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Abstract 

For ectotherms, environmental temperature is an important correlate of growth rate, 

development time and final body size, with the dominant trend being an increase in growth 

rate and a decrease in size at maturity as temperature increases. Approximately 99% of the 

species on earth are ectothermic, relying primarily on external sources for their body heat. 

Given the importance of body size in ecology and the desire to be able to forecast responses 

to climate change, there is a need to understand the effects of temperature and diet on body 

size in ectotherms, and how these environmental variables interact with genetic adaptation. 

In this respect, the mountain stone weta Hemideina maori is a species of particular interest, as 

it shows an increase in body size in both males and females, in association with increasing 

altitude and decreasing temperature. Little is known about survival and longevity of H. maori 

in its natural environment, but their relatively large size and flightlessness makes them an 

ideal candidate for mark-recapture studies. This thesis aimed to: ( 1) examine potential 

differences in the survival probability of adult alpine weta along an altitudinal and body size 

gradient, using mark-recapture methodology; (2) determine the diet preferences of adult weta 

at low, intermediate and high altitudes using vegetation quadrat surveys and faecal pellet 

analysis and (3) use a common-garden experiment approach to determine whether variation 

in body size could be attributed to variation in environmental temperature and/or genetic 

adaptation. 

Adult weta at high altitudes were significantly larger than at intennediate and low altitudes, 

but there was no difference in monthly survival between weta at high and low elevation sites. 

The 1nonthly survival probability of adult weta at the high and low elevation sites fluctuated 

between 60o/o and 90o/o during summer and reached 95o/o over winter. Survival at the middle 

elevation site was lower, with this difference fluctuating between 25 and 40o/o during 

summer. The three highest ranking plant species in the diet of weta from all three altitudes 

have an unusually high lipid content, indicating that high lipid species may be an important 

diet item for H. maori. However, there was no difference in the diet preferences of adult weta 

at high, intermediate and low elevations, suggesting that food quality does not have a strong 

influence on body size. The results from the common-garden laboratory experiment revealed 

a significant altitudinal difference in growth rate, with high altitude weta having a faster 

growth rate, and low altitude weta a slower growth rate, under both warm and cool 

temperature treatments. If fast growth is an unavoidable consequence of high environmental 
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temperatures, then slow growth will be selected for in low altitude weta if it increases the 

fitness of some other trait, such as larger adult body size and increased fecundity. At high 

altitudes, delayed maturity due to slow growth and cool temperatures increases the risk of 

1nortality prior becoming an adult, and selecting for fast growth at high altitudes may 

represent a trade off between increased fecundity and minimising the risk of juvenile 

1nortality. The results of this study are discussed in relation to the impact of global warming 

on alpine weta populations. 



IV 

Acknowledgments 

I would first like to thank Ian Jamieson for being an excellent supervisor, he provided 

positive input to my thesis from start to finish, and was always prepared to listen and offer 

advice. 

The field work for my study would not have been possible without the help of assistants who 

were willing to brave the elements of the Rock and Pillar Range, in particular Nathan 

Whitmore, Paul Leisnham and Esther Sibald. 

I received methodological advice from Harald Steen and Janice Lord, and statistical advice 

from Scott Davidson and Ross Thompson. Claire Cameron and Scott Davidson gave me 

valuable statistical and logistical advice on using the software program MARK and Janice 

Lord and Alan Mark assisted with plant species identification. 

In addition to Ian Jamieson, Des Smith, Scott Davidson, Julie Hagen and Vegard Bakke 

criticised drafts and Ken Miller assisted with formatting. 

The Department of Conservation, Alan Mcintyre, James O'Connell and Mr W. Howell 

provided access to the three study areas. The University of Otago Zoology Department and 

the Miss E.L. Hellaby Indigenous Grassland Research Trust provided funding and logistical 

support. 

Last but not least, I would like to thank my partner Vegard Bakke for his moral support, and 

for just being Ve. Also Kristen Charleton, Julie Hagen and Des Smith for being my "coffee 

and climbing support group" throughout the year, it wouldn't have been nearly as much fun 

without them. 



v 

Table of Contents 

Abstract 

Acknowledgments 

Table of Contents 

List of Tables 

List of Figures 

Chapter One: General Introduction 

Environment and body size 

W eta as a study organism 

Selection for genotypes or phenotypic plasticity 

Research aims and thesis structure 

References 

Chapter Two: Body size, survival and longevity of adult mountain stone weta 
(Hentideina maori) along an altitudinal gradient. 

Introduction 

Methods 

Study Site 

Data Collection 

Data Analysis 

Results 

Temperature Data 

Head and Body Measurements 

Survival and Recapture 

Longevity 

Discussion 

Summary and future research recommendations 

References 

Appendix 2.1 The presence/absence of introduced predators 

Introduction 

Methods 

Results 

Discussion 

References 

Appendix 2.2: Representative adult male H. 1naori from each study site 

11 

iv 

v 

vii 

viii 

2 

3 

3 

4 

6 

9 

10 

11 

11 

14 

16 

20 

20 

21 

24 

28 

29 

30 

31 

34 

34 

35 

36 

37 

38 

40 



VI 

Chapter Three: The Relationship between diet composition and body size variation in 
mountain stone weta (Hemedeina maori) along an altitudinal gradient. 41 

Introduction 42 

Methods 43 

Study Area 43 

Data Collection 43 

Data Analysis 44 

Results 45 

Vegetation Data 45 

Faecal Samples 47 

Diet Preference 47 

Discussion 51 

Sutnmary and recommendations for future research 51 

References 53 

Appendix 3.1: Vegetation differences between the summit site and the lower site. 56 

Chapter Four: Variation in the body size and growth rate of developing alpine weta 
(H emedeina ntaori) under varying temperatures 57 

Introduction 58 

Methods 60 

Data Analysis 61 

Results 62 

Time to third moult 62 

Growth Rate 62 

Size at 730 Days 64 

Discussion 65 

Summary and suggestions for future research 67 

References 68 

Appendix 4.1: Set up of the common garden experiment 71 

Chapter Five: General Discussion 72 
References 77 



Vll 

List of Tables 

Table Abbreviated Title 

Chapter Two 

2.1 Summary of dates when mark-recapture sampling took place. 

2.2 Description of Cormack Jolly Seber model parameters. 

2.3 

2.4 

Results of the general linear model for head and body measurements. 

AIC and ~AIC values for the models used to describe survival 

and recapture. 

Chapter Four 

4.1 Summary of results of the ANOV A for log initial body size. 

4.2 Summary of results of the ANCOV A for time to third moult, 

growth rate to 730 days and size at 730 days. 

Page 

15 

19 

21 

25 

62 

64 



Vlll 

List of Figures 

Figure Abbreviated Caption Page 

Chapter Two 

2.1 Map showing the location of the study sites in the Rock and Pillar Range. 13 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

Te1nperature profile for each site during summer, winter and autumn. 

Mean head width and right femur length for adult weta from each study site. 

Survival probability of adult weta at each site between 1999 and 2001. 

Longevity of adult weta at each site as predicted using the results from 

the Cormack-Jolly-Seber model $<site+ time) P<site)· 

Longevity of adult weta at each site determined using the raw 

1nark-recapture data. 

Longevity plotted against body size for adult weta from each site. 

Chapter Three 

3.1 Frequency of plant species recorded in quadrats at each site. 

22 

23 

26 

27 

27 

28 

46 

3.2 Frequency of plant species found in faecal samples from adult weta at each site. 48 

3.3 Frequency of plant species found in quadrats and faecal samples at each site. 49 

3.4 The ranked preferences of plant species in the diet of adult weta at each site. 50 

Chapter Four 

4.1 Mean values for log initial body size, time to third moult, growth rate to 730 days 

and size at 730 days. 

4.2 Log initial body size plotted against log growth rate to 730 days. 

63 

65 



CHAPTER ONE 

General Introduction 



2 

Environment and body size 

Organisms typically live in heterogeneous environments where they face the problem of how 

to 1naxi1nise fitness under variable conditions. To overcome such problems, a given 

organism may express different phenotypes in different environments (Mousseau et al. 2000). 

The environment can have both short and long term effects, from an immediate 

developmental response to evolutionary adaptation over a number of generations (Robinson 

and Partridge 2001 ). Phenotypes are thus produced through genetic factors, environmental 

influences, or a combination of the two (Mousseau et al. 2000). Phenotypic variation has 

been the primary focus of evolutionary biology as it fuels evolutionary change, and major 

differences in phenotypes across natural environments require explanation (Conover and 

Shultz 1995, Mousseau et al. 2000). Despite the fact that body size is one of the most 

com1nonly measured attributes of a species, the factors influencing body size on both an 

evolutionary and short term time scale remain poorly understood (van Voorhies 1995). 

Approximately 99% of species on earth are ectothermic, relying primarily on external sources 

for their body heat (Atkinson and Sibly 1997). Environmental temperature is an important 

correlate of development time, growth rate, and final body size in ectotherms (Atkinson 1994, 

Arnett and Gotelli 1999). Growth rate tends to be slower and maturation delayed by 

development at cool temperatures, meaning adult ectotherms attain larger body size at high 

altitudes and latitudes (Atkinson 1994, Partridge and Coyne 1996, Atkinson and Sibly 1997, 

Arnett and Gotelli 1999). Diet is another environmental variable that influences the 

development of ectotherms. However a decrease in food quality reduces growth rate, but 

results in delayed maturation at a smaller size, not larger as is typically the result of slow 

growth due to cool temperatures (Berrigan and Charnov 1994, Atkinson and Sibly 1997, 

Arnett and Gotelli 1999). Given the importance of body size in ecology and the desire to be 

able to forecast responses to climate change, there is a need to understand the effects of 

temperature and diet on body size in ectotherms, and how these environmental variables 

interact with genetic adaptation (Atkinson and Sibly 1997). A group of New Zealand insects 

that shows an interesting pattern of body size variation is the tree weta of the genus 

HenLideina (Gibbs 1998). 
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W eta as a study organism 

Weta is a Maori name given to a group of nocturnal, flightless orthopterans that are endemic 

to New Zealand. Two different families of weta occur in New Zealand: cave weta (family: 

Rhaphidophoridae) of which there are over fifty species, and true weta (family: 

Anostostomatidae), of which there are over forty species (Gibbs 1998). Weta have 

Gondwanaland origins and evolved in the absence of mammalian predators, making them 

vulnerable to predation from introduced rats, cats and mustelids (Gibbs 1998, Field and 

Glasgow 2001). Due to their large size (some being the heaviest insects in the world), 

flightlessness and vulnerability to predation, weta have become important icons for 

invertebrate conservation within New Zealand (Gibbs 1998, Sherley 2001, Field and Glasgow 

2001). 

Co1npared with many insects, alpine tree weta have a long life span. Juveniles go through a 

1naximum of 10 in stars each separated by a moult and it 1nay take 3-4 years to reach sexual 

maturity. Once mature they can survive for several more years as adults (Leishnam 2001). 

Tree weta belong to the family of true weta and can commonly be found in urban backyards 

in many parts of New Zealand. They are sexually dimorphic in cephalic weaponry, male 

tnandibles being almost twice the size of females (Gibbs 1998). 

The 1nountain stone weta, Hem, ide ina ntaori, is a species of tree weta of particular interest, as 

it shows an increase in body size in both males and females, associated with increasing 

altitude and decreasing temperature (Koning and Jamieson 2001). H. maori occupies 

crevices and cavities under rocks in the dry, rocky mountains of the eastern South Island in 

New Zealand. Adult males fight for access to these cavities and the females which take 

refuge there (Gwynne and Jamieson 1998). This is an alpine environment and to cope with 

cold winter temperatures, H. ntaori has a high degree of cold tolerance, freezing solid over 

winter (Raml¢v 1992, Sinclair et al. 1999). Little is known about survival and longevity of 

this species in their natural environment, but their relatively large size and flightlessness 

1nakes them an ideal candidate for mark-recapture studies. 

Selection for genotypes or phenotypic plasticity 

Large size is often associated with high survivorship and fecundity (Atkinson 1994) as well 

as decreasing vulnerability to predation (Begon et al. 1996). However, increased size at low 

rearing temperatures is also associated with low rates of population increase and low 
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individual fitness. In comparison, high temperatures are favourable for individual growth and 

fitness, so it seems counter-intuitive that weta remain small in a warmer environment and 

suffer the apparently detrimental effects on fecundity and survival (Atkinson 1994 ). The 

direct effect of temperature on metabolic rate, is that it sets limits for growth rates, 

development time and final body size (Nylin and Gotthard 1998). 

There are at least three plausible hypotheses for why weta are smaller at lower altitudes. One 

is that body size variation is under environmental control, and that fast growth is an 

unavoidable consequence of warm temperatures at low altitudes, the cost of which is early 

1naturation at a smaller size (Atkinson 1994 ). A second hypothesis is that risk of predation by 

the native common gecko (Hoplodactylus n1aculatus) at the low altitude site results in 

selection for fast growth, resulting in maturation at a smaller body size, and that variation in 

body size is due to genetic adaptation. A third hypothesis is that a lack of high quality food 

may cause weta at the low altitude site to mature at a smaller size than weta near the summit. 

Four alpine plant species with a high lipid content, Celmisia viscosa (lipid content 19% ), 

Anisotome imbricata (lipid content 16.5%) Abrotanella inconspicua (lipid content 7.8%) and 

Celn1isia brevifolia (lipid content 7.5%) occur at an altitude of 1400 m (Bliss and Mark 

197 4 ). A study on the diet of adult H. maori inhabiting the summit, has shown that 

Anisotome intbricata and Celn1isia viscosa are important food items in their diet (Lodge 2000 

unpublished MS). However, little is known about the presence/absence of high lipid plants, 

or of the diet of smaller bodied H. n1aori at low altitudes. 

Research aims and thesis structure 

This study aims to better understand the factors causing variation in body size in ectotherms 

in general, and alpine weta in particular. There is both a field and common garden laboratory 

experiment component. The field work aims to determine if there are any significant 

differences in survival and longevity between high, medium and low altitude weta using mark 

- recapture methodolgy and will be presented in Chapter Two. This chapter also includes a 

pilot study that was carried out to determine the presence/absence of potential predators of H. 

1naori, which is included as an appendix at the end of Chapter Two. A study of weta diet and 

vegetation at each elevation will reveal if there are any differences in diet quality between 

altitudes and is presented in Chapter Three. A common garden laboratory experiment is 

aimed at determining if body size variation in H. maori can be attributed to environmental 

influences, genetic adaptation, or an interaction between the two. The common garden 
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experiment will be presented in Chapter Four. Using the results of both the field and 

laboratory work I aim to provide information on whether survival and longevity of adult H. 

1naori varies with altitude, and if altitudinal variation in body size can be attributed to 

variation in diet, a passive phenotypic response to varying temperatures, selection for 

genotypes, or an interaction between environmental influences and genetic adaptation. This 

information will be useful in determining if global warming is likely to impact on alpine weta 

specifically, and other alpine ectotherms in general. 
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INTRODUCTION 

Variation in life histories can result from differences in genotypes or from environmentally 

induced differences among individuals of a given genotype (Atkinson 1994). This latter 

phenomenon, termed phenotypic plasticity, is one way for an organism to overcome the 

problem of living in a heterogeneous environment (Mousseau et al. 2000). In ectotherms, 

environmental temperature is an important correlate of development time, growth rate and 

final body size (Atkinson 1994, Arnett and Gotelli 1999). Growth rate tends to be slower and 

tnaturation delayed by development at cool temperatures, meaning adult ectotherms attain 

larger body sizes at high altitudes and latitudes (Atkinson 1994, Partridge and Coyne 1996, 

Atkinson and Sibly 1997, Arnett and Gotelli 1999). Body size is an important ecological 

paratneter and there is a need to understand both the effects of te1nperature on body size 

(Atkinson and Sibly 1997) and how body size is related to survival in ectotherms. This is 

particularly relevant given that climate change is a worldwide phenomenon and 99o/o of the 

world's species are ectothermic, relying on external sources for their body heat (Atkinson and 

Sibly 1997). 

It has been shown both theoretically and empirically that survival probability is a 1najor 

determinant of life history evolution (Charlesworth 1980, Forsmann 1993). An organism's 

survival probability may vary with individual characteristics such as sex, mass, genotype, 

phenotype and also as a function of biotic and abiotic environmental variables (Lebreton et al. 

1992). To estimate survival parameters in the field under natural conditions, it is necessary to 

follow individually marked animals through time (Lebreton et al. 1992). Mountain stone 

weta (Hemideina m,aori) are ideal candidates for mark-recapture studies as their large size and 

flightlessness means that they can be easily tagged and monitored (Jamieson et al. 2000). 

Also, their habit of taking refuge under rock slabs during the day makes recapturing weta 

relatively easy. 

H. m,aori living in an alpine environment are freeze tolerant (Raml~v 1992, Sinclair et al. 

1999) and only occur down to a lower limit of 1100 m a.s.l., but have been found above 1500 

tn a.s.l. (King et al. 1996). The population of H. n1aori in the Rock and Pillar range varies in 

body size over an altitudinal and temperature gradient. Adult weta at altitudes of 1250 m 

a.s.l. down to 1100 m a.s.l. are significantly smaller than adult weta at the summit (1450 1n 

a.s.l.) (Koning and Jamieson 2001). Alpine weta are nocturnal and most active during the 
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summer months and summer night-time temperatures are on average 4 oc cooler at the 

su1nmit than at 1100 m (I. Jamieson, unpublished data). Of most interest to this study is that 

weta found at the warmer, lower altitudes have smaller body sizes and appear to mature two 

instars earlier than weta found near the summit (Koning and Ja1nieson 2001). Little is known 

about what underlying factors are causing this polymorphism and whether there are any 

associated differences in survival and longevity. 

In this chapter, I will present data showing differences in body size between adult weta at 

high, 1niddle and low altitudes in the Rock and Pillar Range and an associated temperature 

profile for each altitude. Adult weta survival and longevity at each elevation will be 

determined and modeled as a function of body size, with the null hypothesis being that there 

is no difference in survival across altitudes. There are two alternative hypotheses; ( 1) 

Survival and longevity of adult weta will increase in a linear fashion as altitude and body size 

increase in association with decreasing temperature, because cool temperatures are associated 

with slow growth and an increase in survival and lifespan (Atkinson 1994). (2) Adult weta 

Jiving at the lower limit of their altitudinal range (11 00 1n a.s.l) experience sub-optimal 

environmental conditions, such as warm temperatures for a cool-adapted insect, and as a 

result will have a lower survival probability than weta at intermediate ( 1250 m) and high 

( 1400 m) elevations, both of which are well within H. m,aori's normal distributional range. 

Knowing the survival probability of adult weta in the Rock and Pillar Range, and how it 

relates to body size and environmental temperature, will contribute towards an understanding 

of how global warming is likely to impact on alpine weta species in general. 

METHODS 

Study Site 

The Rock and Pillar Range is located in Central Otago, 53 km inland from the east coast of 

the South Island of New Zealand (45°28'S 170°02'E). The range runs SW toNE for 23 km 

and is 1450 metres a.s.l. at its highest point. Environmental conditions are harsh, with 

persistent strong winds and low air and soil temperatures (Bliss and Mark 1974). 

Characteristic of the range are the schist outcrops (tors) which alpine weta inhabit. Tors can 

range in size from one rock a few metres in width to several rock columns up to 30 metres in 

dimneter (Jamieson et al. 2000). Weta are found primarily under rock slabs that have broken 
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off from tors (Meads 1990, King et al. 1996, Gwynne and Jamieson 1998, Jamieson et al. 

2000) and can be lifted relatively easily. 

The three sites for this study were located along the gently rising southern slope, on an 

altitudinal gradient (Figure 2.1). Site A was at 1400 m a.s.l. (infomap 260 H43 804380), Site 

B was located 6 km south west of Site A at 1250 m a.s.l. (infomap 260 H43 765213) and Site 

C was 7 km south west of site Bat 1100 m a.s.l. (infomap 260 H43 756132). Site Cis also at 

the lowest altitude that weta have been found in the Rock and Pillars (I. Jamieson 

unpublished data). Study tors at each site were relatively isolated fro1n surrounding tors. As 

weta have a very low rate of dispersal between tors, with an average dispersal distance of 

361 m ±54 SE (Leishnam 2001), it is unlikely that tagged weta moved outside the study areas 

during the course of this research. The tors that we sampled at each site were selected based 

on previous surveys and were known to have weta present. 

Site A (upper) 1400 n1 

Vegetation at the summit consists of low lying cushion plants and herbfields (Bliss and Mark 

1974), and is leasehold farmland with low intensity grazing by sheep. The study site was 

made up of three large tors, approximately 750 m apart, with 19 - 46 liftable rocks on and 

around the tors. Weta were abundant at Site A, and at the summit in general (I. Jamieson, 

unpublished data). 

Site B (n1iddle) 1250 n1 

Vegetation at Site B is similar to the summit, with herb-fields and cushion plants separating 

the tors, the land is also leasehold farmland with low intensity grazing by sheep. The study 

site had three large tors with 34 - 39 liftable rocks on and around the tors, and one small tor 

with 13 liftable rocks. Tors were at least 300m apart. Weta are also abundant at Site B 

(I. Jamieson, unpublished data). 

Site C (lower) 1100 m 

Vegetation at Site Cis different from Sites A and B, being predominantly tussock grassland 

with scattered shrubs and the land is more heavily grazed by stock (sheep and cattle). The 

native common gecko (Hoplodactylus maculatus) is also present at this site, but not at the 

other two sites. The site had three tors, all of which were small. Two tors had 13 liftable 

rocks each and were 100 m apart, the third tor had three liftable rocks and was approximately 

400 m distance from the other two. Weta in the vicinity of Site Care much less common 
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compared to Sites A and B and, as mentioned above, they are not found below this altitude 

(I. Jamieson, unpublished data). The specific tors at Site C were chosen for this mark and 

recapture study, as previous surveys indicated that they had more weta than did surrounding 

tors. 

2 3 4 5 
kilometers 

Figure 2.1: Map showing the location of the three study sites in the Rock and Pillar Range. 

The insert shows the location of the Rock and Pillar Range in the South Island of New 

Zealand. Dashed lines indicate four-wheel drive tracks. 
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Data Collection 

Weta data 

Data were collected over two breeding seasons (December - May) during 1999/2000 and 

2000/2001. I collected data for the second season and data from the first season were 

collected during previous unpublished research (I. Jamieson, unpublished data). The 

2000/2001 field season began in early December and initially each site was sampled 

fortnightly, as had been done in the previous surveys, but by the end of December it was 

decided that this sampling regime was not suitable for collecting the information that was 

required and therefore it was altered. Over an eleven day period, each of the three sites were 

visited for three consecutive days, with one day in between sites. Sampling was changed in 

this way to improve our chances of finding unmarked weta on the second and third day, 

which had been missed previously. The time interval between each eleven day sampling 

period was six weeks, to allow natural mortality and population processes to occur. Each site 

was visited a total of eight times (where one satnpling period equals a maximum of three 

consecutive visits) between December 1999 and May 2001 (Table 2.1). Differences in 

satnpling effort were taking into account in the modelling process. 

Sa1npling, sexing and aging 

On Day 1 of a site visit, all tors at that site were sampled. At each tor, all rocks that were 

large enough for an adult weta to take shelter under were carefully lifted. Some rocks had 

already been numbered during previous surveys and any un-numbered rocks with weta found 

underneath were also numbered. Any weta that were present were placed in a holding 

container and the rock carefully replaced in exactly the same position. Weta were identified 

as being juvenile or adult and sexed (Jamieson et al. 2000). After processing, all weta were 

released under the rock from which they came. 
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Table 2.1: Summary of the dates when sampling took place at each site. 

Session Site A Site B Site C 

8 Dec 99 7 Dec 99 10 Dec 99 

2 15 Jan 00 2 Jan 00 27 Jan 00 

3 23 Feb 00 17 Feb 00 25 Feb 00 

4 1 Apr 00 30 Mar 00 27 Mar 00 

5 13 Dec 00 19 Dec 00 12 Dec 00 

6 18-20Jan 01 22-24Jan 01 26-28Jan 01 

7 14-16Mar 01 17-19Mar 01 21-23 Mar 01 

8 1-3 May 01 5-7 May 01 9-11 May 01 

Measurements and Tagging 

Vernier calipers were used to take the following measurements from adult weta: head width 

and length, pronotum width, right hind femur length and ovipositor length (in females). Weta 

were weighed using electronic scales (BH-300) to the nearest 0.01 g. If the weta defecated 

during the 1neasuring and tagging process, the pellet was collected for subsequent diet 

analysis (see Chapter Three). 

Waterproof tags were attached to adult weta by first lightly abrading the cuticle of the 

pronotum with an emery board, then applying a stnall drop of superglue [ 10 second drying 

Selley's Supaglue (Selley's Chemical Co. Pty. Ltd)]. The tag was placed on the glue and 

gentle pressure applied for several seconds. Tags had a site specific alpha-numeric code. 

Measuring and marking each weta took approximately 15 minutes, after which it was released 

under the rock from which it was taken. For those sessions that consisted of 3 consecutive 

sampling days, Day 2 and Day 3 followed exactly the same regime as Day 1, except that the 

order in which the tors were sampled changed to try to reduce observer bias in the sampling 

process. 

Temperature Data 

Two Stowaway temperature data loggers (Onset Computers Corporation, USA) were each 

placed under a rock (which was an average size for the tor it was on) at all sites to record 

weta 1nicro-habitat temperature. From December to May the data loggers took a temperature 
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reading every hour and from June to November, every 4 hours. Over the summer months, 

from December 2000 to March 2001 one of the data loggers from the lower site 

malfunctioned and the other failed to record. Therefore, I used data from a previous study in 

2000 for this time period 

Data Analysis 

Head and Body Measurements 

Histograms and normal probability plots were used to check that morphological 

1neasurements were normally distributed at each site and within each sex. I used a general 

linear model (GLM) to compare differences in the mean head and body measurements 

between the three sites and between males and females, at the 0.05 level of significance. The 

residuals of the GLM were checked for homoscedasticity to ensure variation in 

morphological measurements at each site was approximately the same. These analyses were 

carried out using MINITAB 8.2 (Minitab Inc. 1991). 

Temperature Data 

A purpose written Excel ( 1998) macro was used to calculate the average hourly temperatures 

for each day of the month from May 2000 to Novetnber 2001 (Bakke 2001, unpublished). 

These data were graphed in Cricket Graph (version 1.5.3) to give a temperature profile of 

average hourly temperatures for this time period. A one-way ANOV A was used to test for a 

difference in temperatures between the three sites. Tukey's post hoc test was used to 

distinguish between alternatives in the event that a difference was found. October and 

November were excluded from the analysis, as data were not available for the whole of these 

months. 

Survival and Recapture 

I used program MARK version 2.1 (White 2001) to analyse the tnark-recapture data. The 

Cormack-Jolly-Seber model (CJS) was used to obtain estimates for survival and recapture 

probability. Within MARK, program RELEASE and a boos trap goodness of fit method were 

used to determine if the data fitted the CJS model and satisfied the model's assumptions. 

The fully parameterised CJS model can be written as { <P(group*time) Pcgroup*time)}, where <P and p 

represent survival and recapture probability respectively. This model allows survival and 

recapture to be different between groups for each time interval, i.e. an interaction between the 
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two factors. For this study there were six groups; upper site males, upper site females, middle 

site males, middle site females, lower site males and lower site females. Data from eight 

sampling sessions that occurred between December 1999 and May 2001 were used in the 

analysis and there were seven time intervals corresponding to the periods between each 

session (Table 2.1). Weta survived the interval between each session with a probability of<!> (i) 

and had a probability of being captured at each session of p(i)· Differences in sampling effort 

between 1999/2000 (1 day sampling per site) and 2000-2001 (3 consecutive days sampling 

per site) were taken into account in the modelling process. 

Testing Asswnptions 

I initially used program RELEASE to assess the goodness-of-fit of the CJS model described 

above, as a global starting model. The global model must be general enough that it includes 

the true model and must contain all factors used in candidate models (Lebreton et al. 1992, 

Cooch and White 1998). More specifically, RELEASE checks that the data does not violate 

two important assumptions (Cooch and White 1998): 

Every marked animal present in the group at time(i) has the same probability of 

recapture. 

2 Every marked animal present in the group at timeci) has the same probability of 

surviving to time<i+I) . 

A further test for goodness-of-fit was carried out using the bootstrap method within MARK. 

Bootstrapping was used to create a data set of 1000 simulations of the global CJS model. If 

less than 10 simulated models had a deviance greater than that of the global CJS model, this 

global 1nodel was rejected. Another feature of the mark GOF bootstrap test is that it allows an 

estimation of the over dispersion of the data, c-hat. C-hat is calculated as the observed 

deviance divided by the mean of the simulated deviance (Cooch and White1998). 

A third and fourth assumption also need to be satisfied when using the CJS model: 

3 Marks are not lost or missed. 

4 All samples are instantaneous, relative to the interval between occasion i and ( i+ 1) 

and each release is made immediately after the sample. 

I mn confident that assumption four was met and a study (I. Jmnieson unpublished data) has 

shown that tag loss is not likely to occur. Therefore assumption three is also considered to 

have been met. 
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Model building and selection 

As recommended by Lebreton et al. ( 1992), a fully parameterised model that satisfied the 

MARK bootstrap goodness of fit test was used as a starting model. I then selected among 

reduced models for recapture, using the most complex survival model, and selected among 

alternative survival models using the best model for recapture (Table 2.2). To determine if 

survival or recapture probability varies with body size, each model was re-run, including the 

covariate right femur length. To assess if differences in sampling effort between seasons 

influenced recapture probability, a model where recapture was allowed to vary between 

seasons was compared with a model where recapture was constant between seasons. The 

value of c-hat calculated from the bootstrap GOP test was used to correct for over-dispersion, 

and the best model was selected based on AICc [(Akaike's Information Criterion adjusted for 

bias (Cooch and White 1998)]. AICc uses the principle of parsimony to find a balance 

between the lowest number of parameters and the least amount of bias [(i.e. a model with too 

many parameters is undesirable, only the parameters that are justified by the data should 

remain in the model (Lebreton et al. 1992)]. To determine how much support the best model 

had compared to alternative models, ~AICc values were used. ~AICc values are the 

difference between the AICc value of the candidate model and AICc value of the best model, 

and are provided as part of the output for each model. If the ~AICc of a candidate model is 

less than 2.0, then it can also be considered to have reasonable support (Cooch and White 

1998). 

Likelihood ratio tests (LRT) are another tool commonly used to test the statistical 

significance between models (Lebreton et al. 1992, Cooch and White 1998). However a 

requirement of the LRT approach is that the models are nested, i.e. one model can be 

transformed into the other by either adding or subtracting (but not both) a parameter (Cooch 

and White 1998). This requirement was not met for the top ranked models, therefore AICc 

and ~AICc values only were used for model selection. It has been shown that AIC and its 

derivatives are as good as LRT under conditions where data 1neet 1nark-recapture 

assu1nptions and may perform better when these assumptions are violated (Burnham et al. 

1995, Cooch and White 1998). Therefore I am satisfied that using AIC and ~AICc values is 

a robust 1nethod for selecting a 1nodel to fit my data. 
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Table 2.2: Description of the parameters that were used to determine survival and/or 
recapture using the Cormack-Jolly-Seber model, starting with the most fully parameterised 
tnodel at the top of the table. There are 6 group parameters: upper site males, upper site 

females, 1niddle site males, middle site females, lower site males and lower site females. The 
effect of sex was removed to give three site parameters: upper site, middle site and lower site. 

Model Model Description 

(group*ti1ne) Variation with group and time where the difference 

between groups is not constant. 

(group+time) Variation with group and time where the difference 

between groups is constant. 

(site*time) 

(site+ time) 

(group) 

(site) 

(time) 

(.) 

Variation with site and time where the difference 

between sites is not constant. 

Variation with site and time where the difference 

between sites is constant. 

Probability varies with group but not time. 

Probability varies with site but not time. 

Probability varies with time. 

Constant probability 
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Longevity 

If survival (as determined by MARK) is constant over time and among individuals, then 

1nean longevity can be estimated as; 1/-ln( ¢) (Cooch and White 1998). However survival of 

adult weta varied with time, therefore the following formula was used (Bakke pers. comm.): 

Wi + 1 = Wi X <l>i ( 1.1) 

Wn = WI X <PI X <1>2 ..... X <l>n- I (1.2) 

Where: 

WI = number of weta tagged at time1 

Wi = number of weta tagged at time1, still alive at time; 

<l>; = probability of survival from time; to timei + 1 

i = J .... n 

Ti1ne1 was December 1999 and tim en was March 2001. The number of weta predicted by 

MARK to still be alive at each time period was multiplied by the appropriate recapture rate, 

to give the number of weta tagged in December 1999, predicted to be alive and resighted in 

March 2001 for each site. As a check that the predictions for longevity based on the MARK 

output appeared to be correct, survival curves using raw mark-recapture data were graphed 

independent of MARK results. 

Body size and longevity of weta tagged in December 1999 were graphed with body size as 

the predictor and longevity as the response, to determine if there was a relationship between 

the two variables. 

RESULTS 

Temperature Data 

In January 2000, there was an approximate 5 oc difference between the upper and the lower 

sites during the night, but less difference in temperature during the day (Figure 2.2). The 

difference in temperature between all three sites for the months April and May 2000 was 

significant (F2,142 = 38.84, P < 0.001) (Figure 2.2), as were the difference in temperature 

between all three sites for the winter months, June to September 2000 (F2,89 = 11.42, 

P < 0.001 ). Although the lower site was warmer than both the upper site and the middle site 
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during winter, temperatures at the upper and middle sites were not significantly different 

(Figure 2.2). Temperature profiles are not available for February, March or December due to 

data logger malfunctions (see methods). 

Head and Body Measurements 

The pronotum, femur and weight of adult weta differed significantly between sites, but not 

between males and females, whereas head measurements were significantly different for both 

site and sex (Table 2.3). Weta at the lower site were not significantly different in size from 

weta at the middle site, but both lower and middle site weta had body and head sizes that 

were significantly smaller than weta at the summit (Figure 2.3). 

Table 2.3: Results of the General Linear Model for head and body measurements of adult 

weta at each site. 

Measurement 

Head length 

Head width 

Pronotum 

Right Femur 

Weight 

Source 

Site 

Sex 

Site 

Sex 

Site 

Sex 

Site 

Sex 

Site 

Sex 

DF F 

2 43.01 

247.65 

2 52.03 

213.28 

2 31.12 

1.97 

2 30.80 

0.38 

2 39.97 

1 0.04 

p 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

0.162 

< 0.001 

0.537 

< 0.001 

0.836 
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Figure 2.3: Mean femur length and head width for male and female adult weta marked at 

each of the three study sites over two seasons (1999-2000 and 2000-2001). Open squares 

represent males, open circles females and vertical bars are 95o/o confidence intervals. 
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Survival and Recapture 

Goodness of fit test 

Because there was not enough data to determine goodness of fit of the data to the CJS model 

using program RELEASE, the MARK bootstrap method was used. The CJS model 

{ <Pcgroup*time) Pcgroup*time)} showed a reasonable fit to the data (P = 0.78) and was accepted as a 

suitable starting model. This model had 76 estimable parameters and the number of 

parameters actually estimated was 68. 

Recapture and survival probability 

Fro In November 1999 to May 2001, a total of 241 1nales and 268 females were tagged. 

During the 2000-2001 season, 40% of the males and 44o/o of the females were recaptured at 

least once. 

The best model for recapture, { Pcsite)} (Table 2.4) indicates that recapture probability varied 

between sites, but remained constant over time and between sexes at each site. Recapture 

probability was highest for the middle site (0.81 [0.37- 0.97 95% CI]) second highest for the 

lower site (0.59 [0.36- 0.79 95% CI]) and lowest for the summit site ( 0.24 [0.144- 0.376 

95o/o CI]). 

The best model for survival, { <Pcsite+time)} (Table 2.4) indicates that survival varies over time and 

between sites, but there is no difference in survival between male and females at each site, 

and the difference in survival between sites is consistent, i.e. no interaction. The middle site 

survived less well than the upper and lower sites, which had similar survival probabilities 

over time (Figure 2.4). The probability of survival was highest during winter, from April to 

December 2000, when monthly survival reached approximately 95% at the upper and lower 

sites and 80% at the middle site. Monthly survival fluctuated during the two summer seasons, 

but there was no obvious trend to the fluctuations. Body size (femur length mm) did not have 

a major influence on survival, although it was included in the second best model (Table 2.4). 

Overall, confidence intervals around the survival estimates were large and there was 

considerable overlap between all three sites. 
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Table 2.4: Analysis to determine if the survival probability of adult weta in the Rock and 

Pillar Range varied with altitude and/or body size from December 1999 to May 2001. 

Includes data from two breeding seasons and one winter. Selection amongst reduced models, 

using a global model for survival, was used to select the best recapture model. The best 

1nodel for recapture was used to select among reduced models for survival. The results are 

ranked according to AIC values. 

Model AICc ~AICc No. 

parameters 

Comparison of recapture models: 

<Psite*time Psite 514.03 15.38 24 

¢ site'"time P. 516.37 18.23 22 

¢ site*time Ptime 526.49 28.35 27 

¢ site*time Psite+time 533.35 35.21 38 

¢ site*time p site+time+femur 535.82 37.68 39 

¢ site*time pfemur 537.05 38.91 34 

¢ site''time p site+ femur 539.54 41.41 38 

Comparison of survival models: 

¢ site+time Psite 498.138 0.00 12 

¢ site+time+femur Psite 500.256 2.12 13 

<!>site Psite 513.368 15.23 6 

<Psite+femur Psite 514.061 15.92 7 

<!>time Psite 516.329 18.19 10 

<!>time+ femur Psite 520.156 22.02 11 

¢femur Psite 539.39 41.79 5 

<!>. Psite 540.850 42.71 4 
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Figure 2.4: Monthly survival probability for adult weta at each site from December 1999 to March 2001. Monthly survival 

estimates and 95% confidence intervals for the globaltnodel <P(site*time) P<site*time) are represented by the solid line. The Inodel 

<P(site+time) P<site) was selected as the model that best describes the variation in the data and is represented by the dashed line. 

Under the globaltnodel the survival parameter for the period March- May 2000 could not be estitnated for the middle site. 



27 

<l) 
;> ...... 
-; 100 Sample sizes 
<l) 

,.Q 

0 upper site n = 15 ...... 
80 '"0 

<l) middle site n = 27 ...... u ...... 
'"0 

lower site n = 10 <l) 60 1-o 
c. 
~ ...... 
<l) 

~ 40 
'"0 
<l) 
ell 
ell 

20 ~ ...... 
~ 
0 

~ 0 
Dec Jan Feb Mar Dec Jan Mar May 

Time 

Figure 2.5: Percentage of weta tagged in December 1999 and predicted to still be alive in May 

2001, taking recapture probability into account, according to MARK survival estimates. Black 

bars represent the upper site, grey bars the middle site and white bars the lower site. 95% 

confidence intervals are shown. 

"t:i 
Q) ....... ..= 
.~ 

r.l). 
Q) 
;.... 

~ ....... 
Q) 

a: 
~ 
0 

~ 

100 

80 

60 

40 

20 

0 

Dec Jan Feb Mar Dec Jan Mar May 

Time 

Sample sizes 

upper site 

middle site 

lower site 

n = 15 

n = 27 

n = 10 

Figure 2.6: Percentage of weta tagged in December 1999 and still known to be alive in May 

2001. Black bars represent the upper site, grey bars the middle site and white bars the lower site. 
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Longevity 

The longevity curve calculated using MARK output predicts that 1% (95o/o CI: 0.47- 9.6%) and 

3o/o (95o/o CI: 0.98- 22.65o/o) of weta tagged in December 1999 will survive and be resighted in 

May 2001 at the upper and lower sites respectively. No weta tagged in December 1999 at the 

tniddle site are predicted to survive and be resighted in 2001 (Figure 2.5). The longevity curve 

based on the raw data (i.e. derived independent of MARK results) follows these predictions for 

all three sites during the first season, but not the second season (Figure 2.6). These proportions 

are based on small sample sizes from each site and should be treated with caution. 

Four weta (three from the middle site and one from the lower site) that survived for the longest 

period of time (400 500 days) had a medium to large body size, relative to all other weta tagged 

in December 1999, but clearly were not the largest weta (Figure 2.7). At least 18 other weta with 

a si1nilar body size had a longevity of less than 200 days and therefore there is no conclusive 

evidence that body size influences longevity. 
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Figure 2.7: Body size versus longevity for adult weta tagged in December 1999 at all three sites. 

Weta with a longevity of 0 were tagged in December and never resighted. Squares represent the 

upper site (n = 15), triangles the middle site ( n = 27) and circles the lower site (n = 10). 
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DISCUSSION 

This study was carried out to test hypotheses about whether survival of adult weta should vary 

along an altitudinal gradient in the Rock and Pillar Range. One hypothesis predicts an increase in 

survival probability with increasing body size and slower growth, in association with increasing 

altitude and decreasing temperature. A second hypothesis predicts that weta at low altitudes will 

have a low survival probability because they are at the lower limit of their altitudinal range, 

compared to weta at intermediate and high altitudes, which are well within their normal range 

and should therefore have similar, higher, survival probabilities. According to my results, adult 

weta at the 1niddle site have a lower monthly survival probability than adult weta at the summit 

and low sites, who have a similar survival probability, although confidence intervals are large and 

overlap considerably between sites. This difference in monthly survival between the middle site 

and the other two sites fluctuates between 25o/o to 40o/o during summer, and 15% over winter. A 

pilot study on the presence/absence of introduced predators has shown that predation is not likely 

to be a threat to adult weta survival in the Rock and Pillar range and is not considered to have 

influenced the results (see Appendix 2.1). 

The fact that the middle site had the lowest survival was an unexpected result, as there is no 

obvious biological reason for why weta at this site should have a lower survival probability than 

weta at the upper and lower site. A recent mark-recapture study that focused exclusively on the 

1niddle site found survival estimates for adult weta to be higher than those in the present study, 

and closer to current estimates for the upper and lower sites (Leishnam, 2001). The middle site 

has been sampled more intensively than the other two sites, and the lower monthly survival seen 

during this study could potentially be due to a localised site effect. Although there was 

replication within a site at the level of tor, it was logistically impossible to replicate the study 

across sites within each altitudinal range. Therefore the results might be representative of weta 

living at each particular site, but not necessarily for all weta at that general altitude. 

If body size is under environmental control, it could be expected that significant differences in 

te1nperature between sites would be reflected in differences in the body size of weta at each site. 

During summer the summit was significantly cooler than the lower site at night and, as predicted 
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by life history theory, weta at the summit are larger than weta at the lower site. However, during 

winter temperatures at the summit and middle site were similar, and both of these sites were 

significantly cooler than the lower site. This was an unexpected result, as the body size of weta 

at the low and middle sites are similar and weta from these sites are significantly smaller than 

weta at the summit. There are two plausible explanations for this result. One is that growth 

occurs mainly during the summer months and that size is mostly influenced by summer 

temperatures. The collection of temperature data for the middle site during the summer months 

will indicate whether this is a likely theory. A second explanation is that, because the sample size 

for the lower site was small in comparison to the middle and upper sites, there was not enough 

power to detect a difference in size between the lower and middle sites. It is also possible that 

weta at each altitude are under different selection pressures, which may influence final body size. 

Summary and future research recommendations 

The results of this study reject the null hypothesis of no difference in the survival probability or 

longevity of adult H. maori along a single altitudinal gradient. However a lower probability of 

survival at the middle site did not fit with any of the alternative hypotheses. In a study on the 

land snail, Arianta arbustorunt (Baur and Raboud 1988) it was found that snails near the summit 

took significantly longer to reach maturity than snails at low altitudes, but there was no difference 

in adult survival rate or longevity between high and low altitudes. However, the authors of this 

study suggest that these survival results should be treated with caution due to small sample sizes 

and because an assumption of the statistical analysis may have been violated. In another study, 

which looked at survival in relation to body size in the adder Viper berus , the relationship 

between body size and survivorship varied between years, and this was suggested to be due to the 

fluctuation of food availability over time (Forsmann 1993). 

Finally, data for autumn and winter indicate that there are significant differences in temperature 

between all three sites, but this is not reflected in the body size of weta from the middle and low 

altitudes, which do not differ significantly. Therefore, future research should include temperature 

profiling for the summer months, when weta are most active, to better understand the relationship 

between body size and temperature at each altitude. More body measurement data should also be 

collected from weta at lower elevations, to determine if the similarity in size between weta from 

I ower and intermediate altitudes is a true effect, or due to lack of statistical power. 
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APPENDIX 2.1: THE PRESENCE/ ABSENCE OF INTRODUCED PREDATORS IN THE 

ROCK AND PILLAR RANGE 

Introduction 

Due to their large size, flightlessness and strong smell, weta in New Zealand are vulnerable to 

predation from introduced predators (Gibbs 1998). It has been shown quantitatively that tree 

weta are a food item in the diet of possum (Trichosurus vulpecular) (Cowan and Moed 1987), 

stoat (Mustela erminea) (King and Moody 1982), ship rat (Rattus R rattus) (Daniel 1973) and 

feral cats (Felis cattus) (Fitzgerald and Karl 1979). These studies were carried out predominantly 

in lowland forest, but there is little information available on the distribution and diet of 

introduced predators in alpine environments. Of two studies that did include alpine areas, one 

showed that stoats are evenly distributed over an altitudinal range, from 450 m a.s.l. to alpine 

tussock grassland (above 1400 m a.s.l.) (Wilson et al. 1997). The second found that possum 

densities in alpine grasslands on the West Coast of the South Island are the lowest recorded for an 

unharvested population in New Zealand (Hickling and Forsyth 2000). The low density, however, 

was attributed to a lack of den habitat as opposed to a lack of food. 

Little is known about the presence and/or distribution of potential predators of H. 1naori in the 

Rock and Pillar Range. If mammalian predators are present, weta are likely to be a prey item in 

their diet. If they are absent, then the harsh environment of the Rock and Pillars may be deterring 

predators and protecting weta from the effects of predation. It is also possible that predators are 

present in lower, warmer altitudes but absent from higher elevations. The aim of this study was 

to determine the presence/absence of introduced mammals at high and low elevations in the Rock 

and Pillar Range, to provide information on possible threats to the alpine weta population. 
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Methods 

To determine the presence/absence of stoats, rats, mice and hedgehogs, tracking tunnels were 

used. Cage traps were set to detect the presence/absence of feral cats and possums, I avoided 

using leg hold traps due to the presence of stock. 

Tracking Tunnels 

It has been recommended that when using tracking tunnels, they should be placed along lines that 

are independent of one another, as each line can then be treated as a replicate (Brown and Miller 

1998). I used 5 lines, spaced 1 kilometre apart at both the lower site and the upper site. This 

spacing was chosen as it is considered to be at a distance that allows independence when tracking 

for stoats (Brown and Miller 1998), the predator with the largest home range of the mammals of 

interest in this study. 

Six tunnels were placed along each line, with a spacing of 50 m between each tunnel. 50 m 

spacing was used as it is the distance recommended for tracking mice and rats (Murphy et al. 

1999, Gillies and Williams 2000) and for tracking mustelids when each tracking line is being 

treated as a replicate (Brown and Miller 1998). The tracking tunnel lines were perpendicular to 

the road at each site, along an East-West trajectory, the location of the first line was randomly 

chosen within the first kilometre of road. 

Tracking tunnels were wooden boards with a metal tray to hold the sponge, tracking papers and 

bait, and covered with a metal tunnel. Tunnels were held in place using heavy duty metal pegs. 

The tunnels were put in place at least one week before they were run, to allow animals to become 

familiar with foreign objects in their territory. When they were activated, the sponges were 

soaked with blue food colouring and a bait of rabbit meat was placed on a square of plastic on the 

sponge. Tracking papers were secured in place using paper clips. Tunnels were run for three 

consecutive nights as recommended by Murphy et al. ( 1999), then the papers collected. 

Logistically it was not possible to run tunnels at both sites concurrently, therefore the tunnels at 

the su1nmit site were set one day before the tunnels at the lower site. However two out of the 

three days did overlap and there were no extreme differences in weather between days. 
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Tracking tunnels were run twice during the 2000-2001 season, once from 13-17 February, and a 

second time from 9-13 April 

Cage Traps 

Ten cage traps were set at the upper site and ten at the lower site. Traps ran in a line parallel to 

the road at each site, and were spaced 400 m apart. Traps were put in place at least one week 

before they were activated and were secured in place using heavy duty metal pegs. When 

activated, they were baited with rabbit meat and checked every 24 hours over a three day period. 

As they needed to be checked daily, cage traps were set at the same time as when weta were 

being sampled and were checked at the end of each day. Cage traps were set twice during the 

2000-2001 season, once from 14-16 March, and again from 1-3 May. 

Results 

Tracking tunnels 

When the tracking tunnels were run in February, no papers at the upper or lower site were 

tracked. During April, no papers at the upper site were tracked, but at the lower site two tunnels, 

both from the same line, had footprints. These tracks were identified as being hedgehog using a 

footprint index (Ratz 1997). 

Cage Traps 

No cage trap at either site caught any animals, or lost any bait. 

Anecdotal Evidence 

A dead possum was found at one of the study tors at the middle site during December 2000. A 

hedgehog was seen at the lower site during January 2001 while walking between study tors. 
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Discussion 

Potential mammalian predators of H. n1aori in the Rock and Pillar Range appear to be present 

either in very low numbers, or not at all, at altitudes above 1100 m a.s.l. This suggests that rats, 

mice, mustelids, hedgehogs, possum and cats have not yet dispersed into this area in large 

nu1nbers. Therefore it seems likely that introduced predators are not currently a major threat to 

alpine weta, and this may be due to the harsh conditions in the Rock and Pillar Range at higher 

altitudes. However it should be noted that this study was carried out on a small scale and was 

confined to a specific area, and therefore may not be representative of predator presence/absence 

in the Rock and Pillar Range as a whole. Before mustelids, rodents, cats and possum can be 

discounted as a threat to H. 1naori throughout their distributional range, a more extensive study 

should be carried out. It is also possible that predators will disperse into the higher elevations of 

the Rock and Pillar Range in the future, particularly if global warming results in favourable 

changes to the vegetation and the distribution of prey items such as rabbits. Nevertheless, for the 

purposes of the present study, I concluded that variation among the three sites in predation 

pressure by introduced predators, was not a factor influencing survival rates. 
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Appendix 2.2: Representative adult male H. maori from each study site 

Three adult male H. maori . The largest weta is from the upper site (1400 m), the intermediate 

weta is from the middle site (1250 m)and the smallest weta is from the lower site (1100 m). Each 

weta is an average size for the altitude from which it came. 



CHAPTER THREE 

The relationship between diet composition and body size 

variation in mountain stone weta Hemedeina maori along an 

altitudinal gradient. 
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INTRODUCTION 

It is well known that ectotherms at high altitudes and latitudes can achieve larger body sizes than 

con-specifics in lower, warmer environs (Berven 1982, Atkinson 1994, Berrigan and Charnov 

1994, Atkinson and Sibly 1997, Robinson and Partridge 2001). This has primarily been 

attributed to environmental temperature, with development at cool temperatures slowing growth 

and delaying maturation, resulting in a larger adult body size (Atkinson 1994, Atkinson and Sibly 

1997, Partridge and Coyne 1996). A second environmental variable known to influence body 

size is food availabilty. However slow growth due to a lack of food results in delayed maturity at 

a s1naller size, not larger as is typically the result of slow growth due to cool temperatures. 

(Berrigan and Charnov 1994, Atkinson and Sibly 1997, Arnett and Gotelli 1998). The different 

responses of age and size at maturity to changes in temperature versus food availability, can 

potentially be explained by the relationship between asymptotic body size and juvenile growth 

rate (Berigan and Charnov 1994 ). If asymptotic body size is fixed, simple models predict that a 

reduction in juvenile growth will result in delayed maturity at a smaller size. In contrast, if there 

is a negative relationship between asymptotic size and growth rate, otherwise identical models 

predict that a reduction in juvenile growth rate will result in delayed maturity at a larger size 

(Berigan and Charnov 1994, Atkinson and Sibly 1997). If slow growth due to limited food 

resources does npt alter asymptotic size, whereas slow growth due to reduced temperature does, 

this could account for the small size of ectotherms in response to a reduction in food, versus large 

size in response to cool temperatures (Berigan and Charnov 1994). In relation to this apparent 

paradox between the effects of diet and temperature on growth and size, the mountain stone weta 

(Hemideina nlaori) is an ectotherm of particular interest. Both males and females show an 

increase in body size with increasing altitude, decreasing temperature and a distinct change in 

vegetation that is presumably associated with a change in diet (Koning and Jamieson 2001, I. 

J mnieson unpublished data). 

H. 1naori occupy crevices and cavities under rocks in the dry rocky mountains of the central 

South Island, New Zealand (Gibbs 1998). In the Rock and Pillar Range, adult H. maori at the 

sumtnit (1450 m a.s.l.) are significantly larger than adults at 1100 m a.s.l., the lower limit of their 

distribution (Koning and Jamieson 2001). Sum1nit vegetation in the Rock and Pillars is 

dominated by herbfields and cushion plants, with a change to predominantly tussock grasslands 
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and hebe ( spp. odor a) at around 1100 m and below. It is known that several plant species at the 

sutnmit have an unusually high lipid content (Bliss and Mark 1974). In particular, species with a 

lipid content that is high relative to a mean value of 3.22o/o for other alpine shrubs and cushion 

plants, are Celntisia viscosa ( 19o/o ), Anisotome inlbricata ( 16.5o/o) Abrotanella inconspicua 

(7 .8 o/o) and Celntisia brevifolia (7 .5% ). A study on the diet of adult H. maori inhabiting the 

summit of the Rock and Pillars, has shown that Celmisia viscosa and Anisotome imbricata are 

i1nportant plant-food items in their diet (Lodge 2000 unpublished MS). However, little is known 

about the presence/absence of these high lipid plants at lower altitudes, or of the diet of smaller 

bodied H. maori at low altitudes. 

This study aims to compare the available vegetation and diet of adult weta at three altitudes in the 

Rock and Pillar Range using vegetation quadrats and faecal pellet analysis. I hypothesise that the 

diet of adult H. maori does not differ significantly between sites, either because species with a 

high lipid content are generally available at all altitudes, or that they are rare at lower elevations 

but are still sought by weta as a preferred food source and thus meet their dietary needs. 

Alternatively high lipid plants become less numerous at lower altitudes and weta are forced to 

feed on poorer quality plants, maturing at a stnaller body size than weta near the summit as a 

consequence. This does not exclude the potential additive effects of warmer environmental 

tetnperatures at the lower altitude affecting weta growth (see above). However, if little or no 

differences in diet are found then this would potentially diminish the role of natural diet 

differences as a factor affecting weta body size. 

METHODS 

Study Area 

Details of the Rock and Pillar Range and the three study sites are given in Chapter two: 

Data Collection 

Vegetation sampling and processing 

Vegetation was sampled using randomly placed 1 m2 quadrats at all sites. Two tors at each site 

were sampled and the number of quadrats per tor was standardised by scaling for tor size. At 
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each tor, quadrats were placed along randomly determined transects not more than 10 metres out 

from the edge of the tor. For each quadrat the direction of the transect and the distance from the 

tor was decided using random number tables. The presence of plant species in a quadrat was 

recorded using the Braun-Blanquet cover-abundance scale (Mueller-Dombois and Ellenberg 

1974 ). Vegetation samples were collected and added to a reference collection of plant cuticles 

from the Rock and Pillar Range, held at the University of Otago Department of Botany. Samples 

were frozen until ready for processing. 

The standard method for processing vegetation samples is to peel off the leaf cuticle and gently 

1nacerate it in nitric acid (Moore and Chapman 1986). However, this method was not suitable for 

a nu1nber of our plant species and an alternative method described by Lodge (2000) was followed 

for these specimens. The sample was macerated into small fragments and the fragments were 

soaked in 20o/a HN03. After incubation in a 60°C water bath for> 1 hour, the green corticular 

cells disperse, leaving clear cuticle fragments suitable for mounting and viewing under a 

1nicroscope. 

Faecal pellets processing and analysis 

At each site faecal pellets were collected from adult weta that defecated while being held. Pellets 

were stored in a glass vial for a maximum of 8 h, then dried and preserved by freezing. For a 

detailed description of how the faecal pellets were processed, see Moore and Chapman (1986). 

Processed pellets were mounted on a slide and examined under a compound microscope. The 

plant cuticle cells present were identified by comparison with the reference collection of cuticles 

frmn plants in the Rock and Pillar Range. Invertebrate parts were noted and any cells that could 

not be identified were recorded as unknown. 

Data Analysis 

Vegetation and diet diversity 

The diversity of plant species at each site and in the diet of weta at each site, as determined by 

quadrat sampling and faecal pellet analysis, was calculated using the Shannon-Weiner Function 

(H') (Zar 1996, Krebs 1999). The value of H' increases with increasing diversity, i.e. as the 

nu1nber of species and the eveness of distribution between species increases (Enright et al. 1994, 

Krebs 1999). A multiple comparison approach to determining if differences in diversity between 
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sites were significant is not possible, as the diversity index at each site is a single value and 

within site variation can not be calculated. However, at-test has been developed to test for a 

significant difference between pairs of Shannon indices of diversity (Hutcheson 1970). To allow 

the calculation of three pairwise t-tests at the 0.05 level of significance, without increasing the 

probability of making a Type I error, the Bonferroni method was used. This states that if n1 tests 

are carried out at the (a/n1) level of significance, then the probability of obtaining a significant 

result by chance is less than a (Harraway 1993). 

Diet Preference 

The seven plant species most frequently recorded in faecal satnples were common to all sites (see 

results). The rank preference for these species was compared to test the null hypothesis of no 

difference in diet preference between adult weta at high, middle and low altitudes. For each site, 

plant species were ranked according to their frequency of occurrence in faecal samples (usage) 

and in vegetation quadrats (availability). For a given plant species, rank availability was 

subtracted from rank usage to give a value that indicated relative preference for that plant as a 

diet item; the lower the value, the greater the preference for that species (Johnson 1980, Krebs 

1999). A Kruskal-Wallis test was used to test for differences in the rank of relative preference 

values for each plant species between sites, at the 0.05 level of significance. 

RESULTS 

Vegetation Data 

There were a total of 71 plant species recorded and of these species, 10 were common to all three 

sites (Figure 3.1). Of the four high lipid plant species, Cebnisia viscosa was recorded in 33 and 

30 quadrats at the upper and middle sites respectively, Anisotome imbricata was recorded in 7 

quadrats at the upper site and 8 at the middle site, Celmisia brev~folia was present in 5 quadrats at 

the middle site and Abrotonella inconspicua was not recorded in quadrats at any site. Poa 

colensoi was found at a high frequency at all sites. Vegetation at the lower site had a diversity 

index of H' = 1.41, which was significantly more diverse than both the upper site (H' = 1.20) 

Ctr400J = 2.59, P < 0.001) and the tniddle site (H' = 1.28) (t[sooJ = 2.586, P = < 0.001). Plant species 

diversity at the upper site was not significantly different from that of the middle site (t[soo] = 1.79, 

p > 0.05). 
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Faecal Samples 

A total of 26 identifiable diet items were found in the faecal samples of weta from all sites (30 

faecal samples; 10 from each site), 24 of these were plant species and the remaining two items 

were classified as hairs (from plants) and invertebrate parts. There were between 0 and 5 

unidentifiable diet items per sample. Seven plant species were common to all three sites and of 

these, the high lipid species Calmisia viscosa and Anisotome imbricata, as well as Poa conlensoi, 

were the most frequently found (Figure 3.2). Kelleria vellosa was found at intermediate 

frequencies at all three sites, whereas a third high lipid species, Calmisia brevifolia had a high 

frequency of occurrence in samples from the lower site, but was less prevalent in samples from 

the middle and high altitude sites (Figure 3.2). The diet of adult weta at the lower site (H' = 1.2) 

was significantly more diverse than weta diet at the upper site (H' = 1.0) (t[IOOJ = 2.626, P < 

0.005). Adult weta diet at the middle site (H' = 1.11 ), was not significantly different from either 

the upper (t[95J = 1.985, P > 0.50), or lower site (t[SSJ = 1.988, P > 0.5). 

Diet Preference 

There were 5, 7 and 10 plant species found in faecal samples from the upper, middle and lower 

sites respectively, that were not recorded in the vegetation survey of each site (Figure 3.3). This 

suggests that some plants may be rare, but are actually sought after by weta. For example, at the 

lower site the high lipid species Celm,isia viscosa and Celn1isia brevifolia were the plants with the 

highest frequencies in faecal pellets, but none of these species were found in quadrats at this site. 

At the upper site Celmisia brevifolia was found in faecal samples at low frequencies, but not at 

all in quadrats. Following the analysis of plant and faecal sample data, I returned to each site to 

check that the plants, which were absent from vegetation quadrats but found in faecal pellets, 

were actually present at each site and around the study tors. All preferred plant species (Figure 

3.4) were identified at the middle and upper site, but at the lower site, several plant species 

( Celm,isia viscosa, Celmisia brevifolia, Celmisia ramulosa and Anisotome imbricata), could not 

be found within a 100m radius of the study tors. Anisotome imbricata is also not usually found 

below 1200 m (Mark and Adams 1986) and the lower site is at 1100 m. 
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Three of the four high lipid species had a high ranking for diet preference. Anisotome 

im.bricata was the most preferred diet item of adult weta at the upper and middle sites, and 

ranked third at the lower site (refer Figure 3.4). At the lower site Celmisia viscosa ranked 

first and Celm-isia brevifolia second. Statistically, there was no significant difference in the 

diet preferences of adult weta between sites (Krukal-Wallis H[2J = 0.17, P = 0.918). 
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Figure 3.4: Ranked preferences of plant species in the diet of adult weta at each site. The 

lower the value of the ranking, the more that species is preferred. Values of zero mean that 

the plant is being eaten at the same frequency with which it occurs in the environment. 

Black bars represent the upper site, grey bars the middle site and white bars the lower site. 



51 

DISCUSSION 

This study found that there were no differences between the diet preferences of adult weta 

along an altitudinal gradient in the Rock and Pillar Range. Although there is no 

information on how hard weta have to forage to find preferred plant species at each site, 

this result does not support the notion that food quality influences body size plasticity in 

alpine weta. The highest ranking plant species in the diet of alpine weta at intermediate and 

high altitudes, Anisotome in1bricata, has an unusually high lipid content in its leaves (Bliss 

and Mark 1974). At the lower site, Cebnisia viscosa, Celmisia brevifolia andAnisotome 

ilnbricata ranked first, second and third respectively, and all of these plant species have a 

higher than average lipid content (Bliss and Mark 1974). This evidence suggests that H. 

nLaori in the Rock and Pillar Range are preferentially eating plant species with a high lipid 

content. The results for the dietary preferences of weta at the summit are similar to a 

previous study on weta diet, which was also carried out at the summit of the Rock and 

Pillar Range (Lodge 2000). It should be noted that some plant species may be more 

digestible than others, and thus could have lower representation in faecal pellets than less 

digestible species. Given that this study was only looking at the presence/absence of plant 

species in faecal pellets, it is unlikely that this potential problem would have influenced the 

results. However it is possible that some plant species found in the quadrats did not appear 

in faecal pellets due to variation in digestibility. 

It appears that there may have been inaccuracies in identifying the plant species in faecal 

pellets from the lower site, as several species identified in the faecal pellets could not be 

found around the study tors at this site. However, given that there is no significant 

difference in body size between weta from intermediate and low elevations, but vegetation 

diversity differs significantly between these sites, it still seems unlikely that variation in 

size can be attributed to differences in vegetation and diet. 

Summary and recommendations for future research 

The results from this study suggest that food quality may be less important than other 

environmental variables such as temperature, as a factor affecting body size in alpine weta. 

However food quality may still be important in determining the dietary preferences of 
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H. 1naori. If differences in environmental temperature affect weta tnetabolism as it does in 

other ectotherms (Townsend et al. 2000), weta at lower, warmer altitudes are likely to have 

a higher metabolism and consequently a higher energy requirement, and may seek out 

plants with a high lipid content because of this. Celntisia brevifolia is distributed from 900 

1n to 1900 m a.s.l. (Mark and Adams 1986), Celmisia viscosa occurs from 1100 m to an 

elevation of 1800 m a.s.l. (Mark and Adams 1986, Salmon 1992), and Anisotome imbricata 

occurs above 1200 m (Mark and Adams 1986). While these plant species may currently be 

at a level that can sustain a weta population, a change in the local plant communities due to 

global warming could have a negative impact on alpine weta if these high lipid plant 

species become uncommon or disappear. A lack of high lipid food resources may be one 

reason why alpine weta are not found at lower altitudes in the Rock and Pillar Range. 

In view of these findings, future research needs to include a vegetation survey of the Rock 

and Pillar Range for specific, preferred plant species (as determined by this study and 

Lodge 2000), to determine more accurately their abundance and distribution. In 

conjunction with this, other ranges in Central Otago should be surveyed, to determine if 

there is a correlation between the distribution of high lipid alpine plant species and the 

presence of H. 1naori. Currently, lipid content data is only available for species that were 

found at 1250 m and above (Bliss and Mark 197 4). Determining the lipid content of plant 

species commonly found in the faecal samples of weta at all altitudes, for which there is 

currently no data, should also be a research priority. As has been previously mentioned, the 

1 ower site should be re-sampled for both vegetation and faecal pellets, to improve the 

accuracy of the results for this altitude. 
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Appendix 3.1: An example of the vegetation differences between the summit site 

(1400 m)and the lower site 1100 m). 

Upper site 

Lower site 



CHAPTER FOUR 

Variation in the body size and growth rate of developing 

alpine weta (Hemedeina maori) under varying temperatures 
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INTRODUCTION 

Plasticity and development are related terms that are becoming increasingly common in 

evolutionary biology and ecology (West-Eberhard 1989). Phenotypic plasticity is the ability of 

an organism to express different phenotypes under different environmental conditions and is one 

way of overcoming the problem of living in a heterogeneous environment (West-Eberhard 1989, 

Mousseau et al. 2000). By influencing the range of phenotypes expressed by an organism, the 

environment also influences which phenotypes are exposed to selection. In this way, the 

environment can have both short and long-term effects, from an immediate developmental 

response to evolutionary adaptation over a number of generations. Understanding phenotypic 

variability in nature represents a main focus of evolutionary ecology as it fuels evolutionary 

change and therefore requires explanation (Conover and Shultz 1995, Mousseau et al. 2000). 

In a review of 109 studies on the effects of temperature on age and size at maturity in ectotherms, 

in 83% of the cases a decrease in temperature led to slow growth and later maturation at a larger 

body size (Atkinson 1994). von Bertalanffy (1960) proposed that this phenomenon is due to 

growth becoming constrained at high temperatures, because the rate of anabolism is unable to 

keep up with that of catabolism (Atkinson 1994, Atkinson and Sibly 1997). Another theory 

proposes that the response of body size to rearing conditions is a consequence of an increase in 

cell size (van Voorhies 1995). Under high temperatures cells will divide faster and the organism 

will mature more rapidly, resulting in a smaller adult with a smaller average cell size. Both of 

these theories are based on the assumption that body size is a plastic response to varying 

temperatures. However selection experiments carried out at several different constant 

tetnperatures have shown that Drosophila also produces genetically larger adults after selection at 

low temperatures (Partridge and Coyne 1996). Despite the fact that body size is one of the most 

commonly measured attributes of a species, the factors influencing body size on both an 

evolutionary and short term time scale remain poorly understood (van Voorhies 1995). Adult 

size, development time from egg to adult and juvenile growth rate are correlated with other life 

history traits, such as fecundity, and are important for an organisms fitness (Nylin and Gotthard 

1998). 

A New Zealand ectotherm that exhibits body size variation in association with an altitudinal and 

temperature gradient, is the mountain stone weta (Hemideina maori). H. n1aori are nocturnal and 
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occupy crevices and cavities under rocks in the dry, rocky mountains of the eastern South Island 

in New Zealand. This is an alpine environment and to cope with cold winter temperatures, 

H. 1naori has a high degree of cold tolerance, freezing solid over winter (Ramlov 1992, Sinclair et 

al. 1 999). In the Rock and Pillar Range adult H. ntaori at the summit (1450 m) are subjected to 

significantly cooler temperatures and are significantly larger than adult weta at an altitude of 

1100 m (Koning and Jamieson 2001, Chapter 2). Large size is often associated with high 

survivorship and fecundity (Atkinson 1994), as well as decreasing vulnerability to predation 

(Begon et al. 1996). However increased size at low rearing temperatures is also associated with 

low rates of population increase and low individual fitness. In comparison, high temperatures are 

favourable for individual growth and fitness, so it seems counter-intuitive that weta remain small 

in a warmer environment and suffer the apparent detrimental effects on fecundity and survival 

(Atkinson 1994). 

There are three plausible hypotheses for why weta are smaller at lower altitudes. Two involve 

the sa1ne ultimate function; fast growth, but different proximate controls; environmental 

influence and genetic adaptation. The first hypothesis is that fast growth is an unavoidable 

consequence of increased temperature, resulting in early maturation at a smaller size (Atkinson 

1994, Berrigan and Charnov 1994, Atkinson and Sibly 1997). The second hypothesis is that risk 

of predation by the native common gecko (Hoplodactylus 1naculatus), which is present at low 

altitudes but absent at the summit, selects for fast growth. Under this hypothesis it would be 

expected that low altitude weta will mature at a smaller body size, but large enough to escape 

predation, than high altitude weta. However this hypothesis seems unlikely as geckos are absent 

frotn an intermediate elevation in the Rock and Pillar Range, where weta are not significantly 

different in size to weta at low altitudes. A third hypothesis is that a lack of high quality food at 

low elevations may cause weta to mature at a smaller size than weta near the summit. However 

the diet of alpine weta in the Rock and Pillar Range, as determined by faecal pellet analysis, is 

not significantly different between high and low altitudes (see Chapter 3). 

In this chapter I present the results of a laboratory common-garden experiment, carried out under 

two temperature treatments, with controlled food and photoperiod conditions. This experiment 

aims to determine if variation in the body size of H. maori along an altitudinal gradient can be 

best explained by environmental influences, and/or genetic variation. I predict that if body size 
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plasticity is a response to variation in environmental temperature, weta from the same altitude 

subject to varying temperatures during development, will show significant differences in growth 

rate and body size. Alternatively, if variation in size is purely adaptive, weta from the same 

altitude subject to varying temperatures will not differ in growth rate or size. A genetic x 

environmental temperature interaction will result in weta from different altitudes, subject to the 

sa1ne temperatures during development, varying in size and growth rate (Mousseau et al. 2000). 

The results will provide information on the relative importance of temperature and genetic 

adaptation to body size plasticity in H. maori in the Rock and Pillar Range and allow predictions 

of how global warming may potentially affect the life history traits of alpine weta species in 

general. 

METHODS 

Between Dece1nber 1998 and February 1999 juvenile H. maori were collected from 1400 m a.s.l. 

and 1100 m a.s.l. in the Rock and Pillar Range. These altitudes were selected as it is known that 

adult H. 1naori at 1400 m are significantly larger than at 1100 m. When collected, individual 

weta were placed in small plastic containers and transported to the laboratory within eight hours 

of being captured. In the laboratory, weta from each site were randomly assigned to one of two 

treatments; low altitude weta to either low temperatures (LALT, n = 11) or high temperatures 

(LAHT, control, n = 8), and high altitude weta to either high temperatures (HART n = 10) or low 

temperatures (HALT, control, n = 9). Individual H. n1aori were housed in plastic boxes (30 x 13 

c1n2
) with a wire mesh lid. Each box had a soil substrate, several pieces of vegetation, two small 

rock on top of each other for shelter and a small rock or stick leaning against a wall for the weta 

to hang from while moulting (Barrett 1991 ). The boxes were placed on shelves in a controlled 

te1nperature room and those that contained weta under the warm temperature regime were placed 

on thermostatically controlled heating pads (See Appendix 4.1 ). Photoperiod during the summer 

was 16:8 hours (light: dark) for all treatments and 8:16 hours (light: dark) during winter. 

Te1nperature during the day was allowed to remain at ambient conditions. At 1600 h (winter) and 

1700 h (summer) the cool unit turned on, causing the night-time temperature to drop. For the 

warm temperature treatment the heating pads were regulated to maintain a night-time temperature 

difference of 3° C (winter) and 4°C (summer) between the two treatments. At 1000 h (winter) 

and 0700 h (summer), the cooling unit turned off, allowing the room to again warm to ambient 
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temperature. For a two month period during winter (July- August) the warm temperature 

treatment was maintained at the cool temperature conditions, to mimic the effect of snow cover. 

Weta were fed a similar quantity of fresh leaves frmn a native broadleaf tree and spray-misted 

with water three times a week during summer; once a month they were each fed a meal worm for 

extra protein. During winter they were watered twice a week and fed once a week. In the wild, 

juvenile H. 1naori appear to grow very slowly and may take three to four years to reach sexual 

1naturity (Leishnatn 2001). Weta were checked monthly for moulting and to assist in determining 

if a weta had 1noulted, a spot of water-soluble paint was placed on the dorsal surface of the 

exoskeleton. If the paint had gone when the weta was next checked, it indicated that it may have 

1noulted and should be measured. Weta were measured when first collected (head width and right 

fe1nur length), and after each moult for the duration of the experiment. 

Data Analysis 

Eighteen juvenile weta died within the first year of the experiment (1999), and were replaced in 

the summer of 2000. For the purposes of this analysis only data from the remaining 20 weta 

collected in 1999 were used; when the final data was collated these weta had been growing for 

730 day's and all but three had gone through three moults. Three parameters were calculated for 

use in statistical analyses, T (time to third moult), r (daily proportional growth rate for 730 days 

calculated as {log( size at 730 days/initial size )/730 days}) and S (size at 730 days measured as 

right femur length). All parameters were log transformed prior to analysis and the log 10 of initial 

body size at capture (B) was included as a covariate. 

Initially a two-way ANOV A was carried out to test for the effects of altitude, temperature, and 

their interaction, on Bi (size of weta at time of collection). If any of these effects were significant 

they were included as an interaction with log Bi in the main ANCOVA analysis (described next). 

A two factor ANCOV A using a linear model approach (because of unbalanced design) was used 

to test for the significance of the effects site and temperature and their interaction, on the 

parameters T, randS, at the 0.05 level of significance. Non-significant interactions were 

removed and the analysis re-run. 



62 

RESULTS 

Mean body size was not significantly different between those juvenile weta collected from an 

altitude of 1400 m (6.7 mm ± 0.23 SE, n = 19) and 1100 m (6.75 mm ±0.4 SE, n = 19) (tr3sJ = 
0.35, P = 0.73). However, after several weta died, the mean initial body size of the low altitude 

weta used in the analysis was significantly larger than that of high altitude weta (t[ 12J = 2.25, P = 
0.044) (Figure 4.1 A). Altitude was the only factor that had a significant effect on log Bi (Table 

4.1) and an interaction between these two variables was included as a factor in the main analysis 

(ANCOVA). 

Table 4.1 Sutnmary of p-values from the ANOV A with log initial size as a response. 

Parameter 

Time to third moult 

Source 

Altitude 

Temperature 

Altitude x Temp 

DF 

1 

F 

6.0 

0.35 

1.23 

p 

0.026 

0.563 

0.284 

Tetnperature was the only significant factor for the parameter T (time to third moult), with weta 

at warm temperatures taking significantly less time to reach the third moult than weta at cool 

tetnperatures (Figure 4.1B) and (Table 4.2). 

Growth Rate 

Log Bi, altitude, temperature, and the interaction log Bi x altitude were all significant in 

determining growth rate to 730 days (Table 4.2). The coefficient for the covariate log Bi, was 

negative, meaning that large weta grow more slowly (Figure 4.2). An interaction between log Bi 

and altitude indicates that the magnitude of growth differed for each combination of altitude and 

Bi. Weta at warm temperatures grew significantly faster than weta at cool temperatures and, for 

both treatments, high altitude weta grew significantly faster to 730 days than low altitude weta 

(Figure 4.1 C). 
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Figure 4.1: Mean values for the covariate initial body size (measured as right femur length in 

1nm) and the parameters T, S and r. For a description of the parameters see the text. Squares 

represent low altitude weta and diamonds high altitude weta. 95o/o confidence intervals are 

shown. LAHT n = 4, LALT n = 5, HART n = 5 and HALT n = 6. 
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Table 4.2: Summary of results for the two factor general linear model with log 10 initial body size 

(Bi) as a covariate. For a description of the response parameters T, randS, see the text. 

Parameter Source DF F p 

T LogBi 0.37 0.554 

Altitude 0.33 0.573 

Temperature 13.22 0.003 

Alt x log Bi 0.43 0.523 

R LogBi 1 54.74 <0.001 

Altitude 11.28 <0.01 

Temperature 62.30 <0.001 

Alt x log Bi 10.64 <0.01 

s LogB1 0.11 0.748 

Altitude 11.17 0.005 

Temperature 62.00 <0.001 

Alt x log B1 10.58 0.006 

Size at 730 Days 

Log Bi was not a significant factor for determining body size at 730 days, but altitude, 

temperature and the interaction log Bi x altitude were (Table 4.2). The latter interaction indicates 

that body size at 730 days will differ for each combination of altitude and initial body size. Weta 

under warm tempeniture conditions were significantly larger than weta at cool te1nperatures by 

730 days. Although there does not appear to be a significant difference in body size at 730 days 

between weta from high and low altitudes within each temperature treatment (Figure 4.1D), 

altitude is a significant factor when you account for an interaction between initial body size and 

altitude (Figure 4.1A). Under warm conditions, low altitude weta were larger in size than high 

altitude weta when first caught and at 730 days. Conversely, under cool conditions, low altitude 

weta were initially larger than high altitude weta when first caught, but were smaller than high 

altitude weta after 730 days (Figure 4.1 A & D). This effect can be explained by the faster 
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growth rate of high altitude weta (Figure 4.1 C). The discrepancy between initial size and size at 

730 days was greatest for weta under warm treatments. It seems likely that high altitude weta 

grow faster, and by 730 days they had "caught up" to low altitude weta in size. Because the size 

discrepancy was less between high and low altitude weta under the cool treatment, high altitude 

weta had grown to a larger size by 730 days. 
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Figure 4.2: Graph of log Bi versus log growth rate. Crosses represent low altitude weta and 

triangles represent high altitude weta. 

DISCUSSION 

This experiment was designed to determine if variation in body size of H. maori can be best 

explained by the influence of local temperatures and/or genetic variation. The results indicate that 

high developmental temperatures result in a faster growth rate to a larger body size compared to 

development at low temperatures. However in the wild, adult H. m,aori at the summit develop 
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under cool conditions and are known to be significantly larger than weta at lower, warmer 

environs (Koning and Jamieson 2001, Chapter 2). The cost of fast growth is reduced size at 

1naturity (Atkinson 1994 ), therefore it seems likely that low altitude weta will grow more quickly 

to a larger body size than high altitude weta, but will reach maturity earlier and stop growing. As 

development at cool temperatures slows growth, high altitude weta would have to grow for a 

longer period of time to achieve the sizes seen in the wild. 

A significant altitudinal difference in growth rate was found, with high altitude weta having a 

faster growth rate, and low altitude weta a slower growth rate, under both temperature treatments. 

This pattern opposes the environmental influences on growth rate that weta at each altitude would 

normally be subject to in the wild. This phenomenon, in which genetic influences on a trait 

oppose environmental influences, is termed countergradient variation (Levins 1968, Conover and 

Present 1990, Conover and Shultz 1995, Arnett and Gotelli 1999) and is known to occur in 

several ectothermic species, including Drosophila 1nelanogaster (Robinson and Partridge 2001), 

the wood frog Rana sylvatica (Berven 1982) and atlantic silverside (Conover and Present 1990). 

If fast growth is an unavoidable consequence of high environmental temperatures, as suggested 

by the results, then slow growth will be selected for in low altitude weta if it increases the fitness 

of some other trait, such as larger adult body size and increased fecundity. At high altitudes, 

weta already achieve the presumed benefits of large size on fecundity, as a result of cool 

temperatures slowing growth. However, delayed maturity increases the risk of mortality prior 

becoming an adult (Berigan and Charnov 1994) and selecting for fast growth at high altitudes 

may represent a trade off between increased fecundity and minimising the risk of juvenile 

1nortality. 

Because junenile weta were collected in the field we were unable to control for maternal effects, 

such as egg size, which may have affected the results. Therefore the altitudinal effects seen may 

reflect not only genetic differences between populations, but could also be the result of an 

interaction between maternal, genetic and environmental influences (Mousseau 1991, Arnett and 

Gotelli 1999). To control for maternal effects it would be necessary to repeat the experiment 

using the offspring of weta from each altitude, which had been raised under a constant 

environment. This would be difficult, as well as impractical, for a species such as H. maori, who 

1nay take up to four years to reach sexual maturity. 
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Summary and suggestions for future research 

The results of this study suggest that variation in body size of H. maori is a consequence of 

environmental temperature and a countergradient environmental x genetic interaction. This 

makes it difficult to predict the effect that global warming will have on alpine weta. Given that 

low altitude weta appear to select for slow growth, it seems likely that an increase in temperature 

would have a negative impact, as it will counteract selection and may result in smaller size and a 

potential decrease in fecundity (Calder 1984, Baur and Rabou 1988, Atkinson 1994, Berigan and 

Charnov 1994). On the other hand, high altitude weta select for fast growth, suggesting that an 

increase in temperature would be beneficial. Just how beneficial, however, would depend on the 

magnitude of temperature change and the rate at which it occurs. If temperature increases at a 

faster rate than adaptation is able to keep up with, high altitude weta could potentially end up 

with a genetically fast growth rate in an environment that promotes fast growth, and a small body 

size and decreased fecundity as a result. In view of this, future research needs to determine 

quantitatively the relationship between body size and ·fecundity in H. ntaori, to fully understand 

the i1npact that global warming is likely to have on life history traits and resulting population 

sizes. Given that alpine weta occur continuously along an altitudinal gradient, with opposing 

selection acting on a single trait at either end, it would be interesting to know if at some point 

along this gradient, the environment results in an optimal body size where there is minimal 

selection on growth rate. 
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Appendix 4.1: Set up of the common garden experiment 

Containers on the left hand side of the shelves are sitting on heating pads and contain the 

warm treatment weta, containers on the right hand side of the shelves contain the cool 

treatment weta. 



CHAPTER FIVE 

General Discussion 
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For organisms that rely on external sources for body heat (ectotherms), temperature is an 

important and widespread correlate of variation in size across latitudes, altitudes and seasons 

(Atkinson 1994 ). H. ntaori in the Rock and Pillar Range, New Zealand, follow the dominant trend 

of increasing body size with decreasing temperature, in association with increasing altitude 

(Koning and Jamieson 2001, Chapter 2). This thesis examined potential differences in the survival 

probability of adult alpine weta along an altitudinal gradient, in association with body size, as well 

as exmnining whether variation in body size could be attributed to diet, environmental influences 

or genetic adaptation. It could be expected that, as weta growing under the influence of cool 

temperatures take longer to reach maturity and breed, they achieve a higher adult survival rate and 

longevity as co1npensation. Large size is thought to be associated with an increase in survival and 

longevity (Atkinson 1994), however there is no apparent difference in the monthly survival 

probability of large bodied weta at high altitudes ( 1400 m) and small bodied weta at low altitudes 

( 1100 m). Overall, monthly survival at these two elevations fluctuated between 60o/o and 90% 

over summer, and reached 95% over winter. Adult weta at an intermediate altitude (1250 m) 

appeared to have a lower survival probability than weta at high and low altitudes, according to the 

analysis of mark-recapture data (using program MARK). There is no obvious biological 

explanation for this lower survival probability. It is possible that the lower survival rate was a 

localised site effect at the middle site, but without proper replication of sites at each altitude, this 

can not be tested. 

To be able to predict the response of an organism to a changing environment, such as the effects of 

global warming, genetic effects on a trait need to be separated from those of environmental factors 

(Mousseau et al. 2000). Using a common garden laboratory experiment approach, I found that 

growth rates of developing weta from both high and low elevations were increased under warm 

conditions, and decreased under cool conditions. Growth rate was also influenced by an 

interaction between temperature and genetic adaptation, such that selection for growth rate 

opposed environmental influences for weta from each altitude. For example, high altitude weta, 

which come from a cool environment, grew faster than low altitude weta under both warm and 

cool conditions. Growth rate in turn affects final body size (Atkinson 1994, Berrigan and Charnov 

1994, Atkinson and Sibly 1997), therefore due to countergradient variation in growth, adult weta 

at low altitudes will be bigger, and adult weta at high altitudes smaller, than if they were purely 

under environmental control. This may or may not represent a trade off between growth rate and 
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so1ne other fitness attribute (Conover and Shultz 1995). Our results from Chapter 2 suggest that 

adult survival is not being affected by variation in growth rates, but other fitness attributes that 

1night relate to adult body size could be affected. For example, weta at low altitudes may select 

for slow growth to counteract the influence of warm temperatures on growth rate and thereby 

achieve a larger body size and increased fecundity, whereas weta at high altitudes may select for 

fast growth as a trade off between large size due to cool temperature and a decrease in the 

probability of juvenile mortality. This trend, seen in high altitude weta, supports current theory on 

optimal insect size, which typically involves a trade-off between the fitness advantages of large 

size, and the disadvantages of a long development tilne (Roff 1980, 1981 ). In other ectotherms it 

has been shown that both the wood frog (Rana sylvatica) (Berven 1982) and the Atlantic silverside 

(Menidia 1nenidia) (Conover and Present 1990) select for fast growth at high altitudes and latitudes 

respectively, to counteract the influence of cool temperatures and a shorter growing season on 

growth rate and body size. However it seems unlikely that a difference in the length of the 

growing season can be used to explain countergradient growth between high and low altitude 

alpine weta. The difference in altitude between the lowest site and the highest site for this thesis 

was only 300m, and although there is a significant difference in temperature between the two 

sites, photoperiod and seasonal opportunities for growth (during summer) are presumed to be 

si1nilar. 

It is of interest that adult weta at intermediate altitudes are not significantly different in size from 

adult weta at low altitudes, yet temperature data for winter indicate that intermediate elevations are 

significantly cooler than lower elevations. This may indicate that growth rate and body size are 

111ainly influenced by summer temperatures, when weta are most active, than by winter 

temperatures. It is also possible that weta at intermediate altitudes select for fast growth, resulting 

in a body size similar to small bodied weta at low elevations, as opposed to selecting for slow 

growth and achieving a larger final body size, similar to weta at the summit. However, this 

contradicts the expectation that weta should achieve a large body size to maximise fecundity and 

survival. It would be interesting to include juvenile weta from the middle site in the common 

garden experiment, to determine if selection on growth rate is occurring, and if so, in what 

direction. A third plausible explanation for why a difference in body size between intermediate 

and low altitude weta was not found, is that there were not enough data from lower site weta to 

detect a difference. 
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There is still no clear theory as to why the dominant trend in ectotherms should be a decrease in 

size with increasing temperature (Nylin and Gotthard 1998). However, a recent study on 

Drosophila 1nelanogaster, has indicated that ectotherms raised at cool temperatures may be more 

able to convert food into large size, than those raised at warm temperatures (Robinson and 

Partridge 2001). It would be of great interest to test this theory using alpine weta. A finding in 

support of the theory that cool temperatures influence the growth rate of ectotherms, by enabling 

them to use food more efficiently, would be a 1najor step towards revealing the mechanism behind 

this life-history puzzle. 

The evidence from this study suggests that adult H. ntaori at the high and low altitude sites have 

similar 1nonthly survival probabilities, but are significantly different in size. This in turn suggests 

that adult weta at the high and low altitude sites achieve a body size that is adapted to the local 

environment. If global warming occurs at a rate that adaptation is unable to keep pace with, it is 

possible that alpine weta will be negatively impacted upon. This will be compounded if the 

vegetation at each altitude changes, and specific plant species diminish or disappear. Diet does not 

appear to be a major variable influencing body size in alpine weta, but plant quality does look to 

be an i1nportant determinant of diet preferences. At high, intermediate and low altitudes adult H. 

ntaori showed a preference for plant species with an unusually high lipid content, relative to other 

alpine plant species (Chapter 3). Therefore although diet does not influence variation in body size, 

it is likely that diet still makes an important contribution to metabolic rate, and overall growth and 

development. 

H. maori are a unique insect in that they are relatively long lived as adults, flightless and large 

enough to easily tag (Leishnam 2001). This makes them ideal for mark-recapture studies and 

provides us with the opportunity to map the survival of a wild insect population over time, and in 

relation to environmental and climatic events. The ongoing collection of mark-recapture data from 

weta at the three elevations described in this thesis is essential to interpreting the effects of global 

wanning on alpine weta populations. However, to fully understand the population dynamics of 

alpine weta and how they are likely to be influenced by global warming, more information is 

needed on the fecundity of weta over a range of elevations in the Rock and Pillar Range, as egg 

nutnber and size can also be plastic (Braby 1994) or adaptive in insects (Fitzpatrick and 
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Troubridge 1993, Fox 1993) trait. Currently there is no information available on egg size, or the 

nu1nber of eggs produced by females at any elevation, anywhere in the distrubutional range of 

alpine weta. Finally, vegetation surveys and monitoring of potential predators of H. m,aori should 

continue. Currently introduced mammals such as mustelids, cats, rats, hedgehogs and possum do 

not appear to be a threat to alpine weta (Appendix 2.1 ). It is possible that this is due to the harsh 

conditions in the Rock and Pillar Range, but a change to a more moderate climate may result in the 

range extension of potential predators into higher altitudes. 
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