the female before probing her 

with his genitalia (Field and Jarman, 2001). Copulation is observed when males open the 

female’s genital plate, interlock their genitalia and perform a pulsating action (Jarman, 1982). 

Mate choice is thought to be controlled by the females, with their resistance known to 

prolong courtship (Sandlant, 1981, Field and Jarman, 2001). Observations of Hemideina in 

captivity suggest most adult tree weta are undeterred from mating with adult heterospecifics 

(Morgan-Richards et al., 2001). However, H. femorata paired with H. crassidens appears to 

be an exception to this (Morgan-Richards et al., 2001).  Furthermore, when two adult male H. 

ricta were introduced to established mating pairs of H. femorata, while they displayed 

courtship behaviour, Field (1993a) noted that the H. ricta males were less persistent in their 

pursuit of the H. femorata females than would be expected if they were interacting with 
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conspecifics. This may be evidence that H. femorata females do not stimulate as strong a 

mating response in H. ricta males as a conspecific female would. However, the sample size 

of the Field (1993a) study was too small to draw conclusions. I have found no recorded 

observations of male H. femorata interacting with female H. ricta. 

 

In Orthoptera, chemical, as well as auditory signals are used for sexual recognition and could 

explain differences in mating behaviour stimulation between some Hemideina species. While 

studying H. crassidens, Jarman (1982) found evidence of contact chemoreception or a close 

range volatile pheromone in the cuticular wax of females that stimulated mating behaviour in 

males. Similarly, in the related genus Deinacrida, a personal observation by M. McIntyre 

(cited in Brown and Gwynne, 1997) detailed how male D. rugusa were seen following the 

trail of a female, as if tracing her scent. Despite the evidence of use of odour in Hemideina 

mating behaviour, as of yet, no species specific chemicals have been discovered. However, 

such chemicals have been found in other Orthoptera species. In the field cricket species 

Gryllus firmus and G. pennsylvanicus species specific cuticular hydrocarbons were identified 

in females but not in the males of both species (Maroja et al., 2014). While in the species 

Teleogryllus oceanicus evidence suggests that cuticular hydrocarbons are sufficient to allow 

individuals to choose a mate that is genetically unrelated to them. If species specific 

pheromones exist in H. ricta and H. femorata, males should be observed courting conspecific 

mates more persistently than heterospecifics.  

 

If pheromones from heterospecific mates are sufficient to stimulate mating behaviour in H. 

ricta and H. femorata, morphological differences may still make matings unsuccessful. Male 

Hemideina have a gentalic hooking apparatus, known as a gin-trap, that is thought to help 

males open the sub-genital plate of females during mating (Jarman, 1982). Jarman (1982) 

proposed that this may act as a mechanism to prevent cross species matings. There is 

considerable similarity between the gin-traps of Hemideina crassidens, H. femorata and H. 

maori (Jarman, 1982). Given the known morphological and genetic similarities between H. 

maori and H. ricta they may also possess similar gin-traps (Morgan-Richards and Townsend, 

1995, Field and Bigelow, 2001, King et al., 2003). As a result, the gin trap acting as 

morphological barrier to matings between H. ricta and H. femorata seems unlikely. However, 

it has been suggested that the cerci of males may aid in copulation (Townsend, 1995). As 

male H. ricta have curvier cerci than male H. femorata, Townsend (1995) suggested that 

these differences may act as a partial reproductive isolating mechanism. If this is true then 
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males should be observed having more difficulty or shorter matings with heterospecific 

females, compared to females of their own species.  

 

It is also possible that at least part of the barrier to hybridisation occurs after copulation. 

Females can influence paternity through sperm usage patterns, consuming or ejecting sperm 

and terminating mating before full insemination (Kamimura, 2013, Eberhard, 1996). Female 

H. crassidens have been observed eating the spermatophore of one male when approached by 

a new male, suggesting females can influence paternity after mating (Kelly, 2008c). 

Furthermore, as Hemideina females are known to store sperm and mate with multiple males, 

sperm competition is likely (Kelly, 2008b, Kelly, 2008c). In another pair of Orthopteran 

species, Allonemobius fasciatus and A. scoius, similar to H. femorata and H. ricta, F1 hybrids 

are possible but rare (Howard et al., 1998). Lab experiments suggested that this was due to 

conspecific sperm precedence, so that only females who were unable to mate with 

conspecifics were likely to produce hybrid offspring (Howard et al., 1998).  If this is 

occurring in H. femorata and H. ricta, females may mate with heterospecific males but 

genetic analysis of the offspring would show that their offspring are still purebred if they 

have been able to store and select sperm from a conspecific male. This would however 

require females to mate with multiple males and virgin females would be preferable.  

 

A final possible reason for the apparent lack of hybrids is that any hybrid offspring that are 

produced may be less successful than their purebred counterparts. As mentioned in Chapter 

Four, Morgan-Richards and Townsend (1995) proposed that F1 hybrids between H. ricta and 

H. femorata were likely sterile. This would explain the lack of later generation hybrids found 

during their study (Morgan-Richards and Townsend, 1995). Chromosome rearrangements 

can cause problems in meiosis that can result in infertility (Morgan-Richards, 1995b). 

Potential hybrids between H. thoracica and H. trewicki as well as H. trewicki and H. 

crassidens have been hypothesized to be at least partially infertile, due to differences in the 

parental karyotypes (Morgan-Richards et al., 2001). However, the karyotypes of H. ricta and 

H. femorata are largely identical (Morgan-Richards, 1995b). Only three chromosomes have a 

different morphology between the species, with a change in centromere position (Morgan-

Richards, 1995b). Furthermore, if hybrid sterility was the only barrier to gene flow between 

H. ricta and H. femorata, there would still be F1 hybrids within the population. Despite 

extensive sampling, no additional F1 hybrids were identified during this study (see Chapter 

Four). Alternatively, hybrid offspring may fail to develop to an age where they are likely to 
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be sampled. In this scenario, hybrid offspring should display lower hatching and survival 

rates than purebred individuals.  

 

5.3 Aim 

 

This chapter details attempts to use observations of captive mating and offspring fitness to 

test a number of hypotheses, relating to potential reproductive isolating barriers between H. 

ricta and H. femorata. These hypotheses are: 

1) Conspecific pairs in H. ricta and H. femorata will copulate more often than 

heterospecific pairs. 

2) H. ricta and H. femorata males will invest more time and energy pursuing conspecific 

females relative to heterospecific females. 

3) H. ricta and H. femorata females are more likely to reject heterospecific males than 

conspecific males. 

4) The hatching success of hybrid eggs will be lower than that of purebred eggs. 

In addition to testing the effects of parentage on the hatching success of the eggs in this study, 

the effects of exposure to winter conditions is also investigated. 

 

5.4 Method  

 

5.4.1 Sampling of individuals 

Tree weta used for the behaviour observations were largely sampled from near the contact 

zone between the two species. Sites were defined as groups of 10-34 artificial roosts in a 200 

m radius area, separated from every other site by a minimum of 200 m. The exception was a 

transect of sites set up by Lincoln University down the western half of Okains Bay Road, 

which was split into three sites representing the upper, middle and lower regions of this 

transect, which had from four to 11 artificial roosts. “Near the contact zone” included sites 

where both species were found or those across the road or in a neighbouring paddock from 

these sites (Chapter Three). The reason for collecting individuals from close to or within the 

contact zone was that populations which have never encountered another species of tree weta 

are unlikely to have experienced selection for characters that promote reproductive isolation. 

This phenomenon, where characters that deter mating between species differ between 

allopatric and sympatric areas is referred to as reproductive character displacement (Jang and 

Gerhardt, 2006, Grant, 1972). An example is found in the ability of female southern wood 
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crickets, Gryllus fultoni, to distinguish between calls from a male conspecifics and calls from 

males of the species Gryllus vernalis (Jang and Gerhardt, 2006). Research found that females 

from sympatric zones were much better at distinguishing between the calls of each species 

than females from allopatric areas (Jang and Gerhardt, 2006). By collecting weta near the 

contact or sympatric zone, it was hoped to reduce this source of within species variation and 

focus on what was occurring in the area where hybridisation is possible.  

 

Efforts were made not to over sample any of the sites. The Department of Conservation 

permit for this work allowed a maximum of 15 individuals to be collected from each site. 

However, finding enough individuals of the right species and sex near the contact zone 

became difficult towards the end of the study. A combination of the time restrictions and 

efforts to avoid oversampling resulted in the collection of two H. ricta further away from the 

contact zone. Although these individuals were further from the contact zone, efforts were 

made to sample as close as possible and use the sympatric zone predicted in Chapter Two as 

a guide. 

 

As well as the right sex and species, finding weta of the right age proved difficult. Weta were 

collected throughout the year but there is evidence that the age of weta found in artificial 

roosts changes over the year (Wehi et al., 2013). Hemideina are said to take between 13 and 

18 months to reach adulthood (Barrett, 1991). In addition, it took six months to receive the 

permit that allowed for the translocation of weta into captivity. Therefore, given the time 

constraints it was not practical to raise the weta from nymphs. Where possible, individuals 

were collected as adults. However, when no adults could be located, 12 of the 56 individuals 

were collected as sub-adults. While tree weta are not known to learn courtship behaviour, 

previous mating experiences might influence how the weta behave during the observations 

and this is therefore an important source of potential variation to consider. The weta raised in 

the lab from sub-adults were spread throughout each of the four treatments, with two to four 

per treatment.  

 

Sampling close to the contact zone runs the risk of sampling potential hybrid individuals.  

Evidence suggests that finding sub-adult or adult hybrids between H. ricta and H. femorata is 

unlikely, suggesting that this risk is minimal (see Chapter Four). To ensure that no hybrids 

were used during this part of the study, DNA samples were taken from each of the 

individuals. There was one female for which a DNA sample was not available, however she 



125 
 

was morphologically identified as H. ricta. These samples were then genotyped, to test for 

evidence of hybrid ancestry. These samples were included in the analyses of hybridisation in 

Chapter Four. None of the individuals used in this behaviour study showed evidence of 

hybrid ancestry based on the genetic analysis in Chapter Four. Therefore, I am confident that 

none of the weta used in these behavioural observations had hybrid ancestry.  

 

5.4.2 Husbandry 

Once collected, weta were kept in a temperature controlled room set to 19°C with a 16 hour 

light and 8 hour dark cycle. The dark cycle started at 0900 hr and ended at 1700 hr. This 

length of day/night cycle has been used in another study of H. femorata behaviour (Sandlant, 

1981). Similarly the temperature chosen was based on temperatures used in other tree weta 

husbandry research projects (Sandlant, 1981, Jarman, 1982, Barrett, 1991). When they were 

not involved in the behavioural experiments, individuals were kept in separate clear plastic 

boxes measuring 23.5cm by 11cm by 12.6cm. These boxes had opaque plastic lids which had 

holes drilled in the top for ventilation. All individuals were provided with a cardboard tube, 

which was closed at one end, to mimic the galleries they would inhabit in trees, in the wild. 

The tube was narrow so that it was possible for two weta to enter the tube but not possible for 

the male to curve his abdomen in order to mate with a female without moving partially out of 

the tube (Jarman, 1982). Therefore, no matings inside the gallery would go unnoticed. The 

weta usually entered these galleries during the light cycle which meant cleaning out their box 

and replenishing food and water could usually be done with minimal disturbance. Each box 

contained two large sticks for the weta to climb, as recommended by Barrett (1991). In 

addition in each box was a plastic vial of vermiculite topped with a piece of paper towel. 

Vermiculite is a substrate that can hold a lot of moisture and is often used for seed 

germination. It was previously used as a floor covering in experiments using captive tree 

weta (Kelly, 2006). In the current study, the vials were used in the hope that water would 

evaporate slowly from the vermiculite and prevent the boxes from becoming dry. Barrett 

(1991) recommended spraying weta enclosures with a mist of water to maintain humidity but 

early trials of weta husbandry found that this often lead to mould growing inside the box. 

 

Weta were provided with fresh food and water twice a week. This was done during the light 

portion of the day to minimize disturbance to the weta. Water was provided as a cotton ball 

soaked in water (Barrett, 1991). A sprig of leaves was provided as food. In early trials of weta 

husbandry, individuals were provided with five-finger (Pseudopanax arboreus), mahoe 
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(Melicytus ramiflorus), broadleaf (Griselinia) and ngaio (Myoporum laetum). However, this 

was narrowed down to mostly broadleaf and five-finger with occasional ngaio. Broadleaf and 

five-finger did not dry out as fast as the other plant types and were the most readily eaten by 

the tree weta. Broadleaf and five-finger were also readily available, while mahoe was the 

least available. On rare occasions the weta were also fed carrot. In addition, as Little (1980) 

discovered when keeping H. femorata and H. maori in captivity, fewer individuals appear to 

die when their plant diet is substituted with protein. Little (1980) used cat biscuits as protein 

while Sandlant (1981) used dog biscuit pieces. In the current study I used Pro Plan Focus 

Kitten Chicken and Rice Formula cat biscuits as a protein substitute. When the food was 

provided, the weta boxes were also cleaned. Dry and mouldy leaves were removed from the 

box as were any faecal pellets. Cat biscuits were also replaced as they had a tendency to go 

mouldy if uneaten. 

 

In addition to those items above, female tree weta were also given a 150g yoghurt pottle full 

of soil in which to lay their eggs. The dirt was autoclaved to minimize the introduction of 

pathogens. While vermiculite would have been more sterile, when trialled, one female began 

eating the vermiculite. Therefore, the decision was made to switch to soil, which is where tree 

weta lay their eggs in the wild. Twice a week the soil was sifted through a sieve to collect any 

eggs. The soil was then sprayed with water to dampen it.  

 

5.4.3 Mating observations 

To determine if H. femorata and H. ricta individuals display similar courtship behaviours 

with each other as they do with conspecifics, the interactions of male and females pairs were 

observed. Four combinations of sex and species were tested: male H. femorata with female 

H. femorata (FF), male H. ricta with female H. ricta (RR), male H. femorata with female H. 

ricta (FR) and male H. ricta with female H. femorata (RF). Each combination was repeated 

seven times with new individuals.  

 

5.4.3.1 Motion sensor cameras 

Initial attempts to record mating behaviour between tree weta individuals involved motion 

sensor, night vision cameras. The first was a Leopuld RCX-1 Trail Camera and the second 

was a Parom VIP security Model VCC-HD460P. However neither camera proved suitable. 

While the weta were large enough to set off the motion sensors when they moved around the 

enclosure, weta mating behaviour involves small movements such as antennating and 
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palpating which were too small for the camera to detect (Field and Jarman, 2001). 

Furthermore, although both cameras were fitted with infrared capabilities there were issues 

with producing adequate lighting to view the weta. The infrared light reflecting off the weta 

enclosure caused the sensor to compensate by decreasing the infrared emitted to the point 

where the weta were not visible. In addition, the cameras only recorded the enclosure from 

one angle which severely limited the observations and was likely to lead to mating attempts 

going unnoticed. Therefore, the decision was made to record the observations in person. All 

of the data presented here was generated from observations in person. 

 

5.4.3.2 Observations in person 

Previous studies have observed tree weta behaviour under red light and found that the 

illumination did not appear to affect weta behaviour (Sandlant, 1981, Jarman, 1982). 

Therefore, a lamp with a red bulb was set up to illuminate the weta. This was placed behind a 

red plastic screen to further minimize the disruption of weta behaviour by decreasing the 

intensity of the illumination. Red cellophane was layered over a head torch with a red light to 

create a low intensity hand held red light that could be manoeuvred easily during 

observations if shadows meant more illumination was required in a particular area of the 

enclosure. Several layers of red cellophane were also used to over the laptop screen, on which 

the observations were recorded.  

 

Individuals were given at least 48 hours to adjust to the laboratory conditions. A 48 hour 

interval was used by to Kelly (2008c) to standardise recent mating and feeding history. In 

other studies of tree weta, individuals were often kept in constant light for 36 to 48 hours to 

reset their biological clocks. In the current study all weta were kept in the same room which 

made exposing some to constant light impractical. However, individuals seemed to adjust 

quickly to the new light:dark settings. Furthermore, if the weta had not emerged or come into 

physical contact during the first hour of observations, the weta were separated and the mating 

postponed for another 48 hours.  

 

It was not known how many weta it would be possible to find for this study. Therefore, in 

order to ensure equal numbers of replicates for each treatment, attempts were made to 

complete one replicate set of treatments before moving onto the next. Each weta was only 

used in a single mating pair. The weta for each observation were chosen at random out of all 

the weta of the sex and species required for the treatments remaining. At most two pairs were 
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observed at once. The males were transferred to the female’s enclosure following a similar 

protocol in Sandlant (1981) where females were introduced into the observation enclosure 48 

hours before the males. The male was transferred before the onset of darkness, whilst in his 

cardboard gallery. Weta emerged from their galleries of their own accord. This was believed 

to be less disruptive than removing the weta from their galleries.  

 

A number of behaviours were chosen to be recorded based on earlier studies and trials during 

the current study. Whilst studying the mating behaviour of H. femorata Sandlant (1981) 

defined a number of different behaviours that occur during courtship and copulation. These 

units of behaviour were also observed by Jarman (1982) during his study of H. crassidens. 

The behavioural units and their descriptions as noted by Sandlant (1981) and Jarman (1982) 

are found in Table 5.1. Trials were run with H. femorata pairs to determine which of these 

behaviours would be feasible to measure. In the trials weta often proceeded through the 

different behaviours in rapid succession, which could make recording them difficult. 

Therefore to reduce the error rate a number of behaviours were prioritized. Antennate-

palpate, followed by apply genitalia and then copulation are known to be important phases of 

courtship in Hemideina and were therefore recorded (Jarman, 1982). If a weta was observed 

to perform the behaviours mandible gape, kick push, lunge, grabble, stridulate or depart these 

were recorded as resistance to courtship by that individual, with the details recorded when 

possible (Table 5.1). A record was also made whenever the pair came into contact. As very 

brief antennal contact could occur in passing and was difficult to detect, the pair was 

considered to have come into contact when the antennae of one weta was drummed upon the 

other or when any other body parts came into contact.  

 

Table 5.1. Units of behaviour observed in the interactions between conspecifics in H. 

crassidens and H. femorata (Sandlant, 1981, Jarman, 1982). 

Behaviour Description 

Approach When one weta approaches or follows another, usually while 

antennating them.  

Antennate-palpate Where the antennae and maxillary palps of a weta are drummed along 

the surface of another. 

Bite tibia Where one weta pulls another weta by grabbing the weta’s hind tibia in 

its jaws and pulling backwards. 
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Apply genitalia When a male weta presses his genitalia along the body of another weta. 

Manoeuvre When the female moves her abdomen up and down whilst taking small 

steps in any direction. 

Raise abdomen When the female raises her abdomen and moves her ovipositor to 

expose her ventral surface to a male. 

Copulation The genitalia of the male and female connect. All abdominal movement 

stops except for rhythmic contractions made by the male’s abdomen.  

Kick push When the hind tibia of a weta are thrust rearward towards another weta. 

The tibia may be held against the other weta for up to 10 seconds and 

or, the action maybe be repeated multiple times.  

Stridulate A raspy sound is produced as the hind femora are moved against the 

abdomen of the weta.  

Vibrate The entire body of the weta shakes as the abdomen is moved up and 

down. 

Elevate The front and middle sets of legs are extended to raise the head and 

thorax. 

Mandible gape When a weta opens its mandibles by 40-60 degrees. 

Lunge A weta opens its mandibles and, raising its body, suddenly moves 

towards another weta. 

Grapple The weta grab each other with their tarsi and claws. 

Depart One weta leaves the vicinity of another weta. 

 

The frequency and sequence of the behaviours was recorded for two hours. The observations 

began from the moment when the pair had both emerged from their galleries or if one weta 

had emerged and entered the gallery of the other. As mentioned above, if this had not 

occurred within an hour the observations were postponed and the male was placed back in his 

own container. In previous studies a range of different criteria were used to determine a 

suitable duration for the observations. Kelly (2008c) observed interactions between H. 

crassidens for four hour intervals because mating had typically occurred by this time. 

However, Kelly (2008b) only watched the pairs of H. crassidens until mating had occurred or 

for an hour. Of the 23 pairs that mated during the current study 13 mated during the first 

contact and all of them mated within the first hour. The average length of time between when 

observations started and when weta mated was 11.9 minutes for the 23 pairs that mated 
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during this study. Therefore, two hours should provide suitable opportunity to observe any 

differences in mating behaviour. Jarman (1982) continued to observe a mating for four hours 

if copulation occurred, in other cases if the weta were separated for five minutes without any 

courtship behaviour the observations stopped. During the current study weta would often 

separate for over five minutes without displaying mating behaviour but could mate once they 

came into contact again. Therefore, the method used by Jarman (1982) was likely to miss 

matings. Much longer observation times were used by Sandlant (1981) and Field (1993a), 

encompassing seven or eight hours and sometimes run over several sessions. However 

Sandlant (1981) and Field (1993a) were recording multiple kinds of interactions between 

numerous individuals at once. With only one pair of weta interacting in each enclosure during 

the current study, it is not believed such long observation times were necessary. 

 

As well as the sequence and frequency of different behaviours, attempts were made to 

measure the duration of a number of behaviours. All the times were recorded using the 

program XNote Stopwatch (version 1.66) (http://www.XNoteStopwatch.com). The XNote 

Stopwatch ran for the entire duration of the observation and the time at the beginning and end 

of each observation was recorded onto a list, to later be compared to a list of the observations. 

The duration for each contact as well as each antennate-palpate, apply genitalia and 

copulation event was then calculated based on the list. The duration of the antennate-palpate 

and apply genitalia events were calculated from the beginning of the behaviour until when the 

event was reported to end, the end of copulation or when the pair parted, whichever came 

first.  

 

There were some problems encountered in acquiring the duration data. Whilst observing a 

number of the pairs, the two lists became out of synch. In some cases this was only for a 

minute or two but in other pairs this occurred for longer periods and resulted in behaviours 

without accurately measured durations. It was possible to extend the entire duration of the 

observation so that in total two hours of accurately timed behaviours were recorded for each 

pair. However, there is the possibility that interactions between the pair after two hours are 

different from the initial interactions. Furthermore, the list of times and observations are 

probably most likely to come out of synch when the pair are interacting a lot. Therefore, this 

possible bias in when the observations were lost could mean that even if a total of two hours 

of observations is recorded they do not represent what the first two hours of interactions 

would be. Therefore, only pairs which had two continuous hours of timed behaviours were 

http://www.xnotestopwatch.com/
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included in duration analyses for male effort. This resulted in very small sample sizes, five 

pairs (FF), three pairs (RR), two pairs (FR) and four pairs (RF). However, this is still a larger 

sample size that previously attempted for interspecific matings involving these species. 

Furthermore, the data on the frequency with which each behaviour was performed, as well as 

the sequence in which the behaviours occurred is not affected by the loss of duration data. 

The average duration of courtship between conspecifics was also calculated for comparison 

with past research on Hemideina species. For these calculations, all copulations with entire 

durations were used. 

 

5.4.3.3 Analysis 

The observation data was analysed to test a number of hypotheses in relation to courtship 

between and within H. femorata and H. ricta. The first of these hypotheses was that 

copulation was more likely to occur between conspecific pairs than heterospecific pairs. To 

test this, the proportion of contacts that included copulation was compared between each of 

the four pair combinations. In the program R (R Core Team, 2013) the response variable was 

generated by merging two columns, one containing the number of contacts with copulation 

and one containing the number of contacts without copulation. In this way, R can 

accommodate for the fact that different pairs came into contact a different number of times in 

total when looking for differences in the proportions of contacts with copulation. As the data 

was neither normal nor homoscedastic, a general linear model with a quasibinomial 

distribution was used to test for a significant difference between the different pair 

combinations.  

 

The second hypothesis tested was that females were more likely to reject heterospecific males 

than conspecific males. To test this, the proportion of attempts by a male to apply his 

genitalia to a female that were met with female resistance was compared between the four 

pair combinations. It was decided to use resistance to the application of male genitalia instead 

of resistance to antennation and palpation because males were found to antennate and palpate 

other aspects of their environment, whilst apply genitalia was solely used in courtship. In four 

of the observations the male of the pair never applied his genitalia. This occurred three times 

in FR pairs and once in a RF pair. As a result the FR combination and the RF combination 

had only four and six replicates respectively. While the sample sizes were smaller, by only 

including pairs in which the male was interested in mating, the analysis was able to focus 

completely on female preference. The response variable was generated in the program R as 
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above by merging the columns representing male attempts to apply his genitalia which were 

met with female rejection and male attempts to apply his genitalia which were not met with 

female rejection together. As with the first hypothesis, the data on female resistance was not 

normal or homoscedastic, therefore a general linear model with a quasibinomial distribution 

was used. 

 

The final hypothesis to be tested was that males put in less effort attempting to acquire 

copulations with heterospecifics than with conspecifics. To determine if this was true the 

number of contacts between individuals in which the male performed the apply genitalia 

behaviour were compared between the pair combinations. In addition, the proportion of the 

total time that a pair spent in contact in which the male spent applying his genitalia to the 

female was also compared between the different pair combinations. Both sets of data were 

analysed with the same method as the first two hypotheses. 

 

In addition to the hypotheses above, a general overview of the outcome of male to female 

interactions in each pair combination was also generated. Sandlant (1981) determined the 

outcome of the 128 male and female H. femorata interactions observed during their study. As 

with Sandlant (1981) the interactions were not separated based on the individuals involved. 

Instead all of the interactions between pairs of each mating pair combination were combined 

to give an overview of the outcome of interactions between individuals in that combination. 

The average duration of conspecific copulations was also calculated for H. ricta and H. 

femorata, allowing comparisons with durations in other Hemideina species.  

 

5.4.3.4 Returning individuals 

After the weta were observed for the behavioural trials, efforts were made to return them to 

the wild. Returning individuals was seen as important in order to minimize the impact on the 

wild populations, especially for H. ricta which is of conservation concern (Hitchmough et al., 

2005). All released weta were marked with twink to prevent them from being captured again. 

Twink has been used by mark and recapture studies of Hemideina before, with at least 76% 

of the weta still identifiable after a month (Spurr and Berben, 2004). The twink was applied 

to the hind legs or thorax. As an additional measure to prevent recapturing the same weta 

again, weta which were missing their left middle tarsi, suggesting they had been sampled for 

DNA, were not captured for observation from sites where weta had previously been sampled 

for behavioural observations. Released individuals were either placed inside a tree gallery or 
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left inside their cardboard artificial tunnel and placed near known tree galleries. With readily 

available galleries it was hoped that released weta would find suitable refuges to avoid 

predation. The males were easy to return but the females were more difficult. Female 

Hemideina are known to store sperm (Kelly, 2008b). Therefore, whilst females that had 

mated with conspecifics could be released back into the wild, if females had mated with 

heterospecifics their release could result in hybrids between H. ricta and H. femorata existing 

in the wild. The original plan was to keep these females until they stopped laying eggs. 

However, over a year since they had last mated females were still found to be laying eggs. 

This occurred even with a female who had been a virgin before the experiment, and had only 

mated twice. Therefore, to prevent the release of hybrids, females mated with heterospecific 

males were kept in captivity. 

 

5.4.5 Offspring fitness 

5.4.5.1 Egg conditions 

In order to test the relative fitness of purebred and hybrid offspring, eggs laid by females in 

the behaviour experiments were collected so that the offspring could be reared. The eggs laid 

by each female were collected by sifting through the pottle of dirt she was provided to 

oviposit into. This occurred approximately twice a week, at the same time as the weta boxes 

were cleaned and fresh food was provided. The eggs were then transferred into 60 mL pottles 

of vermiculite. In the Middle Island tusked weta (Motuweta isolate) during development, in 

order to grow, the eggs must absorb moisture from the soil (Winks et al., 2002). As 

mentioned above, vermiculite has the capacity to hold a lot of moisture and is therefore 

suitable for housing weta eggs. Furthermore, vermiculite was able to provide a more 

consistent substrate throughout the pottles than would have been possible with soil. The eggs 

were divided so that, when possible, there were approximately ten to 20 eggs per pottle. The 

pottles were covered with a piece of cotton fabric secured with a rubber band. Pottles of eggs 

were placed outside, either in an insectary or in a garden. The eggs were exposed to natural 

temperatures and air pressure. The eggs in the garden were watered naturally by rainfall 

while those in the insectary were kept moist by regular watering once a week. 

 

5.4.5.2 Analysis 

I had initially hoped to test the fitness of the hybrid and purebred offspring. However, due to 

the long embryonic development times this was not possible. Instead the fitness measures 

presented focus on hatching success.  
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While collecting only juvenile or subadult females and raising them to adulthood for use in 

this study was not practical given the time constraints, the collection of adult females results 

in complications for the analysis of hatching success. Hemideina are known to be capable of 

storing sperm (Kelly, 2008b). Furthermore, dead females were found to have eggs which 

appeared to be mature, stored in their abdomen (personal observation). Other weta species 

have also been found storing mature eggs (Cary, 1981) Therefore, it is difficult in many cases 

during this study to be sure of the parentage of the eggs produced. It was hoped that genetic 

analysis could be used to determine the species of the offspring. However, attempts to extract 

DNA from eggs were relatively unsuccessful due to RNA and proteins within the eggs. Time 

constraints prevented the genetic testing of offspring which hatched, however DNA samples 

of offspring have been kept for future research. The females were collected from sites that, 

while adjacent to the sympatric zone, had only ever contained one species when surveyed. 

Two female H. ricta was collected from a site that contained both species. However, there 

was only ever one H. femorata discovered at this site and he was discovered very late in the 

sampling season after the females were collected. Furthermore, this male was a sub-adult and 

therefore it is unlikely that this female had mated with H. femorata previously. Consequently, 

the analysis was performed assuming that all females used in conspecific matings produce 

only conspecific eggs.  

 

The parentage of eggs laid by females who mated with heterospecific males was more 

difficult to determine. The shape of the spermatheca is thought to influence the degree of 

sperm displacement in females that are mated on multiple occasions (Walker, 1980). 

Elongated or tubular  spermatheca are thought to be associated with a precedence for use of 

the sperm from the last insemination during fertilization (Walker, 1980). In Hemideina 

thoracica the spermatheca has been identified as a median blind tube, which bends back upon 

itself at the end.  Therefore it is expected that there will be last male precedence in 

Hemideina. However, females are still capable of storing eggs. Maskell (1927) claims that 

approximately 18 to 20 eggs can be stored by a female at any one time, however, during this 

study one female was dissected and found to be storing 115 eggs, most of which appeared 

sufficiently developed for oviposition. Therefore, for the analysis the first 120 eggs laid after 

females were mated with heterospecific males were excluded in an effort to account for any 

stored eggs. Future tests of the DNA from these offspring will confirm their identity as 
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hybrids or parental type individuals. This dataset will be referred to as E1 in the following 

analysis.  

 

Unfortunately, the degree to which the above measure ensures that the eggs laid were sired by 

the heterospecific male, rather than a previous male in the field, remains unclear. A pattern of 

last male precedence in conspecifics does not ensure the same pattern will occur in 

heterospecific matings (Price, 1997, Price et al., 1999). Therefore, to assure that only true 

hybrids between H. femorata and H. ricta were considered, an additional analysis was run 

using only eggs which were known to by hybrids as the mother was collected as a sub-adult. 

This later dataset will be referred to as E2 for the following analysis. The E2 data set is 

limited to one H. femorata female and one H. ricta female. Therefore the hatching success 

results should be interpreted with caution as they may be more indicative of differences 

between these individuals than heterospecific matings in general. 

 

5.4.5.2.1 Winter and watering method 

It has been previously suggested that Hemideina eggs may go through a mild diapause 

(Stringer and Cary, 2001).  Diapause in the egg stage is an arrest in development, which 

allows the eggs to survive adverse conditions and then synchronise hatching for when the 

climate is more favourable (Hartley, 1990). Diapause is common among Northern 

Hemisphere insects to survive adverse winters (Morris, 1989). New Zealand Orthoptera are 

also known to show seasonality (Ramsay, 1978). Weta (Stenopelmatidae) lay their eggs in 

summer and autumn, which hatch in the following spring (Barrett, 1991). Therefore, 

Hemideina eggs may require exposure to cold temperatures to break their diapause before 

hatching can occur. Further supporting the likelihood of a diapause in Hemideina eggs is the 

fact that eggs from H. crassidens failed to hatch when kept indoors and moist (Spencer, 

1995). Therefore, before testing for the difference between the hatching rate of eggs from 

cross species matings and conspecifics matings it was important to investigate if whether or 

not eggs experienced winter temperatures was important.  

 

There have been numerous experiments testing the effects of temperature on diapause in 

Orthoptera. The majority of these experiments used temperatures ranging from 5-10°C; for 

example two species of New Zealand field cricket, Pteronemobius nigrovus and P. bigelowi 

(Swan, 1972), the Chinese rice grasshopper, Oxya chinensis (Zhu et al., 2009), the migratory 

locust Locusta migratoria (Tanaka and Zhu, 2008) and the grasshopper species Melanoplus 
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borealis and M. sanguinipes (Fielding and Defoliart, 2010). In their study of the egg 

development of the Tettigoniidae species Metrioptera roeselia Ingrisch (1984) used a cooling 

temperature of 5°C. However, 10°C was treated as a warm temperature (Ingrisch, 1984). 

Therefore, temperatures between 5 to 9°C seem likely to represent winter in many Orthoptera 

species. 

 

According to records from the National Institute of Water and Atmospheric Research 

(NIWA) the mean monthly air temperature in Christchurch, the city closest to Banks 

Peninsula, from 1981 to 2010 was less than 9°C from June to August inclusive. NIWA 

records also suggest that the mean soil temperature at a depth of 10 cm in Christchurch, over 

the same time period, was less than 9°C from May to September. Barrett (1991) reported that 

female H. crassidens lay their eggs a few millimetres to 23 mm deep. If this is characteristic 

of all Hemideina it suggests that eggs may be more likely to experience temperatures closer 

to the average air temperature than the temperature of the soil at a depth of 10 cm. Therefore, 

for the purpose of this study winter is assumed to occur from June to the end of August.  

 

A number of models were tested to see which best estimated the proportion of eggs that 

would hatch from each pottle. The factors tested included the identity of the mother of the 

eggs, the egg parentage (i.e. RR, FF, RF or FR), whether the eggs experienced a full winter 

outside and whether they were watered naturally or were sprayed once a week. In the 

program R (R Core Team, 2013) the response variable was generated by merging two 

columns, one containing the number of eggs that hatched and one containing the number of 

eggs that failed to hatch. In this way, R can accommodate for the fact that different pottles 

contained different number of eggs when looking for differences in the proportions of eggs 

that hatched. Model selection was performed using a version of Akaike’s Information 

Criterion (AIC). AIC is a measure of how well a model fits reality given the data (Anderson, 

2008). I used a version of AICc, a second order variant of AIC which is less biased against 

small sample sizes (Anderson, 2008). Each of the models was a general linear binomial 

model however overdispersion was common. As are result the overdispersion parameter c.hat 

or ĉ was calculated for the global model and used to account for overdispersion when AICc 

was calculated for each of the candidate models (Mazerolle, 2015). Where ĉ is greater than 

one QAICc was automatically calculated. QAICc is a quasi-likelihood equivalent of AICc 

(Mazerolle, 2015). The models tested and their corresponding QAICc values are shown in 
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tables 5.2 and 5.3. ĉ and QAICc were calculated with the package AICcmodavq (Mazerolle, 

2015). 

 

5.4.5.2.2 Parentage 

Whether or not eggs experienced winter appeared to influence egg hatching rates in some of 

the crosses (See Results 5.4). Therefore, subsequent analysis excluded eggs which had not 

experienced a full winter. This also excluded eggs which were watered naturally. The only 

remaining factors of interest were the mother of the eggs and the parentage (i.e. RR, FF, RF 

or FR) of the cross. Model selection was performed using AICc. As it is not possible to 

calculate AICc for quasibinomial models, general linear binomial models with a ĉ value to 

account for overdispersion were used during model selection. The most supported model 

determined which variables and interactions to further analyse. As the following analysis did 

not require AICc calculations, these variables were modelled with a quasibinomial 

distribution, rather than a binomial model with a ĉ value. The most supported model was then 

tested against the null model to see if the variables explained a significant amount of the 

variation in the response variable.  

 

5.5 Results 

 

5.5.1 Mating observations 

5.5.1.1 Copulation 

The proportion of contacts that involved copulation varied considerably within all the mating 

pair combinations, except for FR, H. femorata males paired with H. ricta females (Figure 

5.1). This variation was highest in the RF mating pair combination, where the percentage of 

contacts where copulation occurred ranged from 0 to 100%. The FR matings had the lowest 

and least variable proportion of contacts which involved copulation (Figure 5.1). However, 

after accounting for the total number of contacts there was no significant difference between 

the mating pair combinations in the proportion of contacts that eventuated in mating 

(F=2.620, df=24, P=0.074). 
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Figure 5.1. The proportion of contacts that involved copulation in each of the pair 

combinations; Male H. femorata with female H. femorata (FF) (n = 7), male H. ricta with 

female H. ricta (RR) (n = 7), male H. femorata with H. ricta female (FR) (n = 7) and H. ricta 

male with H. femorata (RF) (n = 7). In this figure and the box plots below the solid black line 

represents the median. The top and bottom of the box represent 75
th

 percentile and 25
th

 

percentile respectively. The open circles represent values that the program R has deemed to 

be likely outliers. R labels any value that is more than 1.5 times the interquartile range above 

or below the 75
th

 and 25
th

 percentile respectively.  The whiskers represent the range of values 

after accounting for outliers. 

 

5.5.1.2 Female resistance 

The results of a general linear model suggest that the likelihood of a female resisting a male’s 

attempt to apply his genitalia to her do not differ significantly between the different mating 

pair combinations tested during this study (F=1.498, df=20, P=0.246; Figure 5.2). There was 

a lot of variation in the amount of female resistance observed when H. femorata females were 

placed with either H. femorata or H. ricta males. 
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Figure 5.2. The proportion of contacts in which the male applied his genitalia to the female, 

that resulted in female resistance; Male H. femorata with female H. femorata (FF) (n = 7), 

male H. ricta with female H. ricta (RR) (n = 7), male H. femorata with H. ricta female (FR) 

(n = 6) and H. ricta male with H. femorata (RF) (n = 3).  

 

5.5.1.3 Male effort 

The two measures of male effort produced different patterns (Figures 5.3 and 5.4). 

 

5.5.1.3.1 Count data 

When measured as the proportion of contacts where the male applied his genitalia to the 

female, H. femorata males paired with H. ricta females demonstrated the least amount of 

effort. However the difference in the proportion of contacts where the male applied his 

genitalia to the female was not significantly different between the mating pair combinations 

(F=2.911, df=24, P=0.055, Figure 5.3).  
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Figure 5.3. The proportion of contacts in which the male applied his genitalia to the female; 

Male H. femorata with female H. femorata (FF) (n = 7), male H. ricta with female H. ricta 

(RR) (n = 7), male H. femorata with H. ricta female (FR) (n = 7) and H. ricta male with H. 

femorata (RF) (n = 7).  

 

5.5.1.3.2 Duration data 

When male effort was measured as the proportion of time spent in contact during which a 

male was applying his genitalia to the female, there was a statistically significant difference 

in the amount of male effort across the different mating pairs (F=6.484, df=10, P=0.010; 

Figure 5.4). Males in both the FR and RF pairings spent a similar amount of effort pursuing 

females but these males spent less effort than males in the RR or FF pairings.  
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Figure 5.4 The proportion of contact time spent with the male applying his genitalia to the 

female; Male H. femorata with female H. femorata (FF) (n = 5), male H. ricta with female H. 

ricta (RR) (n = 3), male H. femorata with H. ricta female (FR) (n = 2) and H. ricta male with 

H. femorata (RF) (n = 4).  

 

5.5.1.4 Interaction overviews 

The different mating pair combinations showed similar patterns in the outcomes of the 

interactions between males and females. Regardless of the species involved, only a very 

small percentage of males applied their genitalia to the female without first performing 

antennation and palpation (Figures 5.5 to 5.8). In the majority of cases where males did not 

perform antennation and palpation before applying their genitalia to the female, they had 

performed antennation and palpation in an earlier encounter with that female. Resistance to 

contact was seen in both males and females prior to antennation and palpation. In all of the 

different mating pair combinations a larger proportion of this resistance was caused by 

females in comparison to males. The proportion of resistance caused by the female ranged 

between 35 to 46%. The amount of resistance caused by the male had a much wider range, 

measuring 8% in both conspecific pairings, while increasing to 16% and 30% in RF and FR 

pairings respectively. The cause of the remaining resistance could either not be determined or 

resulted from mutual departure. In most cases male resistance at this point consisted of 

departing from the female. However, in a few cases males of both species were observed 

kicking conspecific females. One H. ricta male was observed gaping his manibles at a H. 

femorata female and two H. femorata males were observed stridulating or kicking and gaping 

their manibles at female H. ricta.    
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When antennation and palpation did occur there were also similarities in the outcomes across 

the different mating pair combinations. In all of the different mating pair combinations about 

30-40% of antennation and palpation by the male was met with resistance from the female 

i.e. kick push, mandible gape, stridulation, or depart (Figures 5.5 to 5.8). In quite a large 

proportion of cases, often around 70%, resistance by the female at this point resulted in the 

end of the interaction. In most cases only a small proportion of antennation and palpation 

attempts were ended by the male, with the highest proportion found at 12% in FR (Figure 

5.8). There was more variation across the different mating pair combinations in the amount of 

female resistance observed when males attempted to apply their genitalia to the females. The 

proportion of female resistance to males applying their genitalia ranged from 46% in H. 

femorata females paired with H. ricta males to 82% in H. ricta females paired with H. 

femorata males. In contrast only a very small number of contacts where males applied their 

genitalia to females were subsequently ended by males. The proportion of contacts ended by 

males, which involved males applying their genitalia to females, ranged from 2% when H. 

ricta males were paired with conspecific females to 7% when male H. femorata were paired 

with H. ricta females.  
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Figure 5.5. A flowchart showing the outcome of all of the interactions observed between 

male and female H. femorata. The darkness of the arrow indicates the proportion of 

interactions that followed the indicated outcome, with darker arrows indicating a greater 

proportion of interactions relative to lighter arrows.  
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Figure 5.6. A flowchart showing the outcome of all of the interactions observed between 

male and female H. ricta. The darkness of the arrow indicates the proportion of interactions 

that followed the indicated outcome, with darker arrows indicating a greater proportion of 

interactions relative to lighter arrows. * While in the majority of cases female resistance after 

the male applied his genitalia lead to copulation or an immediate end in contact in, two cases 

the male continued to antennate and palpate the female before the contact finished without 

copulation. These cases have not been included in the flow diagram. 
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Figure 5.7. A flowchart showing the outcome of all of the interactions observed between 

male H. ricta and female H. femorata. The darkness of the arrow indicates the proportion of 

interactions that followed the indicated outcome, with darker arrows indicating a greater 

proportion of interactions relative to lighter arrows. * While in the majority of cases female 

resistance after the male applied his genitalia lead to copulation or an immediate end in 
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contact, in one case the male continued to apply his genitalia to the female only to 

subsequently end the contact. This case was no included in the above flow diagram. 

 

 

Figure 5.8. A flowchart showing the outcome of all of the interactions observed between 

male H. femorata and female H. ricta. The darkness of the arrow indicates the proportion of 

interactions that followed the indicated outcome, with darker arrows indicating a greater 

proportion of interactions relative to lighter arrows. 
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5.5.2 Egg hatching success 

5.5.2.1 Winter and watering method 

The model selection of both the E1 and E2 datasets indicated that the parentage of the eggs 

and whether the eggs had experienced a full period of winter outside explained the proportion 

of eggs per pottle that hatched most accurately (Table 5.2 and 5.3). The effect of winter was 

not universal (Figures 5.9 and 5.10). A larger proportion of eggs from the RF and RR cross 

hatched when they were exposed to a full winter outside. A larger proportion of FR eggs also 

hatched when exposed to a full winter in the E1 dataset but not in the E2 dataset. Only a 

small proportion of H. femorata eggs hatched regardless of whether they were exposed to a 

full period of winter or not.  

 

Table 5.2 The QAICc scores for a variety of models which attempt to explain the proportion 

of eggs that hatch in each pottle. Lower QAICc scores represent a better fitting model. Winter 

represents whether or not the eggs were outside for the full extent of winter. Cross represents 

the egg parentage, or the species and direction of mating that the mother of the eggs last 

engaged in before ovipositing the tested eggs. The mother factor incorporates the identity of 

the female that laid the eggs. The Condition factor represents whether the eggs were watered 

artificially or naturally. This table details the results of the E1 dataset. 

Model QAICc 

Winter*Cross 122.14 

Condition*Winter*Cross 126.9 

Condition*Cross 131.58 

Winter*Cross*Mother 156.92 

Cross*Mother 159.14 

Mother 159.14 

Condition*Winter 160.44 

Winter 161.08 

Winter*Mother 163.72 

Condition*Cross*Mother 167.2 

Condition*Mother 167.2 

Cross 173.99 

Condition*Winter*Cross*Mother 175.62 
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Condition*Winter*Mother 175.62 

Condition 180.04 

Null 215.45 

 

Table 5.3 The QAICc scores for a variety of models which attempt to explain the proportion 

of eggs that hatch in each pottle. Low QAICc scores represent a better fitting model. Winter 

represents whether or not the eggs were outside for the full extent of winter. Cross represents 

the egg parentage, or the species and direction of mating that the mother of the eggs last 

engaged in before ovipositing the tested eggs. The mother factor incorporates the identity of 

the female that laid the eggs. The Condition factor represents whether the eggs were watered 

artificially or naturally. This table details the results of the E2 dataset. 

Model QAICc 

Winter*Cross 119 

Condition*Winter*Cross 124.01 

Condition*Cross 124.49 

Winter*Cross*Mother 146.63 

Winter*Mother 146.63 

Condition*Cross*Mother 153.1 

Condition*Mother 153.1 

Cross*Mother 154.78 

Mother 154.78 

Condition*Winter*Cross*Mother 159.64 

Condition*Winter*Mother 159.64 

Cross 179.18 

Condition*Winter 180.38 

Winter 184.64 

Condition 200.86 

Null 248.66 
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Figure 5.9. The effect of egg parentage and whether the eggs experienced a full period of 

winter outside on the proportion of eggs that hatched per pottle. FF represents eggs with H. 

femorata parents. FR represents eggs with a H. femorata father and a H. ricta mother. RF 

represents eggs with a H. ricta father and a H. femorata mother. RR represents eggs with H. 

ricta parents. This figure is based on dataset E1. 

 

 

Figure 5.10. The effect of egg parentage and whether the eggs experienced a full period of 

winter outside on the proportion of eggs that hatched per pottle.  FF represents eggs with H. 

femorata parents. FR represents eggs with a H. femorata father and a H. ricta mother. RF 

represents eggs with a H. ricta father and a H. femorata mother. RR represents eggs with H. 

ricta parents. This figure is based on dataset E2. 

 

5.5.2.2 Parentage 

After excluding eggs which had not been exposed to a full winter, model selection, based on 

QAICc, suggested that the model which only included the egg parentage had the best fit to 
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the data in both the E1 and E2 dataset (Table 5.4 and 5.5).  The effect of egg parentage was 

found to be significant in both datasets (E1, F=15.65, df=37, P<0.0001; E2, F=31.02, df=30, 

P<0.0001).  In both datasets the hatching success of H. femorata eggs was lower than that of 

H. ricta eggs (Figures 5.11 and 5.12). Also in both datasets eggs with RF parentage had 

intermediate hatching success compared to H. femorata and H. ricta (E1 H. femorata T=-

2.11, P=0.04, H. ricta T=2.66, P=0.01; E2 H. femorata T=-2.74, P=0.01, H. ricta T=2.27, 

P=0.03) (Figures 5.11 and 5.12). In the E1 dataset eggs with RF and FR parentage did not 

show a significant difference in hatching success (T=0.86, P=0.040) (Figure 5.11). In the E2 

dataset the eggs of RF and FR parentage did not differ significantly in their likelihood of 

hatching, despite the low proportion of eggs that hatched per pottle in the FR treatment 

(Figure 5.12). This resulted from the fact that while very few of the FR eggs hatched per 

pottle, there were very few eggs in the pottle to begin with and this affected the ability of the 

model to detect a significant difference.  

 

Table 5.4. The QAICc scores for a variety of models which attempt to explain the proportion 

of eggs that hatch in each pottle. Low QAICc scores represent a better fitting model. Cross 

represents the egg parentage, or the species and direction of mating that the mother of the 

eggs last engaged in before ovipositing the tested eggs. The mother factor incorporates the 

identity of the female that laid the eggs. The model “Cross*Mother” includes the interaction 

term between these two variables while the “Cross+Mother” model includes only the 

individual effects of these variables. This table details the results of the E1 dataset. 

Model QAICc 

Cross 79.73 

Cross*Mother 109.83 

Cross+Mother 109.83 

Mother 109.83 

Null 120.85 
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Table 5.5. The QAICc scores for a variety of models which attempt to explain the proportion 

of eggs that hatch in each pottle. Low QAICc scores represent a better fitting model. Cross 

represents the egg parentage, or the species and direction of mating that the mother of the 

eggs last engaged in before ovipositing the tested eggs. The mother factor incorporates the 

identity of the female that laid the eggs. The model “Cross*Mother” includes the interaction 

term between these two variables while the “Cross+Mother” model includes only the 

individual effects of these variables. This table details the results of the E2 dataset. 

Model QAICc 

Cross 77.79 

Cross*Mother 107.65 

Cross+Mother 107.65 

Mother 107.65 

Null 162.67 

 

 

Figure 5.11. The effect of egg parentage on the proportion of eggs that hatched per pottle. FF 

represents eggs with H. femorata parents. FR represents eggs with a H. femorata father and a 

H. ricta mother. RF represents eggs with a H. ricta father and a H. femorata mother. RR 

represents eggs with H. ricta parents. This figure is based on dataset E1. 
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Figure 5.12. The effect of egg parentage on the proportion of eggs that hatched per pottle. FF 

represents eggs with H. femorata parents. FR represents eggs with a H. femorata father and a 

H. ricta mother. RF represents eggs with a H. ricta father and a H. femorata mother. RR 

represents eggs with H. ricta parents. This figure is based on dataset E2. 

 

5.6 Discussion 

 

The results of this chapter do not provide support for the hypothesis that H. ricta and H. 

femorata, of either sex, are more likely to mate with conspecifics than members of the other 

species. While fewer contacts ended in copulation when H. femorata males were paired with 

H. ricta females, compared to either kind of conspecific mating pair, the result was not 

statistically significant. Similarly, when H. ricta males were paired with H. femorata females 

the number of contacts with mating did not differ significantly from either of the conspecific 

pairings. Therefore, the results of the breeding experiments conducted here do not explain the 

lack of hybridisation found in the field. 

 

The sample size used in this behavioural study was small, in part due to the difficulty 

experienced in finding enough individuals of the appropriate age, sex and species. With a 

small sample size each individual pair has a large impact on the overall result. There was 

considerable variation seen within each species and sex, which makes it difficult to detect 

differences between the treatment groups. This variation could have come from a number of 

sources. Previous mating history has been suggested as important in determining the outcome 

of courtship (Field and Jarman, 2001). The weta used here are known to vary in their mating 

histories as some were collected as sub-adults, while others were collected as adults that had 

likely mated before. Furthermore, Hemideina males are known to vary in head size (Barrett, 
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1991, Field and Jarman, 2001, Koning and Jamieson, 2001). Males with larger jaws and are 

thought to be more successful at competing with other males for access to females (Gwynne 

and Jamieson, 1998, Leisnham and Jamieson, 2004). In contrast, males with smaller jaws are 

thought to attempt to use sneaking tactics to acquire matings (Field and Jarman, 2001). As 

small males are thought to rarely come across females away from their galleries, these males 

maybe prone to mating with females whenever they get the chance (Field and Jarman, 2001). 

While the males did not have to compete for females during this experiment, possible 

differences in mating strategy may have affected their willingness to mate and their different 

size may have influenced their attractiveness to females. No size measurements were taken 

during the current study but may be of interest to future mating experiments in these species. 

 

Variation within each treatment group may also have resulted due to the sampling method 

used in this study. An effort was made to collect as many of the individuals as possible from 

areas close to the known sympatric zone. However, a shortage of suitable individuals in this 

area meant that a couple of individuals were sampled from more distant locations. 

Populations separated from the sympatric zone are unlikely to have ever experienced 

selection for reproductive isolation and therefore this may increase the variation seen within a 

species (Jang and Gerhardt, 2006). As well as being sampled from multiple locations, 

individuals were sampled throughout the year. A number of studies have found Hemideina 

spp. mating between November and May (Moller, 1985, Barrett, 1991, Townsend, 1995), 

with weta less active during the cooler months (Townsend, 1995). Even in captivity, 

Townsend (1995) reported that H. ricta showed a decline in activity in June and July, 

although the weta were not housed at a constant temperature. Therefore, while all observed 

weta were kept at the same temperature, the environmental conditions experienced before 

their capture may have influenced their subsequent willingness to mate in captivity.  

 

There are also likely to be additional sources of variation between individuals relating 

completely to chance. One H. femorata female was found to act unusually aggressively 

towards the H. ricta male she was paired with, in comparison to the other replicates of this 

combination. Out of curiousity I repeated the trial and found that on the second day of 

observations, which were not included in the analysis, the female was far less aggressive. 

Whether this was because she had met the male previously or whether it was by chance is 

unclear. In another pair the female H. ricta died two days after she was observed interacting 

with a H. femorata male. The decision was made to include the data as the female had been 
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walking around normally at the time of the observations, though her palps displayed limited 

movement. The male did not display any courtship behaviour towards the female, although 

this is not uncharacteristic of this combination of species and sex. Male Hemideina have been 

observed attempting to mate with recently dead females (Jarman, 1982), however it is 

possible that the male could detect the female was unwell and this may have contributed to 

his apparent unwillingness to interact with her. Other variation between individuals includes 

a male with damage to one of his front legs that may have limited his ability to pursue 

departing females. Despite the small sample size used during this study, the lack of hybrids 

identified from the wild (see Chapter Four) was so pronounced that, if courtship behaviour 

was responsible for the reproductive isolation, differences in courtship behaviour among the 

treatment groups was still expected to be evident.  

 

Results from the field and laboratory may differ because of inherent differences in the 

methods used. Many studies investigating cross-species matings have found a lack of 

concordance between laboratory and field experiments (Gröning and Hochkirch, 2008, 

Gröning et al., 2007, Coyne et al., 2005, Llopart et al., 2005). The results of the current study 

suggest that the laboratory conditions were suitable to promote mating behaviour. However, 

it is possible that aspects of the habitat, which were not replicated in the laboratory, influence 

the interactions between individuals (Coyne et al., 2005, Gröning and Hochkirch, 2008, 

Gröning et al., 2007). In a study of behaviour in Hemidactylus geckos, Dame and Petren 

(2006) suggested that their results differed from those of previous studies because they 

included shelter and food resources, making the experimental area closer to the natural 

environment. However, even in field enclosures it is thought to be difficult to fully replicate 

natural conditions (Gröning and Hochkirch, 2008). 

 

The experiments used here were not choice tests and therefore perhaps represent a worst case 

scenario where no conspecific mates are available. Coyne et al. (2005) tested a number of 

different experimental designs when looking at reproductive isolation between two species of 

Drosophila. Whilst factors such as space and the complexity of the environment were likely 

to be important, the most important factor in determining the outcome of the experiment was 

whether or not there was the opportunity for choice (Coyne et al., 2005). Interspecific 

matings were much less likely when the individuals were able to choose conspecifics over 

heterospecific partners (Coyne et al., 2005). In three of the sample sites where both H. ricta 

and H. femorata were found during the current study the ratio of each species was quite even. 
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H. femorata made up 33-58% of the individuals identified at each of these sites. It is therefore 

likely that at these sites individuals would have the possibility of choosing conspecifics. This 

may explain why our evidence suggests that interspecies matings are common in the 

laboratory but very few hybrid individuals have been identified in the field. At the site where 

the previous hybrids were identified by Morgan-Richards and Townsend (1995) the only 

other weta identified during their survey were H. femorata. Therefore, the female H. ricta 

involved in the hybridisation event may have been an isolated individual, in a similar 

situation to the no-choice experiments used in this chapter. The results of the current study 

suggest that, in a no choice situation, matings between H. ricta females and H. femorata 

males are uncommon but possible, consistent with the findings from the field. Towards the 

end of the study a H. femorata male was identified at a site that, while close to a H. femorata 

population, had not included H. femorata in the previous three years of sampling. With a lack 

of possible conspecific mates for this male it would be interesting to see if hybridisation is 

subsequently detected at this site. However, it is possible that H. ricta females will reject this 

male in favour of the more numerous conspecifics, in which case hybridisation is not 

expected to occur.  

 

Furthermore, the limited size of the experimental area might increase the number of 

interactions between individuals, as it was not possible for them to escape far from one 

another (Gröning and Hochkirch, 2008). In a study of reproductive interference between two 

ground-hopper species (Tetrix ceperoi and T. subulata) Groning et al. (2007) found that the 

frequency of encounters influenced the outcome of sexual interactions. Encounter frequencies 

were much lower in the field where the population density was less than in the lab (Gröning 

et al., 2007). Townsend (1995) found that H. ricta appeared more active in captivity, 

believing that the more confined space may have increased the rates of fighting which was 

rarely seen in the field. A similar affect might also cause increased rates of mating in 

captivity. 

 

Coyne et al. (2005) also suggested that laboratory interactions will be more likely to agree 

with findings in the field when the way individuals encounter each other is similar in both 

situations. Whilst found living in apparent sympatry in some areas during this study, it is 

possible that H. femorata and H. ricta do not encounter each other very often in the field. 

Despite finding multiple sample sites were both species were present, at no point during this 

study were the species found cohabiting within the same gallery. It is possible for differences 
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in niche to restrict encounters between species (Hochkirch and Lemke, 2011, Gröning and 

Hochkirch, 2008). However, evidence suggests that H. ricta and H. femorata have 

overlapping niches (Bowie et al., 2014, Little, 1980, Sandlant, 1981, Scott et al., 2012, 

Townsend et al., 1997). Different gallery preferences are unlikely to be responsible for the 

lack of cohabitation as the species were found to use the same galleries, just not concurrently. 

Most matings in Hemideina species are thought to occur in or near the gallery (Sandlant, 

1981, Rufaut and Gibbs, 2003, Kelly, 2008c). Kelly (2008c) suggested that the apparent low 

density of tree weta in the canopy would reduce the possibility of matings away from the 

gallery. Kelly (2008c) observed that females appeared to be restricted in their ability to reject 

males in the confines of the gallery and therefore males may have more mating success with 

females they cohabitate with. Consequently, the lack of cohabitation between H. ricta and H. 

femorata could be important in explaining the apparent rarity of hybrids in the field 

(Sandlant, 1981, Rufaut and Gibbs, 2003).  If H. ricta and H. femorata find suitable galleries 

by different means the number of interspecific encounters in the field may be very small, 

explaining the apparent contradiction between the field and laboratory results.   

 

It is not known for certain how tree weta find suitable galleries. Field and Sandlant (2001) 

proposed that it was unlikely weta would be able to locate suitable galleries with tactile 

senses alone. Instead, they suggested that Hemideina spp. use volatile chemicals emitted by 

the beetles that make the galleries, damaged trees or other resident weta (Field and Sandlant, 

2001). While Orthoptera are known to use chemical signals for communication, Jarman 

(1982) found no evidence of airborne pheromones in H. crassidens. However, Barrett (1991) 

referred to weta faecal pellets, or frass, as “beacons” or “markers” that captive weta use to 

orientate themselves. Furthermore, Bowie et al. (2014) found that artificial weta roosts baited 

with female frass had a significantly higher occupancy rate than unbaited roosts (χ
2
= 9.557,  

P=0.002). If species specific chemicals are found in weta frass, they may have evolved to 

reduce the costs associated with cross species courtship between H. femorata and H. ricta. 

 

Hemideina also communicate with calls made using femoro-abdominal mechanisms (Field, 

1978, Field, 2001). Femoro-abdominal songs have been shown to be important in species 

recognition in other Orthoptera (McIntyre, 1974, Vedenina and Von Helversen, 2003). 

Ordish (1992) observed sub-adult male H. crassidens calling about an hour after dusk and 

again for an hour at 3am. Ordish (1992) denoted these as “territorial calls” but there is no 

evidence that they serve this purpose (Field, 2001). Furthermore, despite variation in the 
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number of tergite ridges found on Hemideina spp., studies of the defence sounds produced by 

different Hemideina spp. have found large overlaps in frequencies produced (Field, 1978, 

Field, 1982, Field, 2001). A study of hearing in H. thoracica suggests that the range of 

sounds detected by Hemideina species will further limit the ability of individuals to 

distinguish species by sound (Lomas et al., 2011). However, most comparisons of weta calls 

have focused on defensive sounds (Field, 1982). Defensive calls need to be recognised by 

predators and therefore similarities in the calls made by different weta species may be 

beneficial. In the Chorthippus albomarginatus-group of grasshoppers, different species share 

simple calling songs but differ in their elaborate courtship songs (Vedenina and Von 

Helversen, 2003). Individual variations in calling stridulations made by male H. crassidens 

have been recorded but their significance is unclear (Field and Rind, 1992). There is also no 

evidence that the calling attracts females, although it has been suggested that adult males may 

not have been recorded calling if they had already obtained mates (Field, 2001, Brown and 

T., 1997).  

 

The femoro-abdominal mechanism also allows tree weta to communicate through the 

substratum (McVean and Field, 1996). The vibrations produced are thought to be capable of 

travelling approximately 2-3 m along the tree from its origin and would allow individuals to 

communicate to others living in the same tree (McVean and Field, 1996). As far as I know, 

no studies have investigated whether Hemideina species can distinguish between each other 

using substratum vibrations. However, Orthoptera of the genera Hadrogryllacris and Ametrus 

have been observed using vibrations in the substrate to communicate between males and 

females (Field and Bailey, 1997). Each genera had a different pattern of vibration (Field and 

Bailey, 1997). Female leafhoppers of the species Scaphoideus titanus (Ball) were found to 

respond to vibrations from a male on the leaf of a different plant when the leaves of the two 

plants were less than six centimetres apart (Eriksson et al., 2011). Therefore, it is possible 

that differences in femoro-abdominal communication have evolved which limit the 

interactions between H. femorata and H. ricta. This communication may not be restricted to 

between individuals on the same tree. However more research into femoro-abdominal 

vibrations in tree weta is required to determine how likely this is. 

 

As well as investigating if mating behaviour was likely to be preventing cross species 

copulations between H. femorata and H. ricta, the current study was interested in whether 

male or female behaviour was responsible for any differences observed. Females are 
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expected to be the choosier of the sexes as they usually invest more resources into each 

reproductive effort (Trivers, 1972, Bateman, 1948). In Hemideina it has been observed that 

females can prolong courtship by resisting males and it has been subsequently suggested that 

females may choose mates based on how persistent the males are (Field and Sandlant, 1983). 

In the current study there was no significant difference in the proportion of 'male apply 

genitalia' attempts that were rejected by the female across the different mating combinations. 

The flowcharts suggest that a higher proportion of H. ricta females rejected H. femorata 

males than H. ricta males after each applied their genitalia (Figures 5.6 and 5.8). However, 

the flowcharts do not take into account the effect of individuals. By only considering female 

rejection after males have applied their genitalia to the female, the results control for different 

levels of male interest and focus only on female choice.  

 

It is possible that female choice has not been selected for in Hemideina. Wirtz (1999) 

suggested that a lack of apparent discrimination by females might occur if females do not 

need this ability. Female Hemideina are known to be able to store sperm and mate with 

multiple males (Kelly, 2008b, Kelly, 2008c). If females are able to choose which sperm they 

use to fertilize their eggs, there may be little cost to mating with less desirable males. 

Gwynne (1995) suggested that, based on evidence from Hemideina maori, the 

spermatophylax is greatly reduced in tree weta. As a result females may not gain much 

nutritional benefit from matings but I did observe females eating the spermatophore. Perhaps 

with multiple matings females are able to accumulate more nutritional benefits. Furthermore, 

previous studies have observed males acting aggressively towards females who reject their 

attempts at copulation (Field and Jarman, 2001). Therefore, females may also incur a cost for 

rejecting males. Given the apparent incongruences between the field and laboratory results 

thus far, it remains unclear if the patterns of female resistance described here represent what 

happens in nature. It is possible that, in their natural habitat, females do not come across 

heterospecific males often and therefore have not evolved the ability to distinguish them from 

conspecifics.  

 

In some cases males avoid a waste of reproductive resources by discriminating between 

heterospecific and conspecific mates (Wirtz, 1999). The proportion of contacts during which 

males attempted to apply their genitalia to females did not differ significantly between pair 

combinations. This measures whether or not a male tried to mate with a female when he came 

in contact with her. In contrast the proportion of time spent by males applying their genitalia 
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to females, which measures the effort males put into attempting to mate with the female 

during each contact, did differ significantly. Males paired with a heterospecific female spent 

less time applying their genitalia to the female. It is possible that males spent fewer contacts 

applying their genitalia to particular females because these females displayed higher levels of 

resistance. Conversely, particular females may have displayed low levels of resistance which 

in turn resulted in minimal effort being required by males in order to achieve copulation. 

Coyne et al. (2005) experienced a similar problem in their study of interactions between two 

Drosophila species. However, by closely observing courtships between individuals, Coyne et 

al. (2005) determined that D. santomea males were less interested in mating with D. yakuba 

females than conspecific females. During the current study, three of the seven H. femorata 

males paired with H. ricta females never attempted to apply their genitalia to the females, 

despite no obvious increase in female rejection observed. Furthermore, when all the of the 

interactions from each pair combination are considered together, female resistance accounted 

for 35-46% of the contacts that ended before antennation and palpation took place, regardless 

of the species involved. In contrast, the proportion of contacts that ended before antennation 

and palpation as a result of male resistance increased from the 8% observed in conspecific 

interactions to 16 or 30% in heterospecific interactions (Figures 5.5 to 5.8). It should be noted 

that this does not take into account variation between individuals within each species and sex 

combination. Males of both species showed aggression towards females but in most cases the 

female displayed aggression first or the males was at least partially inside their gallery and 

was unlikely to have recognised the female. In contrast, two male H. femorata were observed 

stridulating or kicking and gaping their mandibles at female H. ricta before the females 

displayed any aggressive behaviours. Therefore, together the evidence supports the idea that 

H. femorata males and possibly H. ricta males discriminate against female heterospecific 

mates.  

 

The ability of males to discriminate against heterospecific mates could evolve if males waste 

large amounts time and energy courting heterospecific females (Wirtz, 1999). In Hemideina 

species the spermatophylax is thought to be small and the male refractory period is only one 

hour in tree weta as opposed to days in some Orthopteran species (Gwynne, 1995, Kelly, 

2008c, Vahed, 2007, Bateman and Ferguson, 2004). Therefore, only a small amount of 

energy may be required to produce the spermatophore. However, Male H. crassidens have 

been reported courting females for over an hour and therefore, the costs of courting 

heterospecific females might be quite high (Kelly, 2008b). Males are known to fight each 
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other for access to females (Kelly, 2005b). These fights can become escalated, at which point 

they likely require energy and incur a risk of injury (Sandlant, 1981, Kelly, 2005b). 

Therefore, fighting other males for access to heterospecific females could be a waste of time 

and energy. While this could explain the results observed in the laboratory the behaviours 

might be different in the field.  

 

It has been hypothesized that morphological differences between H. ricta and H. femorata 

could prevent interspecies matings. Male tree weta have a genitalic hooking apparatus, 

known as a gin trap, that may be utilized to help open the female sub-genital plate (Jarman, 

1982). Jarman (1982) proposed that this might act as a mechanism for preventing cross 

species matings. It is thought that even a slight change in genital shape can make copulation 

more difficult (Wojcieszek and Simmons, 2013). In a study of matings between populations 

of the millipede Antichiropus variabilis males with genitalia different from those of the focal 

population were observed experiencing “obvious mechanical difficulties” during mating and 

reduced paternity (Wojcieszek and Simmons, 2013). However, there is considerable 

similarity in genital structures between H. crassidens, H. femorata and H. maori  (Jarman, 

1982). As H. ricta is thought to have diverged from H. maori it is likely that this species also 

shares a similar genital structure (King et al., 2003). It is therefore unlikely that 

morphological differences would prevent interspecies matings. During the current study, on 

three occasions male’s genitals were observed appearing to detach from females prematurely. 

However in two of these occasions the matings were between conspecifics. In the remaining 

observation the mating was between a male H. ricta and a female H. femorata. This suggests 

that as expected differences in male genitalia are unlikely to be responsible for the lack of 

hybridisation found in the field. 

 

Post mating barriers could also explain the lack of hybridisation found in the field. Such 

barriers have been documented throughout the animal kingdom (Howard et al., 2009). While 

matings may occur, few heterospecific sperm may be transferred during copulation or 

subsequently stored by the female (Price et al., 2000). Furthermore, the sperm from one 

species may not be compatible with the reproductive tract or egg of the other species, 

preventing the sperm from finding or fusing with the egg nuclei (Larson et al., 2012, Price et 

al., 2000). In other cases heterospecific eggs may be fertilized but die early during 

development (Larson et al., 2012). However, during this study, the hatching of eggs from 

matings of known virgin females proved that hybridisation is possible between H. femorata 
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females and H. ricta males. Whilst none of the eggs laid by a virgin H. ricta female who was 

mated with a H. femorata male hatched during this experiment, a hybrid from this pairing has 

been found in the field (Chapter Four; Morgan-Richards and Townsend (1995)). It is possible 

that this hybrid is an example of a rare occurrence and that most H. femorata sperm are not 

compatible with H. ricta eggs or that most offspring resulting from this pairing do not 

develop to the hatching stage. However, the lack of hatching may also be a result of the small 

sample size of this experiment. Regardless, the results demonstrate that bidirectional 

hybridisation is possible between H. ricta and H. femorata.  

 

Matings with virgin females do not necessarily reflect the full extent of post mating barriers 

(Larson et al., 2012). Females mated only by heterospecific males may produce offspring 

even if fertilization is inefficient compared to crosses with conspecifics (Larson et al., 2012). 

However when females are mated by both heterospecific and conspecific males, conspecific 

sperm may outcompete heterospecific sperm (Howard, 1999). Consequently the female may 

produce very few hybrid offspring. This phenomenon is referred to as conspecific sperm 

precedence (Howard, 1999). Conspecific sperm may have advantages in sperm transfer 

during copulation, sperm storage, viability in the female reproductive tract or compatibility 

with the egg (Price et al., 2000). Additionally, conspecific sperm may interact directly with 

heterospecific sperm resulting in a lack of hybrid offspring (Price et al., 2000). While 

investigating cross species matings between Drosophila simulans and D. mauritiana Price et 

al. (2000) discovered that, compared to D. simulans sperm, D. mauritiana sperm was more 

susceptible to being displaced from storage in D. simulans females when these females were 

subsequently mated by a D. simulans male. Furthermore, when D. simulans females mated 

with D. simulans males and then with D. mauritiana males, the D. simulans sperm appeared 

to incapacitate the subsequent D. mauritiana sperm (Price et al., 2000). Therefore, 

conspecific sperm precedence could be responsible for the lack of hybrids found in the field 

during this study. 

 

However, similar to mate choice, conspecific sperm precedence can breakdown when one 

species is rare compared to the other (Howard et al., 1998). As mentioned previously the 

hybrids between H. femorata  and H. ricta, identified by Morgan-Richards and Townsend 

(1995), were found at a site dominated by H. femorata. If conspecific sperm precedence is 

operating in H. ricta and H. femorata the lack of available H. ricta sperm may explain why 

this hybridisation occurred. While Howard et al., (1998) believe the phenomenon is common, 
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it is unclear if conspecific sperm precedence occurs in H. ricta or H. femorata. Females 

collected as adults are likely to have mated previously. Therefore the DNA testing of eggs 

from these females which were subsequently mated with a heterospecific male may give an 

indication of whether conspecific sperm is preferentially used in fertilization. However, as no 

females were mated first with heterospecific males and then conspecific males, if conspecific 

sperm is found to be used preferentially it is not possible to distinguish this from first male 

precedence. Furthermore, the number of matings and time between matings is also thought to 

influence the strength of conspecific sperm precedence (Howard et al., 1998).Therefore, 

additional controlled mating experiments are required for a definitive answer.  

 

The possibility of conspecific sperm precedence makes it difficult to determine the hatching 

success of individuals from females mated by heterospecific males. While efforts were made 

to exclude eggs likely to be fertilized from previous matings, without genetic confirmation of 

the species of the offspring it is possible that some H. ricta and H. femorata individuals were 

included in the group designated as hybrids. However, the results of the analysis of these 

possible hybrids were largely consistent with the results of the small sample of known hybrid 

eggs. The hatching success of eggs from H. femorata females mated by H. ricta males (RF) 

was intermediate of H. femorata and H. ricta eggs in both datasets. The small sample size 

and the limited number of eggs in some pottles made it difficult to distinguish the hatching 

success of eggs laid by H. ricta females mated by H. femorata males (FR) from the eggs of 

the other parentage groups. Hochkirch and Lemke (2011) found a similar result while 

investigating the hatching success of hybrids between two sympatric grasshopper species 

Chorthippus parallelus and C. montanus. Offspring from crosses of female C. montanus and 

male C. paraellus had intermediate hatching success, while crosses in the other direction 

produced fewer nymphs, similar to C. montanus (Hochkirch and Lemke, 2011). The small 

sample size of the study makes it difficult to determine if these results are representative of 

hatching success in the field. However, they do suggest that a failure of eggs to develop may 

not be responsible for the lack of hybridisation observed between H. ricta and H. femorata in 

the field.  

 

It remains possible that H. femorata and H. ricta hybrids are less successful after the hatching 

stage. While juvenile and sub-adult individuals were found inhabiting motels during this 

study, very early instar nymphs were rare. Furthermore, Barrett (1991) recommends 

providing leaf litter for captive weta from the egg stage until the 5
th

 instar and only from the 
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6
th

 instar is there mention of the need for an artificial gallery. Therefore, it may be rare for 

hybrid individuals to survive past the first few nymph stages. Continued research on the 

offspring produced from matings during this study should indicate if a lack of hybrid fitness 

is responsible for the rarity of hybridisation seen in the field. However, as a hybrid found by 

Morgan-Richards and Townsend (1995), and confirmed by this study (Chapter Four), was 

discovered as an adult it is possible for hybrids to reach a stage where they would be found 

within weta motels. With over 90 DNA samples collected from weta at sympatric sites it 

seems unlikely that first generation hybrids would go unnoticed if they are capable of 

reaching adulthood. Therefore, while the early death of hybrids might explain the lack of 

hybridisation seen in the field it is unlikely to be the only mechanism isolating H. ricta and 

H. femorata.  

 

5.7 Conclusion 

 

Neither the behaviour experiments nor the hatching success measured here was able to 

explain the lack of hybrids found in the field. Under the laboratory conditions used here 

members of H. ricta and H. femorata are not more likely to mate with conspecifics than 

heterospecifics. However, the no-choice experiments implemented here likely represent a 

worst case scenario which may be uncommon in the field. It is possible that in the field the 

two species do not come into contact often or preferentially choose to mate with conspecifics 

when possible. Based on the results of this chapter, and previous findings by Morgan-

Richards and Townsend (1995), bidirectional hybridisation between H. ricta and H. femorata 

is possible. The results found here seem to suggest that hybrid offspring hatch more readily 

than H. femorata however the sample sizes are small and so these results should be viewed 

with caution. It is possible that sperm precedence favours conspecific sperm so only females 

unable to mate with conspecifics produce hybrid offspring. Furthermore, hybrid offspring 

may die very soon after hatching and so are not subsequently sampled in the weta motels 

used here. 
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CHAPTER SIX 

Population and landscape genetics of H. ricta 

 

6.1 Abstract 

 

Small and isolated populations are prone to a loss of genetic diversity and a decrease in 

fitness from genetic drift and inbreeding. This loss of genetic diversity can have detrimental 

effects on the ability of the population to adapt to changing conditions and as a result 

maintaining genetic diversity is one of the main goals in the conservation of rare species. The 

range restricted tree weta species Hemideina ricta is the rarest of the seven species of tree 

weta and is considered of conservation concern. Found only on the eastern half of Banks 

Peninsula, as a consequence of extensive deforestation in this area, H. ricta may now only 

exist in small, fragmented populations. The current study uses microsatellite markers to 

determine the population structure of H. ricta and the levels of genetic diversity within these 

populations. The results suggest that the genetic structuring in H. ricta consists of five fairly 

continuous regions that are separated by distance rather than distinct populations. The 

importance of forested areas in tree weta dispersal is difficult to determine from the results 

presented here. However, there is evidence that deforestation has lead to a loss of genetic 

diversity within H. ricta. Encouraging efforts to conserve native habitat, such as those already 

underway in the southeast of Banks Peninsula, would be beneficial for conserving the genetic 

diversity that remains.  

 

6.2 Introduction 

 

Species of conservation concern often persist in small isolated populations, either in the wild 

or in captivity (Zeyl et al., 2001). Such populations are prone to a loss of genetic diversity 

and a decrease in fitness as a result of increased inbreeding and a greater influence of genetic 

drift (Zeyl et al., 2001, England et al., 2003, Hedrick and Miller, 1992). If a population is 

maintained at a small size for a prolonged length of time the effects will be more severe but 

fluctuations in population size, bottlenecks or founder effects will also result in a loss of 

alleles by chance (Nei et al., 1975, Vandergast et al., 2007). The fixation of deleterious alleles 

through drift and the increased expression of deleterious alleles via inbreeding can have 

negative impacts on the population in the short term (Zeyl et al., 2001). Inbreeding is known 

to have negative impacts on all parts of reproductive fitness (Frankham et al., 2002). In a 
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study of salmonids deformed fry were found to have significantly lower levels of genetic 

diversity than normal fry (Tiira et al., 2006). In butterfly species, inbreeding and a lack of 

genetic diversity have been associated with lower egg hatching rates, larval survival, 

fecundity and adult longevity as well as a higher number of crippled adults (Saccheri et al., 

1998, Saccheri et al., 1996). Hatching failure was also found to increase as the size of 

population during a bottleneck decreased in both native and introduced New Zealand bird 

species (Briskie and Mackintosh, 2004). These negative impacts cause further decreases in 

population size and form a feedback loop towards extinction (Zeyl et al., 2001).  

 

Furthermore, a lack of genetic diversity can inhibit the ability of a population or species to 

adapt to changing conditions, such as changes in climate and new diseases (Frankham et al., 

2002, Johansson et al., 2007). One example of this involves the major histocompatibility 

complex (MHC), a cluster of genes involved in immune responses (Frankham et al., 2002, 

Freeman and Herron, 2007). If a species or population looses diversity at the MHC then a 

pathogen which can kill one individual is able to kill all of the individuals (Frankham et al., 

2002). Finding evidence of low MHC variability causing a decline in wild populations has 

proven difficult (Sommer, 2005). However, in the striped mousse, Rabdomys pumilio, 

individuals with a homozygote MHC genotype were more likely to be infected by nematode 

parasites (Froeschke and Sommer, 2005). While mutation can replace the lost genetic 

diversity, depending on the mutation rate, this will require many generations (Gaggiotti, 

2003). Migration can also replenish genetic diversity, meaning isolated populations are more 

at risk of extinction (Gaggiotti, 2003). Therefore, the genetic consequences for small and 

isolated populations have important implications for their short term and long term 

persistence.  

 

Given the consequences of a lack of genetic diversity, conservation efforts often aim to 

maintain as much diversity as possible (Neel and Ellstrand, 2003). For many species there is 

little or no information of the population genetic structure (Neel and Ellstrand, 2003). 

Therefore attempts at avoid inbreeding and genetic drift must rely on efforts to protect 

enough habitat to maintain large population sizes (Neel and Ellstrand, 2003). The large areas 

of habitat required are often costly and in competition with other land uses (Neel and 

Ellstrand, 2003). However, Neel and Cummings (2003) determined that with knowledge of 

the genetic diversity present within and between populations, a greater amount of diversity 

could be conserved, whilst protecting fewer populations. Understanding the processes 
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involved, such as drift, gene flow, selection and inbreeding will also help design management 

strategies that maintain variation as well as predict future changes to the genetic structuring 

of populations (Neel and Ellstrand, 2003). Furthermore, measures of population genetic 

structure and genetic diversity can act as a baseline to assess the success of management 

strategies designed to conserve genetic variation (Neel and Ellstrand, 2003). 

 

The Banks Peninsula tree weta, Hemideina ricta is a large nocturnal insect restricted to the 

eastern half of Banks Peninsula (Bowie et al., 2006, Townsend et al., 1997). The rarest of all 

seven species of tree weta, H. ricta is protected by the Department of Conservation as a range 

restricted species (Townsend et al., 1997, Hitchmough et al., 2005). It is believed that the 

ancestors of this species colonized Banks Peninsula when it was still an island (Townsend, 

1995). There may have only been a small number of colonizers to begin with and H. ricta is 

likely to have suffered a loss of genetic variation due to this founder effect. As their name 

suggests, tree weta use holes in trees as roosts but can also be found in logs or under rocks 

(Townsend et al., 1997). These roosts provide climate control, protection from predators and 

the trees’ leaves are a prominent food source for tree weta (Moller, 1985, Gibbs and Morris, 

1998). While the peninsula was once covered extensively in forest, the arrival of humans, 

especially European settlers in the 1800s, saw the vast majority of the forest cut or burnt 

(Wilson, 2008). By the 1920s less than 1% of the old growth forest remained (Wilson, 2008). 

This dramatic loss in habitat as well as the dangers of fire is expected to have resulted in a 

population bottleneck and subsequent loss of genetic variation for the entire species. Some 

regeneration has occurred but the forest still consists largely of scattered fragments, separated 

by exotic pasture (Wilson, 1992, Wilson, 2008). As a consequence it is believed that forest 

fauna, such as H. ricta, may also be persisting in fragmented populations (Wilson, 1992).  

 

Despite its large size, a number of life history traits are believed to limit dispersal in H. ricta. 

The most obvious of these is its inability to fly, limiting dispersal capabilities (Leisnham and 

Jamieson, 2002). Dispersal is thought to occur predominantly in the younger stages of the life 

cycle, with nymphs or juveniles often first to colonize new artificial roosts (Ordish, 1992). 

The small size of the nymphs may further limit dispersal. A number of factors suggest that 

long distance dispersal may be unfavourable. Tree weta on or near the ground are thought to 

be more vulnerable to predation (Moller, 1985, Townsend, 1995). Avoidance of predation 

may explain why Moller (1985) observed 378 H. crassidens by torch light at night and found 

only four on the ground. Suitable roosts often have a clumped distribution (Field and 
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Sandlant, 2001). It is thought that volatile chemicals, from the damaged tree or a conspecific, 

as well as audible communication from other weta, aid individuals in locating a suitable roost 

(Field and Sandlant, 2001, Ordish, 1992, McVean and Field, 1996). However, calls and 

substratum communication by tree weta appear to have only short range capabilities (Ordish, 

1992, McVean and Field, 1996). Therefore, weta dispersing away from suitable roosts may 

have trouble locating another refuge. Previous research has found that adults and juveniles 

are often very loyal to a site. Individuals have been recorded in the same habitat patch, and 

even in the same roost, for long periods of time, in some cases up to a year or more 

(Leisnham and Jamieson, 2002, Kelly, 2006, Townsend, 1995). Furthermore, a mark and 

recapture study of a closely related species, H. maori, recorded only limited dispersal, 14 out 

of 602 individuals, across open meadows to neighbouring patches of suitable habitat 

(Leisnham and Jamieson, 2002). Townsend et al. (1997) proposed that large habitat breaks on 

Banks Peninsula may limit long distance dispersal for H. ricta. Therefore, we might expect 

limited dispersal between patches of forest to leave H. ricta populations small and isolated. 

 

With an expected impact of habitat type on dispersal, this study represents an opportunity for 

the use of landscape genetics methods. In the past many studies of population genetics tested 

the theory of isolation by distance, where the further apart two individuals or populations are 

geographically, the greater the genetic distance between them should be (Dray et al., 2006, 

Loiselle et al., 1995). However, only considering geographic distance can ignore important 

environmental influences (Kozak et al., 2008). The field of landscape genetics goes beyond 

this and attempts to determine how landscape features influence the genetic patterns within or 

between populations (Manel et al., 2003). Understanding the relationship between the 

environment and the genetics of a species can help inform conservation management 

programs, as well as the fields of evolution and ecology (Gilbert and Bennett, 2010, Manel et 

al., 2003). While the field of landscape genetics has been growing, research into invertebrates 

make up only a small percentage of previous studies (Zeller et al., 2012). In fact there is a 

general lack of understanding about the dispersal abilities of woodland dwelling invertebrates 

(Brouwers and Newton, 2010). The current study may be able to contribute to this 

understanding by using landscape genetics methods to investigate the effect of habitat on 

genetic distance patterns in H. ricta. Furthermore, the availability of maps of forest cover 

from before and after several stages of deforestation, should allow for the separation of 

historical and contemporary effects, which can often be correlated (McRae, 2006, Dudaniec 

et al., 2012).  
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6.3 Aim 

 

The aim of this study is to determine if H. ricta on Banks Peninsula live in structured 

populations and identify what those populations are. The study also aims to determine what 

role, if any, distance and habitat have in maintaining this structure.  

 

6.4 Method 

 

6.4.1 Sampling and DNA extraction 

The DNA samples used in this chapter consisted of the 284 individuals identified as H. ricta 

in Chapter Four. The sampling and DNA extraction methods for these individuals are detailed 

in Chapter Four.  

 

6.4.2 Microsatellite genotyping 

The microsatellite PCR and genotyping protocol used in this chapter is detailed in Chapter 

Four. As well as the 8 microsatellite markers genotyped in Chapter Four (HR3, HR12, 

HR13A, HR15, HR34, HR35, Hma03, Hma04), an additional three microsatellites, known to 

amplify in H. ricta, were used in this chapter. These were HR14, HR19 and HR21 (Hale et 

al., 2010). The PCR and genotyping protocol used for these loci was identical to those 

detailed in Chapter Four. The annealing temperature (Ta°C), primer sequence and repeat 

motif for the additional loci are presented in Table 6.1. 

 

Table 6.1 The repeat motif, primer sequence, annealing temperature (Ta°C) and fluorescent 

dye used for each of the loci included in this chapter. 

Locus Repeat Primer sequence (5'-3') Ta (°C) Dye 

HR14 [GAT]8 F: TTTTGACTCTGTTCAGAATGACC 55 PET 

  

R: TACAGAGCCTGGGGAAGAAA 

  HR19A [TC]6...[TA]10 F: ACTTGTATGTATATGTATGTAGGTATG 48 NED 

  

R: CAGAAACGGCTCCAGTAGCT 

  HR21 [TG]9...[TC]10 F: GAGCCACAATGTTGGTTCTTC 58 PET 

  

R: ACGCGCACACACACGTAATA 
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6.4.3 Microsatellite data analysis 

To test for population structure, STRUCTURE (version 2.3.4) ) (Pritchard et al., 2000, Falush 

et al., 2003, Falush et al., 2007, Hubisz et al., 2009) was used to perform genotype 

assignment tests. Each assignment test had an admixture model with no prior location 

information, correlated allele frequencies, a burn in period of 100000 repeats and 1000000 

MCMC repetitions following the burnin. K one to seven was tested, where K is the number of 

populations. Each K was tested ten times and the results were combined before further 

analysis. The most likely K, was found using a combination of the average estimated Ln 

probability and the ΔK (Evanno et al., 2005). A combination of these methods was used as 

both have been described as “ad hoc” criteria that should not be relied upon individually 

(Evanno et al., 2005). The most likely K  was indicated by the average highest estimated Ln 

probability before the values levelled and a peak in the values of ΔK (Evanno et al., 2005). 

As in Chapter Four, the optimal Q-values for each individual, based on the ten runs from the 

chosen K, was ascertained in CLUMPP (Jakobsson and Rosenberg, 2007). A Q-value 

represents each individual’s membership coefficient to each of the K clusters, calculated by 

STRUCTURE. However, due to the larger number of K to be tested, it is recommended in the 

CLUMPP manual that instead of testing all possible permutations of the runs, the “Greedy” 

algorithm is employed instead. The Greedy algorithm was employed with all possible input 

orders for the permutations, using the similarity statistic G. 

 

Once the most likely number of populations was ascertained, each sample site (Usually areas 

with 10 to 32 artificial roosts in close geographic proximity i.e. 200m radius but also 

including three sites that represented the upper, middle and lower ends of a transect along the 

western half of Okains Bay Road.) was assigned to a population. This assignment was 

necessary for population diversity and differentiation analyses which require defined 

populations. To achieve this, the Q-values for each population were averaged over 

individuals from the sample site. The sample site was then assigned to population with the 

highest average Q-value. This was one way to minimize outliers, individuals assigned to 

clusters which they were extremely unlikely to have originated from based on geographic 

distance. 

 

However, a number of apparent outliers remained. Two of these involved sample sites where 

only one individual had been sampled (site Paua Bay Road 1 and site Panama Rock). The 

individual from Panama Rock was closely assigned to populations one and two, with Q-
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values of 0.4563 and 0.437. While population one was most likely, according to the Q-values, 

the Panama Rock site was separated from this population by population two as well as 

geographic distance. It was therefore assigned to population two instead. Similarly, the 

individual from the Paua Bay Road 1 site was assigned to population two (Q value 0.5855). 

However, the Paua Bay Road 1 site was surrounded by sample sites assigned to population 

four. Therefore, the decision was made to assign the Paua Bay Road 1 site to population four, 

despite the lower Q-value of 0.2112. As there was only one individual at each of these sites 

their assignment is unlikely to have a dramatic impact on the final results.  

 

The remaining two outliers consisted of entire sample sites, Takamatua Valley Road and 

Fishermans Bay Lower (Figure 6.1). The Takamatua Valley Road site contained individuals 

assigned to populations three, four and five. The site was surrounded by other sites assigned 

to population three and adjacent to population four. Conversely, the Takamatua Valley Road 

site was separated from sites assigned to population five, by populations three and four. This 

intermediate position between populations three and four and subsequent gene flow is likely 

to be responsible for the difficulty in assigning the site. However, based on the assignments 

of neighbouring sites it was decided to assign the Takamatua Valley Road site to population 

three. Lastly, the Fishermans Bay Lower sample site consisted mostly of individuals assigned 

to populations three and four. While surrounded by other sample sites assigned to population 

four, the Fishermans Bay Lower site appears isolated from population three (Figure 6.1). It is 

possible that population three extends over the summit to join with the Fishermans Bay 

Lower site, as there are a lack of samples from the immediate southwest of this site . 

However, given the sampling at the summit suggests a prevalence of populations four and 

five, this seems unlikely. Therefore, the Fishermans Bay Lower site was assigned to 

population four for the remainder of the analysis. 

 

In addition to individuals from known sample locations, a number of individuals identified as 

H. ricta with no location information were also included in the STRUCTURE analysis. These 

samples were included in the cluster analysis to see if STRUCTURE could indicate their 

location of origin. However, as there was no way to be certain of where they originated, they 

were excluded from any further analysis.  

 

After all the individuals were assigned to a population, the pattern of genetic differentiation 

among and within the populations was tested with an AMOVA (analysis of molecular 
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variance) to calculate overall FST, FIS, FIT and pairwise FST. Pairwise FST was also calculated 

between 27 sample sites from which more than one H. ricta DNA sample had been collected. 

The AMOVA was performed in GenAlEx, Genetic Analysis in Exel, version 6.4 (Peakall and 

Smouse, 2012), with 999 permutations. After the maximum FST was also calculated in 

GenAlEx, the original FST was standardized (F’ST) for intrapopulation variation by dividing it 

by the maximum FST (Meirmans and Hedrick, 2011, Hedrick, 2005). Multiple comparsions 

were accounted for in the pairwise FST using the method denoted by Narum (2006). The mean 

unbiased heterozygosity of each population was also measured using GenAlEx. A Kruskal-

Wallis test was performed in R to test for differences between populations, in the mean 

unbiased expected heterozygosity per locus (R Core Team, 2013). The inbreeding coefficient 

(FIS) of each population was calculated in Arelquin (Excoffier and Schneider, 2005). The 

fixation index for all of the loci in each population was calculated in GenAlEx. Because the 

number of alleles in a population is highly dependent of sample size, the program HP-Rare 

(version 1.1) was used to account for this by rarefying alleles (Kalinowski, 2005). Allelic 

richness and private allelic richness were calculated for each population using HP-rare.  

 

All the loci used here were tested for evidence of linkage disequilibrium in Arlequin version 

3.1 settings (Excoffier and Schneider, 2005). Whether the loci used in this study were in 

Hardy-Weinberg equilibrium (HWE) in each population was tested in using the default 

settings. The appropriate alpha value to calculate the significance of each test was calculated 

using the method denoted by Narum (2006), which accounts for multiple comparisons. Any 

loci which were consistently found to be out of HWE across the populations were considered 

to be out of HWE, all other loci were considered to be within HWE. Arlequin version 3.1 was 

also used to test for evidence of linkage between the different loci, in each of the populations, 

using the default settings. As above, the method explained by Narum (2006) was used to 

account for multiple pairwise tests. Any loci found to evidence of linkage consistently across 

the populations were considered to be linked. The loci were also tested for evidence of null 

alleles in the program Microchecker (version 2.2.3) with a confidence interval of 95% and 

1000x repetitions (Van Oosterhout et al., 2004). The maximum expected allele size in 

Microchecker was set to the largest known allele size for the loci tested. 

 

As well as population specific calculations, the samples were also combined into one 

“population”. This allowed the genetic diversity of H. ricta to be compared to the same 

diversity measures in a sample of 29 H. maori from across the H. maori species range, which 
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were available during this study. H. ricta has been reported as a sister species or recent 

offshoot of H. maori (Trewick and Morgan-Richards, 2004). Therefore, a comparison 

between these two species may be informative as to whether H. ricta has lost genetic 

diversity. Unbiased expected heterozygosity and allelic richness was calculated as above for 

both species. However, as locus HR19A did not amplify consistently in H. maori this locus 

was emitted from the calculation of diversity measures of both species, for this section of the 

analysis.  

 

6.4.4 Landscape genetics 

Only individuals identified by previous analysis as H. ricta, which also had co-ordinates 

detailing the location of the roost in which they were sampled, were selected for landscape 

genetic analysis. A broad scale analysis was run with individuals from across the peninsula 

(All H. ricta AR) (N = 247). It is important to scale your environmental variables to the 

species or processes of interest (Zeller et al., 2012). Given the small size of H. ricta 

individuals compared to the size of the species range, there is likely to be a strong effect of 

distance at a broad scale. This effect may mask any effect of habitat, especially as at a large 

scale environmental factors often correlate strongly with spatial patterns (Kühn and 

Dormann, 2012). Therefore, in addition to the broad scale analysis, smaller scale analyses 

were also run. These analyses group into five geographic areas, the North Western H. ricta 

(NWR, N = 49), North Eastern H. ricta (NER, N = 35), Central Western H. ricta (CWR, N = 

66), Central Eastern H. ricta (CER, N = 53) and Southern H. ricta (SR, N = 38). These 

geographic areas correspond to the five populations suggested by STRUCTURE. Population 

one is NWR, population two is NER, population three is CWR, population four is CER and 

population five is SR. 

 

6.4.4.1 Genetic distance 

The relationship coefficients between the selected individuals were calculated in SPAGeDi 

(Spatial Pattern Analysis of Genetic Diversity) (Hardy and Vekemans, 2002). The 

relationship estimator from Wang (2002) was used to calculate pairwise relatedness between 

individuals. Benefits of the Wang (2002) method include that the resulting estimates are 

never undefined or exceed one and it is suitable for highly polymorphic loci such as 

microsatellites (Wang, 2002). To focus on relatedness between individuals, rather than 

populations, no spatial groups were included in the input file. Because SPAGeDi would read 
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them as part of a spatial group, individuals from the same artificial roost, and therefore 

sharing the same spatial co-ordinates, were not allowed to follow each other in the input file. 

 

6.4.4.2 Geographic distance and habitat resistance 

To investigate whether distance or forest cover can explain the patterns seen in the population 

genetics data, raster habitat conductance maps were created in ArcMAP version 10.0 (ESRI, 

2010). Each cell of a map was attributed a conductance value, which dictated how easy the 

cell was for H. ricta individuals to move through. In total four habitat resistance maps were 

created, each representing a different level of native forest cover across Banks Peninsula. A 

map of forest cover in 1860 was selected as a good representation of early more extensive 

forest cover (Johnston, 1969). A map for forest cover in 2008 was selected to represent the 

extent of forest at the beginning of the study, and the pattern of regenerating forest. 1880 was 

selected as a representation of intermediate levels of forest cover (Johnston, 1969). Finally, a 

map of homogenous habitat was created as a way to test the effect of distance alone on the 

genetic patterns in H. ricta. Maps of forest cover from years intermediate to 1880 and 2008 

have also been published in articles and books (Johnston, 1969, Wilson, 1998, Ogilvie, 

1990). However, the partition of variance method used here only allows four explanatory 

matrices to be used at once. Based on forest cover maps from around 1920 and 1963, at the 

cessation of milling and during initial phases of regeneration, patches of forest were small 

and scattered across the peninsula. It is therefore expected that distance measures based on 

these maps would correlate strongly with the homogenous habitat map and the 2008 habitat 

map, making it very difficult to distinguish any individual effects. Therefore, the forest cover 

from 1920 and 1963 was excluded from further analysis. While the chosen time periods, 

1860, 1880 and 2008 may appear random, it is the extent of forest cover, rather than the year 

itself that is of interest here. 

 

Deciding on values of conductance or resistance to assign to different types of habitat is a 

difficult task and the true values are rarely known (Koen et al., 2012). Koen et al. (2012) 

demonstrated that even when only two types of habitat are used, the magnitude of difference 

between the values assigned to each habitat can impact on whether or not habitat effects are 

seen as significant in later analyses. However, Koen et al. (2012) determined that the analysis 

was less sensitive to changes in the magnitude of difference if maps were coded as 

conductance and then the amount of habitat resistance, rather than conductance, was 
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measured between individuals. Therefore, all habitat maps produced in this chapter are coded 

by conductance.  

 

To keep the analysis simple only two types of habitat were chosen. To determine a suitable 

magnitude of difference in the conductance of these habitats, previous research into tree weta 

habitat use and dispersal was investigated. Tree weta, including H. ricta, are known to 

frequently use holes in native trees as refuges (Townsend et al., 1997). Tree weta can be very 

loyal to a habitat patch and it is believed that dispersal on the ground could increase the risks 

of predation (Leisnham and Jamieson, 2002, Kelly, 2006, Moller, 1985, Townsend, 1995). A 

number of mark and recapture studies have been undertaken with H. ricta’s sister species H. 

maori (Trewick and Morgan-Richards, 2004) that can provide estimates of the relative 

numbers of weta moving between habitat patches and those remaining within habitat patches. 

In a study by Leisnham and Jamieson (2002), only 14 out of 602 recaptured weta were found 

to have dispersed over open ground. Similarly, in an earlier study by Jamieson et al. (2000) 

only one of the 52 adult weta recaptured was found to have dispersed over open ground. 

These studies suggest that 43-52 times more weta remained within their habitat patch, rather 

than dispersed over open ground. Therefore, it was decided to give areas of native forest a 

conductance value of 50 and areas without native forest a conductance value of one. The map 

of Banks Peninsula with homogenous habitat had all cells given a value of 50. In all of the 

maps the ocean surrounding the peninsula was coded with a value of -9999, which would 

deem it impassable.  

 

The conductance maps for years the 1860 and 1880 were all generated from drawings of 

forest cover published in Johnston (1969). The drawings were georeferenced in ArcMAP and 

the forest patches traced over with polygons. The polygons were then transformed into the 

required raster format. The Mosaic tool was used to overlay the forest onto a raster of the 

peninsula, before the Re-classify tool was used to assign conductance values to the cells. The 

Resample tool made it possible to change the cell size as desired. In contrast the conductance 

map for 2008 was generated from the Landcover Database version 3 (LCDB3) data layer. 

Unlike the previous maps, the LCDB3 had 26 categories of habitat cover for the area of 

Banks Peninsula under study. Seven of these categories were selected and their polygons 

extracted, to represent favourable habitat for H. ricta. These categories were broadleaved 

indigenous hardwoods, deciduous hardwoods, fernland, gorse and/or broom, indigenous 

forest, manuka and/or kanuka, and matagouri or grey scrub. Most of these categories contain 
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native forest or scrub which H. ricta is known to inhabit (Townsend et al., 1997). As weta 

have also been found in the exotic weed gorse (Ulex europaeus) this category was also 

included (Sherley and Hayes, 1993). Once the polygons of the selected categories were 

extracted the method for creating the conductance map for 2008 was identical to that detailed 

above for the conductance maps of 1860 and 1880. Finally, the homogenous habitat map was 

created by reclassifying all the habitat types to have the same conductance value. 

 

The ArcMap tool Export Raster to Circuitscape was used to format the final conductance 

maps for use in Circuitscape version 4 (Shah and McRae, 2008). Circuitscape uses circuit 

theory to calculate the degree of habitat resistance between individuals, based on the 

resistance or conductance maps provided (McRae et al., 2008). Circuitscape was chosen over 

the “least-cost path” method because Circuitscape’s method considers all possible paths 

between two individuals (McRae et al., 2008). This is beneficial in the case of tree weta as 

evidence suggests their direction of dispersal can be quite random (Leisnham, 2002), while 

the least-cost path method assumes individuals know the optimal route (McRae et al., 2008). 

Furthermore by considering all possible paths Circuitscape provides a better approximation 

of gene flow resulting from the dispersal of many individuals over generations (Spear et al., 

2010) Due to the memory limitations of Circuitscape the final conductance maps had a cell 

size of 100, which reduced the memory required for analysis while still allowing for a 

detailed representation of the habitat. In Circuitscape the degree of environment “resistance” 

between pairs of H. ricta individuals was calculated based on each of the conductance maps 

created above. The input data type was set to raster and the pairwise modelling mode was 

chosen. The input maps were set to represent conductance and the average resistance between 

cells was used for connections. Co-ordinates where H. ricta had been sampled were used as 

focal nodes during the analysis. Six different sets of focal nodes were run against each of the 

conductance maps. The first set consisted of individuals across the entire peninsula (AR) 

while the remaining five sets consisted of individuals from more localized regions as denoted 

above (NWR, NER, CER, CWR and SR).  

 

6.4.4.3 Isolation by distance or resistance analysis 

Since their development, mantel and partial mantel tests have been extremely popular and 

have been used in population genetics to compare geographical or environmental distance 

against genetic distance (Manel et al., 2003, Guillot and Rousset, 2013). However, concerns 

have been raised regarding the lack of power and inflated type I error rates observed with 
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mantel tests (Guillot and Rousset, 2013). Despite these criticisms mantel tests are still widely 

used and there is confusion regarding their suitability (Guillot and Rousset, 2013). Cushman 

et al. (2013b) suggest that partial mantel tests are appropriate for identifying relationships 

between landscape resistance and genetic distance. Legendre and Fortin  (2010) also seem to 

suggest that if the question can only be worded in distance matrices then mantel tests are 

suitable. However, Guillot and Rousset (2009) argue that Legendre and Fortin (2010) did not 

provide enough detail about the simulations they used to test these claims. Through their own 

simulations, Guillot and Rousset (2013) determined that both mantel and partial mantel tests 

produce a high number of false positives. Furthermore, the assumptions of mantel tests, 

linearity, independence and homogeneity of variance are rarely tested (Graves et al., 2013). 

Using simulated data, Graves et al. (2013) found that in most cases the relationship between 

genetic distance and geographic or environmental distance is asymptotic, rather than linear, 

breaking one of the assumptions. Balkenhol, Waits and Dezzani (2009) as well as Raufaste 

and Rousset (2001) suggest that there is no statistical reason to use mantel tests, which are 

popular only because they are easy to perform and interpret. While they criticize claims made 

by Raufaste and Rousset (2001), Legendre and Fortin (2010) admit there are more powerful 

alternatives to the mantel test available.  

 

One of the alternative methods that is becoming more common, and has recently been used in 

landscape genetic studies, is the principal coordinate of neighbouring matrices (PCNM) and 

other eigenvector based methods (Dray et al., 2006, Diniz-Filho et al., 2013b). Eigenvectors 

can be determined from a distance matrix and represent different levels of spatial patterns, 

with the first eigenvectors representing the broadest spatial scale (Manel et al., 2003, Diniz-

Filho et al., 2009). Through variance partitioning, PCNM allows the variation to be broken 

down into spatial and non-spatial fractions, however the process can be computationally 

demanding for large matrices (Dray et al., 2006). PCNM has been reported as flexible and 

robust by a number of studies (Diniz-Filho et al., 2009, Dray et al., 2006). According to 

Manel et al. (2003), the flexibility of the PCNM method allows it to deal with problems in 

type I error. However, although eigenvector methods are thought to have more accurate type I 

and II error rates than mantel tests, depending on the data provided they may prove as poor as 

mantel tests (Diniz-Filho et al., 2013b). Peres-Neto et al. (2006), mentioned that there is 

evidence that eigenvector analyses could be prone to inflating the variation explained but also 

noted that mantel-like methods were no better. Eigenvector methods were said to be 

untrustworthy due to their vulnerability to statistical artifacts and unstable nature (Gilbert and 
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Bennett, 2010). Therefore as neither method appears to be beyond criticism, a combination of 

both methods will be used to test for a relationship between genetic distance, habitat 

resistance and geographic distance.  

 

6.4.4.4 Principal coordinate of neighbouring matrices (PCNM) and variance partitioning 

The analyses for PCNM and variance partitioning were performed in R version 3.0.2 (R Core 

Team, 2013) with RStudio version 0.98.501 (RStudio, 2012). A number of R packages were 

used during the analysis, PCNM (Legendre et al., 2013), vegan (Oksanen et al., 2013) and 

packfor (Dray et al., 2013). The analysis generally followed the method outlined in section 

7.4 in Borcard et al., (2011) method 1b. This analysis requires a rectangular response matrix 

rather than a dissimilarity matrix such as the genetic distance matrix generated above. 

Therefore, this matrix was transformed into a rectangular data matrix by principal coordinate 

analysis. The pairwise resistance matrices from Circuitscape were loaded into R and the 

PCNM package was used to construct eigenvectors from the matrices. Given the large 

number of eigenvectors that can be generated from a matrix care must be taken to 

parsimoniously select only the bare minimum needed to explain the spatial patterns of 

interest (Diniz-Filho et al., 2009). Eigenvectors with positive Moran’s I show positive spatial 

correlation and are more frequently used in studies than eigenvectors with negative Moran’s I 

(Borcard et al., 2011). While, eigenvectors with negative Moran’s I can be used to model 

negative spatial correlation, such as in territorial animals, here I am interested in testing for 

spatial correlation where individuals close together are expected to be genetically close 

(Legendre and Legendre, 2012). As this is positive spatial correlation, only eigenvectors with 

positive Moran’s I were selected for further analysis. In the North Western population very 

small negative values generated by Circuitscape prevented the generation of eigenvectors 

from the habitat matrices based on forest distribution in 2008 and 1880. Therefore, these very 

small values were converted to zeros and the analysis was continued as normal. For each 

matrix, the resulting eigenvectors were then used as explanatory variables in a redundancy 

analysis (rda) against a rectangular matrix of pair-wise genetic distances. If the rda was 

significant, forward selection allowed the significant eigenvectors to be identified. Once the 

significant eigenvectors from each of the resistance matrices were identified, variance 

partitioning analysis was used to determine how much of the spatial variance in the 

rectangular genetic distance matrix was explained by each of the resistance matrices. By 

testing multiple resistance matrices at the same time it was possible to ascertain what amount 

of the genetic data they explained individually as well as identify variation explained by more 
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than one habitat matrix. The significance of the amount of variance explained by the 

eigenvectors from the individual resistance matrices was tested with a permutation test of a 

redundancy analysis. 

 

6.4.4.5 Mantel and partial mantel tests 

All mantel and partial mantel tests were performed in R version 3.0.2 (R Core Team, 2013) 

with RStudio version 0.98.501 (RStudio, 2012). The packaged used for this analysis was the 

Ecodist package (Goslee and Urban, 2007). Each test was run with 1000 permutations. A 

mantel test was used to test if each of the explanatory matrices was correlated with the 

genetic distance matrix. Each habitat resistance matrix was tested against the genetic distance 

matrix, after accounting for the effect of distance. Following this, the geographic distance 

matrix was tested against the genetic distance matrix, after accounting for the effect of habitat 

resistance.  

 

6.5 Results 

 

6.5.1 Cluster analysis 

The number of populations or clusters (K) with the highest average estimated Ln probability, 

as calculated by STRUCTURE was five (Figure 6.2). Similarly, there was a peak in ΔK when 

K is five (Figure 6.3). While the ΔK estimate had the largest peak at K is two, based on the 

estimated Ln probability data this would seem a very conservative estimate (Figures 6.2 and 

6.3). Therefore, a K of five was chosen as most likely. The five clusters match fairly closely 

with five different geographic regions of Banks Peninsula (Figures 6.1 and 6.4). A number of 

samples identified as H. ricta in Chapter Four, but of unknown geographic origin, were 

included in the clustering analysis in STRUCTURE. The results indicate that it is possible to 

determine the general geographic origin of the individuals based on these results (Figures 6.1 

and 6.4). However, as it there is no way of being sure of the accuracy of estimates, these 

samples were excluded from any further analysis. 
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Figure 6.1. Sample sites where H. ricta DNA was collected for this study. The colours 

represent which population sample the site was assigned to for analyses that necessitated 

distinct populations. Population sample one is red (North Western Sites), population sample 

two is yellow (North Eastern Sites), population sample three is green (Central Western Sites), 

population sample four is blue (Central Eastern Sites) and population sample five is purple 

(Southern Sites). Sample sites: 1. Menzies Bay, 2. Starvation Gully, 3. Mount Pearce; 4. 

Pigeon Bay, 5. Pipers Valley, 6. Okains Bay Road West, 7. Okains Bay Road Middle, 8. 

Robinson’s Bay, 9. View Hill, 10. Seftons Road 1, 11. Seftons Road 2, 12. Otepatotu, 13. 

Summit Road, 14. Panama Rock, 15. Old Le Bons Bay Track, 16. Takamatua Valley Road, 

17. Long Bay Road 1, 18. Long Bay Road 2, 19. Eastern site, 20. Hinewai, 21. Ellangowan, 

22. Long Bay Road 3, 23. Goughs Bay, 24. Paua Bay Road 1, 25. Paua Bay Road 2, 26. 

Fishermans Bay Upper, 27. Fishermans Bay Lower, 28. Stoney Bay Road 1, 29. Stoney Bay 
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Road 2, 30. Stoney Bay Road 3, 31. Flea Bay Upper 1, 32. Flea Bay Upper 2, 33. Flea Bay 1, 

34. Flea Bay 2, 35. Nikau Palm Gully. 

 

 

Figure 6.2. The average estimated Ln probability of data versus the number of populations 

(K). The average was calculated from 10 replicates of each K run in the program 

STRUCTURE. The data was summarised by Structure Havester (Earl and vonHoldt, 2012). 
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Figure 6.3. The ΔK of the data versus the number of populations (K). The average was 

calculated from 10 replicates of each K run in the program STRUCTURE. The data was 

summarised by Structure Havester (Earl and vonHoldt, 2012). 
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6.5.2 Population genetic diversity 

All the loci used here were polymorphic in H. ricta, except one (HR34) (Table 6.2). In these 

polymorphic loci, the number of alleles per locus ranged from three (HR15) to 23 (HR21) 

(Table 6.2). The average number of alleles across all the loci was 10.09. HR15 was 

monomorphic in four of five population samples, with the exception being the Central 

Eastern sites, population sample four (Table 6.2). Each of the five population samples had a 

number of private alleles, ranging from five to seven, with an average of 5.6. None of the loci 

consistently showed evidence of null alleles across all the population samples (Table 6.3). 

HR3 and HR12 were indicated to have null alleles in two population samples while the 

results suggested that HR15, HR19A, HR21, Hma03 had null alleles in one population 

sample (Table 6.3). If the loci truly produced null alleles they would be expected to show 

evidence of this consistently across numerous populations, suggesting that none of the loci 

used here have null alleles. Most of the evidence for null alleles was found in population 

sample four, the Central Western sites. The five population samples identified by 

STRUCTURE had very similar levels of genetic diversity (Table 6.4).  The average unbiased 

expected heterozygosity (UHe) did not differ significantly between populations ( χ
2
= 2.2447, 

df=4, P=0.691). Similarly, the allelic richness and private allelic richness differed little 

between the populations. The new alpha value of the FIS estimates, after a Bonferroni 

correction (Narum, 2006) was 0.0219. As a result the FIS for all of the population samples, 

except population two, were significantly greater than zero, suggesting there are fewer 

heterozygotes than expected. However, this pattern was not consistent across all of the loci 

(Table 6.5). Without consistent evidence for null alleles at any of the loci, these FIS values 

may be evidence of sub-structuring within the population samples (Allendorf et al., 2012). 

The unbiased heterozygosity of the 29 samples of H. maori provided during this study was 

0.713, while the allelic richness was 4.74. Using the same loci, the overall unbiased 

heterozygosity of H. ricta samples, when treated as one group, was 0.538, while the allelic 

richness was 3.49. None of the loci used in this chapter were consistently out of HWE across 

all five population samples (Appendix B, Table 10.1). Similarly, the results suggested that no 

two loci showed evidence of being linked in all five population samples. This suggests the 

loci used here are not in linkage disequilibrium. 
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Table 6.2. Allele frequencies per population sample of H. ricta on Banks Peninsula 

Locus Allele Pop1 Pop2 Pop3 Pop4 Pop5 

HR3 N 59 36 64 73 38 

 

141 0.153 0.139 0.219 0.075 0.184 

 

145 0.017 0.014 0.086 0.021 0.079 

 

148 0.297 0.264 0.242 0.301 0.579 

 

150 0.407 0.389 0.266 0.240 0.079 

 

152 0.127 0.194 0.188 0.363 0.079 

HR12 N 59 36 66 73 38 

 

185 0.000 0.000 0.000 0.014 0.026 

 

187 0.186 0.042 0.364 0.205 0.724 

 

189 0.000 0.000 0.091 0.164 0.053 

 

191 0.000 0.000 0.068 0.014 0.013 

 

193 0.059 0.014 0.061 0.034 0.013 

 

195 0.017 0.014 0.000 0.000 0.026 

 

197 0.017 0.000 0.015 0.007 0.000 

 

199 0.042 0.000 0.000 0.014 0.026 

 

201 0.008 0.000 0.015 0.000 0.000 

 

202 0.059 0.042 0.053 0.014 0.000 

 

204 0.110 0.125 0.053 0.062 0.000 

 

206 0.127 0.069 0.136 0.137 0.000 

 

208 0.169 0.306 0.038 0.116 0.013 

 

210 0.059 0.181 0.023 0.151 0.000 

 

212 0.017 0.167 0.008 0.027 0.026 

 

214 0.042 0.014 0.015 0.007 0.000 

 

216 0.017 0.014 0.030 0.014 0.053 

 

218 0.034 0.000 0.023 0.000 0.013 

 

219 0.000 0.000 0.008 0.000 0.000 

 

221 0.008 0.014 0.000 0.014 0.000 

 

223 0.025 0.000 0.000 0.007 0.000 

 

227 0.000 0.000 0.000 0.000 0.013 
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HR13A N 59 36 66 73 38 

 

173 0.619 0.819 0.568 0.301 0.408 

 

175 0.364 0.181 0.417 0.651 0.553 

 

177 0.017 0.000 0.000 0.014 0.039 

 

179 0.000 0.000 0.015 0.034 0.000 

HR14 N 59 36 66 72 38 

 

191 0.178 0.028 0.417 0.375 0.447 

 

193 0.000 0.014 0.000 0.000 0.000 

 

196 0.000 0.000 0.000 0.000 0.026 

 

199 0.805 0.958 0.470 0.563 0.329 

 

201 0.017 0.000 0.000 0.000 0.000 

 

203 0.000 0.000 0.114 0.063 0.184 

 

206 0.000 0.000 0.000 0.000 0.013 

HR15 N 59 36 66 73 38 

 

155 0.000 0.000 0.000 0.007 0.000 

 

157 0.000 0.000 0.000 0.007 0.000 

 

168 1.000 1.000 1.000 0.986 1.000 

HR19A N 59 36 66 73 35 

 

111 0.441 0.111 0.212 0.096 0.443 

 

113 0.314 0.708 0.182 0.404 0.043 

 

115 0.068 0.097 0.114 0.103 0.386 

 

117 0.178 0.056 0.000 0.082 0.000 

 

119 0.000 0.028 0.311 0.253 0.029 

 

121 0.000 0.000 0.000 0.007 0.000 

 

123 0.000 0.000 0.182 0.048 0.071 

 

125 0.000 0.000 0.000 0.007 0.014 

 

127 0.000 0.000 0.000 0.000 0.014 

HR21 N 59 36 64 73 38 

 

201 0.085 0.056 0.258 0.075 0.000 

 

203 0.000 0.000 0.000 0.000 0.026 

 

205 0.000 0.000 0.188 0.226 0.118 

 

207 0.373 0.333 0.023 0.075 0.066 
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209 0.059 0.000 0.000 0.027 0.053 

 

210 0.008 0.000 0.000 0.000 0.000 

 

211 0.000 0.000 0.141 0.048 0.368 

 

212 0.000 0.000 0.008 0.000 0.000 

 

214 0.008 0.083 0.094 0.041 0.026 

 

216 0.008 0.083 0.000 0.014 0.000 

 

218 0.025 0.000 0.063 0.041 0.026 

 

220 0.034 0.000 0.016 0.034 0.066 

 

221 0.000 0.014 0.000 0.000 0.000 

 

222 0.068 0.014 0.031 0.055 0.000 

 

223 0.000 0.014 0.000 0.000 0.000 

 

224 0.051 0.000 0.023 0.062 0.053 

 

227 0.085 0.083 0.008 0.062 0.079 

 

229 0.051 0.125 0.008 0.021 0.026 

 

231 0.059 0.014 0.008 0.130 0.053 

 

233 0.076 0.014 0.094 0.048 0.039 

 

235 0.008 0.014 0.023 0.021 0.000 

 

237 0.000 0.069 0.016 0.021 0.000 

 

239 0.000 0.083 0.000 0.000 0.000 

HR34 N 59 36 66 73 38 

 

88 1.000 1.000 1.000 1.000 1.000 

HR35 N 59 36 66 73 38 

 

227 0.432 0.736 0.530 0.774 0.526 

 

228 0.000 0.000 0.015 0.000 0.000 

 

230 0.254 0.083 0.053 0.007 0.000 

 

233 0.144 0.056 0.076 0.041 0.013 

 

236 0.076 0.000 0.000 0.000 0.079 

 

239 0.008 0.000 0.136 0.034 0.105 

 

240 0.000 0.000 0.015 0.000 0.000 

 

242 0.059 0.097 0.114 0.096 0.118 

 

243 0.000 0.014 0.008 0.000 0.000 

 

245 0.025 0.014 0.053 0.041 0.158 
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248 0.000 0.000 0.000 0.007 0.000 

Hma03 N 53 36 65 73 38 

 

95 0.000 0.000 0.008 0.014 0.000 

 

103 0.519 0.194 0.754 0.582 0.987 

 

105 0.472 0.806 0.238 0.390 0.013 

 

107 0.000 0.000 0.000 0.014 0.000 

 

113 0.009 0.000 0.000 0.000 0.000 

Hma04 N 59 36 66 73 38 

 

88 0.008 0.000 0.000 0.000 0.000 

 

90 0.322 0.722 0.402 0.747 0.474 

 

91 0.017 0.014 0.000 0.000 0.000 

 

92 0.000 0.000 0.008 0.000 0.000 

 

93 0.025 0.000 0.053 0.151 0.039 

 

95 0.297 0.000 0.000 0.000 0.000 

 

97 0.076 0.000 0.068 0.000 0.013 

 

98 0.000 0.000 0.000 0.000 0.026 

 

99 0.144 0.014 0.273 0.062 0.303 

 

101 0.000 0.000 0.008 0.000 0.026 

 

103 0.000 0.000 0.008 0.000 0.000 

 

104 0.017 0.000 0.000 0.007 0.000 

 

106 0.017 0.083 0.098 0.007 0.026 

 

108 0.000 0.000 0.015 0.000 0.000 

 

110 0.000 0.000 0.045 0.014 0.066 

 

112 0.000 0.000 0.000 0.007 0.026 

 

116 0.008 0.000 0.000 0.007 0.000 

 

118 0.034 0.014 0.000 0.000 0.000 

 

120 0.008 0.042 0.023 0.000 0.000 

 

122 0.025 0.097 0.000 0.000 0.000 

 

124 0.000 0.014 0.000 0.000 0.000 
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Table 6.3. Whether or not loci show evidence of null alleles in each of the population samples 

identified by STRUCTURE, as calculated by Microchecker. 

 

 

Table 6.4. The mean unbiased expected heterozygosity (UHe), the allelic richness, the private 

allelic richness, the proportion of polymorphic loci and the FIS of each of the five H. ricta 

population samples on Banks Peninsula. Significant codes 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.0219 

‘.’  

Population UHe Allelic richness Private allelic richness FIS 

1 0.541 3.48 0.53 0.105*** 

2 0.409 3.00 0.44 0.069 

3 0.561 3.60 0.40 0.061* 

4 0.511 3.39 0.31 0.117*** 

5 0.470 3.315 0.46 0.108*** 

 

Table 6.5. The fixation index for each locus in each of the five genetic clusters suggested by 

STRUCTURE (Figures 6.1 and 6.4) 

  Fixation index 

Locus Pop1 Pop2 Pop3 Pop4 Pop5 

HR3 0.113 0.076 0.079 0.156 0.398 

  Population 

Locus 1 2 3 4 5 

HR3 No no no Yes yes 

HR12 Yes no no Yes no 

HR13A No no no No no 

HR14 No no no No no 

HR15 No no no Yes no 

HR19A No no no No yes 

HR21 No no no Yes no 

HR34 No no no No no 

HR35 No no no No no 

Hma03 Yes no no No no 

Hma04 No no no Yes No 
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HR12 0.087 0.087 -0.050 0.164 0.099 

HR13A 0.125 0.155 0.007 0.095 0.250 

HR14 0.205 -0.033 0.208 -0.005 -0.082 

HR15 - - - 0.495 - 

HR19A 0.091 0.177 0.106 0.097 0.249 

HR21 0.051 0.103 0.085 0.101 0.072 

HR34 - - - - - 

HR35 -0.015 -0.141 0.103 0.045 -0.066 

Hma03 0.332 -0.241 -0.067 0.111 -0.013 

Hma04 0.085 0.093 0.043 0.176 -0.013 

 

6.5.3 Population genetic differentiation 

There was significant genetic differentiation among the five population samples, as FST was 

0.108 (P=0.001), while FIS and FIT were 0.110 (P=0.001) and 0.206 (P=0.001) respectively. 

F’ST was 0.222.  The corrected alpha value, calculated by the method denoted in Narum  

(2006), to account for multiple comparisons in the pairwise FST tests, was 0.015. As all of the 

pairwise comparisons had a P-value of less than 0.015, all of the populations were 

significantly differentiated from each other by an FST significantly greater than zero (Table 

6.6). Population sample one was most distinct from population five (Table 6.6). Population 

sample two was most genetically differentiated from population five and vice versa (Table 

6.6). Population sample three is most differentiated genetically from population sample two 

(Table 6.6). Population sample four is most differentiated genetically from population sample 

two but is almost equally differentiated from population five (Table 6.6). Each population 

sample was generally least genetically differentiated from a neighbouring population sample 

(Table 6.6). According to the AMOVA results, 11% of the genetic variation is found between 

the population samples, 10% is found between individuals and 79% of the genetic variation is 

found within individuals.  

 

Table 6.6.Below the diagonal are the pairwise FST values, calculated between the five 

population samples of H. ricta on Banks Peninsula. Above the diagonal are the P-values, for 

each pairwise FST value.  

 

Pop1 Pop2 Pop3 Pop4 Pop5 

Pop1 0.000 0.001 0.001 0.001 0.001 
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When pairwise FST was measured between samples sites the results appeared to depend on 

sample size. Sites such as Menzies Bay, Starvation Gully, Pipers Valley and View Hill, from 

which very few DNA samples were collected, were often not significantly differentiated from 

other sample sites, even those that were geographically distant (Appendix B, Table 10.2). If 

only sites with larger sample sizes (n  eight) were considered the patterns were broadly 

similar to those suggested by STRUCTURE (Appendix B, Table 10.2). Mount Pearce was 

not significantly differentiated from Pigeon Bay and Okains Bay Road West. Takamatua 

Valley Road and Old Le Bons Bay Track were not significantly differentiated from each 

other and Goughs Bay and Ellangowan were not significantly differentiated from one another 

(Appendix B, Table 10.2). However, the pairwise FST did find significant differentiation 

between sites which STRUCTURE clustered together such as Long Bay Road 1 and Long 

Bay Road 2 (Appendix B, Table 10.2). 

 

6.5.4 Landscape genetics 

Figures 6.5, 6.6 and 6.7 represent the conductance surfaces created to detail the forest cover 

in 1860, 1880 and 2008 respectively. All areas in green represent native forest or scrub which 

was given a conductance value of 50. All areas in beige represent any kind of habitat that is 

not native forest or scrub, this generally means open habitat such as farms. The beige areas 

were given a conductance value of 1. Figures 6.5 and 6.6 show the dramatic levels of 

deforestation in just 20 years. Figure 6.7 shows the scattered patches of regenerating forest 

and forest remnants found across Banks Peninsula during this study.  

 

Pop2 0.088 0.000 0.001 0.001 0.001 

Pop3 0.073 0.163 0.000 0.001 0.001 

Pop4 0.094 0.126 0.051 0.000 0.001 

Pop5 0.149 0.292 0.063 0.123 0.000 
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Figure 6.5. Native forest cover on Banks Peninsula 1860. Native forest is displayed in green, 

while open habitat is displayed in beige.  

 

 

Figure 6.6. Native forest cover on Banks Peninsula 1880. Native forest is displayed in green, 

while open habitat is displayed in beige. 
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Figure 6.7. Forest and bush cover on Banks Peninsula 2008. Forest and bush habitat  is 

displayed in green, while open habitat is displayed in beige. 

 

6.5.4.1 Banks Peninsula 

6.5.4.1.1 PCNM 

When testing across the whole of Banks Peninsula, a significant amount of the variance in 

genetic distance between individuals is explained by the combination of the forest 

distribution from 1860, 1880 and 2008 along with the effect of geographic distance (F=2.713, 

df=32, P=0.005). Together, forest distribution from 1860, 1880, 2008 and the geographic 

distance between individuals, explains 18.2% of the variation in genetic distance among 

individuals. 62.6% of the explained variance is shared among the habitat pattern from 2008 

and geographic distance explanatory matrices, suggesting they are quite strongly correlated. 

The individual effects of the geographic distance and the habitat distribution in 2008 still 

explained a significant amount of the variation in genetic distance between individuals 

(Habitat 2008, F=1.273, df=14, P=0.005; Geographic distance, F=1.757, df=15, P=0.005). 

However, while statistically significant, the amount of variance explained by the habitat in 

2008 is very low, at 1.4% (Figure 6.8). Similarly, independent from the effect of geographic 

distance, the combined effects of the three forest distributions explained a significant but very 

small amount of variation at 1.4% (F=1.257, df=17, P=0.005). 
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Figure 6.8. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals across the whole of Banks Peninsula, are explained by the 

habitat patterns from 1860, 1880 and 2008, as well as geographic distance. Values less than 

zero are not displayed. 

 

6.5.4.1.2 Mantel and partial mantel tests 

In the mantel tests both the habitat distribution from 2008 and the effect of geographic 

distance were significantly correlated with genetic distance (Habitat 2008, r=0.239, P=0.001; 

Geographic Distance, r=0.319, P=0.001). However in the partial mantel tests, geographic 

distance was significant after accounting for the habitat distribution in 2008 (r=0.217, 

P=0.001) while the habitat distribution in 2008 was no-longer significantly correlated with 

genetic distance after accounting for geographic distance (r=0.008, P=0.752). The habitat 

resistance matrices based on forest cover form 1860 and 1880 were not significantly 

correlated with genetic distance (Habitat 1860, r=-0.009, P=0.720, Habitat 1880, r=-0.001, 

P=0.949). 

 

 

Habitat 1860 Habitat 1880 

Habitat 2008 

Geographic distance 
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6.5.4.2 North Western sites: Population sample one 

6.5.4.2.1 PCNM 

In the North Western population sample, the combined effects of habitat from 2008, 1880, 

1860 and geographic distance explained a significant amount of the genetic variation 

(F=1.843, df=8, P=0.005) (Figure 6.9). Together these factors explained 12.6% of the total 

variation in genetic distance in this population. After accounting for the effect of geographic 

distance the three habitat layers, 2008, 1880 and 1860 did not explain a significant amount of 

the variation in genetic distance (F=1.172, df=8, P=0.077). Similarly geographic distance did 

not explain a significant amount of variation in genetic distance after accounting for the three 

habitat input layers (F=1.252, df=3, P=0.135). 

 

 

Figure 6.9. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals within the North Western population sample (Figures 6.1 and 

6.4), are explained by the habitat patterns from 1860, 1880 and 2008 as well as geographic 

distance. Values less than zero are not displayed. 

 

6.5.4.2.2 Mantel and partial mantel tests 

The habitat resistance between individuals, based on the habitat distribution from 2008 and 

1860 as well as the geographic distance between individuals, all correlated significantly with 

the genetic distance between individuals within the North Western population sample 

Habitat 1860 Habitat 1880 

Habitat 2008 

Geographic distance 
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(Habitat 2008, r=0.146, P=0.005; Habitat 1860, r=0.195, P=0.001, Geographic distance, 

r=0.196, P=0.001). However geographic distance was the only explanatory variable to remain 

significant in the partial mantel tests. Geographic distance was significantly correlated with 

genetic distance after accounting for habitat in 2008 (r=0.134, P=0.036) and habitat in 1880 ( 

r=0.193, P=0.001) but not habitat in 1860 (r=0.015, P=0.787). 

 

6.5.4.3 North Eastern sites: Population sample two 

6.5.4.3.1 PCNM 

The habitat inputs from 1860, 1880 and 2008, as well as the effect of geographic distance, 

explained 21.9% of the variation in the genetic distance between H. ricta individuals within 

the North Eastern population sample (F=2.143, df=8, P=0.005). Overall, the effect of habitat 

from all three years, whilst excluding any effect of geographic distance, explained a 

statistically significant 6.3% of the variance in the genetic data (F=1.522, df=7, P=0.015). 

Geographic distance explained a statistically significant amount of unique variance in the 

genetic distance between individuals (F=1.890, df=2, P=0.01). Individually the habitat 

distribution in 1860, 1880 and 2008 did not explain a statistically significant unique amount 

of variance in the genetic distance between individuals (Habitat 1860, F=1.232, df=3, P=0.16; 

Habitat 1880, F=1.233, df=1, P=0.25; Habitat 2008) (Fig. 6.10). While the habitat 

distribution from 1860 actually explained slightly more variance than the habitat distribution 

in 1880, the larger number of degrees of freedom in the ANOVA meant that this amount was 

not significant.  
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Figure 6.10. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals within the North Eastern population sample (Figures 6.1 and 

6.4), are explained by the habitat patterns from 1860, 1880 and 2008, as well as geographic 

distance. Values less than zero are not displayed. 

 

6.5.4.3.2 Mantel and partial mantel tests 

All of the explanatory matrices were significantly correlated with the genetic distance matrix 

within the North Eastern population sample (Habitat 1860, r=0.460, P=0.001; Habitat 1880, 

r=0.331, P=0.005; Habitat 2008, r=0.298, P=0.001; Geographic distance, r=0.467, P=0.001). 

Geographic distance and the habitat from 2008 continued to have a significant correlation in 

the partial mantel tests. Geographic distance was significantly correlated with genetic 

distance after accounting for the habitat in 2008 (r=0.509, P=0.001) and the habitat in 1880 

(r=0.374, P=0.001) but not after accounting for the habitat in 1860 (r=0.122, P=0.131). While 

the habitat in 2008 was significantly correlated with genetic distance after accounting for 

geographic distance, the correlation was negative suggesting that forest habitat is not used in 

dispersal (r=-0.377, P=0.001). 

 

 

 

Habitat 1860 Habitat 1880 

Geographic distance Habitat 2008 
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6.5.4.4 Central Western sites: Population sample three 

6.5.4.4.1 PCNM 

Together the habitat layers, 1860, 1880 and 2008, as well as the effect of distance explained a 

significant amount of the variation in genetic distance (F=1.617, df=7, P=0.005) (Figure 

6.11). However, while statistically significant, the actual amount of variance explained, 6.2% 

was relatively low. The variance explained by all the habitat distributions (1860, 1880 and 

2008) while controlling for distance, came to a statistically significant 5.4% (F=1.68, df=5, 

P=0.01). However, as most of the variance explained was shared amongst the different 

explanatory matrices, none explained a significant unique proportion of the variance.  

 

Figure 6.11. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals within the Central Western population sample (Figures 6.1 and 

6.4), are explained by the habitat patterns from 1860, 1880 and 2008, as well as geographic 

distance. Values less than zero are not displayed. 

 

6.5.4.4.2 Mantel and partial mantel tests 

The habitat resistance matrices based on the habitat distribution from 1880 or 1860 were 

significantly correlated with the genetic distance matrix within the Central Western 

population sample (Habitat 1880, r=0.079, P=0.045; Habitat 1860, r=0.146, P=0.001). The 

geographic distance matrix was also significantly correlated with genetic distance within the 

Central Western population (r=0.145, P=0.001). In the partial mantel tests geographic 

Habitat 1860 Habitat 1880 

Geographic distance Habitat 2008 
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distance was the only explanatory variable to remain statistically significantly correlated with 

genetic distance. Geographic distance was significantly correlated with genetic distance after 

accounting for habitat from 2008 (r=0.161, P=0.005) and habitat from 1880 (r=0.141, 

P=0.006) but not after accounting for habitat from 1860 (r=0.005, P=0.894).  

 

6.5.4.5 Central Eastern sites: Population sample four 

6.5.4.5.1 PCNM 

The native forest distribution from 1860, 1880 and 2008 as well as the effect of geographic 

distance, explained 9.2% of the variation in genetic distance within the Central Eastern 

population sample (F=1.749, df=7, P=0.005) (Figure 6.12). After accounting for the effect of 

geographic distance, all the habitat layers explained just 2.5% of the variation in the genetic 

distance between individuals, which was non-significant (F=1.163, df=5, P=0.18). The only 

explanatory matrix to explain a significant proportion of unique variance was the resistance 

distance based on habitat from 2008 (F=1.4822, df=2, P=0.02). However, while significant 

the actual percentage of variance explained by the habitat distribution from 2008 was very 

small, at just 1.9%. 

 

 

Figure 6.12. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals within the Central Eastern population sample (Figures 6.1 and 

Habitat 1860 

Geographic Distance 

Habitat 1880 

Habitat 2008 



199 
 

6.4), are explained by the habit patterns from 1860, 1880, 2008 and geographic distance. 

Values less than zero are not displayed. 

 

6.5.4.5.2 Mantel and partial mantel tests 

All of the matrices of habitat resistance between individuals were significantly correlated 

with the genetic distance matrix, within the Central Eastern population sample, except for the 

matrix based on the habitat distribution in 1880 (Habitat 1860, r=0.173, P=0.001; Habitat 

1880, r=0.002, P=0.971; Habitat 2008, r=0.182, P=0.001). The geographic distance between 

individuals was also significantly correlated with the genetic distance between them (r=231, 

P=0.001). Geographic distance was the only explanatory variable to remain significantly 

correlated with genetic distance in the partial mantel tests. Geographic distance was 

significantly correlated with genetic distance after accounting for the habitat resistance based 

on forest cover in 1860 (r=0.161, P=0.001), 1880 (r=0.253, P=0.001) and 2008 (r=0.147, 

P=0.003).  

 

6.5.4.6 Southern sites: Population sample five 

6.5.4.6.1 PCNM 

During the analysis of the landscape genetics of the Southern H. ricta population sample, 

none of the eigenvectors extracted from the 1860 or 1880 distance matrices explained any of 

the variation in the genetic distance between individuals (Habitat 1860, F=1.0851 df=4, 

P=0.28; Habitat 1880, F=1.32, df=3, P=0.23). Therefore, eigenvectors from these distance 

matrices were not subject to forward selection and were not tested in any further analysis. 

Together, the habitat distribution in 2008 as well as the effect of geographic distance, 

explained 15.03% of the variation in genetic distance between H. ricta individuals of the 

Southern population sample (Figure 6.13). This amount was statistically significant (F=2.091, 

df=6, P=0.005). While the effect of habitat from 2008 explained a significant amount of the 

variation after accounting for distance (F= 1.644, df=4, P=0.005), geographic distance did not 

explain a significant amount of variance after accounting for the effect of habitat from 2008 

(F=1.278, df=2, P=0.19). 
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Figure 6.13. A Venn diagram, displaying what proportions of patterns in genetic distance, 

between H. ricta individuals with the Southern population sample (Figures 6.1 and 6.4), are 

explained by the habit patterns from 2008 and geographic distance. Values less than zero are 

not displayed. 

 

6.5.4.6.2 Mantel and partial mantel tests 

As with the PCNM analysis, the habitat resistance between individuals, based on forest cover 

from 1880 and 1860, was not significantly correlated with the genetic distance between 

individuals, within the Southern population sample (Habitat 1860, r=0.001, P=0.992; Habitat 

1880, r=0.077, P=0.427). Conversely the distance matrices based on geographic distance and 

forest cover in 2008, were significantly correlated with the genetic distance matrix 

(Geographic distance, r=0.251, P=0.001; Habitat 2008, r=0.196, P=0.003). However, after 

accounting for the forest cover in 2008, the geographic distance matrix was not longer 

significantly correlated with the genetic distance matrix (r=0.160, P=0.110).  Similarly, after 

accounting for geographic distance the habitat cover in 2008 was no longer significantly 

correlated with genetic distance (r=0.005, P=0.964). 

 

6.6 Discussion 

 

Population structuring was identified in Hemideina ricta on Banks Peninsula, Canterbury. 

Clustering analysis in the program STRUCTURE identified at least five genetic clusters or 

Habitat 2008 Geographic distance 
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populations within H. ricta (Figure 6.1, 6.2, 6.3 and 6.4). The overall FST value of 0.108 

(P=0.001) and F’ST value of 0.222, suggests a moderate amount of genetic differentiation 

between the populations (Wright, 1978). This is supported by estimates of pairwise FST, 

which indicate that all the populations are genetically distinct (Table 6.6).  

 

However, the authors of STRUCTURE, Pritchard et al. (2000), recommend that the genetic 

clusters or population estimates, be interpreted carefully. One particular case that Prichard et 

al. (2000) mention is that of a species which lives on a continuous plane with low dispersal 

rates. While STRUCTURE might identify significant clusters, these may represent areas 

within a population between which dispersal is low, rather than distinct, isolated populations 

(Pritchard et al., 2000). Schwartz and McKelvey (2009) reiterate this and investigate the 

effect of sampling scheme on STRUCTURE results. Despite Schwartz and McKelvey (2009) 

simulating a single population with isolation by distance, depending on the sampling 

technique used, STRUCTURE suggested between five to seven clusters. The strongest 

correlation between genetic and spatial clusters was found when sampling involved numerous 

blocks or clusters of samples separated across the landscape (Schwartz and McKelvey, 2009). 

The correlation was particularly strong because the sampling blocks were consistent with the 

local patterns of isolation by distance (Schwartz and McKelvey, 2009).  

 

The sampling pattern of the current study is similar to the research and mixed sampling 

strategies described by Schwartz and McKelvey (2009), which use small sampling blocks. H. 

ricta individuals were largely sampled from study sites scattered across the peninsula. These 

sites usually consisted of 10-34 artificial roosts, located in close proximity i.e. 200 m radius. 

Unlike Schwartz and McKelvey (2009), in the current study the genetic clusters suggested by 

STRUCTURE are not at the same scale as the sampling sites. However, had random 

sampling of individuals across the entire peninsula been practical, a pattern closer to that of a 

continuous population experiencing isolation by distance may have been more evident. The 

pairwise FST values calculated here are consistent with the idea that the five population 

samples or subpopulations are separated by distance, as the population samples were 

generally least differentiated from their neighbouring population sample (Table 6.6). 

Furthermore, the structure plot (Figure 6.4) shows that there is considerable overlap of the 

population samples among the sample sites. Sample sites with high levels of mixing are often 

found at the edges of the population samples suggested by STRUCTURE, such as Okains 

Bay Road West, Robinsons Bay and Hinewai (Figures 6.1 and 6.4). This further supports the 
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idea that the distribution of H. ricta maybe continuous and the populations identified by 

STRUCTURE represent regions separated by distance. 

 

It would not be surprising if isolation by distance was occurring among H. ricta. Isolation by 

distance is expected whenever the dispersal distance of an individual does not extend to the 

entire species or population range (Guillot et al., 2009). Despite being large for an insect, the 

inability of tree weta, such as H. ricta, to fly limits their dispersal ability (Leisnham and 

Jamieson, 2002, Bowie et al., 2014). Furthermore, Ordish (1992) suggested that dispersal 

may occur predominately during the nymph stage of the life cycle where the small size of 

individuals may limit their dispersal abilities further. In another Hemideina species, H. 

thoracica, individual dispersal per generation was estimated at 100 m (Morgan-Richards et 

al., 2000).  In the closely related species H. maori, individuals were found to disperse up to 

672 m during a mark and recapture study over three field seasons (Leisnham and Jamieson, 

2002). However, only 14 out of 602 recaptured individuals were found to disperse between 

habitat patches (Leisnham and Jamieson, 2002). Given that the range of H. ricta has a length 

of around 30,000 m and a width measuring approximately half that distance, isolation by 

distance is expected. However, an alternative explanation is isolation by habitat resistance. 

 

By only considering the possibility of isolation by distance studies can ignore important 

environment influences on genetic structuring (Manel et al., 2003). Previous evidence 

suggests that distance may not be the only factor limiting dispersal in tree weta. Tree weta are 

thought to be vulnerable to predation on the ground (Moller, 1985, Townsend, 1995). This 

may explain the low dispersal rate between habitat patches observed in H. maori by 

Leisnham and Jamieson (2002). Therefore, landscape genetics methods were employed in the 

current study to determine if patterns of forest cover influenced genetic structuring within H. 

ricta. By using forest cover maps that represent several stages of deforestation I also 

endeavoured to determine if contemporary or historical habitat structure explained patterns in 

genetic structuring more accurately. The landscape genetic methods used here were 

individual based. Individual based methods avoid making assumptions that the clusters 

suggested by STRUCTURE represent biologically significant, distinct populations (Shirk et 

al., 2010). To test for correlations between the genetic distance and habitat resistance or 

geographic distance measures, I decided to use both a mantel method and an eigenvector 

based method. There is an ongoing debate about the reliability of mantel tests and alternative 

methods such as the eigenvector based method used here (Guillot and Rousset, 2013, 
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Legendre and Fortin, 2010, Balkenhol et al., 2009, Raufaste and Rousset, 2001, Dray et al., 

2006, Peres-Neto et al., 2006, Diniz-Filho et al., 2013b). As both methods appear to have 

their own biases, by calculating and comparing the results from both methods it was hoped 

that the underlying influences of genetic structuring in H. ricta could be determined (Gilbert 

and Bennett, 2010).  

 

The two analyses were not consistently in agreement over which explanatory variables were 

most influential. In the analysis across the whole peninsula the PCNM method suggested that 

both geographic distance and the habitat distribution in 2008 explained a significant amount 

of unique variance in the genetic distance between individuals (Figure 6.8). However, the 

actual amount of unique variance explained by the 2008 habitat was very small at just 1.2%. 

This may explain why the 2008 habitat resistance matrix was correlated with genetic distance 

in a mantel test but not in a partial mantel test after accounting for geographic distance. 

Similarly, the PCNM method suggests that in the North Eastern population sample, only 

geographic distance explained a statistically significant unique amount of variance in the 

response variable (Figure 6.10). In line with this, in the partial mantel tests only geographic 

distance is ever significantly correlated with genetic distance in the North Eastern population 

sample. Conversely, the PCNM and mantel analyses for the two central population samples 

are not in agreement. In both population samples at least two of the partial mantel tests 

suggest that geographic distance is significant, while all other explanatory matrices are not. In 

contrast, the PCNM method suggested that geographic distance did not explain a significant 

unique amount of variance in either population sample, while habitat from 2008 was 

suggested as significant in the Central Eastern population sample. However, the likely reason 

for these differences is that the PCNM and variance partitioning method distributes the 

variance between all of the explanatory variables at once. Conversely, the partial mantel tests 

tested each habitat variable against geographic distance separately. Therefore, depending on 

which explanatory variables are correlated in each population sample, the methods can 

produce different results.  

 

In both methods correlations between explanatory variables can complicate the analysis. 

When alternative models are closely correlated it can be very difficult to separate out the 

alternative explanations (Cushman et al., 2013b). When much of the explained variance is 

shared, very few explanatory variables explain statistically significant unique amounts of 

variation. Correlations between alternative resistance models are not unexpected as they all 
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rely on cost over distance measures (Cushman et al., 2013b). The factors influencing the 

spatial pattern of a species are often complex, with multiple interacting effects (Storfer et al., 

2010, Peres-Neto et al., 2006). It is common for environmental factors to correlate strongly 

with spatial patterns at a large scale (Kühn and Dormann, 2012). In the current study, in 

addition to analysing patterns across the whole peninsula smaller regions were also analysed. 

These smaller regions were based on the genetic clusters suggested by STRUCTURE (Figure 

6.1 and 6.4). However, even at this scale correlations between the explanatory variables were 

still observed, with the explained variance often shared among multiple explanatory 

variables. The variance partitioning results for the Southern population sample suggest there 

is a correlation between the habitat distribution from 2008 and the geographic distance 

(Figure 6.13). This likely explains why in the mantel tests neither the habitat resistance 

matrix from 2008 nor the geographic distance matrix where correlated with genetic distance 

after accounting for one another.  

 

Which explanatory variables were correlated and how much variance was shared between 

them differed depending on the region investigated. This can be partially explained by the 

fact that the degree to which forest patterns changed from one time period to the next differed 

across the peninsula (Figures 6.5 to 6.7). For example, the southern areas of Banks Peninsula 

were deforested quite early, resulting in smaller changes in forest cover between 1860 and 

1880, than in other areas. Furthermore, it is not surprising that one or more of the habitat 

variables often shared explained variance with the effect of geographic distance. In the 

northern half of Banks Peninsula, in 1860 and 1880 there were large areas on continuous 

forest (Figures 6.5 and 6.6). In such areas, where the environment is homogenous, distance 

will be most important in determining genetic structure (Cushman et al., 2013a). Cushman et 

al. (2013a) argue that only when the habitat is highly fragmented can the influence of 

landscape structure be seen. However, the forest layer from 2008 was often strongly 

correlated with distance. This is likely because, although the amount of forest has decreased 

substantially, the remaining fragments are scattered across the peninsula (Figure 6.7). At this 

scale, most dispersal paths must cross some amount of open habitat and the distance that must 

be crossed is once again important. 

 

When explanatory variables were significant the amount of unique variation they explained 

was often very small. The forest cover in 2008 explained a significant proportion of the 

variance in three of the PCNM and variance partitioning analyses. These analyses were the 
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entire Banks Peninsula, the Central Eastern and Southern analyses. However the amount of 

variance explained by the habitat resistance in 2008 was very small in all of these analyses, 

reaching 1.4%, 1.9% and 6.3% respectively (Figures 6.8, 6.12 and 6.13). The PCNM analysis 

suggested that the effect of geographic distance was significant in two of the analyses. 

However, out of these analyses, the greatest amount of unique variance explained by 

geographic distance was 5.1% (Figure 6.10). 

 

It is difficult to determine if the small percentages of variance explained here are biologically 

significant. Canonical analyses are known to be difficult to interpret (Peres-Neto et al., 2006). 

While investigating multivariate partitioning methods, such as PCNM used during this study, 

Gilbert and Bennett (2010) found that in most cases the explained variance was lower than 

they had simulated into the data set. As a result, Gilbert and Bennett (2010) suggested that 

researchers should not assume low amounts of explained variance means that their results are 

meaningless. However, all the methods they tested were biased towards either the 

environmental or spatial components of variance (Gilbert and Bennett, 2010). The PCNM 

method was found to inflate the variance explained by the spatial component (Gilbert and 

Bennett, 2010).  

 

It seems likely that isolation by distance is occurring in H. ricta. The PCNM analysis often 

suggested that the unique amount of variance explained by geographic distance was small. 

However, the partial mantel tests suggested that geographic distance was correlated with the 

genetic distance between individuals in almost every analysis, except where habitat was 

closely correlated with geographic distance. Manel et al. (2003) comment that as many 

evolutionary processes occur in a spatial context, distance is expected to be important for 

most species. Given what is known about the dispersal limitations of Hemideina species, and 

the results presented here, even if Banks Peninsula was completely covered in forest, I would 

expect to see isolation by distance causing genetic structuring in H. ricta. 

 

The effect of forest cover on dispersal is less clear. A habitat explanatory variable was found 

to explain a significant amount of unique variation in several of the PCNM and variance 

partitioning analyses. In the Southern population sample the habitat resistance from 2008 

actually explained more variation in the response variable than geographic distance (Figure 

6.13). However in the four PCNM analyses that involved more than one habitat layer, even 

when all the habitat layers were combined, after accounting for geographic distance, the 
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average amount of variance explained was only 4.6%. Individually, the contemporary rather 

than historic distribution of habitat is most likely to be influencing genetic structuring in H. 

ricta. This is because the resistance distance based on forest cover in 2008 explained a 

significant amount of unique variance in the PCNM analysis more often than the other habitat 

layers. Furthermore, the habitat resistance matrix based on the forest and scrub cover from 

2008 was correlated with genetic distance more often than the other habitat resistance 

matrices, according to the mantel tests. This may be the result of the use of microsatellites in 

this study as they are designed to investigate recent events (Wang, 2011). Alternatively, the 

scattered distribution of forest in 2008 may result in resistance measures based on this time 

period being more closely correlated to geographic distance throughout the different 

populations. As a result it may also appear more consistently correlated with genetic distance. 

In none of the partial mantel tests were any of the habitat variables statistically significant 

after accounting for geographic distance. It is therefore possible that forest cover is not used 

as a dispersal habitat in H. ricta.  

 

While it has been suggested that tree weta are vulnerable to predation on the ground (Moller, 

1985, Townsend, 1995), there are some observations that might explain why habitat doesn’t 

appear to have a large effect on dispersal. Tree weta have been caught in traps on or leaving 

the leaf litter in forests so the ground may not pose as much of a threat as has been reported 

(Moeed and Meads, 1983). Tree weta are thought to take up galleries in trees when they are 

half way through their development (Gibbs and Morris, 1998). Therefore, if dispersal occurs 

most commonly during the very young nymph stage perhaps forest habitat has less of an 

impact (Ordish, 1992). Alternatively, in a landscape genetics study of several species of 

orchid bees, Zimmerman et al. (2011) suggested that the lack of genetic structure found in 

their habitat fragmentation studies might have resulted from bees using small patches of 

forest as “stepping stones” for long distance dispersal. Currently, the forest on Banks 

Peninsula exists in small scattered patches. If H. ricta are using these small patches as 

stepping stones for dispersal, as in Zimmerman et al. (2011), the effect of habitat 

fragmentation on dispersal may go unnoticed. Even a small number of migrants between 

patches could prevent genetic differentiation (Frankham et al., 2002, Mills and Allendorf, 

1996). Therefore, as well as protecting larger areas of native habitat, even small patches may 

be important to the conservation of H. ricta and possibly other native species on Banks 

Peninsula. 
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There are a number of aspects of the analysis and methods used during this study that might 

also have made detecting an effect of landscape difficult. For methods using eigenvectors, 

such as those used here, the choice of eigenvectors will influence the outcome of the analysis 

(Diniz-Filho et al., 2013a). Negative eigenvectors are sometimes used to look at local 

structures and negative spatial autocorrelation (Dray et al., 2006). Only positive eigenvectors 

were used here as my interest was in positive spatial autocorrelation but this may have 

excluded other effects on a more local scale (Dray et al., 2006). However, including all the 

eigenvectors can lead to overfitting or overcorrection of the spatial pattern (Gilbert and 

Bennett, 2010, Diniz-Filho and Bini, 2005) 

 

Sampling design can influence the likelihood of detecting an effect of landscape. Oyler-

McCance, Fedy and Landguth (2013) simulated a continuous population with gradual 

changes in landscape resistance to investigate how different sampling designs affect the 

ability of the analysis to detect spatial patterns. They found that a clustered sampling design, 

the most common of methods used in genetic studies, was always less likely to detect the 

correct cause of the genetic pattern than random or systematic sampling across the entire area 

(Oyler-McCance et al., 2013). This resulted from the fact that the clusters only captured a 

small area of the landscape and therefore limited the ability of the analysis to detect 

landscape effects from across the whole area (Oyler-McCance et al., 2013).  Oyler-McCance 

et al. (2013) admit that the random sampling approach is unrealistic for most studies. In the 

current study, to avoid destruction of habitat, artificial roosts were used to sample individuals 

(Chapter Three). Most of these roosts were already set up in clusters at sites across the 

peninsula so there was little choice as to the sampling design. If future studies wish to 

investigate the landscape genetics in H. ricta a less clustered sample design may help in 

detecting habitat effects. Furthermore, Oyler-McCance et al. (2013) determined that focusing 

sampling on both sides of a potential barrier increased the probability of correctly identifying 

habitats that limited dispersal in their simulations. For H. ricta, sampling individuals along 

forest habitat and at a similar distance over open pasture might help determine the role of 

these habitats in dispersal. This may be difficult given the highly fragmented nature of the 

forest on Banks Peninsula but might be possible with reserves such as Hinewai. 

 

The scale of the sampling is also recognised as important and should be relevant to the 

question and processes under investigation (Storfer et al., 2007). It has been recommended 

that resolution of a landscape map should match the level at which an organism perceives its 
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environment (Shah and McRae, 2008). However, as noted by Vekemans and Hardy, (2004) 

sampling spread too thin over a wide area will likely miss local structures but conversely 

intensive sampling over a small area will ignore large scale structuring. Covering both scales 

adequately is very difficult (Vekemans and Hardy, 2004). Furthermore, high resolution maps 

over a large area are computationally demanding (Shah and McRae, 2008). For H. ricta 

individuals, as with many arthropods, different habitats probably exist on a very fine scale 

(Irwin et al., 2010). Therefore, future efforts to detect effects of habitat on H. ricta dispersal 

may benefit from more extensive sampling over a smaller area. Care must then be taken if 

results from the analyses in small areas are to be extrapolated across the entire peninsula, as 

the relationship between the environment and a species can change across different regions 

(Dudaniec et al., 2012). Furthermore, the resolution of the genetic markers used here was 

enough to detect five genetic clusters at a relatively large scale (Figure 5.1 and 5.4). As a 

result, detecting genetic differences at the scale of local habitat patches would be very 

difficult with the current markers. Future studies would benefit from the use of a greater 

number of samples and additional genetic markers, such as microsatellites or single 

nucleotide repeats. 

 

Regardless of the role forest might play in tree weta dispersal, it is important that this habitat 

is not regarded as unnecessary to their conservation. Townsend (1995) reported that the loss 

of habitat remained the greatest threat to the conservation of H. ricta. Native trees still play 

an important role in the ecology of Hemideina, as protection from predators and climate 

fluctuations, a food source and the centre of mating activity (Moller, 1985, Gibbs and Morris, 

1998, Field and Jarman, 2001). It is expected, that along with possible founder effects of H. 

ricta colonizing Banks Island, the extreme deforestation on Banks Peninsula has likely 

resulted in population bottlenecks for H. ricta (Townsend, 1995, Wilson, 2008). As a result, 

H. ricta is expected to have suffered a loss of genetic diversity.  

 

A lack of genetic diversity could limit the ability of H. ricta to adapt to changing conditions, 

putting the species at risk of extinction (Zeyl et al., 2001). The most useful measure of 

genetic variation is the average expected heterozygosity, with comparisons between species 

or populations usually being quite meaningful (Allendorf et al., 2012). The five population 

samples of H. ricta, identified in this study by STRUCTURE, have fairly even levels of 

unbiased expected heterozygosity, ranging from 0.490 to 0.561 (Table 6.4). Frankham, 

Ballou and Briscoe (2002) compared the average heterozygosity of numerous endangered 
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species to that of closely related non-endangered species. Most threatened species have lower 

levels of genetic diversity than their non-threatened counterparts (Frankham, 1995, Frankham 

et al., 2002). However, despite being more widely distributed, and regarded as less threatened 

than H. ricta, H. femorata population samples have similar or lower levels of unbiased 

expected heterozygosity (Ramsay and Bigelow, 1978, Sherley, 1998)(Chapter Seven). During 

the course of this study I also received 29 DNA samples from H. maori from throughout its 

species’ range. As H. ricta is thought to be a recent isolate of this species, it may represent a 

better comparison of a non-endangered species than H. femorata (Trewick and Morgan-

Richards, 2004). From these samples, an unbiased expected heterozygosity of 0.713 was 

calculated for H. maori. Using the same microsatellites in H. ricta, the unbiased expected 

heterozygosity of was 0.538. Therefore, H. maori has a higher level of genetic diversity than 

H. ricta, suggesting that as expected H. ricta has lost some degree of genetic diversity. The 

level of heterozygosity measured in H. ricta places it within the range of heterozygosity 

measures of other threatened species listed by Frankham et al. (2002). However, it is at the 

top end of this range (Frankham et al., 2002). 

 

Allelic diversity is another useful measure of genetic diversity. Rare alleles are the most 

susceptible to loss (Allendorf et al., 2012). However the loss of rare alleles will have little 

impact on overall heterozygosity, meaning even extremely small bottlenecks may have little 

effect on expected heterozygosity (Allendorf et al., 2012). Therefore, the number of alleles is 

more sensitive to the loss of genetic diversity, making it a useful measure (Allendorf et al., 

2012). However, the dependence of the number of alleles on sample size makes comparisons 

between populations or species difficult (Allendorf et al., 2012). Rarefying alleles to calculate 

allelic richness can help overcome this dependence and make comparisons more meaningful 

(Allendorf et al., 2012). The pattern seen in the allelic richness and private allelic richness 

values of the five H. ricta population samples measured here is similar to the pattern seen in 

the unbiased heterozygosity. All five population samples had similar levels of allelic richness, 

with population four, the Central Eastern population sample, showing lower levels of private 

allelic richness (Table 6.2).  Again, allelic richness was at a similar or lower level in H. 

femorata population samples (Chapter Seven). However, the microsatellite primers used in 

this study were developed in either H. ricta or H. maori before being tested on H. femorata 

(Hale et al., 2010, King et al., 1998). As a consequence, ascertainment bias could occur 

where, because the markers were chosen for the variability in H. ricta or H. maori they do not 

accurately represent the variation in H. femorata (Allendorf et al., 2012, Ellegren et al., 
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1995). The rarefied allelic richness of the sample of 29 H. maori available during this study 

was 4.74. This is higher than the 3.49 measured the same way in H. ricta. This reinforces the 

suggestion that H. ricta has lost some degree of genetic diversity.   

 

In some cases, attempts have been made to increase genetic diversity by introducing 

unrelated individuals in a process called genetic rescue (Hedrick and Fredrickson, 2010). 

However, this method is associated with a number of risks such as genetic swamping, 

outbreeding depression, the introduction of diseases and the disruption of normal behaviour 

(Hedrick and Fredrickson, 2010, Edmands, 2007). Therefore, genetic rescue should only be 

attempted when there is evidence of a loss of fitness (Hedrick and Fredrickson, 2010). No 

research into fitness loss as been undertaken for H. ricta. Furthermore, while there is 

evidence of a loss of genetic diversity, the unbiased expected heterozygosity in H. ricta was 

higher than that of many other threatened taxa listed by Frankham et al. (2002). Therefore, 

conservation resources for H. ricta can be better spent on restoring habitat and management 

of introduced predators. 

 

In addition to heterozygosity and allelic richness, the inbreeding coefficient FIS was measured 

for each of the five H. ricta populations identified by STRUCTURE (Table 6.4) (Frankham et 

al., 2002). All the population samples, expect population sample two, have FIS values were 

significantly greater than zero, which indicates an excess of homozygotes (Allendorf et al., 

2012). Such an excess can result from inbreeding within a single population, null alleles or 

population subdivision (Allendorf et al., 2012). Given that none of the loci showed evidence 

of null alleles consistently across all five population samples this seems unlikely to be the 

cause of the observed FIS values (Table 6.3). Furthermore, as not all loci showed an excess of 

homozygotes it is unlikely that these FIS values result from inbreeding within each population 

sample (Table 6.5) (Allendorf et al., 2012). Instead, these FIS values are likely the result of 

the Wahlund effect, where the populations recommended by STRUCTURE actually 

encompass multiple populations (Allendorf et al., 2012). This is supported by the results of 

the pairwise FST analysis between sample sites (Appendix B, 10.1). The pairwise analysis 

between sample sites suggested that a number of sites, which STRUCTURE grouped 

together, were significantly differentiated from one another (Appendix B, 10.1).  
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6.6.1 Recommendations for conservation 

Biodiversity conservation aims to maintain the evolutionary potential of a species by 

maintaining their genetic diversity (Sarre and Georges, 2009). Usually, not all populations 

have the same levels of genetic diversity and a compromise is made between the amount of 

genetic diversity within a population and its divergence from other populations (Taylor et al., 

2011, Petit et al., 1998, Neel and Ellstrand, 2003). In the case of H. ricta it appears that all 

five genetic clusters identified by STRUCTURE are very similar in their levels of genetic 

diversity and uniqueness (Table 6.4). The results presented here suggest that 79% of the 

variation within H. ricta was located within the individuals and therefore, maintaining as 

many individuals a possible would benefit the conservation of biodiversity. While the 

importance of forest habitat for dispersal in H. ricta remains unclear, I agree with the remarks 

by Townsend (1995) about the importance of protecting native forest, scrub and logs as a 

habitat for H. ricta. Much of the H. ricta habitat is on private land so it is important to 

continue the education of landowners (Townsend, 1995). During this study tree weta were 

found in patches of trees or scrub along the side of the road, indicating that even small 

patches should not be regarded as unimportant. This is especially true if it turns out that the 

numerous small and scattered habitat patches are acting as stepping stones for long distance 

dispersal in H. ricta. I met some landowners during this study who were concerned that 

conservation of H. ricta on their property would limit their ability to use the land as their 

livelihood (personal observation). However, I agree with comments made by Townsend 

(1995) that maintenance of small patches of native bush, especially in gullies and steep areas  

could be beneficial to H. ricta, whilst hopefully not limiting the productivity of farms. Many 

landowners were very co-operative during my research and had an interest in conservation 

(personal observation). A map of protected lands and predator traps on Banks Peninsula 

(DOC Geospatial Services, 2014), shows that a lot of work has already been done by 

conservation groups and volunteers in the southern and eastern areas of the H. ricta range. 

Therefore, educating landowners in the western and northern parts of the range, about how to 

maintain small areas of bush on their land could help conserve H. ricta, would be beneficial. 

 

6.7 Conclusion 

The results of this study suggest that there is genetic structuring within H. ricta on Banks 

Peninsula. The five clusters identified by STRUCTURE likely represent regions separated by 

distance rather than distinct populations. This pattern of isolation by distance was expected as 

a result of the limited dispersal abilities of H. ricta. Conversely the results of this study do not 
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support the hypothesis that open habitat acts as a barrier to dispersal in H. ricta. However, the 

sampling design, the scale of the study and correlations between the alternative models may 

all have contributed to my inability to detect an effect of habitat on dispersal. Future studies 

on this topic would benefit from additional samples and genetic markers as well as a less 

clustered sampling effort over a smaller area, which includes both continuous and fragmented 

forest habitat. Deforestation does appear to have resulted in a loss of genetic diversity in H. 

ricta. Continued efforts to educate and engage landowners in how they can protect even small 

areas of native forest or bush habitat on their land is recommended as part of the future 

conservation of this species. 
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CHAPTER SEVEN 

Population and landscape genetics of H. femorata 

 

7.1 Abstract 

 

While most population and conservation genetics studies have focused on rare species, there 

is evidence that even widely distributed, common species can be affected by habitat 

fragmentation. The native forest and bush habitat in the Canterbury region has undergone 

extensive anthropogenic modification. The loss and fragmentation of this habitat is expected 

to have consequences for the species which inhabit it, including the widespread tree weta 

species Hemideina femorata. Genetic analysis of microsatellite data from H. femorata across 

the Canterbury region was used in this study to determine the pattern of population 

structuring within this species. Landscape genetics methods were used to investigate if the 

levels of genetic structuring and diversity found within H. femorata are related to patterns of 

forest cover in this region. The genetic analysis supported the hypothesis that the loss and 

fragmentation of forest habitat has caused a loss of genetic diversity within H. femorata, 

likely as a result of a reduction in population size and connectivity. The role of the forest 

habitat in dispersal within H. femorata remains unclear but suggestions are given for future 

studies in this area. Based on the findings regarding the structuring and levels of diversity 

within H. femorata, advice is given on which areas require priority in future conservation 

plans.  

 

7.2 Introduction 

 

Population and conservation genetic studies often focus on species that are rare and 

endangered. Far fewer studies have investigated the effect of habitat fragmentation on 

widespread, still common species (Lange et al., 2010, van Rossum et al., 2002, van Rossum 

et al., 2004). However, a number of studies which have investigated common species have 

found that habitat fragmentation can still result in small, isolated populations, prone to drift 

and inbreeding (Lange et al., 2010, van Rossum et al., 2002, van Rossum et al., 2004). These 

populations showed signs of a decline in genetic diversity, suggesting that being wide spread 

does not guarantee the long term survival of a species (Lange et al., 2010, van Rossum et al., 

2002, van Rossum et al., 2004). Species with limited dispersal abilities and high habitat 

specificity are at a greater risk from the effects of habitat fragmentation (Collier et al., 2010). 
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Without conservation action habitat fragmentation may result in common and widespread 

species becoming rare (van Rossum et al., 2002). 

 

The long term survival of a species depends upon conservation of genetic variation (Lesica 

and Allendorf, 1995). However, not all populations contribute equally to the overall genetic 

diversity of a species (Petit et al., 1998). Widespread species pose a problem to conservation 

as decisions must be made as to which populations, out of a potentially large number of 

populations, are to be conserved (Taylor et al., 2011).  In widespread species the potential for 

large distances between populations and variation in landscape can promote population 

differentiation (Taylor et al., 2011, Cavers et al., 2004). Populations at the extremes of a 

species distribution, or those isolated by habitat fragmentation, are often subject to drift, 

which can result in them possessing different alleles than the central populations (van 

Rossum et al., 2002, Lange et al., 2010, Lesica and Allendorf, 1995). While their unique 

nature can make them important in efforts to conserve genetic variation, small, isolated 

populations are more prone to extinction (Lesica and Allendorf, 1995). Furthermore, as a 

result of genetic drift, these small isolated populations may not contain much genetic 

variation within them. Therefore, a compromise between the genetic diversity within a 

population and its divergence from other populations is usually made when prioritising 

population conservation (Taylor et al., 2011, Petit et al., 1998). As conservation efforts often 

have limited resources, information on the genetic diversity within and between populations 

can help to optimize management plans (Petit et al., 1998). Without knowledge of the genetic 

context, management plans designed to increase population viability can actually be 

detrimental to long term survival, e.g. the translocation of individuals between populations 

can result in outbreeding depression (Collier et al., 2010). 

 

The Canterbury tree weta, Hemideina femorata is a large, nocturnal insect found throughout 

the Canterbury region in New Zealand, including the western half of Banks Peninsula 

(Ramsay and Bigelow, 1978, Bowie et al., 2014, Field and Sandlant, 2001). Given the 

widespread range of the species there is the opportunity for genetic diversification across 

their distribution (Cavers et al., 2004). Characteristic of Hemideina, H. femorata take refuge 

in holes in trees during the day, which function in protection from predators, climate 

regulation and are the centre of mating activity (Townsend et al., 1997, Rufaut and Gibbs, 

2003, Moller, 1985). Previous research, into the distribution and habitat of H. femorata on 

Banks Peninsula, suggested that this species might be quite specific in their choice of refuge 
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(Townsend et al., 1997). Of the individuals found, 94% were living in kanuka, Kunzea 

ericoides, below 400 m a.s.l (Townsend et al., 1997). However, other studies throughout 

Canterbury found H. femorata inhabiting a wider range of tree species, in rock crevices 

adjacent to shrubland and at elevations as high as 764 m a.s.l (Little, 1980, Sandlant, 1981, 

Scott et al., 2012).  

 

The forests of Canterbury have suffered multiple bouts of deforestation. Before human 

settlement 85-90% of New Zealand was covered in forest (McGlone, 1989). Polynesian 

settlement occurred approximately 1000 yr BP (before present) and resulted in extensive 

deforestation by fire around 750 yr BP (McGlone, 1989). Not all areas of New Zealand were 

affected equally (McWethy et al., 2010). While much of the Canterbury Plains was 

deforested and instead covered by fernland, scrubland or grassland by 1840, areas with 

sufficient rainfall (>1600 mm ppt) or those at high elevations (>800 m a.s.l) remained 

forested (McWethy et al., 2010, McGlone, 1983). According to estimations by McGlone 

(1983), forested areas included a near continuous section following the base of the Southern 

Alps from north of Kaikoura down past Oxford, as well as smaller patches further south and 

most of Banks Peninsula. Such areas may have acted as refuges for forest fauna, including 

tree weta. The arrival of European settlers saw a renewal of deforestation from 1850 onwards 

(McWethy et al., 2009, Wilson, 2008). Over this time, Banks Peninsula and Christchurch lost 

over 99% of the remaining forest cover (Wilson, 2008, Ewers et al., 2006). As a result of the 

dramatic loss of habitat, surviving populations of H. femorata are expected to have 

experienced a bottleneck, losing genetic diversity as a result. While some regeneration has 

occurred on Banks Peninsula, the native habitat across Canterbury remains fragmented and 

the Canterbury Plains are dominated by exotic species (Meurk, 2008, Wilson, 1992, Pawson 

and Holland, 2008). Therefore, populations of H. femorata likely remained small after the 

initial bottleneck event. Consequently, genetic drift is expected to have led to a further loss of 

genetic diversity (Reed and Frankham, 2003). Genetic drift and the extended distribution of 

H. femorata may have resulted in current H. femorata populations exhibiting very different 

allelic diversity from one another (Lesica and Allendorf, 1995). By using recently developed 

microsatellite markers, it should be possible to investigate the effect that deforestation has 

had on the connectivity and diversity of H. femorata populations.  
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7.3 Aim 

 

The aim of this study is to determine the degree of genetic structuring in the species H. 

femorata throughout the Canterbury region. If structure exists, the study also aims to 

determine the role, if any, that distance and habitat have in creating and maintaining this 

structure. 

 

7.4 Method 

 

7.4.1 Sampling and DNA extraction 

The DNA samples used in this chapter included the 181 samples identified as H. femorata 

from analysis in Chapter Four. Chapter Four contains a map which details the locations 

where these samples were collected from (Figure 4.1). I collected an addition 91 samples 

from the field. Table 7.1 details the locations of the sites where these additional samples were 

collected. One sample did not have location information and is included in Table 7.2 along 

with the remaining additional samples provided by other researchers. Figure 7.1 maps the 

locations of the sites where the additional samples were collected from. Refer to Chapter 

Three and Four, for the sampling and DNA extraction methods used during the collection of 

these DNA samples.  

 

Table 7.1. The number of H. femorata DNA samples collected from each of the sampling 

sites outside of Banks Peninsula and the Port Hills. 

Location No. of samples 

Peel forest 12 

Cass Waipara 13 

Hanmer 1 

Kaikoura 53 

Oxford 7 

Cass Field Station 4 
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Table 7.2. Additional H. femorata DNA samples provided by other researchers during this 

study. These are additional samples to those used in Chapter Four. *Samples provided by Dr 

M. Hale included two DNA samples extracted for use in microsatellite maker development 

(Hale et al., 2010) as well as three other preserved weta specimens believed to originally 

belong to Dr L. Field. 

Source Location No. of samples 

Dr M. Morgan-Richards Cass Waipara 2 

Rachel van Heugten Unknown 1 

Dr M. Hale* Kaikoura 2 

Dr M. Hale* Avoca Basin 1 

Dr M. Hale* Unknown 2 

 

 

Figure 7.1. The location of sites outside of Banks Peninsula from which DNA samples were 

collected for use in this chapter. The number of samples collected from each site is detailed in 

Tables 7.1 and 7.2.  
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7.4.2 Microsatellite genotyping 

Refer to Chapter Four for the microsatellite PCR and genotyping protocols used in this 

chapter. The eight microsatellite loci used here are identical to those used in Chapter Four 

(HR3, HR12, HR13A, HR15, HR34, HR35, Hma03, Hma04). 

 

7.4.3 Microsatellite data analysis 

To test for population structure within the H. femorata samples, genotype assignment tests 

were run in STRUCTURE (version 2.3.4) (Pritchard et al., 2000, Falush et al., 2003, Falush 

et al., 2007, Hubisz et al., 2009) with the sample protocol as used in Chapter Five. As in 

Chapter Five, the most likely number of populations was identified using a combination of 

the average estimated Ln probability of each K and the ΔK (Chapter Five). Once the most 

likely K was identified, the program CLUMPP (Jakobsson and Rosenberg, 2007)  was used 

to find the optimal Q-values for each individual. The Q-values of an individual represent the 

estimated member coefficients to each of the K clusters being tested. Therefore if a K of five 

is being tested then each individual will have five Q-values, one for each cluster (Pritchard et 

al., 2000). The protocol used is detailed in Chapter Five. In addition to H. femorata with a 

known sample location, six individuals identified as H. femorata morphologically but without 

a known sample location, were also included in the cluster analysis. The aim was to use 

STRUCTURE to determine a likely area of origin for these samples. However, as there was 

no way to confirm where the samples originated from, they were excluded from further 

analysis. For the remaining samples, after the Q-values were optimized for each individual, 

sample sites (Usually areas with 10 to 32 artificial roosts in close geographic proximity i.e. a 

200 m radius, but also including three sites that represent the upper, middle and lower 

sections of a transect of artificial roosts set up down the western side of Okains Bay Road) 

were assigned to one of K populations. To achieve this, the Q-values for each population 

were averaged over individuals from the sample site. Individuals from the sample site were 

then assigned to the population with the highest average Q-value. By using the average across 

the whole sample site, outliers, individuals assigned to populations they are unlikely to have 

originated from based on geographic distance, were reduced.  

 

Once all the individuals were assigned to a population, overall FST and pairwise FST were 

calculated in Genetic Analysis in Excel, version 6.4 (GenAlEx) (Peakall and Smouse, 2012). 

The parameters used for FST and pairwise FST calculations are dictated in Chapter Five. 

Pairwise FST was also calculated, in GenAlEx, between 25 sample sites from which more 
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than one H. femorata DNA sample had been collected. The maximum FST was also calculated 

in GenAlEx. Standardized FST (F’ST) was then calculated by dividing FST by the maximum 

FST (Meirmans and Hedrick, 2011, Hedrick, 2005). The method denoted by Narum (2006) 

was used to account for multiple comparisons in pairwise FST. GenAlEx was also used to 

calculate the unbiased expected heterozygosity of each population. Arelquin (Excoffier and 

Schneider, 2005) was used to calculate the inbreeding coefficient (FIS) of each population. 

The allelic richness and private allelic richness of each population was calculated in HP-rare 

(version 1.1) (Kalinowski, 2005). The loci used here were tested for evidence of linkage 

disequilibrium in H. femorata using the method outlined in Chapter Six. The loci were also 

tested for null alleles in Microchecker (Van Oosterhout et al., 2004) and whether or not they 

were in Hardy Weinberg equilibrium in each of the genetic clusters suggested by 

STRUCTURE, using the method outlined in Chapter Six.  

 

7.4.4 Landscape genetics 

The landscape genetics analysis was divided into two parts, analysis of the whole Canterbury 

region and analysis of Banks Peninsula through time. The landscape genetic analysis of the 

entire Canterbury region was performed on DNA from 246 individuals. DNA from 34 

individuals which were part of the above population structure analysis was removed from the 

landscape genetics analysis because co-ordinates of their known sampling location were not 

available. DNA from 158 individuals with known sample site co-ordinates was used in the 

landscape genetics analysis on Banks Peninsula.  

 

7.4.4.1 Genetic distance 

In both the Canterbury wide analysis and the smaller Banks Peninsula analysis, a matrix of 

the relationship coeffecients between each of the selected individuals was produced in 

SPAGeDi (Spatial Pattern Analysis of Genetic Diversity) (Hardy and Vekemans, 2002). For 

the parameters used in this analysis refer to Chapter Six.  

 

7.4.4.2 Isolation by distance and resistance analysis 

7.4.4.2.1 Canterbury regional analysis 

To investigate the potential influence of distance and forest cover on genetic distances 

between H. femorata individuals, two habitat conductance maps were created in ArcMAP 

version 10.0 (ESRI, 2010). Habitats with high conductance values are those predicted to be 

favourable for dispersal, while those with low conductance values are predicted to be 
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unfavourable for dispersal. These conductance maps were valued with the same protocol as 

the maps generated in Chapter Six. Native forest and scrub was given a high conductance 

value of 50 while all other habitat was given a low conductance value of one. The values 

were chosen based on previous observations of habitat use in H. femorata as well as mark 

and recapture studies in other species of Hemideina (Townsend, 1995, Little, 1980, Sandlant, 

1981, Scott et al., 2012, Jamieson et al., 2000, Leisnham and Jamieson, 2002). For more 

details, refer to Chapter Six.  

 

The first of the two habitat conductance maps had a homogenous habitat with all cells valued 

at 50. This map would be used to test if geographic distance alone could explain the patterns 

of genetic relatedness observed within H. femorata. The map would also allow distance to be 

accounted for in analyses of the influence of native forest and scrub on the dispersal of H. 

femorata, throughout Canterbury. To generate the homogenous map, the area of interest was 

cropped from a map of the Landcover Database version 4 (LCDB4). The resulting layer was 

imported into ArcMap 10 (ESRI, 2010) and converted into the raster format. The raster was 

then reclassified to the appropriate value of 50. The second habitat conductance map was 

generated based on data from 2008 in the LCDB4 section, used above. 2008 was chosen 

because it represented the state of habitat cover at the beginning of this study. The categories 

chosen to represent native forest and scrub were broadleaved indigenous hardwoods, 

deciduous hardwoods, fernland, flaxland, gorse and broom, indigenous forest, manuka and 

kanuka, matagouri or grey scrub and subalpine shrubland. In ArcMap, the polygons 

representing these habitats were extracted from the LCDB4 layer and converted into the 

raster format as a single layer. The Mosaic tool was used to overlay this habitat layer onto a 

homogenous raster of Canterbury. The Reclassify tool was used to set the forest and scrub 

habitat at a value of 50 and all other habitat at a value of one. For both conductance maps, the 

Resample tool was used to change the cell size to 500. This is larger than the cell size used in 

Chapter Six because a much larger area was analysed and computation at a smaller cell size 

would have been impractical based on the memory requirements.  

 

The Export Raster to Circuitscape tool in ArcMAP was used to convert the two conductance 

maps into a form for use in Circuitscape version 4 (Shah and McRae, 2008). Circuitscape was 

used to produce a matrix of the degree of habitat resistance between each of the 246 H. 

femorata individuals. Refer to Chapter Six for more details on the method and parameter 

settings.  
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7.4.4.2.2 Banks Peninsula analysis 

The conductance maps used to calculate the geographic and habitat distance between H. 

femorata individuals in this analysis were identical to those used in Chapter Six. These 

include habitat maps based on the distribution of the forest on Banks Peninsula in 1860, 1880 

and 2008. The co-ordinates of the sample sites of the 158 DNA samples taken from Banks 

Peninsula were then input into Circuitscape version 4, along with the conductance maps 

(Shah and McRae, 2008). Chapter Six details the procedure used in Circuitscape to produce a 

matrix of resistance distances between individuals based on each of the conductance maps.  

 

7.4.4.3 Principal co-ordinate of neighbour matrices (PCNM) and variance partitioning 

PCNM with variance partitioning was one of the two methods used to determine how habitat 

resistance and geographic distance has influenced genetic structuring in H. femorata. R 

version 3.0.2 (R Core Team, 2013) and RStudio version 0.98.501 (RStudio, 2012) were used 

to perform the PCNM and variance partitioning analysis. The R packages involved in this 

analysis were PCNM (Legendre et al., 2013), vegan (Oksanen et al., 2013) and packfor (Dray 

et al., 2013).The analysis generally followed the method outlined in section 7.4 in Borcard et 

al. (2011), method 1b. For more details refer to Chapter Six.  

 

7.4.4.4 Mantel and partial mantel tests 

Mantel and partial mantel tests were used to test whether habitat resistance and/or geographic 

distance has influenced the genetic structuring of H. femorata. These tests were all performed 

in R version 3.0.2 (R Core Team, 2013) with RStudio version 0.98.501 (RStudio, 2012). 

1000 permutations were run for each test in the package Ecodist (Goslee and Urban, 2007). 

The analyses followed the method used in Chapter Six. 

 

7.4.5 Habitat fragmentation and genetic diversity 

The genetic diversity and degree of habitat fragmentation were calculated for each of the 

circular regions representing each of the K populations identified by STRUCTURE in the 

analysis above. The populations identified by STRUCTURE varied greatly in size. As all 

circular regions needed to be the same size the wide ranging populations identified by 

STRUCTURE were subsampled. For example, if the circular regions were made large 

enough to cover the extent of population one the majority of Canterbury would have been 

included (Figure 7.2). If the same size region was then applied to population four, on 
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Southern Banks Peninsula (Figure 7.2), it would well exceed the extent of this population and 

cover a vast amount of ocean. Such a wide area is unlikely to represent the habitat 

fragmentation experienced by population four. Therefore, smaller regions should give more 

informative information about the relationship between habitat fragmentation and genetic 

diversity. Some sample sites were excluded from the analysis due to their isolation and the 

small number of samples collected there.  

 

The conductance map of native habitat across the Canterbury region, created above, was used 

for this analysis. The regions of interest were isolated individually using the Clip tool in 

ArcMAP 10. Each region was converted from a raster format to an ASCII format, with the 

header removed. The regions could then be loaded into FragStat version 4.2.1.603 

(McGarigal et al., 2002). The eight cell neighbourhood rule was chosen and no sampling of 

the region was used in the analysis. The landscape metrics calculated were the mean patch 

area (with standard deviation) and the mean Euclidean nearest neighbour distance (with 

standard deviation). The Euclidean nearest neighbour distance is calculated as the Euclidean 

distance between each forest fragment in the sample area and its nearest neighbour. These 

measurements are then averaged to provide the mean Euclidean nearest neighbour distance 

for each sample area. Unbiased heterozygosity was calculated for each region in GenAlEx, 

Genetic Analysis in Excel, version 6.4 (Peakall and Smouse, 2012). The allelic richness of 

each region was calculated with HP-rare (version 1.1) (Kalinowski, 2005). One-sided 

Spearman’s Rank tests were used to determine if allelic richness and unbiased heterozygosity 

increased with increasing average habitat fragment area and decreasing mean Euclidean 

nearest neighbour distance. All of the Spearman’s Rank tests were performed in R using the 

cor.test function (R Core Team, 2013). 

 

7.5 Results 

 

7.5.1 Cluster analysis 

The average estimated Ln probability method suggests the most likely number of populations 

or clusters (K) in this sample of H. femorata is four (Figure 7.3). The largest peak in ΔK is at 

K is two (Fig. 7.4). However, there is a smaller peak in ΔK at K is four (Figure 7.4). 

Therefore, based on information from both estimates, four is taken as the most likely number 

of populations or genetic clusters. The structure plot in figure 7.5 shows the result when K is 

set to four. Figures 7.2 and 7.6 outline the geographic range of the four population samples. 
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Figure 7.6 shows which sample sites were assigned to each population sample on Banks 

Peninsula for analyses that required defined populations. Six samples, identified as H. 

femorata but without a known sampling location were included in the cluster analysis. The 

results suggest that the first three of these samples originated from the north of Banks 

Peninsula, the Port Hills or the Canterbury Plains near Oxford. However as much of the 

Canterbury Plains was not sampled it may have originated from areas other than Oxford 

(Figure 7.5). The fourth sample is likely to have originated from a large possible area, along 

the Southern Alps, south of Kaikoura (Figure 7.5). The final two samples appear to have been 

collected from Banks Peninsula, near Akaroa (Figure 7.5). Given that it is not possible to 

confirm where these samples originated, they are not included in further analyses. 

 

 

Figure 7.2. Sampling areas where the H. femorata DNA used in this analysis was collected 

from. The colours represent which population sample or cluster (K) the area was assigned to 

for analyses that necessitated distinct populations. Population sample one is red, Population 

sample two is blue, Population sample three is green and Population sample four is yellow. 
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These populations refer to the groupings identified in figure 7.4. A more detailed map of 

sample sites on Banks Peninsula is given in figure 7.5. 

 

 

Figure 7.3. The average estimated Ln probability of the data versus the number of 

populations (K). The average was calculated from 10 replicates of each K run in the program 

STRUCTURE. The data was summarised by Structure Harvester (Earl and vonHoldt, 2012). 
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Figure 7.4. The ΔK of the data versus the number of populations (K). The average was 

calculated from 10 replicates of each K run in the program STRUCTURE. The data was 

summarised by Structure Harvester (Earl and vonHoldt, 2012). 
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Figure 7.6. Sample sites on Banks Peninsula where H. femorata DNA was collected for this 

study. The colours represent which population sample or cluster (K), each site was assigned 

to for analyses that necessitated distinct populations. These K refer to those identified in 

Figure 7.3 and 7.4. Population sample three is green, population sample four is yellow. The 

sample sites also refer to those labelled in Figure 7.5. Sample sites: 1. Sugarloaf, 2. Double 

Bay Road, 3. Holmes Bay 1, 4. Holmes Bay 2, 5. Mount Fitzgerald, 6. Mount Sinclair 1, 7. 

Pigeon Bay 1, 8. Mount Sinclair 2, 9. Pigeon Bay 2, 10. Summit Road, 11. Duvauchelle 1, 

12. Duvauchelle 2, 13. Okains Bay Road Lower, 14.Okains Bay Road Middle, 15. Sawmill 

Road, 16. Tizzards Road, 17. Robinsons Bay Valley Road, 18. Takamatua Bay, 19. Old Le 

Bons Bay Road, 20. Old Le Bons Bay Track, 21. Takamatua Valley Road, 22. Woodills 

Track, 23. Long Bay Road 1, 24. Long Bay Road 2, 25. L’Aube Hill Reserve, 26. Stoney Bay 

Road 
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7.5.2 Population genetic diversity 

All the loci used in this chapter were polymorphic with the number of alleles per locus 

ranging from two to 25 (Table 7.3). The average number of alleles was 8.63. Locus HR34 

was monomorphic for the 73 allele in population sample one and population sample two, 

while the Hma04 locus was monomorphic in all population samples, except for population 

sample three (Table 7.3). None of the loci showed consistent evidence of producing null 

alleles (Table 7.4). Loci HR15 and HR12 showed the most evidence of null alleles, with two 

out of four population samples showing evidence of null alleles at these loci (Table 7.4). 

However, if the loci were actually producing null alleles, evidence of this would be expected 

across the population samples. Therefore, it is likely that none of the loci used in this chapter 

are producing null alleles. Similarly, none of the loci were consistently out of HWE across all 

of the population samples (Appendix C, Table 11.1) and no pairs of loci appeared to be 

linked within all the population samples. Therefore, the results suggest that the loci used here 

are not in linkage disequilibrium. The three measures of population diversity, average 

unbiased expected heterozygosity, allelic richness and private allelic richness, all displayed 

the same pattern when the four population samples were compared (Table 7.5). The most 

genetically diverse was population sample two, followed by population sample one, 

population sample three and the least diverse was always population sample four. All three 

measures are designed to account for sample size differences but in any case, population 

sample four had by far the largest sample size and was still the least diverse (Table 7.5). The 

new alpha value for the FIS calculations, after a Bonferroni correction (Narum, 2006) was 

0.024. Therefore, population samples one, three and four had FIS values significantly greater 

than zero (Table 7.5). However, this pattern was not consistent across all loci (Table 7.6). 

Without consistent evidence of null alleles this likely indicates sub-structuring within these 

population samples (Allendorf et al., 2012).  

 

Table 7.3. Allele frequencies per population sample of H. femorata throughout Canterbury. 

Locus Allele Pop1 Pop2 Pop3 Pop4 

HR3 N 33 55 42 144 

 

143 0.000 0.000 0.012 0.000 

 

145 0.015 0.027 0.048 0.000 

 

147 0.000 0.018 0.000 0.000 
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148 0.470 0.018 0.036 0.000 

 

150 0.000 0.036 0.643 0.771 

 

152 0.000 0.282 0.190 0.104 

 

154 0.167 0.364 0.036 0.125 

 

156 0.288 0.018 0.036 0.000 

 

158 0.030 0.218 0.000 0.000 

 

159 0.000 0.018 0.000 0.000 

 

160 0.030 0.000 0.000 0.000 

HR12 N 32 55 42 143 

 

183 0.000 0.000 0.000 0.004 

 

185 0.328 0.109 0.012 0.000 

 

189 0.047 0.000 0.000 0.000 

 

192 0.563 0.000 0.464 0.850 

 

195 0.000 0.100 0.298 0.136 

 

198 0.016 0.209 0.000 0.000 

 

201 0.000 0.073 0.000 0.000 

 

202 0.016 0.036 0.000 0.000 

 

204 0.000 0.055 0.000 0.000 

 

211 0.000 0.155 0.000 0.000 

 

212 0.000 0.009 0.012 0.000 

 

214 0.016 0.036 0.000 0.000 

 

215 0.016 0.000 0.000 0.000 

 

218 0.000 0.009 0.214 0.010 

 

221 0.000 0.191 0.000 0.000 

 

231 0.000 0.018 0.000 0.000 

HR13A N 33 55 42 142 

 

191 0.000 0.000 0.429 0.468 

 

193 0.515 0.682 0.024 0.000 

 

195 0.485 0.136 0.369 0.532 

 

197 0.000 0.182 0.179 0.000 

HR15 N 32 53 42 143 

 

153 0.516 0.000 0.548 0.157 
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155 0.469 0.783 0.452 0.843 

 

157 0.016 0.179 0.000 0.000 

 

161 0.000 0.038 0.000 0.000 

HR34 N 33 53 42 143 

 

73 1.000 1.000 0.929 0.997 

 

88 0.000 0.000 0.071 0.004 

HR35 N 33 54 42 140 

 

218 0.015 0.000 0.000 0.000 

 

222 0.106 0.185 0.000 0.000 

 

226 0.000 0.037 0.012 0.000 

 

229 0.045 0.000 0.000 0.000 

 

232 0.000 0.102 0.012 0.000 

 

233 0.106 0.028 0.464 0.521 

 

235 0.015 0.000 0.000 0.000 

 

236 0.030 0.019 0.440 0.025 

 

238 0.030 0.000 0.012 0.196 

 

239 0.000 0.000 0.000 0.014 

 

241 0.364 0.009 0.048 0.229 

 

242 0.015 0.000 0.000 0.000 

 

244 0.091 0.019 0.012 0.014 

 

245 0.000 0.167 0.000 0.000 

 

247 0.061 0.000 0.000 0.000 

 

251 0.045 0.083 0.000 0.000 

 

252 0.015 0.000 0.000 0.000 

 

254 0.015 0.157 0.000 0.000 

 

256 0.000 0.037 0.000 0.000 

 

257 0.000 0.009 0.000 0.000 

 

259 0.015 0.056 0.000 0.000 

 

262 0.030 0.009 0.000 0.000 

 

264 0.000 0.009 0.000 0.000 

 

273 0.000 0.009 0.000 0.000 

 

275 0.000 0.065 0.000 0.000 



231 
 

Hma03 N 33 55 42 137 

 

104 0.364 0.155 0.071 0.000 

 

106 0.621 0.836 0.833 1.000 

 

108 0.000 0.009 0.000 0.000 

 

114 0.015 0.000 0.071 0.000 

 

116 0.000 0.000 0.024 0.000 

Hma04 N 33 54 41 140 

 

78 0.000 0.009 0.000 0.000 

 

84 1.000 0.991 1.000 1.000 

 

Table 7.4. Assessment of evidence for null alleles in each of the population samples 

identified by STRUCTURE, as calculated by Microchecker 

 

Population 

Locus 1 2 3 4 

HR3 no no yes no 

HR12 no no yes yes 

HR13A no no no no 

HR15 yes yes no no 

HR34 no no no no 

HR35 no no yes no 

Hma03 no no yes no 

Hma04 no no no no 

 

Table 7.5. The mean unbiased expected heterozygosity (UHe), the allelic richness, the private 

allelic richness, the proportion of polymorphic loci and the FIS of each of the four H. 

femorata populations throughout Canterbury. Significant codes 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 

0.024 ‘.’ 

Population UHe Allelic richness Private allelic richness FIS 

1 0.452 2.45 0.63 0.148** 

2 0.456 2.91 1.32 0.017 

3 0.424 2.28 0.4 0.230** 

4 0.257 1.74 0.1 0.085** 
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Table 7.6. The fixation index for each locus in each of the five genetic clusters suggested by 

STRUCTURE (Figure 7.4) 

  Fixation Index 

Locus Pop1 Pop2 Pop3 Pop4 

HR3 0.091 0.014 0.213 0.030 

HR12 0.072 -0.012 0.267 0.272 

HR13A 0.272 -0.091 0.191 0.053 

HR15 0.392 0.252 0.135 0.182 

HR34 - - -0.077 -0.004 

HR35 0.045 0.036 0.311 0.057 

Hma03 0.056 -0.052 0.273 - 

Hma04 - -0.009 - - 

 

7.5.3 Population genetic differentiation 

FST was 0.261 (P=0.001) and adjusted FST (F’ST) was 0.626 suggesting high levels of genetic 

differentiation between the four population samples identified by STRUCTURE. FIS and FIT 

were measured at 0.168 (P=0.001) and 0.385 (P=0.001) respectively. The AMOVA results 

suggested that 26% of the genetic variation is between the different population samples, 

while 12% was found between individuals and 62% was located within individuals. The new 

alpha value, calculated by the method denoted in Narum  (2006), to account for multiple 

comparisons in the pairwise FST tests, was 0.017. All pairwise FST values had a P-value of 

less than 0.017, suggesting that all of the population samples are significantly genetically 

differentiated from one another, by an FST value greater than zero (Table 7.7). Population 

samples one and two were the most genetically similar, and both most genetically 

differentiated from population sample four (Table 7.7). Population sample four was most 

genetically distinct from population sample two, as was population sample three (Table 7.7).  
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Table 7.7. Below the diagonal are the pairwise FST values, calculated between the four 

population samples of H. femorata in Canterbury. Above the diagonal are the P-values for 

each pairwise FST value. 

  Pop1 Pop2 Pop3 Pop4 

Pop1 0.000 0.001 0.001 0.001 

Pop2 0.180 0.000 0.001 0.001 

Pop3 0.210 0.252 0.000 0.001 

Pop4 0.312 0.348 0.142 0.000 

 

The results of the pairwise FST calculations between sample sites suggest that the sites in the 

greater Canterbury region are significantly differentiated from one another and in the 

majority of cases significantly differentiated from sites on Banks Peninsula (Appendix C, 

Table 11.1). In contrast, on Banks Peninsula the majority of sites were not significantly 

differentiated from one another (Appendix C, Table 11.1). If sites with small sample sizes 

(n< eight) were excluded many of the sites assigned by STRUCTURE to population sample 

four were not significantly differentiated from one another (Figure 7.6 and Appendix C, 

Table 11.1). However, the pairwise FST suggested that some sites such as Pigeon Bay 1, 

Summit Road and Old Le Bons Bay Track were significantly differentiated from other sites 

on Banks Peninsula with moderately large samples sizes (Appendix C, Table 11.1). 

 

7.5.4 Landscape genetics 

7.5.4.1 Isolation by distance and resistance 

7.5.4.1.1 Canterbury regional analysis 

Figure 7.7 represents the conductance map created to detail native forest and scrub cover 

across Canterbury. All areas in green were given a conductance value of 50 while all areas in 

beige were given a conductance value of one. The Canterbury Plains are largely deforested, 

with only very small patches of forest alongside major rivers. 

 

7.5.4.1.1.1 PCNM 

Together the forest and scrub distribution in 2008, as well as the effect of geographic 

distance, explained a statistically significant 35.2% of the variation in genetic distance 

between H. femorata individuals throughout Canterbury (F=11.255, df=13, P=0.005) (Figure 
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7.8). Both habitat and geographic distance explained statistically significant proportions of 

variance on their own (Habitat 2008, F=3.138, df=6, P=0.005; Geographic distance, F=3.717, 

df=7, P=0.005). However, with the vast amount of the explained variation shared between the 

two explanatory variables, the actual amount of unique variation explained by habitat and 

geographic distance was fairly low, 3.5% and 5.2% respectively (Fig. 7.8).  

 

Figure 7.7. Native scrub and forest cover across Canterbury in 2008. The native forest and 

scrub is represented in green, while all other habitats are represented in beige.  
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Figure 7.8. A Venn diagram, displaying which proportions of patterns in genetic distance 

between H. femorata individuals across the Canterbury region are explained by forest cover 

patterns from 2008 and geographic distance.  

 

7.5.4.1.1.2 Mantel and partial mantel tests 

Both the habitat resistance matrix and the geographic distance matrix from across the 

Canterbury region, were significantly correlated with the genetic distance matrix (Geographic 

distance, r=0.691, P=0.001; Habitat, r=0.643, P=0.001). Both remained correlated with 

genetic distance after accounting for the other. However, the r value of the habitat matrix 

correlation with the distance matrix became negative after accounting for geographic distance 

(r=-0.126, P=0.001), which did not occur to the r value of the geographic distance matrix 

after accounting for the habitat matrix (r=0.352, P=0.001). This suggests that although 

significantly correlated with genetic distance, after accounting for geographic distance, the 

forest cover is not aiding dispersal. 

 

7.5.4.1.2 Banks Peninsula analysis 

For the conductance maps used in this section of the landscape genetics analysis of H. 

femorata, refer to Chapter Six.  

 

7.5.4.1.2.1 PCNM  

Together, the habitat layers from 2008, 1880 and 1860, as well as the geographic distance, 

explain a statistically significant 16.1% of the variation in genetic distance between H. 

Habitat 2008 Geographic distance 
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femorata (F=2.77, df=17, P=0.005). The habitat distribution in 2008 explained a statistically 

significant unique amount of variance (F=1.689, df=7, P=0.01), as did the combination of all 

the habitat layers, after accounting for distance (F=3.260, df=13, P=0.005).  However the 

actual amounts of unique variance explained by habitat from 2008 or all the habitat layers 

was very low, at 2.8% and 5.3% respectively (Figure 7.9).  

 

 

Figure 7.9. A Venn diagram, displaying which proportions of patterns in genetic distance 

between H. femorata individuals on Banks Peninsula are explained by the habitat patterns 

from 1860, 1880, 2008 and geographic distance. Values less than zero are not displayed. 

 

7.5.4.1.2.2 Mantel and partial mantel tests 

All of the explanatory matrices were significantly correlated with the genetic distance matrix 

(Habitat 1860, r=0.221, P=0.002; Habitat 1880, r=0.204, P=0.002; Habitat 2008, r=0.329, 

P=0.001; Geographic distance r=0.345, P=0.001). However, the only explanatory matrix to 

remain significant in the partial mantel tests was the geographic distance matrix. The 

geographic distance matrix remained significantly correlated to the genetic distance matrix 

after accounting for the habitat resistance from 1860 (r=0.274, P=0.001), 1880 (r=0.290, 

P=0.001) and 2008 (r=0.115, P=0.033).  

 

 

Habitat 1860 Habitat 1880 

Geographic distance Habitat 2008 
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7.5.4.2 Habitat fragmentation and genetic diversity 

Figures 7.10 and 7.11 show the circular regions created for the habitat fragmentation and 

genetic diversity calculations. Allelic richness and unbiased heterozygosity displayed the 

same pattern and as a result only graphs of allelic diversity are shown here (Figures 7.12 and 

7.13). In both estimates of genetic diversity, the most diverse region was Kaikoura, followed 

by Peel forest, Mount Cass, Northern Banks Peninsula and Southern Banks Peninsula (Table 

7.8, Figures 7.12 and 7.13).  The results of this analysis show a general trend for a correlation 

between increasing patch size and increasing levels of genetic diversity (Table 7.8, Fig. 7.12). 

However, this trend was not significant for either measure of genetic diversity (Unbiased 

heterozygosity, rho=0.7, P=0.117; Allelic richness; rho=0.7, P=0.117). Similarly, as the 

average Euclidean nearest neighbour distance between patches increases there is also a slight 

trend towards larger amounts of genetic diversity (Table 7.8, Figure 7.13). Therefore, genetic 

diversity did not increase with decreasing mean Euclidean nearest neighbour distance as 

expected (Unbiased heterozygosity, rho=0.6, P=0.883; Allelic richness; rho=0.6, P=0.883). 
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Figure 7.10. A map of the Canterbury region, showing the circular areas in black and yellow, 

for which genetic diversity and habitat fragmentation statistics were calculated.  

 

Kaikoura 

Mount Cass, Waipara 

Northern Banks Peninsula 

Southern Banks Peninsula 

Peel Forest 
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Figure 7.11. A closer look at Banks Peninsula from Figure 7.10. The black circles outline the 

area for which genetic diversity and habitat fragmentation measures were calculated (Table 

7.8). The blue markers indicate the centre of each area, which was determined from the 

average of the co-ordinates from individuals sampled in that geographic region. The yellow 

represents native forest and scrub patches that the statistics were calculated on.  
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Table 7.8. The average and standard deviation of the unbiased heterozygosity (UHE), average 

allelic richness (AR), mean habitat patch area in hectares (Frag. Area), and the average 

Euclidean distance, in m, to the nearest neighbouring patch for each location. The locations 

refer to the areas outlined in Figure 7.10.  

Location   UHE AR Frag. Area Neighbour distance 

Peel Forest Mean 0.380 2.340 60.833 281.669 

  STD 0.320 1.559 429.898 128.976 

Kaikoura Mean 0.448 2.864 97.068 292.751 

  STD 0.355 1.792 529.892 181.497 

Mount Cass, Waipara Mean 0.375 2.125 12.451 283.126 

  STD 0.250 0.961 26.604 148.972 

Northern Banks Peninsula Mean 0.328 2.010 8.165 284.988 

  STD 0.267 0.899 31.412 127.565 

Southern Banks Peninsula Mean 0.248 1.718 19.037 264.131 

 

STD 0.244 0.741 147.426 116.540 

 

 

Figure 7.12.  A scatter plot of the mean forest fragment area verses the allelic diversity in five 

different geographic areas.  
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Figure 7.13.  A scatter plot of the mean nearest neighbour Euclidean distance, between 

habitat patches at a site verses the allelic diversity at that site, in five different geographic 

areas. 

 

7.6 Discussion 

 

As in the previous chapter with H. ricta, the results here suggest there is population structure 

among H. femorata, across Canterbury. Both the average estimated Ln probability of the data 

and the ΔK provide evidence of four populations or genetic clusters that can be identified 

from the samples in this study (Figure 7.3 and 7.4). Evanno et al. (2005) suggested that ΔK 

was a more reliable estimate of the actual number of populations because the estimated Ln 

probability tends to level off around the correct number of populations but then continues to 

increase after that point. Despite this, Evanno et al. (2005) found that 29 out of 32 of the 

simulated tests gave the same most likely number of K for both estimates. Similarly, here, 

both methods provide evidence that a K of four is likely (Figures 7.3 and 7.4). However, in 

both this chapter and the previous chapter the ΔK method suggested the most likely number 

of populations or genetic clusters is two, which is the smallest K that can be assessed by this 

method. This suggests that the ΔK method might be rather conservative and, as Evanno et al. 

(2005) suggested, should not be reliable upon on its own. 
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Unlike in the previous chapter, the structure plot of H. femorata populations shows less 

overlap between the different clusters (Figure 7.5). Population samples one and two are 

particularly distinct (Figure 7.5). However, this is likely to be a result of the sampling 

method, rather than an accurate representation of the populations. Schwartz and McKelvey 

(2009) determined that the sampling scheme of a study will affect the results produced by 

STRUCTURE. In particular Schwartz and McKelvey (2009) found that sampling strategies 

that involved clusters of samples, a common method used in research, could lead to 

misinterpretations of the population structure. In the current study, the samples from the 

Canterbury Plains and foothills were almost completely collected from five sample sites of 32 

artificial roosts, spaced across the length of Canterbury (Chapter Three). Had random 

sampling across this area been carried out it is likely that population samples one and two 

would not appear as distinct and might show more evidence of a cline. This is particularly 

likely if more samples were located north of Mount Cass and Cass field station. This effect of 

clustered samples is somewhat evident in the Banks Peninsula population samples (Figure 

7.5). Population samples three and four show much more of a cline in the structure plot and 

this is likely due to the smaller but more numerous clusters used in sampling this area 

(Figures 7.5 and 7.6). The more numerous sample sites on Banks Peninsula were possible 

because of years of research already undertaken in this area, while no such resources were 

available for the Canterbury Plains.  

 

The FIS values calculated for each of the population samples suggested by STRUCTURE also 

support the idea that these populations are not as distinct as STRUCTURE suggests. Three of 

the four population samples showed evidence of an excess of homozygotes (Table 7.5). This 

excess could be the result of inbreeding within a single population, null alleles or population 

subdivision (Allendorf et al., 2012). The results of tests for null alleles suggest that none of 

the loci used here are likely to produce null alleles (Table 7.4). Furthermore, if inbreeding 

within a single population sample was responsible for the excess of homozygotes, such an 

excess would be expected consistently across all loci. This was not found to be the case in the 

current study (Table 7.6). Therefore, the FIS values are likely a result of population 

subdivision. Population sample two, the Kaikoura population sample, was the only 

population sample that did not display an excess of homozygotes (Table 7.5). The vast 

majority of samples in this population sample came from a localised area of Kowhai Bush in 

Kaikoura. With such a small area, population subdivision is unlikely. In contrast the other 

populations suggested by STRUCTURE cover multiple sample sites and much wider 
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geographic areas, making population subdivision much more plausible. The results of the 

pairwise FST analysis between sample sites supports the existence of population subdivision 

as a number of sample sites which STRUCTURE clusters together are identified as being 

significantly differentiated from one another (Appendix C, Table 11.1). Therefore, the 

genetic clusters identified by STRUCTURE likely represent a coarse level of genetic 

structure, between which gene flow is limited, rather than isolated populations (Pritchard et 

al., 2000, Evanno et al., 2005). Never the less, this genetic structuring is of interest. 

 

The results of this study suggest that the genetic clusters or populations identified by 

STRUCTURE are significantly genetically differentiated. The overall FST and F’ST values, 

0.261 and 0.626 respectively, are higher than those reported between the five H. ricta 

populations in Chapter Five. This is likely due to that fact that H. femorata has a much larger 

range than H. ricta. In species with wide ranges there is the possibility for variation in the 

landscape that along with the distance, can promote population differentiation (Taylor et al., 

2011, Cavers et al., 2004). The pairwise FST results show that despite the length of the 

Canterbury region, population samples one and two are genetically similar (Table 7.7). 

Conversely, whilst being the least differentiated of the population sample pairs, population 

samples three and four are quite different, considering their close geographic relationship 

(Table 7.7, Figures 7.2 and 7.6). McGlone (1983) suggested that historically there may have 

been a near continuous section of forest following the base of the Southern Alps, from 

Kaikoura, down past Oxford. This section of forest may have allowed the maintenance of a 

large population of H. femorata along the length of the Southern Alps, which may explain the 

close association of population samples one and two. This may also explain the large range of 

population one. Conversely, Banks Peninsula is thought to have lost 99% of its forest cover 

and as a result H. femorata populations in this area are likely to have experienced a dramatic 

bottleneck (Ewers et al., 2006). Subsequent populations may have remained small in the 

fragmented habitat and, therefore, been subject to drift (Zeyl et al., 2001). As a consequence 

of random changes in allele frequencies from genetic bottlenecks and drift, the resulting 

populations can possess different alleles and allele frequencies (van Rossum et al., 2002, 

Lange et al., 2010, Lesica and Allendorf, 1995). Genetic drift may therefore explain the 

genetic differentiation between population samples three and four despite their close 

proximity. If genetic drift has occurred, evidence is expected to be seen in the levels of 

genetic diversity within the population samples (Gaggiotti, 2003).  
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In small populations, genetic drift results in a loss of genetic diversity through stochastic 

changes in allele frequencies (Gaggiotti, 2003). The results of this study indicate that 

population samples three and four, which are found on Banks Peninsula, had lower levels of 

diversity than the population samples along the Southern Alps (Table 7.5). This was 

consistent across all three measures of genetic diversity (Table 7.5). This supports the idea 

that larger habitat patches along the Southern Alps may have allowed H. femorata to exist in 

larger numbers, while deforestation on Banks Peninsula resulted in small populations of H. 

femorata that were prone to a loss of genetic diversity. Population sample four has the least 

genetic diversity of the population samples on Banks Peninsula (Table 7.5). This may be 

because population sample four is located around the township of Akaroa, an area that 

experienced deforestation quite early (Figures 7.7 and 6.5). Furthermore, as population 

sample three is located in closer proximity to the Canterbury Plains and Southern Alps, gene 

flow from these areas may have introduced greater genetic diversity (Figure 7.2).  

 

Previous observations have also suggested that populations of H. femorata in Kaikoura may 

be larger than those on Banks Peninsula. Field and Sandlant (2001) reported that 62% of tree 

holes examined in a kanuka forest in Kaikoura were occupied by H. femorata. In contrast 3% 

of apparently suitable holes were occupied by tree weta on Banks Peninsula (Townsend et al., 

1997). However, the methods used in the Townsend et al. (1997) study avoided damaging the 

habitat while the Field and Sandlant (2001) study was on trees destined for felling and so was 

more likely to find tree weta through cutting open galleries. Despite this difference, having 

sampled H. femorata at both sites myself I was surprised at the relative abundance of tree 

weta at Kaikoura. Therefore, despite regeneration in native forest and scrub, populations of 

H. femorata on Banks Peninsula may remain small (Wilson, 1992, Harding, 2003). 

 

Analyses were run to see if the differences observed in levels of genetic diversity in different 

regions of Canterbury were related to differences in the current levels of habitat 

fragmentation in those regions. Genetic diversity and habitat fragmentation measures were 

calculated for five areas throughout Canterbury, where it was believed genetic sampling was 

sufficient to accurately represent genetic diversity (Figure 7.10). Average habitat fragment 

area was calculated as an estimate of habitat fragmentation. In addition, the average 

Euclidean nearest neighbour distance between habitat patches in each region was also 

calculated, in an effort to account for the fact that numerous small habitat patches may act as 

larger patches, if distances between them are small. Both measures of genetic diversity, 
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allelic richness and unbiased heterozygosity, produced similar results (Table 7.8). Therefore, 

I will refer to genetic diversity in general. As expected there was a trend towards genetic 

diversity increasing with increasing habitat fragment area (Table 7.8, Figure 7.12). However, 

this trend was not significant. Similarly, there was no significant relationship between 

decreasing distances between habitat patches, expected to represent increased connectivity, 

and increasing levels of genetic diversity. Unexpectedly, genetic diversity appeared to 

increase with increasing distance to neighbouring patches (Table 7.8, Figure 7.13). However 

the actual difference in the average nearest neighbour distance between the five sites was 

rather small, at most about 30 m, compared to the difference in average fragment area, which 

ranged from 11 to 89 hectares (Table 7.8). There was a lot of variation around the genetic 

diversity and the habitat fragmentation estimates (Table 7.8). However, these tests were 

rather simplistic and the sample size was very limited. The method did not take into account 

that many of the habitat patches included from Banks Peninsula will not be inhabited by H. 

femorata due to interactions with H. ricta (Figure 7.11). Furthermore, the method only tests 

for the influence of contemporary habitat patch size, when historical patch size is also likely 

to be influential. Therefore, despite the variation, there may still be a relationship between 

genetic diversity and habitat fragmentation in H. femorata. 

 

Alternatively, H. femorata on Banks Peninsula may have lost variation as a result of a 

founder effect. While it is believed that H. ricta colonized Banks Peninsula when it was still 

and island, it is not known when H. femorata first reached the peninsula (Townsend, 1995). If 

only a small number of colonizers arrived, on the peninsula or island, it is expected that they 

would have lost diversity due to a founder effects. The colonizers may have originated from 

an area near Oxford, which might explain the genetic similarities between the areas. 

Furthermore, population three and four may represent different colonization events, which 

would explain their genetic differentiation despite their close proximity. However, Banks 

Island is thought to have become a peninsula in the last 20,000 years (Ogilvie, 1990). 

Therefore, even if H. femorata did not colonize Banks Peninsula until after it joined the 

mainland, the initial colonization event is likely to have occurred in the distant past. The 

microsatellite markers used here are designed to illustrate contemporary genetic structuring 

(Wang, 2011). As a result, it is unlikely the patterns observed here are due to the initial 

founder effects of H. femorata colonizing Banks Peninsula, and so the influence of habitat 

fragmentation is much more likely.  
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As well as genetic diversity, the current study was interested in whether or not habitat 

fragmentation had influenced dispersal patterns in H. femorata. As in Chapter Six, this was 

analysed with two methods, the PCNM with variance partitioning and the mantel based tests. 

In the analysis covering the entire Canterbury region both methods were consistent. The 

PCNM analysis suggested that both geographic distance and the native forest or scrub habitat 

from 2008 explained a significant amount of unique variation in the genetic distance between 

H. femorata in this area. Likewise, both the habitat distance matrix, based on the forest and 

scrub cover from 2008, and the geographic distance matrix were significantly correlated with 

the genetic distance matrix after accounting for one another. However, while the habitat 

distance matrix was positively correlated with genetic distance, when tested on its own, after 

accounting for geographic distance the correlation was negative. This suggests that native 

forest and scrub are not acting as a dispersal medium for H. femorata. However, isolation by 

distance appears to be occurring at this scale.  

 

In contrast, the Banks Peninsula results were not consistent across the two methods. The 

geographic distance between individuals was significantly correlated with genetic distance 

after accounting for each of the habitat matrices in the partial mantel tests. While each of the 

habitat resistance matrices were correlated with the genetic distance matrix, according to a 

mantel tests, none of the correlations remained significant after accounting for geographic 

distance. However, the PCNM method suggested that the distribution of forest in 2008 

explained a very small but significant amount of variation in the genetic distance between 

individuals, while geographic distance did not. As mentioned in Chapter Six, the analyses 

may have produced different results as the PCNM and variance partition method compares all 

the explanatory variables at the same time, while the partial mantel tests compare each habitat 

distribution against geographic distance separately. Furthermore, the choice of eigenvectors 

for the PCNM method is known to influence the results produced (Diniz-Filho et al., 2013a). 

In this study only the positive eigenvectors were used. Positive eigenvectors are usually 

chosen for an analysis as they measure broad-scale, positive spatial correlation (Borcard et 

al., 2011, Dray et al., 2006). Conversely, the mantel tests involve the whole distance matrix 

which may therefore lead to different results.  

 

The landscape genetic results presented here are some what unexpected. The evidence of 

isolation by distance across the Canterbury region is not surprising given the extent of the 

region in comparison to known dispersal distances of tree weta (Morgan-Richards et al., 
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2000, Leisnham and Jamieson, 2002). In contrast, the fact that open habitat does not appear 

to provide a barrier to dispersal was unexpected. The habitat resistance between individuals 

based on the distribution of native forest and bush in 2008 was not positively correlated with 

genetic distance, after accounting for geographic distance. Furthermore, the distribution of 

population sample three also suggests that the Canterbury Plains are not acting as a barrier to 

dispersal (Fig. 7.2). Whilst tree weta are thought to be vulnerable on the ground, there is 

evidence of individuals traversing the forest floor or even several hundred metres over open 

grassland (Leisnham and Jamieson, 2002, Townsend, 1995, Moeed and Meads, 1983). 

Therefore, open habitat may not pose as great of a barrier to dispersal as previously believed. 

However, forest and scrub are thought to provide important refuges from predation and 

climatic conditions (Moller, 1985, Gibbs and Morris, 1998). The Canterbury Plains is largely 

devoid of these habitats (Figure 7.7) (Meurk, 2008). Therefore, even if open habitat does not 

provide a barrier to dispersal over short distances, the extent of the Canterbury Plains means 

it was still expected to act as a barrier to dispersal in H. femorata. Furthermore, between 

Oxford and the Port Hills lies the city of Christchurch. Despite living in this city all my life I 

have never seen or heard of tree weta being found within the city, except a very small 

number, translocated to Riccarton Bush (Kozanic, 2008). Even if pasture is not a barrier to 

dispersal, the city is still expected to be. 

 

There are a number of possible explanations why habitat was not found to be influencing 

dispersal in H. femorata. The time scale involved is also important. There is often a time lag 

between when a landscape change occurs and when it can be detected with genetic analysis 

(Manel and Holderegger, 2013, Mitchell, 2005). While the analysis on the peninsula allowed 

for the testing of the historical habitat distribution, there was no such data were available for 

the Canterbury region. The genetic distance between H. femorata may correlate more 

strongly with habitat resistance measures based on less contemporary habitat distributions. 

The dry Canterbury Plains were deforested quite early compared to other areas, the forest 

replaced by grassland, fernland and scrubland (McGlone, 1989, McGlone, 1983). As H. 

femorata have been found in or near scrubland habitat before (Townsend et al., 1997, Scott et 

al., 2012), this habitat may have been enough to sustain H. femorata on the plains, until 

further deforestation by European settlers (Wilson, 2008, McWethy et al., 2010). If this is the 

case then a greater level of genetic differentiation should be seen on either side of the 

Canterbury Plains in the future.  
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The sites might also be connected by more recent but rare dispersal. Even fairly small levels 

of dispersal are capable of preventing genetic differentiation between populations (Frankham 

et al., 2002, Mills and Allendorf, 1996). It is possible that anthropogenic dispersal is 

occurring. Tree weta have been reported in firewood (pers. communication from landowners 

during this study) and could be transferred in timber (Townsend, 1995). Alternatively, small 

strips of native scrub and forest are found along rivers across the Canterbury Plains (Figure 

7.7). These, and other small patches of bush, may be acting as stepping stones or corridors for 

dispersal across the plains. It would be interesting to try to acquire more samples from the 

Canterbury Plains to determine if there are H. femorata in these small patches and where they 

align genetically with the current samples. Towards the end of this study I received a tree 

weta collected in Rangiora, a town on the Canterbury Plains where I do not believe H. 

femorata has been reported before. There may therefore be more H. femorata on the plains 

than realized. Furthermore, as only six samples were collected from the Oxford area, 

additional samples would help to ascertain if the samples collected during this study provide 

an accurate representation of the genetic composition of the area. 

 

Correlations between alternative habitat and distance models can make it difficult to 

distinguish between alternative explanations (Cushman et al., 2013b). The variance 

partitioning results from the analysis of the whole Canterbury region suggest that there was a 

strong correlation between the habitat resistance and geographic distance between 

individuals. This is common at a large scale, especially as both are distance based measures 

(Cushman et al., 2013b, Kühn and Dormann, 2012). Even the smaller scale Banks Peninsula 

analyses are still at a much larger scale than will be observed by the study organism (Irwin et 

al., 2010). It has been recommended that the resolution of the landscape map match the scale 

at which the study organism perceives its environment (Shah and McRae, 2008). Therefore, 

as suggested for H. ricta in Chapter Six, studies comparing relatedness of individuals 

between and within forest patches at a much smaller scale may elicit more evidence of an 

effect of habitat on dispersal. The genetic markers used here detected genetic structuring at a 

very large geographic scale. To detect structuring on a smaller scale, more individuals would 

need to be sampled or additional variable genetic markers would need to be used. The genetic 

markers used here were developed to be variable in H. ricta and H. maori (Hale et al., 2010, 

King et al., 1998). As a result, these markers are less likely to be variable in H. femorata 

(Allendorf et al., 2012, Ellegren et al., 1995). Therefore, additional microsatellite markers 

developed for H. femorata would likely be beneficial in detecting finer levels of genetic 
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structuring. Other kinds of variable genetic markers, such as single nucleotide repeats, would 

also be beneficial.  

 

Furthermore, the sampling strategy used influences the power of a study to detect the effect 

of landscape (Oyler-McCance et al., 2013). This study largely used a clustered sampling 

design. Simulations have found that as clustered sampling only captures a small area of the 

landscape, this method is less likely to correctly detect the cause of genetic structuring, than a 

random or systematic sampling method (Oyler-McCance et al., 2013). The majority of 

samples came from sample sites of 10-32 artificial roosts (See Chapter Three). Most of 

sample sites on Banks Peninsula were already set up so there was little choice in the sampling 

design. Random sampling across Canterbury would have been impractical given the size of 

the region. In addition, I observed whilst sampling tree weta for this study that not all sample 

sites or artificial roosts within a sample site were occupied equally. Certain roosts at a site 

were often consistently occupied whilst other roosts were never occupied. Therefore, most 

samples from a site may have come from repeated sampling over time of only a few of the 

artificial roosts, adding to the clustered effect. Artificial roosts seemed more likely to be 

occupied if there was evidence of tree weta already occupying the tree. Evidence of tree weta 

was searched for at each of the sites along the Canterbury Plains and foothills before it was 

decided to set up the artificial roosts. Consequently, artificial roosts set up at random may not 

have had much success, unless a very large number of roosts were used. However, at a 

smaller scale a random sampling strategy would be more practical and might reveal more of 

an influence of habitat on dispersal. 

 

 

7.6.1 Recommendations for conservation 

The results of the current study support the suggestion that wide spread species are not 

immune to the effects of habitat fragmentation. If a species occupies a wide area it is often 

assumed that there is plenty of gene flow between fragments, preventing the loss of genetic 

diversity (Honnay and Jacquemyn, 2007). For example, unlike H. femorata, H. ricta is 

considered of conservation concern because it is a range restricted species (Hitchmough et 

al., 2005). However, the results presented here suggest that despite its widespread nature H. 

femorata is still vulnerable to the loss of genetic diversity resulting from habitat 

fragmentation. Similarly, other studies which have investigated the effect of habitat 

fragmentation on the genetic diversity of common species have concluded that commonness 
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does not protect against genetic erosion (Honnay and Jacquemyn, 2007, van Rossum et al., 

2004, Vandergast et al., 2007). Honnay and Jacquemyn (2007) collected results from 57 plant 

studies and found that the common species were just as likely to lose genetic variation from 

habitat fragmentation as the rare species (Honnay and Jacquemyn, 2007). In fact, in a study 

of the common plant species Primula veris¸ and its rare relative P. vulgaris, habitat 

fragmentation was found to have stronger consequences in P. veris, when the species were 

found in similar conditions (van Rossum et al., 2004). Furthermore, in an example closer to 

that of the current study, Vandergast et al. (2007) investigated the effects of habitat 

fragmentation on the genetic structuring of a large, flightless, widespread species, the 

mahogany Jerusalem cricket, Stenopelmatus ‘mahogani’ in California. Vandergast et al. 

(2007) determined that both historical and contemporary habitat fragmentation had resulted 

in a loss of genetic diversity in this cricket species. Similarly, the flightless bush cricket 

species Pholidoptera griseoaptera had significantly lower levels of allelic richness (P=0.019) 

in areas with very fragmented habitat than in other areas, despite being widespread (Lange et 

al., 2010). Therefore, many more species may be at risk from a loss of genetic diversity than 

previously thought. 

 

To conserve a species, it is important to conserve genetic variation throughout the species’ 

range (Lesica and Allendorf, 1995). However, widely distributed species may have multiple 

levels of genetic structuring and not all populations will contribute equally to the genetic 

diversity of a species (Cavers et al., 2004, Petit et al., 1998). Genetic information from across 

the species’ range is therefore useful in determining where to distribute conservation effort 

(Petit et al., 1998). In considering which populations contribute the most to overall genetic 

diversity two factors must be considered, the amount of genetic diversity within the 

population and its distinctiveness from other populations (Petit et al., 1998, Lesica and 

Allendorf, 1995). Considering both factors can require a compromise, for example, founder 

effects and drift can result in peripheral populations that are distinct from other populations 

but have low levels of genetic diversity themselves and are more at risk of extinction (Lesica 

and Allendorf, 1995, Petit et al., 1998). In the current study, population sample four has the 

lowest amount of genetic diversity (Table 7.5). This population sample also has a low level of 

private allelic richness, with most of its alleles shared with population sample three (Table 

7.3 and 7.5). Therefore, population sample four does not contribute much to the overall 

genetic diversity of H. femorata. In addition, population four is largely distributed over 

private land which would make conservation efforts more difficult. As a consequence, any 
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conservation effort on H. femorata should be focused on the other three populations 

identified by STRUCTURE (Figures 7.2 and 7.5). However, it should be noted that there may 

be important behavioural or ecological differences in the populations that I have not 

identified during this study, that would never the less be important in considering 

conservation actions (Taylor et al., 2011). Furthermore, I have only used neutral markers 

here, whereas quantitative data might give a better impression of variation in expressed genes 

(Cavers et al., 2004). 

 

It is also important to consider how threatened a population is when prioritizing which to 

protect (Taylor et al., 2011). Land protected by the Department of Conservation, along the 

Southern Alps (Figure 7.14), will help conserve populations one and two. In contrast much of 

population three is on private land (Figure 7.14). Therefore, it is important to communicate 

with landowners the actions they can take to help conserve H. femorata on their land. As 

mentioned in Chapter Six, some landowners I came in contact with were concerned that 

attempting to conserve tree weta on their property would limit their ability to use the land for 

farming or other activities. However, as suggested by Townsend (1995), small patches of 

bush in gullies or steep slopes could provide important habitat for H. femorata whilst having 

little impact on the productivity of farms. Conservation concern for tree weta on Banks 

Peninsula has largely focused on H. ricta in the past, because of this species restricted range 

(Hitchmough et al., 2005). However, the results of this study suggest that the wide 

distribution of H. femorata does not protect it from a loss of genetic diversity due to habitat 

fragmentation. For population three especially, if actions are not taken to help conserve H. 

femorata, it may become rare in the future (van Rossum et al., 2002).   
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Figure 7.14. A map detailing the Department of Conservation’s Public Conservation Areas 

(in blue) in relation to areas were H. femorata was sampled during this study. The data is 

derived from the National Property and Land Information System database 

(https://koordinates.com/layer/754/). 

 

7.7 Conclusion 

 

The results presented here suggest that H. femorata has population structure across 

Canterbury. The four clusters identified by STRUCTURE likely represent a course level of 

genetic structure with population subdivision likely.  The patterns of genetic differentiation 

and genetic diversity support the idea that larger habitat patches along the Southern Alps have 

enabled the persistence of larger, more connected populations of H. femorata in this region, 

compared to Banks Peninsula. Genetic diversity tended to increase with habitat patch size in 

an area but the test was very simplistic and the data was limited. The lack of genetic 

differentiation observed between groups of H. femorata found on either side of the 

Canterbury Plains was surprising. The lack of forest habitat and the city of Christchurch were 

expected to be barriers to tree weta dispersal. The genetic structuring of H. femorata in the 

greater Canterbury region may correlate more strongly with the historic distribution of habitat 

or the fragmented patches of habitat remaining today may be acting as stepping stones for 

occasional dispersal across the Canterbury Plains. Further research into the effect of forest 

https://koordinates.com/layer/754/
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cover on the dispersal of H. femorata would benefit from a less clustered sampling design, 

additional genetic markers and would likely occur over a smaller scale. The results presented 

here suggest that the widespread nature of H. femorata does not protect it from the effects of 

habitat fragmentation. While the population samples of H. femorata along the Southern Alps 

appear to have access to protected habitat, the habitat of the population sample across the 

north of Banks Peninsula is less protected. The future conservation of H. femorata would 

benefit from engaging with and educating landowners about how they can help conserve H. 

femorata on their properties. 
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DISCUSSION 

 

8.1 Hybridisation 

 

Hybridisation has been called “the double edged sword of conservation biology” (Haig and 

Allendorf, 2006). Hybridisation is known to be a natural part of the evolutionary process 

which can create novel species or adaptations, as well as increase the genetic diversity of 

populations prone to drift and inbreeding (Arnold et al., 2012, Roberts et al., 2010, Allendorf 

et al., 2001). However, hybridisation may also break up favourable gene combinations or 

interactions between genes and the environment, resulting in a loss of fitness in the hybrid 

offspring (Gaggiotti, 2003, Edmands, 2007). Even if hybrid offspring have lower fitness than 

parental types, any offspring they produce will be hybrids (Allendorf et al., 2001). In 

contrast, parental types must mate with a conspecific to produce more parental type 

individuals (Allendorf et al., 2001). Therefore, hybrids may proliferate even if they are less 

successful than parental type individuals (Allendorf et al., 2001, Casas et al., 2012). With 

extensive hybridisation and backcrossing a hybrid swarm can result, where the vast majority 

of individuals in a population have some degree of hybrid ancestry (Allendorf et al., 2001). A 

hybrid swarm can result in the replacement of one or both of the parental species, a process 

known as genomic extinction  or genetic swamping (Koen et al., 2014, Fitzpatrick et al., 

2015). Therefore hybridisation can increase the risk of the extinction of species. 

 

Human activities are increasing the rate of hybridisation beyond the natural level (Haig and 

Allendorf, 2006). Anthropogenic habitat modification, climate change and the translocation 

of species are bringing formerly isolated species into contact (Chunco, 2014, Rhymer and 

Simberloff, 1996, Crispo et al., 2011). The formerly allopatric species may lack reproductive 

isolating barriers due to a lack of previous selection against interspecies matings (Crispo et 

al., 2011, Dobzhansky, 1940). As a result hybridisation is likely to be common. Furthermore, 

habitat modifications can affect how species find and chose their mates, possibly disrupting 

existing reproductive isolating barriers and thereby promoting hybridisation (Crispo et al., 

2011). In addition, habitat modification can generate new niches or open habitat which some 

hybrids may be better adapted to, further promoting their proliferation (Grant, 1981, Nolte 

and Tautz, 2010). Human induced hybridisation is thought to be more likely to result in a 

hybrid swarm rather than the generation of a novel species (Crispo et al., 2011). Therefore, 

guidelines for how to deal with hybridisation in conservation management often suggest that 
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natural hybrids should be eligible for conservation protection, while hybrids resulting from 

anthropogenic activities are likely a cause for concern (Allendorf et al., 2001, Haig and 

Allendorf, 2006, Stronen and Paquet, 2013).  

 

For the two species investigated during the current study, Hemideina ricta and H. femorata, 

any hybridisation may have been promoted by anthropogenic activities. These two species of 

tree weta are found living in sympatry in a narrow region along the centre of Banks Peninsula 

(Chapter Three; Townsend et al., (1997). It has been hypothesized that H. femorata colonised 

the peninsula after it joined the mainland during a past ice age (Townsend, 1995). As a result 

H. ricta and H. femorata may have been in contact prior to human settlement in New 

Zealand. However, recent anthropogenic changes to the habitat may have influenced the 

nature of this contact zone. Once covered in forest (Wilson, 2008), the habitat on Banks 

Peninsula has been extensively modified by anthropogenic deforestation (Johnston, 1969). 

Both species eat native plants and utilize galleries in trees as protection from predators and 

climatic conditions (Moller, 1985, Gibbs and Morris, 1998). Therefore, H. ricta and H. 

femorata have likely suffered as a result of the deforestation on Banks Peninsula (Wilson, 

1992). A lack of available habitat may have increased the likelihood of interactions between 

H. ricta and H. femorata, thereby increasing opportunities for hybridisation. Furthermore, the 

dramatic reduction in available habitat is likely to have resulted in a reduction in population 

size for H. ricta and H. femorata. In small populations mate choice can be limited (Greene, 

1999). It is not known exactly how Hemideina individuals locate suitable mates but the 

density of tree weta in the canopy is thought to be low and as a result most mating is thought 

to be centred round galleries in trees (Sandlant, 1981, Rufaut and Gibbs, 2003, Kelly, 2008c). 

Suitable galleries may be more difficult to find as a result of deforestation. Therefore, if 

finding conspecific mates is sufficiently difficult, mate choice is expected to breakdown and 

the likelihood of hybridisation is expected to increase (Willis, 2013). If hybridisation between 

H. ricta and H. femorata is human-induced then it may be a risk to the continued 

conservation of these species.  

 

The results of this study suggest that hybridisation between H. ricta and H. femorata is 

possible. When a virgin H. femorata female was mated with H. ricta males, she laid viable 

eggs which hatched to produce nymphs (Chapter Five). Furthermore, the genetic analysis of 

an individual, originally sampled as part of a previous study by Morgan-Richards and 

Townsend (1995), confirmed that it is most likely a first generation hybrid from a mating 
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between a H. ricta female and a H. femorata male (Chapter Four). However, the genetic 

analysis of individuals sampled during the current study failed to identify any additional first 

generation hybrids (Chapter Four). Two individuals were identified as possibly resulting from 

the backcrossing of a first generation hybrid with a H. femorata individual (Chapter Four). 

However, evidence suggests this is likely due to their possession of alleles rare amongst H. 

femorata on Banks Peninsula but more common in the wider Canterbury region and therefore 

do not represent evidence of introgression between these species (Chapter Four). The lack of 

hybrids from the field found during this study occurs in spite of analysing DNA from 96 

individuals from sites where H. ricta and H. femorata live in sympatry. This represents a 

much more thorough investigation into hybridisation between H. ricta and H. femorata than 

was previously carried out by Morgan-Richards and Townsend (1995) with genetic tests 

using allozyme markers. Morgan-Richards and Townsend (1995) included only 14 DNA 

samples in the original study. The identification of two first generation hybrids from the 

small sample of individuals tested by Morgan-Richards and Townsend (1995) could lead to 

the impression that hybridisation is common between H. ricta and H. femorata. However, the 

samples were collected during an ecological survey of Banks Peninsula which identified 170 

H. ricta and 84 H. femorata (Townsend et al., 1997). The individuals sampled for allozyme 

analysis may not have been chosen at random but instead were selected to test the genetics of 

morphological intermediates identified during the survey. As a result the study gives the 

impression that hybridisation is more common that it likely is.  

 

The potential for hybridisation but a lack of or very low levels of introgression is a pattern 

that has been detected in numerous other studies investigating sympatric species. These 

studies include a range of taxa from shrubs (McIntosh et al., 2014), fishes (Santos et al., 

2006) and amphibians (Austin et al., 2011) to birds (Hansson et al., 2012, Steeves et al., 

2010) and mammals (Aghbolaghi et al., 2014, Koen et al., 2014). A similar result has also 

been found among other pairs of Hemideina spp. Genetic analysis using allozyme markers 

also suggested that, while hybridisation is possible between H. thoracica and H. trewicki as 

well as H. thoracica and H. crassidens, gene flow between these species appears to be limited 

(Morgan-Richards, 1995a). In cases where hybridisation rates are likely to be promoted by 

anthropogenic activities, such as in H. ricta and H. femorata, this pattern of hybridisation is 

referred to as type four, anthropogenic hybridisation without introgression, by guidelines 

outlined by Allendorf et al. (2001). Without introgression genetic swamping is unlikely to 

pose a risk to the species involved (Allendorf et al., 2001). Therefore, these results suggest 
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that H. ricta and H. femorata are not in immediate danger of extinction as a result of 

hybridisation.  

 

The results of this study failed to identify the reason for the apparent lack of hybridisation 

between H. ricta and H. femorata. There remain a number of possible reproductive isolating 

barriers. Included amongst these are prezygotic reproductive isolating barriers that occur 

before copulation. In some species differences in habitat preferences are known to limit 

opportunities for heterospecific interactions (Gröning and Hochkirch, 2008, Hochkirch and 

Lemke, 2011). However, evidence suggests that H. ricta and H. femorata have largely 

overlapping habitat preferences to the point where they have been found using the same 

galleries (Chapter three; Bowie et al., 2014, Scott et al., 2012, Sandlant 1981, Little 1980). In 

spite of an overlap in gallery use, H. ricta and H. femorata were never found cohabitating 

during the course of this study (Chapter Three).  

 

The lack of cohabitation between H. ricta and H. femorata may be related to the lack of 

hybridisation observed during this study. It has been proposed that tree weta are unlikely to 

find suitable galleries by touch alone and may use signals from other resident weta (Field and 

Sandlant, 2001). As mentioned above most matings are thought to occur near the gallery 

(Sandlant, 1981, Rufaut and Gibbs, 2003, Kelly, 2008c). Therefore, if species specific signals 

have evolved which allow cohabitation to be avoided by H. ricta and H. femorata this may 

limit opportunities for heterospecific matings. However, matings away from galleries are 

known to occur in Hemideina species (Spencer, 1995). Furthermore, H. thoraccica has been 

found cohabitating with H. crassidens and H. trewicki on separate occasions but gene flow 

between these species still appears to be limited (Morgan-Richards, 1995a). Therefore, the 

lack of cohabitation and the mechanisms which facilitate this are unlikely to be solely 

responsible for the lack of hybridisation detected between H. ricta and H. femorata.  

 

The observations of courtship behaviour between H. ricta and H. femorata individuals also 

failed to provide definitive evidence of a reproductive isolating barrier between the two 

species. Males and females of both species were not significantly more likely to mate with 

conspecific individuals rather than heterospecific individuals (Chapter Five). However, the 

limited sample size and inherent differences between the laboratory and the field mean that 

these results maybe not fully represent what occurs in the field (Chapter Five). Importantly 

the laboratory observations were from no-choice experiments, which have been found to lead 
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to an overestimation of the likelihood of heterospecific matings in previous studies (Coyne et 

al., 2005). Heterospecific matings have also been observed in captivity between H. crassidens 

and H. thoracica, H. crassidens and H. trewicki and, H. thoracica and H. trewicki (Morgan-

Richards et al., 2001). As a result Morgan-Richards et al. (2001) concluded that genetic 

differentiation between these species is unlikely to be maintained by behavioural isolation 

mechanisms and is more likely the result of post mating barriers. However, if the 

observations of these pairs of Hemideina species were also from experiments in which the 

individuals could not choose to mate with a conspecific individual instead of a heterospecific 

individual, it is possible that behavioural isolating mechanisms between Hemideina species 

are being underestimated.  

 

As suggested by Morgan-Richards et al. (2001) post-mating barriers may also be responsible 

for the lack of hybridisation observed between H. ricta and H. femorata. In some cases 

heterospecific sperm may be incompatible with the reproductive tract of the females or may 

be unable to fuse the egg (Larson et al., 2012). If fertilization does occur, hybrid eggs may 

die during early development (Larson et al., 2012). However, the results of this study suggest 

that viable hybrid offspring between H. ricta and H. femorata can be produced in either 

direction (Chapter Four and Five; Morgan-Richards and Townsend (1995)). Therefore, 

hybrids between these species do not necessarily die in early development and the sperm of 

H. ricta and H. femorata males is not incompatible with the reproductive tract and eggs of H. 

femorata and H. ricta females respectively.  

 

It remains possible that conspecific sperm has a competitive advantage over heterospecific 

sperm in H. ricta and H. femorata. Similar to the no-choice behaviour experiments, the 

current study did not test for female choice in the form of conspecific sperm precedence. 

Conspecific sperm precedence occurs when conspecific sperm outcompete the heterospecific 

sperm for access to unfertilized eggs (Howard, 1999). For conspecific sperm precedence to 

occur females must be mated by both conspecific and heterospecific males (Larson et al., 

2012). As females mated only by heterospecific males can still produce offspring, conspecific 

sperm precedence cannot be observed in single matings of virgin females (Larson et al., 

2012). In the current study, even though some females were likely mated before they were 

collected from the field, without controlled experiments it is not possible to determine if 

conspecific sperm precedence is responsible for the lack of hybridisation observed between 



259 
 

H. ricta and H. femorata. Future studies into hybridisation between Hemideina species may 

benefit from including tests for conspecific sperm precedence.  

 

Post-zygotic reproductive isolating barriers may also contribute to the lack of hybridisation 

observed between H. ricta and H. femorata. Morgan-Richards and Townsend (1995) 

suggested that hybrids between H. ricta and H. femorata are likely sterile, explaining the lack 

of later generation hybrids indentified in their study, as well as the current study (Chapter 

Four). Differences in the shape, number and size of chromosomes between other pairs of 

Hemideina species have been predicted to cause sterility in any resulting hybrids (Morgan-

Richards et al., 2001). H. ricta and H. femorata share the same number of chromosomes but 

there are very slight differences in the morphology of three of these chromosomes (Morgan-

Richards, 1995b). It is unknown if  these differences are enough to cause sterility in hybrids 

between H. ricta and H. femorata, however future experiments on the hybrid offspring 

produced during the current study should help answer this question.  

 

Additionally, in some species hybrids have inferior courtship behaviour and therefore are 

unlikely to find suitable mates (Hochkirch and Lemke, 2011). In a study of hybridisation 

between the grasshopper species Chorthippus paralleus and C. montanus Hochkirch and 

Lemke (2011) found that the majority of hybrid males had deformed wings and therefore 

could not perform courtship songs. However, species specific courtship behaviours have not 

been identified in Hemideina species (Field and Jarman, 2001). If species specific 

communication is found to exist in H. ricta and H. femorata it appears to breakdown in no-

choice experiments. Therefore, hybrid sterility is more likely to be responsible for the lack of 

later generation hybrids observed in this study.  

 

However, while hybrid sterility may explain the lack of later generation hybrids it does not 

explain the apparent rarity of first generation hybrids. This may be explained if first 

generation hybrids hatch but then die very early on in development. Weta in very early instars 

were not frequently encountered during sampling for this study. As tree weta are 

thigmotactic, “contact loving”, early nymphs may prefer narrower holes to the wider cavities 

of the weta motels (Ordish, 1992). Hemideina species are also known to be cannibalistic so 

inhabiting a motel with a much larger individual may pose some risk (Barrett, 1991). Ordish 

(1992) reported half grown nymphs that were found in weta motels appeared to be usurped 

by older individuals. However, the first generation hybrids identified by Morgan-Richards 
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and Townsend (1995) were both reported to be adults when they were sampled. Therefore, 

even if it is rare for first generation hybrids to reach adulthood it is possible. As a result, early 

death in first generation hybrids is unlikely to be the sole cause for the lack of hybridisation 

seen between H. ricta and H. femorata. An ongoing experiment raising the hybrid and pure-

bred nymphs that hatched during this study will elucidate the strength of this potential 

reproductive isolating barrier. 

 

It seems likely that there is more than one reproductive isolating barrier preventing 

hybridisation between H. ricta and H. femorata. Matsubayashi and Katakura (2009) found 

that reproductive isolation between two ladybird beetles, Henosepilachna 

vigintioctomaculata (Motschulsky) and H. pustulosa (Kôno), was achieved by multiple 

moderately strong barriers rather than a few very strong isolating barriers. Not only was the 

total reproductive isolation between these species strong, the existence of multiple barriers 

meant it was also robust to conditions that might weaken one of these barriers (Matsubayashi 

and Katakura, 2009). As the current study has confirmed that hybridisation between H. ricta 

and H. femorata is possible, the lack of hybrids found during this study suggests that there is 

likely to be one or more pre-zygotic barriers that prevent heterospecific fertilization in the 

field. The lack of cohabitation may be a moderate barrier to heterospecific matings but the 

chance of interactions outside of the gallery suggests it is likely a leaky barrier. Conspecific 

sperm precedence may explain the lack of hybridisation when such matings do occur. In 

cases where females cannot find conspecifics to mate with, and therefore conspecific sperm 

precedence is not possible, early death of hybrid individuals and a lack of hybrid fertility 

would explain the rarity of adult first generation hybrids and introgression found in this 

study.  

 

The evidence for reproductive isolating barriers suggests that heterospecific interactions 

involving mating pose a cost to H. ricta and H. femorata, which is being selected against. 

This cost, referred to as reproductive interference, could have resulted in selection for 

minimizing the area of sympatry between H. ricta and H. femorata, in a process called sexual 

exclusion (Gröning and Hochkirch, 2008, Kuno, 1992). The results of the current study 

suggest the zone of sympatry between H. femorata and H. ricta is very narrow (Chapter 

four). A narrow hybrid zone is usually indicative of strong selection against hybridisation 

(Koen et al., 2014). Previous suggestions for what maintains the distributions of H. ricta and 

H. femorata on Banks Peninsula have included differences in niche, in terms of elevation and 
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gallery preferences (Townsend et al., 1997). However, subsequent similarities in the 

elevation and habitat at sites where H. ricta and H. femorata have been found suggest this 

may not be the case (Chapter Three; Bowie et al., 2014, Scott et al. 2012). Furthermore, as 

Hemideina species eat a wide range of plants, competition for food is unlikely (Ordish, 

1992). Similarly, in most cases competition for galleries is likely to be weak (Kelly, 2006). 

Consequently, sexual exclusion seems a plausible alternative.  

 

While, genetic swamping does not appear to pose an immediate risk to the continued 

conservation of H. ricta or H. femorata this could change in the future (Koen et al., 2014, 

Aghbolaghi et al., 2014). Further deforestation could result in a shortage of suitable galleries 

for H. ricta and H. femorata. This may lead to an increase in cohabitation which might 

increase chances for heterospecific matings. Along with deforestation, introduced predators 

could reduce population sizes resulting in a lack of conspecific mates. Both mate choice and 

conspecific sperm precedence are known to breakdown when conspecifics are rare. As H. 

femorata and H. ricta mated with heterospecifics in captivity during no-choice experiments, 

if assortative mating is occurring in the field it is likely to breakdown when conspecifics are 

rare. Similarly, virgin females mated with heterospecific males produced viable eggs, 

suggesting that conspecific sperm precedence will also breakdown if conspecifics are rare. 

This may explain why the only two hybrids identified in the field between H. ricta and H. 

femorata were found in an area dominated by H. femorata. The H. ricta female that mated 

with a H. femorata male to produce these hybrids may have been unable to find a conspecific 

mate in this area, resulting in a breakdown of the reproductive isolation between these 

species. 

 

Heterospecific matings do not need to result in fertile hybrids to be detrimental. Even if 

hybrids are infertile they can still compete with parental type individuals for resources (Levin 

et al., 1996). Given the apparent rarity of hybrid individuals between H. ricta and H. 

femorata this seems unlikely to be an immediate threat. Heterospecific matings can also 

result in a waste of energy, gametes and time for the individuals involved (Gröning and 

Hochkirch, 2008, Koen et al., 2014). As a result, fewer reproductive resources will be 

available for increasing the number of individuals in the parental species. This is of particular 

concern for already threatened species which may become rarer as a result (Cordingley et al., 

2009). In turn, conspecific mates may become more limited and consequently heterospecific 

matings will be more likely (Willis, 2013). Rare species in contact with more common 
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species are at particular risk as they have a greater chance of encountering heterospecific 

mates than conspecific mates (Hochkirch and Lemke, 2011). As H. ricta is the rarest of the 

Hemideina spp. (Townsend et al., 1997) and is in contact with the more widely distributed H. 

femorata (Ramsay and Bigelow, 1978) a waste of reproductive resources as a result of 

heterospecific matings could be a future threat. 

 

Given the potential for change in the frequency of hybridisation between H. femorata and H. 

ricta, continued surveys of the tree weta around the sympatric zone, identified during this 

study (Chapter Three), are recommended. It should be possible to identify H. ricta and H. 

femorata individuals based on cuticle colour and the number of stridulatory ridges (Chapter 

Four). While none were identified during the current study, evidence from Morgan-Richards 

and Townsend (1995) suggests that these morphological characters will also aid in the 

identification of first generation hybrids. However, the overlap in stridulatory ridge counts 

between the species and variation in the cuticle pattern of H. ricta (Chapter Four) means that 

genetic analysis would be a more reliable method for identifying hybrid individuals. 

Contraction or expansion of one species into the distribution of another would also indicate 

changes in local relative abundance of each species. This is likely to indicate an increased 

probability of heterospecific matings. Continued research into the reproductive isolating 

barriers between these species is also encouraged. This would help predict the likelihood of 

hybridisation in the future and inform the mechanisms behind speciation in Hemideina 

species. Furthermore, a greater understanding into the costs of heterospecific encounters 

during mating would also inform if sexual exclusion is likely to be maintaining the 

distribution of H. ricta and H. femorata on Banks Peninsula, as suggested in Chapter Three. 

 

8.2 Population genetics 

 

Populations require genetic diversity to adapt to changing conditions (Frankham et al., 2010, 

Caballero and García-Dorado, 2013). However, small and isolated populations are prone to a 

loss of genetic diversity (Star and Spencer, 2013). In such populations genetic drift causes 

random changes in allele frequencies and selection is inefficient at removing mildly 

deleterious mutations (Zeyl et al., 2001, Luo et al., 2012). Therefore, as a consequence of 

genetic drift, genetic diversity can decrease while the frequency of deleterious alleles 

increases (Luo et al., 2012). In small populations, even with random mating, eventually mate 

choice becomes limited and the rate of mating amongst relatives increases (Spielman et al., 
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2004). Inbreeding results in the increased expression of recessive deleterious alleles and 

subsequently a loss of fitness referred to as inbreeding depression (Gaggiotti, 2003, 

Charlesworth and Charlesworth, 1999, Frankham et al., 2010). Because of the comparatively 

large influence of genetic drift, in small and isolated populations selection is ineffective at 

purging these deleterious alleles from the population (Frankham et al., 2001). As the fitness 

of the population decreases from genetic drift and inbreeding, the population further 

decreases in size (Reed and Frankham, 2003, Zeyl et al., 2001). The result is a feedback loop 

that leads toward extinction (Zeyl et al., 2001). 

 

Human activities are leading to an increase in rates of habitat loss and fragmentation (Gilbert 

and Bennett, 2010). Consequently, the populations of organisms inhabiting these habitats can 

become small and isolated, making them prone to a loss of genetic diversity (Vandergast et 

al., 2007, Honnay and Jacquemyn, 2007). In the current study, as mentioned above, the 

Canterbury region has suffered extensive deforestation as a result of human activities 

(McGlone, 1989, Wilson, 2008, Ewers et al., 2006). Forested areas along the base of the 

Southern Alps may have provided some refuge to forest fauna (McGlone, 1983). However, 

on Banks Peninsula, where 99% of the forest was removed (Ewers et al., 2006), H. ricta and 

H. femorata are still expected to have experienced population bottlenecks and a 

corresponding loss of genetic diversity (Townsend et al., 1997).  

 

The results of this study support the hypothesis that H. ricta has suffered a loss of genetic 

diversity (Chapter Six). To show that endangered species usually suffer a loss of genetic 

diversity, Spielman et al. (2004) compared the average heterozygosity of 170 threatened 

species to a closely related non-threatened species and found that on average heterozygosity 

was  lower in 77% of the threatened species compared to their non-threatened relatives. H. 

ricta is thought to have recently diverged from H. maori, a non-threatened species of tree 

weta found along the Southern Alps of New Zealand (Trewick and Morgan-Richards, 2004, 

King et al., 2003). A comparison of the unbiased heterozygosity and allelic diversity of H. 

ricta and H. maori showed that H. ricta has comparatively less genetic diversity (Chapter 

Six). H. ricta has a level of unbiased heterozygosity characteristic of those reported for 

threatened species by Frankham et al. (2010). Whether, this loss of genetic diversity is solely 

the result of deforestation or if it is partially the consequence of founder effects from when H. 

ricta colonised Banks Island is unclear. Comparisons between the two species with genetic 

markers that show more historical patterns, such as mitochondrial DNA, may elucidate this. 
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However, given the extent of deforestation on Banks Peninsula it seems unlikely that a 

population bottleneck resulting from the loss of habitat did not occur. 

 

Similarly, the results of the current study suggest that the levels of genetic diversity in H. 

femorata have also been influenced by deforestation (Chapter Seven). The H. femorata 

population samples on Banks Peninsula, where deforestation was extensive and the habitat 

remains fragmented, contained the least genetic diversity (Chapter Seven). This was 

especially true for the population sample of H. femorata identified near the township of 

Akaroa, where deforestation was thought to have occurred quite early after European 

colonization (Chapter Seven). In contrast along the base of the Southern Alps, where the 

native forest is thought to have remained more connected (McGlone, 1983), H. femorata 

population samples possessed greater levels of genetic diversity (Chapter Seven). The 

populations along the Southern Alps appear to have relatively low levels of genetic 

differentiation, considering the geographic distance between them. This is also consistent 

with the maintenance of a large population of H. femorata along the length of the Southern 

Alps. As with H. ricta it is possible that H. femorata on Banks Peninsula lost genetic 

diversity as a result of a small number of individuals colonizing the peninsula. Unlike H. 

ricta, H. femorata is thought to have colonized Banks Peninsula after it joined the mainland 

(Townsend, 1995) and therefore a larger population of colonizers was possible in the later 

species. Microsatellite markers, such as those used here, are useful for looking at 

contemporary genetic structure (Wang, 2011). Banks Island is estimated to have joined the 

mainland in the last 20,000 years (Ogilvie, 1990). As a consequence the more recent 

influences of deforestation are more likely to be represented by these genetic markers than 

the initial colonisation events of either H. ricta or H. femorata. 

 

The fact that H. femorata appears to have suffered from deforestation is consistent with other 

studies which have found that common and widespread species can still be affected by habitat 

fragmentation (Lange et al., 2010, van Rossum et al., 2002, van Rossum et al., 2004). 

Compared to studies of rare and declining species, there are few that have investigated the 

consequences of habitat fragmentation on widespread species (van Rossum et al., 2004). 

However, van Rossum et al. (2004) and van Rossum et al. (2002) found that in herbs of the 

genus Primula habitat fragmentation can still cause a loss of genetic variation in widespread 

species. Lange et al. (2010) found that the limited dispersal capabilities of the widespread 

cricket species Pholidoptera griseoaptera meant that in fragmented habitat the populations 
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were more isolated and suffered a loss of genetic diversity. Van Rossum et al. (2002) note 

that a loss of genetic diversity in common species living in a fragmented habitat could 

indicate that the species are at risk of becoming rare. As a result it is important not to assume 

that the current widespread distribution of H. femorata guarantees this species’ long term 

survival. Populations on Banks Peninsula in particular could be at risk of extinction in the 

future. 

 

Due to limited resources, conservation efforts often involve decisions as to which populations 

to prioritize (Petit et al., 1998). The overall genetic diversity of a species will not be 

contributed to equally by each population (Petit et al., 1998). It is important to consider the 

level of diversity within a population as well as its distinctiveness from the other populations 

when prioritising which populations to conserve (Taylor et al., 2011, Petit et al., 1998). In H. 

femorata the population sample near the township of Akaroa on Banks Peninsula had the 

lowest amount of genetic diversity and a very low number of private alleles (Chapter Seven). 

Therefore, populations in this area may not contribute much to the overall genetic diversity of 

H. femorata. As a result, this area represents a low priority for the conservation of genetic 

diversity of H. femorata. However, as this area is also inhabited by H. ricta, as mentioned 

above, continued surveying of the area is recommended. In contrast, in H. ricta the five 

population samples identified on Banks Peninsula appear to contribute equally to the overall 

genetic diversity of the species. The vast majority of genetic diversity was found within 

individuals and therefore, conserving as many individuals from across the peninsula would be 

beneficial to maintaining genetic diversity in this species. I observed considerable effort to 

protect native forest and control introduced predators by conservation groups and volunteers 

on the southern and eastern areas of the H. ricta range. A focus on educating and engaging 

landowners in the western and northern parts of the range of H. ricta could be a priority for 

future conservation efforts.  

 

While the results of the current study suggest that deforestation has been important in shaping 

the levels of genetic diversity in H. ricta and H. femorata, it is unclear what role forest habitat 

has on tree weta dispersal. While previous studies have suggested that Hemideina individuals 

are vulnerable on the ground, evidence that individuals will transverse across the ground has 

also been discovered (Moller, 1985, Townsend, 1995, Moeed and Meads, 1983). In both H. 

ricta and H. femorata isolation by distance appears to be occurring, with individuals closer 

together also more likely to be genetically similar (Chapter Six and Seven). This was 
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expected given that all Hemideina species are flightless, which is thought to limit their 

dispersal capabilities (Leisnham and Jamieson, 2002). The structure of the habitat on Banks 

Peninsula, and to a lesser degree on the Canterbury plains means it is highly correlated with 

physical distance (Chapter Six and Seven). When explanatory variables are correlated it can 

be very difficult to separate their effects (Cushman et al., 2013b). While the resistance 

distance between individuals based on habitat type did explain a significant amount of 

variation in genetic distance between individuals in some areas, the amount of variance 

explained was often very small (Chapter Six and Seven). As a result it is difficult to 

determine if habitat type has an influence on dispersal in Hemideina.  

 

The sampling method used during this study may also have influenced the ability to detect an 

effect of habitat on patterns of gene flow. The current study implemented a mostly clustered 

sampling design. This was in part because many of the artificial roosts used for sampling the 

tree weta were set up by previous researchers in clusters around Banks Peninsula (Chapter 

Three). Given the size of the sample area, complete random sampling would have been 

impractical. Evidence also suggests that artificial roosts are more likely to be inhabited if they 

have been inhabited previously. Therefore, placing more motels at a site known to have tree 

weta was likely to be more successful at gaining samples than spacing them completely at 

random. However, cluster sampling only captures a small area of the landscape and as a 

result it can be difficult to detect the effect of landscape on genetic structuring with this 

method (Oyler-McCance et al., 2013). Instead sampling on either side of a potential barrier 

can increase the likelihood of determining if the landscape is really limiting gene flow 

(Oyler-McCance et al., 2013). For H. ricta and H. femorata a study designed with samples 

taken from continuous forest and equally spread sites over pasture might be more likely to 

determine if pasture is an obstacle to gene flow in tree weta.  

 

In addition, it is recommended that information on the habitat used in landscape genetic 

studies should be taken at the resolution with which the study organism experiences the 

environment (Shah and McRae, 2008). Arthropods such as tree weta likely experience 

different habitats on a very fine scale (Irwin et al., 2010). Incorporating landscape structure at 

this scale as well as larger scales would be difficult (Vekemans and Hardy, 2004). The 

current GIS landscape data may be too coarse to represent this accurately. Less clustered 

sampling over a small area may have been better able to detect the influence of habitat on 

gene flow in H. ricta and H. femorata. However, caution must then be taken if results from a 
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small area are to be extrapolated to a larger region (Dudaniec et al., 2012). The genetic 

markers used here identified genetic structure in H. ricta and H. femorata on quite a large 

scale (Chapter Six and Seven). Therefore, additional markers and/or individuals would need 

to be sampled to identify a finer scale of genetic structuring. Previous landscape genetics 

research which investigates the influence of habitat features on population genetics in 

invertebrates has been fairly limited (Zeller et al., 2012). The fine scale of data that might be 

required to identify such patterns may make landscape genetics studies of invertebrates more 

complex than those of larger organisms.  

 

While it is not clear what influence habitat has on gene flow in H. ricta and H. femorata the 

protection of native forest and bush habitat is still important for the conservation of these 

species. Townsend (1995) concluded that loss of habitat was the greatest threat to H. ricta. 

The trees in these habitats provide important refuges for H. ricta and H. femorata as well as a 

food source (Townsend et al., 1997, Little, 1980). These refuges are believed to provide 

protection from predators and climatic conditions (Moller, 1985, Rufaut and Gibbs, 2003). 

The results of the current study suggest that without this habitat H. ricta and H. femorata lost 

considerable genetic diversity, likely as a result of a dramatic decrease in population size 

(Chapter Six and Seven). In their landscape genetics study of orchid bees, Euglossa dilemma, 

Zimmerman et al. (2011) concluded that small patches of habitat were likely acting as 

stepping stones to enable gene flow between larger areas of habitat. A similar situation may 

be occurring with H. ricta and H. femorata. As a result, even small patches of native forest or 

bush may be important for dispersal in these species. This is supported by the observation of 

tree weta in very small patches of habitat during this study. Therefore, I reiterate the 

comments made by Townsend (1995) (Townsend, 1995). The conservation of H. ricta and H. 

femorata would benefit from educating locals about maintaining small areas of bush and 

leaving old logs on their land. The maintenance of areas of bush such as roadside verges or 

those found in gullies and steep areas would be unlikely to limit the productivity of the land 

for farmers whilst providing important habitat for H. ricta and H. femorata. 

 

8.3 Conclusion 

 

The results of the current study suggest that hybridisation with the more widespread species 

H. femorata does not pose an immediate threat to the range restricted species H. ricta. 

However, hybridisation between these species is possible and continued surveys of areas of 
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sympatry are encouraged as changing conditions may promote hybridisation in the future. 

Ongoing research into the fitness of hybrid offspring produced during this study will help 

uncover which reproductive isolating barriers are responsible for the apparent lack of 

hybridisation. Further mating experiments which involve double matings and mate choice 

would also aid in determining if assortative mating or conspecific sperm precedence are 

occurring in H. ricta and H. femorata. As suggested by Townsend (1995) the protection of 

native forest and bush is likely important to the conservation of H. ricta and H. femorata. 

Reductions in population size as a result of loss of habitat would likely increase the 

probability of hybridisation between H. ricta and H. femorata as well as cause a loss of 

genetic diversity in these species. The widespread nature of H. femorata does not protect it 

from the genetic consequences of habitat loss. Over the course of this study I met many co-

operative landowners with an interest in conservation. However, others were concerned about 

the consequences that conservation actions could have on the productivity of their land. It is 

hoped that with education into small actions they can take to help conserve H. ricta and H. 

femorata, that these concerns can be alleviated. 
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