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The endangered monophagous coxella weevil, Hadramphus spinipennis (Coleoptera: 

Curculionidae) is confined to two outlying islands of the Chatham Island group. This study 

was carried out on Mangere Island. The native forest, which used to cover Mangere, has 

been burned and replaced by grassland. A metapopulation of weevils inhabits 11 distinct 

host plant (A. dieffenbachii, Apiaceae) patches. Adult weevils feed on the foliage and 

flowers of A. dieffenbachii. Eggs are laid from September until May. Larvae hatch after 

two to three weeks and feed on the root parenchyma. Development from egg to adult 

takes between six months and a year. Pupation takes place in the soil next to the roots. 

Adults are flightless. The weevil responds to host plant specific olfactory cues. 

Mangere was visited six times between summer 1994 and summer 1997. To assess 

weevil-host plant interaction and to investigate if the weevil causes local extinction of its 

host plant, the population dynamics of H. spinipennis and its host plant were investigated 

in one discrete patch. Population estimates for the weevils were obtained with a"capture

recapture study using Pollock's robust design. Location, phenology and size of A. 

dieffenbachii plants were recorded once a year. Weevil numbers more than quadrupled 

over three consecutive summers and survival and recruitment rates increased. Plant 

numbers halved over the same period. By the fourth summer the plant population had 

collapsed and no weevils were found. Overexploitation, particularly via root feeding, 

caused host plant extinction. 

Weevil intra-patch movement was studied to determine the mobility of the weevils at 

varying food levels and the extent to which they leave a host plant patch. Over 90% of the 

weevils stayed within 0-6 m of where they were caught the previous day. Intra-patch 

movement followed a random walk model. High survival between capture occasions 

(during one visit) suggested that the weevils had a low tendency to leave a patch. 



An annual census was used to estimate weevil and host plant abundance for six patches 

and to assess if local weevil populations are regulated by density-dependence. The total 

weevil population almost tripled over three consecutive summers while plant numbers 

increased by 11 %. No density-dependent regulation of local weevil populations was 

detected. After a weevil density of between 18 and 33 per plant was exceeded, three 

patches collapsed. 

During each visit all patches were searched for marked weevils to assess inter-patch 

movement before and after the collapse of a local patch. Inter-patch movement was never 

detected before the collapse of a patch, but subsequently weevils were found in all 

neighbouring patches. The weevils' low tendency to disperse in the presence of food, yet 

high dispersal ability in its absence, can be explained by the natural habitat. Weevils and 

host plants were originally confined to rugged coastal areas, where the risk of inter-patch 

dispersal is likely to be greater than the disadvantage of intra-specific competition. After 

the collapse of a local patch, however, high dispersal power is needed to reach a new 

one. The rate of change in weevil numbers was not spatially correlated. Therefore, 

stability of the weevil metapopulation is probably maintained by spatial heterogeneity 

acting in a 'shifting mosaic' mode. 

Keywords: Hadramphus spinipennis, Aciphylla dieffenbachii, Curculionidae, Apiaceae, 

Chatham Islands, New Zealand, conservation, habitat modification, metapopulation 

dynamics, dispersal, spatial heterogeneity, density-dependence, insect plant interaction, 

olfactory response 



Structure of this thesis 

This thesis is structured as a series of interconnecting, yet self contained chapters. 

Therefore, some figures appear more than once. All chapters, excluding the General 

Introduction and the General Conclusions, have been prepared as papers and the relevant 

reference list follows after each chapter. However, since most papers have not been 

submitted yet, the layout and style was kept constistent throughout the thesis. Chapters that 

are multi-author papers close with a paragraph that distinguishes my work from the 

contibution by others. 
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CHAPTER 1 

General introduction 

1.1. THESIS CONTEXT 

New Zealand's ecological history 

New Zealand split off from the prehistoric supercontinent Gondwana about 90-65 

million years ago. It was completely isolated before the evolutionary radiation of 

mammals began (King 1990). Elsewhere in the world large herbivorous mammals and 

their predators evolved and became the dominant members of most natural 

ecosystems. In New Zealand, however, these roles were taken over by large flightless 

birds with many large flightless insects occupying the role filled elsewhere by small 

herbivorous mammals (King 1990). The New Zealand species often have no 

taxonomic equivalent elsewhere in the world and some are likely to be surviving relicts 

of the Gondwana biota (Diamond 1990). New Zealand's isolation resulted in a high 

level of endemism of its flora and fauna, particularly at the species level (Daugherty et 

al. 1990). Ninety percent of all New Zealand insect species and 96% of the Coleoptera 

are endemic (Watt 1975). 

New Zealand has had the longest period of isolation of any non-polar land mass on 

Earth from the late Cretaceous period until the recent arrival of humans (Taylor and 

Smith 1997). It is thought that Polynesians arrived in New Zealand about 850 years 

ago (but it was possibly considerably earlier; Holdaway 1996) and brought vvith them 

Polynesian dogs (Canis familaris L.) and Polynesian rats (Rattus exulans Peale) 

(Davidson 1984). The second wave of human colonisation began in 1769 with the 

arrival of Europeans who introduced rodents and mustelids, numerous domestic 

species such as pigs (Sus scrofa L.), goats (Capra hircus L.), and sheep (Ovis aries 

L.) and species such as the brushtail possum (Trichosurus vulpecula Kerr) for fur 

production. 

The current situation 

The New Zealand landscape has been severely modified since the arrival of humans. 

Only 23% of the native forest remains (King 1990) and at least 45 bird species and 
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many more invertebrate species have become extinct over that period. Today 63% of 

New Zealand's land area is domesticated. Thirty percent of the land area is protected 

(Taylor and Smith 1997) including large, continuous areas of native forest (e.g., 

Fiordland National Park). Introduced mammals, however, continue to be a major threat 

to the biota. Possum browsing causes the death of whole trees and severely damages 

forests (Cowan 1991, Department of Conservation 1994). Introduced predatory 

mammals such as stoats (Mustela erminea L.), cats (Felis catus L.), ship rats (Rattus 

rattus L.), Norway rats (R. norvegicus Beckenhout), mice (Mus musculus L.) and 

Polynesian rats continue to be a major threat to the fauna. In the case of insects, 

mainland populations of many species persist only in places that are relatively 

inaccessible to or unsuitable for rodents, such as mountain tops and swamps. It is 

likely that fragmentation into these remnant populations is a result of continuous 

predator pressure. Together with habitat destruction (e.g., Kuschel 1990, Cowan 1991, 

White 1991) (which is almost entirely responsible for habitat fragmentation in Europe), 

mammalian predators are likely to have caused a loss of connectivity between remnant 

local populations and consequently pose a threat to many New Zealand insect species. 

Today about 1000 of all known New Zealand taxa are endangered. This excludes many 

species that are still unknown to science (Taylor and Smith 1997). The 10,000 

indigenous insect species that have so far been described from New Zealand, for 

example, are expected to comprise only half of the anticipated total number of species. 

The Department of Conservation (Molloy and Davis 1994) classifies as threatened any 

species that falls into one of the following internationally defined categories: 

endangered, vulnerable, rare, indeterminate, insufficiently known (Groombridge 1993). 

The last category alone comprises half of all the insect species listed as threatened. 

Conservation in New Zealand 

Introduced pests are the most significant threats to New Zealand's biodiversity (Taylor 

and Smith 1997). The northern hemisphere approach of setting aside natural areas as 

reserves has not succeeded. Populations of native animals and plants vulnerable to 

introduced predators have continued to decline, or have persisted only on islands free 

of these threats (Clout and Saunders 1995). The response of New Zealand wildlife 

managers, faced with a series of critically endangered species, has been to take 

advantage of the islands within the New Zealand archipelago (Diamond 1990, Clout 

and Saunders 1995). 
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Islands are not simply miniature versions of mainland New Zealand (Meurk and 

Blaschke 1990). They often have a characteristic flora and fauna that frequently 

includes a high proportion of primary endemics (species that apparently evolved on 

islands and are not known to have ever occurred on the mainland; Watt 1986) and 

pseudo-endemics (refugee species, that previously occurred on the mainland, but only 

survived on islands; Towns and Robb 1986, Daugherty et al. 1990). Today, the 

distribution of a large proportion of New Zealand's species is restricted to islands, 

including, for example, over 40% of the insect species that have the highest or second 

highest priority for conservation (Molloy and Davis 1994). New Zealand's islands have 

unique communities which consist of four main elements: low-growing salt- and wind

tolerant coastal trees; large, often flightless, invertebrates; reptiles and seabirds in high 

densities. Around New Zealand there are more than 273 islands which are larger than 

5 ha (Atkinson 1989). Most of these, however, harbour exotic animals which have 

either been introduced deliberately or accidentally and naturally colonised (Veitch and 

Bell 1990). Conservation projects on New Zealand islands started by translocating 

endangered bird species to islands free of threatening mammals, and by creating 

mammal-free islands through eradication (Taylor and Thomas 1989, Diamond 1990, 

Clout and Saunders 1995). Insects were almost totally neglected when the criteria for 

island reserves and restoration projects were set (Gibbs 1990, Howarth and Ramsey 

1991). Partly because of their dominance in terms of numbers of species and biomass, 

however, insects playa profound role in ecosystem functioning (Wilson 1987), 

especially on isolated islands where many vertebrate groups are absent and where a 

few invertebrate groups are disproportionately well presented (Howarth and Ramsay 

1991). In the past, islands have been mostly regarded as sanctuaries for endangered 

mainland vertebrate species. More recently, the unique ecological values of islands 

have been widely recognised and restoration programmes have also included insects, 

not only as food for vertebrates (Gibbs 1990), but for their own intrinsic value (Towns 

et al. 1990, Department of Conservation 1996). To set up restoration programmes, an 

understanding of habitat requirements and ecological interactions between different 

species is needed (Atkinson 1994, Clout and Saunders 1995). Ecological knowledge of 

island invertebrates, however, is very poor (Howarth and Ramsay 1991) and even less 

information is available concerning interactions of endemic insect herbivores and their 

host plants. 

This study investigated the interaction of a metapopulation (see below) of the 

endangered endemic monophagous coxella weevil, Hadramphus spinipennis Broun 

(Coleoptera; Curculionidae), and its host plant Dieffenbach's speargrass, Aciphyl/a 

dieffenbachii (F. Muell.) Kirk (Apiaceae) on Mangere Island and, to a lesser extent, on 
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South-East Island in the Chatham Islands archipelago. The study was part of the 

Department of Conservation's indigenous species protection and preservation plan for 

the Chatham Islands (Department of Conservation 1996). Mangere Island and South

East Island are two of the most biologically significant nature reserves of the southern 

hemisphere (Department of Conservation 1996). Mangere Island's natural 

communities, however, have been so devastated by fires, sheep and rabbits that only 

a small piece of forest remains. Today the island is mostly covered in exotic grassland 

and recovering native herbs, shrubs and grasses. The Department of Conservation's 

current work on the island is designed to rehabilitate the ecological community. Before 

programmes for the recovery of threatened species can be designed, they have to be 

identified and prioritised according to their threat and vulnerability (Department of 

Conservation 1996). 

The metapopulation concept 

In its pristine condition, Mangere Island was covered with forest, and A. dieffenbachii 

and H. spinipennis populations were confined to coastal areas, cliffs, bluffs and rocky 

shores (Given 1996). Today, A. dieffenbachii is widely distributed in the grassland that 

dominates the island. It forms distinct patches that are occupied by a metapopulation 

of H. spinipennis (Chapter 4 & 5). 

The term metapopulation was introduced by Levins (Levins 1969, 1970). Levins' 

narrow classical view of a metapopulation defines it as a large network of similar small 

patches with local dynamics occurring at a much faster time scale than metapopulation 

dynamics. In a broader sense this approach can also be used for systems in which 

local populations (even if they differ in size) have a significant risk of extinction (Levins 

1969, 1970, Hanski and Simberloff 1997). Levins' definition has been superceded by a 

broader view that defines metapopulations as an assemblage of discrete local 

populations (or subpopulations) within some larger area, regardless of the rate of 

population turnover. Migration from one local population to at least some other local 

populations is typically possible (Hanski and Simberloff 1997). This broader definition 

of a metapopulation will be used throughout this thesis. 

In conservation the theory of island biogeography (or 'equilibrium theory' (MacArthur 

and Wilson 1963, 1967). has been the dominant paradigm for decades. In the 1980s, 

however, it was largely replaced by the metapopulation concept, although the basic 

ideas of the two paradigms are similar (Simberloff 1988, Hanski and Simberloff 1997). 

Island biogeography theory focuses on 'real' island communities in which the number 



of species per island are determined by a balance of immigration and extinction 

(MacArthur and Wilson 1963, 1967). Janzen (Janzen 1968, 1973) extended the 

equilibrium theory to herbivorous insects and patchily distributed plants. 
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Metapopulation theory typically focuses on the population dynamics of a single species 

which is distributed over spatially disjunct patches of suitable habitat separated by 

unsuitable habitat. Because of the risk of mortality in crossing hostile conditions, 

movements of animals between the patches is not routine and is consequently limited. 

Extinctions of local populations may be a common event and metapopulation 

persistence depends on the dynamics of extinction and recolonisation of local patches. 

As long as the rate of recolonisation exceeds or equals the extinction rate the 

metapopulation persists, although no local population may survive continuously over 

time. Spatial variation in densities and dynamics play an important role in the stability 

of metapopulations of multiple interacting species, such as predator and prey or 

herbivore and host plant (den Boer 1968, Hanski 1989, Nee et al. 1997). Spatial 

heterogeneity can result in metapopulation persistence, even if local populations are 

relatively unstable (Huffaker 1958, Nachman 1988, 1991, Holyoak and Lawler 1996). 

Dispersal between local populations, however, has to be low enough not to 

synchronise their dynamics (Taylor 1990). 

The metapopulation concept is an appealing approach to conservation (Hanski and 

Gilpin 1991, Harrison and Taylor 1997) and numerous conservation strategies are 

based on metapopulation models (Harrison 1994). At a time when habitats are 

becoming increasingly more fragmented, the metapopulation concept draws attention 

to landscapes and networks, as opposed to individual reserves in isolation. The 

metapopulation concept in combination with studies of local population dynamics 

provides a diagnostic approach to conservation. Factors that are vital for the 

persistence of a population can be identified and used as a foundation for conservation 

measures; for example, whether or not the studied metapopulation is small and/or 

declining (Caughley 1994), is at equilibrium (Hanski and Simberloff 1997) or is 

experiencing an inbreeding depression or drift (Simberloff 1988). 

Although many species on the New Zealand mainland, and on islands, have to cope 

with habitat fragmentation (Howarth and Ramsay 1991), the metapopulation concept 

has hardly been applied to conservation in New Zealand. Many species, however, 

persist only as small populations in small refuges, which makes them highly vulnerable 

to disturbances. The often close interaction between different native species (Dugdale 

1975) increases the vulnerability of these small populations to extinction even further 
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(Gagne 1988). The metapopulation concept in combination with studies of local 

population dynamics is likely to be a beneficial approach to determine if a population is 

threatened and identify factors that play an important role in its persistence. 

1.2. GENERAL AIM 

The general aim of this study was to identify the factors that play an important role in 

the persistence of the H. spinipennis metapopulation on Mangere Island. 

1.3. OBJECTIVES 

• Determine the life cycle and phenology of the monophagous weevil H. spinipennis 

and its host plant A. dieffenbachii to provide a foundation for subsequent work. 

• Study the response of H. spinipennis to host and non-host plant odour. 

• Examine local population dynamics of one population of A. dieffenbachii and H. 

spinipennis to assess plant-weevil interactions and to determine if H. spinipennis 

causes local extinction of its host plant. 

• Investigate weevil intra-patch movement to determine the mobility of the weevils at 

varying food levels and the extent to which they leave a host plant patch. 

• Analyse population dynamics of the weevil and plant population in six selected 

patches over three summers and assess if local weevil populations are regulated by 

density-dependence. 

• Assess dispersal (inter-patch movement) before and after the collapse of a local 

patch to determine the timing of dispersal and the rate of interchange between 

neighbouring weevil populations. 



1.4. OUTLINE OF THE THESIS 

Chapter 1 General introduction: describing the background to and the structure of the 

thesis and outlining the general aim and the objectives 

Chapter 2 Ufe cycle, behaviour and conservation of the large endemic weevil, 

Hadramphus spinipennis on the Chatham Islands, New Zealand 

Chapter 3 Responses of a flightless coxella weevil, Hadramphus spinipennis, to host 

plant volatiles in a wind tunnel 

Chapter 4 Dispersal and colonisation ability of the endangered weevil Hadramphus 

spinipennis in a metapopulation structure 

Chapter 5 Local and metapopulation dynamics of a specialist herbivore which over

exploits its patchily distributed host plant 

Chapter 6 Conclusions: highlighting and summarising the main findings of the 

previous chapters 
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CHAPTER 2 

Life cycle, behaviour and conservation of the large endemic 

weevil, Hadramphus spinipennis on the 

Chatham Islands, New Zealand 
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Abstract Populations of the endangered weevil Hadramphus spinipennis 

(Coleoptera: Curculionidae), which is endemic to the New Zealand Chatham Islands, 

were sampled five times from December 1993 to January 1997. All stages of its life 

cycle were closely associated with its host plant, the Chatham Islands endemic 

Aciphyl/a dieffenbachii (Apiaceae). Adult weevils were found throughout the year, 

predominantly on male plants where they fed on foliage, flowers and seeds. Copulation 

took place mostly on male flowers and occurred from September to March. Eggs were 

laid in the soil under host plants from September to April/May. The five larval instars 

fed on the roots and pupation took place in the soil. In shadehouse studies the shortest 

period from neonate to pupa was 147 days and pupation took less than 30 days. Field 

and laboratory data suggested that eggs laid early in spring developed into adults by 

early autumn but that those laid in late summer overwintered as larvae and pupated 

the following spring. 

Key words Hadramphus spinipennis, Aciphyl/a dieffenbachii, Chatham Islands, life 

history, phenology, behaviour, conservation. 

Submitted as: Schops, K., Wratten S.D. and R.M. Emberson (submitted in February 

1998) Life cycle, behaviour and conservation of the large endemic weevil, Hadramphus 

spinipennis on the Chatham Islands, New Zealand. 

New Zealand Journal of Zoology 
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2.1. INTRODUCTION 

Many of New Zealand's large endemic weevil species are classified as rare because of 

their very limite:d distribution (Sherley 1990). Rarity, however, is the attribute of a large 

number of species worldwide (Darwin 1859). To diagnose if a species is endangered, 

knowledge of its natural history is vital (Caughley 1994, Meffe and Carroll 1994, 

Caughley and Gunn 1996). In New Zealand, 54% of all protected insect species are 

found on off-shore islands (Ramsay et al. 1988), many of which are now nature 

reserves but have been severely modified in the past (e.g., Early et al. 1991, 

Emberson et al. 1996, Given and Williams 1984, Towns et al. 1990, Walls and Scheele 

1995, Walls et al. 1997). Endangered insects can often be protected by preservation of 

their biotopes and ecosystems (Samways 1994) with little knowledge of their specific 

habitat requirements (Meffe and Carroll 1994). Restoration programmes, however, 

require detailed information into the natural history, population dynamics and habitat 

requirements of a species to take adequate species-specific actions to restore 

previous populations. The investigations reported here into the natural history of 

Hadramphus spinipennis Broun, the coxella weeVil, (family Curculionidae; subfamily 

Molytinae; tribe Molitini) are part of the restoration programme for the Chatham Islands 

(Anon. 1996). 

H. spinipennis is classified as an endangered species (Molloy and Davis 1994) based 

on its distribution, which is thought to be limited to Mangere Island and South East 

Island, two outlying islands of the Chatham Islands group (Fig. 2.1) (Emberson et al. 

1996). Specimens collected by T. Hall in 1906/07, however, indicated that the weevil 

also used to occur on Pitt Island (Fig. 2.1), but it has not been found there for 90 years. 

The coxella weevil belongs to a group of New Zealand genera, including Lyperobius 

and Karacolens, all of which are very closely related to each other (Craw in litt.) and 

comprise a group of large flightless weevils that feed on live plant tissue (May 1993). 
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Fig. 2.1 Map of the Chatham Islands. 
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Adult coxella weevils and their larvae feed on Dieffenbach's speargrass plant Aciphylla 

dieffenbachii (F. Muell.) Kirk (Apiaceae)(Emberson et al. 1996). The genus Aciphylla 

occurs only in New Zealand and Australia (Oliver 1956). A. dieffenbachii is 

herbaceous, perennial, dioecious and is restricted to the Chatham Islands, where it 

occurs mostly on coastal cliffs (Allan 1982) and in treeless areas. In conservation 

terms it is regarded as 'vulnerable' (Molloy and Davis 1994), as its numbers are 

decreasing on the larger islands due to sheep grazing. H. spinipennis is believed to be 

host-specific on A. dieffenbachii, but it has repeatedly been sighted on Pseudopanax 

chathamicum Kirk (Araliaceae), several hundred metres away from the nearest A. 

dieffenbachii plant (G. Taylor, S. Philipson pers. comm., Emberson et al. 1996). 



The plant family Apiaceae supports a fauna that is primarily oligophagous and 

restricted to Apiaceae and, rarely, a few other closely related families like Araliaceae 

(Berenbaum 1990, Woodland 1991, Thorne 1968). The knobbled weevil, H. 

sti/bocarpae Kuschel, which is the only other known extant species in the genus H. 

spinipennis, feeds on species of both families. This suggests that P. chathamicum 

could also be a host plant for H. spinipennis. 
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The life history of H. spinipennis is believed to be strongly associated with its host 

plant. In a threatened or endangered herbivore/plant system the survival of both plant 

and herbivore depend on conservation programmes that preserve both mutualists 

(Samways 1994), which requires an understanding of their natural history and the 

herbivore-plant interactions. This study therefore investigated the phenology of H. 

spinipennis and A. dieffenbachii, the life cycle of the weevil and its behaviour in relation 

to its host plant on Mangere Island. To conduct behavioural studies separately for male 

and female weevils, a method was established for distinguishing the two sexes. The 

potential of P. chathamicum as a host plant for H. spinipennis was also assessed. 

2.2. METHODS 

The study site 

The study was conducted on Mangere Island, where A. dieffenbachii and H. 

spinipennis are abundant. Mangere Island (113ha) is 2.5 km west of Pitt Island in the 

Chatham Islands (Fig. 2.1). Once covered in low native forest, the island is now 

dominated by non-native grassland and native shrubs as a result of 90% of the forest 

being burnt early this century to clear the island for farming. Mangere Island is now a 

major nature reserve and is free of introduced mammalian predators; reforestation 

has occurred since 1974 (Butler and Merton 1992). 'Megaherbs' (e.g., A. dieffenbachii 

and Myosotidium hortensia Hook.) occur along the coastline on cliffs and in open 

grassland. A. dieffenbachii is patchily distributed over the whole island, often forming 

dense, almost monocultural stands. The island was visited six times between 

November 1993 and January 1997. Four trips took place in summer (25 November 

1993-15 February 1994; 30 November-17 December 1994/95; 6-20 December 1995; 

15-19 January 1997), one in autumn 1995 (22 March-3 April 1995) and one in early 

spring 1995 (12-20 September 1995). 



16 

Phenology of A. dieffenbachii 

Each time Mangere Island was visited the phenology of A. dieffenbachii was studied 

and the reproductive status of A. dieffenbachii plants was recorded. This was done in 

an attempt to relate the phenology and behaviour of H. spinipennis to developmental 

stages of its host plant. A. dieffenbachii could easily be sexed when close to anthesis 

and when fruiting. An inflorescence of A. dieffenbachii comprises flowers borne in 

compound umbels (Le., a 'flower head' on a central stem) (Oliver 1956). When 

senescing, male flowers, and eventually the whole inflorescence, wilt and collapse, 

while female inflorescences dry and often remain intact until the next spring. Only 

plants with remains of old flower stalks could be sexed when A. dieffenbachiiwas not 

in flower. For one selected study site (750 m2), the number of plants and their sex was 

recorded each summer. Inflorescences per plant were counted, their phenological 

stages recorded and the ratio of flowering to non-flowering plants was determined. 

Morphological differences between H. spinipennis sexes 

At the beginning of this study no information on how to sex H. spinipennis was 

available. Many weevil species are sexually dimorphic (e.g., Nahif et al. 1994, Starr et 

al. 1997), and in some insect species the sexes can be identified by size difference 

(Adams and Funk 1997). To find a trait allowing the sexing of the weevils in the field, 

copulating pairs were separated and the individuals were examined by eye for 

morphological differences. Consistent differences in the morphology of the last sternite 

were found (see Results). Female weevils also tended to be larger than males. 

Weevils were therefore collected from A. dieffenbachii plants in the study site. They 

were then sexed and the length from the head (excluding the rostrum) to the tip of the 

abdomen was measured with callipers. Weevils were measured in December 1993 (n 

= 146), December 1994 (n = 341), March (n = 404), September (n = 201 }and 

December 1995 (n = 590). Body lengths of female and males from the different 

samples were compared using two-way AN OVA (Zar 1984). 

Life cycle, behaviour and phenology of H. spinipennls in the field 

Every time the island was visited, general observations on the weevils' life cycle, 

behaviour and phenology were made. The presence of adults and where they fed, 

mated and oviposited was recorded. Weevil numbers and activities were obtained from 

a capture-recapture study (Schops et al. 1998, Schops unpubl.). Information on the 
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presence and absence of the subterranean stages of H. spinipennis (larvae and 

pupae) was obtained by excavating A. dieffenbachii plants. Plants were randomly 

chosen from A. dieffenbachii patches. Each plant was removed from the ground at a 

radius of ca. 200 mm from its centre. The vegetation and root ball were put into a 400 

x 600 mm white plastic tray. Larvae and pupae were collected with soft forceps and 

stored in either 90% ethanol or PEA fixative (Walker and Crosby 1988). In a nature 

reserve like Mangere Island, however, disturbance of the habitat should be minimal 

and therefore only 10 to 20 plants could be excavated on each visit to the island. The 

number of larvae and pupae varied substantially between sampling dates. Larvae 

collected in the field were used to identify the number of larval instars of H. spinipennis 

but, as first instars were difficult to detect in the field, 50 laboratory-hatched neonates 

were also measured. The head-capsule width of each individual was measured with a 

FOR.A video micro scaler IV-550 connected to a Burle high resolution CCO video 

camera and a television monitor. Head capsules were removed from the larvae and 

placed with posterior side down on a light box under the video camera fitted with a 55 

mm lens (focal length 1 :2.8). Head capsules were displayed on a monitor and their 

diameters were measured using the micro scaler. 

Development times studies of H. spinipennis in captivity 

A captive weevil population was established in an insectary at Lincoln University in 

February 1994. Twenty to thirty weevils were kept under natural daylength and 

ambient temperature in a 500 m x 500 m x 500 mm gauze cage with a steel base lined 

with a bark chip/sand mixture (1: 1). Either a potted A. dieffenbachii plant was placed in 

the cage or fresh A. dieffenbachiifoliage was provided weekly. Weevils oviposited in 

captivity and the eggs were then collected and reared through to neonate first instar 

larvae. In October 1995, five laboratory-reared first instar larvae were transferred onto 

each of 22 potted all one-year-old A. dieffenbachii plants. Using a small brush, the 

larvae were carefully placed on the soil next to the root crown. The plants were kept in 

a shadehouse at the Lincoln University nursery. Every 21 days the plants were taken 

out of their pots and the soil was removed from the roots. Roots and soil were then 

searched for larvae and pupae. The head capsule width of living larvae found was 

measured under a binocular microscope (10 x 20 magnification) fitted with an eyepiece 

graticule. The presence or absence of pupae was also recorded. Plants were then 

repotted and the larvae returned to the original plants. Each larva was inserted in a 

separate 10 mm diameter x 50 mm-deep hole next to the root crown, and the hole was 

sealed off with soil. To minimise disturbance of larvae, inspections took place at 28-
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day intervals from July until the end of the experiment in November. The inspection 

started out with seven plants. Every time an inspection occurred, one 'new' plant that 

had been treated similarly to the others, but had not been inspected before, was added 

to the sample. This was done to assess if larvae on previously inspected and 'new' 

plants developed at the same rate. Most weevils died during pupation, so 20 medium 

sized and large larvae were collected on Mangere Island and transferred to potted A. 

dieffenbachii plants in January 1997. 

Movement of larvae under the microscope led to measurement errors. Therefore each 

larva was measured three times to estimate an approximate measurement error (0.5 

mm). They were then grouped into small (head capsule diameter: < 2.5 mm), medium 

(2.5-3.65 mm) and large larvae/pre-pupae (> 3.65 mm). Larvae on previously 

inspected and 'new' plants developed at similar rates. Since head capsule 

measurements were taken at either three- or four-week intervals, only the maximum 

time a larva took to enter the next developmental stage could be estimated. Using 

these data, maximum average times for development from neonate larvae to medium 

sized larvae, neonate larvae to large larvae/pre-pupae, and neonate larvae to pupae 

were calculated. 

Behaviour of H. spinipennis in relation to its host plant 

Weevil behaviour was recorded in detail on four nights in September and in December 

1995. In September, when the plants were not flowering, 162 plants were examined, 

and 35 female and 41 male plants were searched in December 1995. The plants were 

subdivided into foliage, petioles and flowers. Before a plant was searched, its sex, size 

and the number of inflorescences was noted. Non-flowering plants could not be sexed. 

The volume of flowering male plants was estimated to comprise of approximately 50% 

foliage, 20% petioles and 30% flowers. Female flowers were smaller and less 

common. Female plants were estimated to comprise approximately 55% foliage, 25% 

petioles and 20% flowers. These percentages were used in statistical tests to calculate 

the expected numbers of weevils for different parts of the plants if a random 

distribution was assumed. 

Four major types of weevil behaviour were identified: feeding, walking, pre-copulatory 

activity, and copulation. The weevil's sex was recorded, as well as the part of the plant 

on which it was found. The number of weevils per male and female flower head was 

also assessed for 169 female and 241 male plants in December 1994. To assess if 



weevil distribution on its host plant was aggregated or random, the number of 

individual weevils and of weevil groups (individuals that formed groups in exactly the 

same location on a plant) were recorded for 100 plants on March 12-13 1995. 

Pseudopanax chathamicum • a host plant of H. spinipennis? 
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Host plant preference tests were conducted in the laboratory to investigate H. 

spinipennis, preference for A. dieffenbachii or P. chathamicum. Weevils were randomly 

allocated to six groups of four and each group was placed in a separate 500 mm x 300 

mm x 160 mm plastic container. Each container had a lid with a 180 mm x 260 mm 

gauze-covered ventilation hole and was lined with moistened bark chips. Two A. 

dieffenbachii and two P. chathamicum leaves were placed on the bark chips in each 

container so that the two species alternated and the leaves did not touch. Leaf petioles 

were inserted into glass tubes filled with 5% agar to reduce water loss due to 

evapotranspiration. Six identical containers without weevils were set up as controls. 

The test was conducted in a controlled temperature room at 15 Qe, 60% humidity with 

a 16 hour light-period. The weight of each leaf was recorded at the start of the 

experiment, and after 48 hours and 96 hours. Average percent weight loss due to 

evapotranspiration and its standard deviation were determined using the leaves from 

the control containers. 

2.3. RESULTS 

Phenology of A. dieffenbachii 

Flowering in both sexes began at the end of October. Males flowered from October to 

late January, with a peak in November-December. The female flowering period was 

comparatively shorter with a similar peak. By mid December, most female plants had 

developed green fruits which ripened and released seeds in late January to early 

February. As with other Aciphyl/a spp. (Lloyd 1973; Lloyd and Webb 1977; Webb 

1979, Given and Williams 1984) a strong male bias in the sex ratio of flowering plants 

was recorded (Table 2.1). 
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Table 2.1 The number of male and female plants in the study site and the mean 

number of inflorescences per plant ± S.D. in three consecutive summers. 

Females Males Total 
Flowering Mean no. of Flowering Mean no. of Flowering & 

Year plants inflorescences plants inflorescences non-flowering 
1993 169 -* 212 -* 430 
1994 154 1.8 ± 1.57 209 2.4 ± 1.64 406 
1995 71 1.6 ± 1.09 99 1.7±1.41 216 

'in 1993, individual inflorescences per plant were not counted 

Ninety percent of the plants (excluding seedlings and small plants that had only a 

single leaf-rosette) flowered in December 1993 and December 1994, whereas only 

79% flowered in December 1995. In December 1994 male plants produced on average 

(Table 2.1) significantly more flower heads than did female plants (t = -3.00, 344 d.f., P 

< 0.01). In December 1995 no significant difference was detected (t = -0.589, 156 d.f., 

P > 0.5). 

Morphological differences between H. spinipennis sexes 

o 0.5 1.0 

centimetres 

Fig. 2.2 H. spinipennis, last sternite of abdomen (ventral). 
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In males the end of the last sternite is emarginate and is framed by two small tufts of 

bristles (Fig. 2.2). In old males, these bristles can be worn off, but the emargination is 

still easily distinguishable from the rounded tip of the last sternite in females. 

There was a significant difference in weevil size between the two sexes (F = 662.07; 1 

d.f., P < 0.001), with females (5< = 21.34 mm ± 1.25 S.D.) being larger than males (5< = 

19.61 mm ± 1.23 S.D.) (Fig. 2.3). 
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Fig. 2.3 Body length from the head to the tip of the abdomen (excluding the rostrum) 

of H. spinipennis. 

Life cycle, behaviour and phenology of H. spinipennis in the field 

Female H. spinipennis oviposited in soil under, or close to, their host plants. Eggs were 

laid singly. If the soil was dry and hard, eggs were deposited in small cracks. In soft 

ground females burrowed their abdomen into the soil using their hind legs and the tip 

of their abdomen to create a hollow. An egg was laid in each hole and then covered 

with soil. Often eggs were attached to a small lump of soil or litter. Eggs were ovoid, 

cream coloured and 2.12 (± 0.03 S.D.) by 2.95 (± 0.23 S.D.) mm in diameter (n = 10). 

Larvae were apodous and scarabaeiform with a cream coloured body and a sclerotised 

head capsule (see May 1993). After hatching, neonate larvae burrowed to the roots of 

an A. dieffenbachii plant and started feeding on the root parenchyma. Often a tunnel 

was eaten into the root crown of A. dieffenbachii, but most larvae fed at the cortical 

region of the large tap roots. Larvae were found as much as 500 mm below ground 

level. H. spinipennis entered a pre-pupal stage in which the larvae changed to a dark 



yellow and they became inactive. Pre-pupae formed an exarate pupa and pupation 

took place close to the host plant in earthen chambers excavated by the larvae. 

Pupation chambers were found up to 600 mm below the soil surface. It is unknown 

how the adults make their way to the surface. 
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Fig. 2.4 Frequency distribution of head capsule widths of H. spinipennis larvae (for 

methods see text). 
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Analysis of head-capsule widths suggested that H. spinipennis has five larval instars 

(Fig. 2.4). Goodness of fit tests using the programme MIX 3.1 (MacDonald and Green 

1995) were applied to test the data against models with three, four or five peaks. 

The five-peak model fitted best (X2 = 28.8, 20 d.f., P = 0.0911). The first and the last 

instars are well defined and are based on 63 individuals each. The second, third and 

fourth larval instars, however, are based on measurements of only 82 larvae in total 

and their classification is therefore more speculative. In the field, copulation and 

oviposition were observed in September, December, January, February and March, 

resulting in overlapping of the larval cohorts (Table 2.2). 



Table 2.2 Number of different juvenile stages of H. spinipennis collected on 

Mangere Island. 

September December March January March 
1995 1995 1995 1997 1997 

23 

-----_._-_ ................... _ ................. _ ... __ .................. _ ... _ .. _--_ .. _-_ ...... --_._-_ ........ _ .. __ ................ _ ..... -... -
L2 0 14 6 3 2 
L3 0 1 9 4 4 
L4 0 1 11 2 4 

L5/pre-pupa 10 9 21 7 3 
pupa 10 present present 

First instar larvae were very small and easy to overlook, so only the presence or 

absence of first instar larvae were recorded. Numerous freshly eclosed weevils were 

observed in September and many pupal chambers with fully developed weevils were 

also found. The capture-recapture study adult weevils lived from several months up to 

almost four years and occurred all year round (Schops unpubl.). They spent days and 

cold nights in the leaf litter zone or in the vegetation close to their host plants. On warm 

nights, activity increased at dusk, when the weevils started climbing up their host 

plants. Weevil activity was positively correlated with temperature, although it may also 

have been influenced by humidity. Activity increased in late spring, and peak weevil 

numbers occurred on warm and humid summer nights (Schops unpubl.). 

Phenology of H. spinipennis in captivity 

In the insectary weevils fed little in winter and spent most of the time buried in the bark 

chips, although on warm days they emerged and fed. In September, when the 

temperatures rose, the weevils began to feed more frequently and started ovipositing. 

In the insectary, copulation was observed from September until April. The first 

oviposition occurred on September 1 and the last egg was laid on April 23. In 

October/November first-instar larvae hatched after 15-20 days. The development time 

from first instar larva to pupa was about nine months (Table 2.3). While most pupae 

died during pupation, three weevils hatched in the insectary in March 1997. In these 

three cases, the development from the last instar larva to the adult weevil took less 

than 30 days, so H. spinipennis can complete its life cycle in six to ten months. Freshly 

emerged weevils did not feed for about a fortnight. In captivity, adult weevils lived for 

up to 3 years. 
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Table 2.3 Duration of development from neonate larva to medium sized larva, to large 

larva/pre-pupa and to pupa at Lincoln (for details see text). 

Shortest development 

medium larva 
n = 14 

time 42 days 
Maximum average 
Development time ± S.D 72 days ± 16 

large larva/pre-pupa 
n=9 

84 days 

152 days ± 44 

Behaviour of H. spinipennis in relation to its host plant 

pupa 
n = 11 

147 days 

271 days ± 93 

The mean weevil group size was 2.26 ± 2.51 S.D .. A Poisson distribution was rejected 

(X2 = 618.79, z = 20.24) and a variance-mean ratio of 2.78 was also indicating that the 

weevils had a clumped distribution on individual host plants. 

Similar numbers of male and female weevils occurred on each sex of A. dieffenbachii 

(X2 = 0.0074, 1dJ., P> 0.90). Weevils of both sexes, therefore, were pooled for some 

of the following tests, in which they are referred to as 'weevils'. Overall, weevils 

occurred significantly more frequently on flowering plants of either sex than on non

flowering plants (X2 = 39.61, 1 dJ., P < 0.001). More weevils were found on male than 

on female plants (X2 = 229.4; P < 0.001), and significantly more were found on male 

than on female flower heads (December 1994: X2 = 273.4, 1 dJ., P < 0.001; December 

1995: X2 = 23.48,1 d.f., P< 0.001). 

Mating 

In September and in December 1995, 55% and 41 % respectively of all weevils 

observed were mating, whereas in March 1995 mating was infrequent. In December 

1995, a higher proportion of weevils mated on male than on female plants (X2 = 26.16; 

1 dJ., P < 0.001). Weevils mated more frequently on flowers and petioles than on 

foliage for both plant sexes (male plants: X2 = 114.72; 1 dJ., P < 0.001; female plants: 

X2 = 22.03; 1 d.f., P < 0.001). On male plants, weevils mated more frequently on 

flowers than on petioles (X2 = 3.439; 1 dJ., P < 0.05). In contrast, a higher proportion of 

weevils mated on petioles of female plants than on flowers (X2 = 15.21; 1 dJ., P < 

0.001). 



Feeding 

The commonest type of feeding damage consisted of oval notches that weevils 

chewed in the petioles, usually associated with an outer leaf near the ground. Adult 

weevils also fed on leaflets by feeding from the tip or chewing notches in the edges. 

Weevils also ate anthers. Often only the outer tip of female flowers and fruit were 

eaten (see also Emberson et al. 1996). 
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Data on weevil feeding preferences were analysed separately for each weevil and 

plant sex. Significantly more weevils fed on male plants than on females t'e = 12.76; 1 

d.f., P < 0.001} and they occurred more often on petioles and flowers than on foliage 

(male plants: X2 = 32.87,1 d.f., P< 0.001; female plants: X2 = 24.68; 1 d.f., P< 0.001). 

Similar proportions of male weevils occurred on flowers and petioles (male plants: X2 = 

1.44, 1 d.f., 0.5> P> 0.25; female plants: X2 = 2.45, 1 d.f., 0.25 > P> 0.1). However, 

females occurred more often than males on the flowers (male plants: X2 = 90.81, 1 d.f., 

P < 0.001; female plants: X2 = 108.39, 1 d.f., P < 0.001). 

P. chathamicum - a host plant of H. spinipennis? 

After 48 hours, only three of twelve P. chathamicum leaves showed feeding signs, 

while ten out of twelve A. dieffenbachii leaves had been fed on (Fig. 2.5). After 96 the 

weevils had fed lightly on seven of the twelve P. chathamicum leaves, while all twelve 

A. dieffenbachii leaves had vigorous feeding damage. 

The weevils consumed significantly more of each A. dieffenbachii than P. chathamicum 

leaf material (48h: 11 d.f., paired t = -3.09, P = 0.0103; 96h: 11 d.f., paired t = -5.71, P 

< 0.001). The tests were carried out after mean amount of evapotranspiration was 

subtracted from the total weight loss per leaf. 
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Fig. 2.5 Total amount of leaf material of A. dieffenbachii and P. chathamicum (minus 

the specific mean evapotranspiration rate) consumed by eight H. spinipennis 

adults (4 ~ : 40'). 

2. 4. DISCUSSION 

Life cycle of H. spinipennis 

This study strongly indicates that the life cycle of H. spinipennis is broadly similar to 

those of the closely related weevils Lyperobius huttoni Pascoe and Karacolens 

pittospori Kuschel (Bull 1967, Bennett 1987). L. huttoni and H. spinipennis lay their 

eggs singly at ground level next to host plants. H. spinipennis oviposits in the soil, 

however, while L. huttoni lays single eggs at the lower leaf sheath of ACiphylla 

squarrosa Forst. (Bull 1967). The larvae of L. huttoni are subterranean and feed 

exclusively on roots, mainly on the upper main roots (Bull 1967). Similar observations 

were made for the larvae of H. spinipennis. The suggestion that larvae also feed on 

petioles and leaves (Emberson et al. 1996) is incorrect. All larvae extracted from the 

petioles and leaves by Emberson et al. (1996) and during this study belonged to the 

small eugnomine weevil, Stephanorhynchus purus Pascoe (B. May, pers. comm. 

1995). It is most likely that H. spinipennis has five larval instars. The number in the 

Curculionidae can vary from three to more than sixteen (e.g., Sobhian et al. 1996, 
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Zhang 1992), although weevils usually have three or four larval instars. However, five 

larval instars are also quite common (e.g., Atkinson et al. 1988, Balock and Kozuma 

1964, Frampton 1986). Bennett (1987) counted the number of exuviae for K. pittospori 

and determined six larval instars. Bull (1967) assumed that L. huttoni has three or four 

larval instars. He did not, however, provide any evidence for this assumption. 

Phenology of H. spinipennis 

Overwintered adult weevils resume feeding in early spring, while overwintered larvae, 

pre-pupae and pupae eclose. At this time, weevil copulation and egg laying begins. 

Mating and oviposition in the field occur from September to April/May (Fig. 2.6). Eggs 

laid early in the season develop into adult weevils that summer (Fig. 2.6a). Evidence 

from the insectary experiment and a capture-recapture study (Sch6ps unpubl.) strongly 

suggests that these adults hatch after mid February. Eggs laid late in the season 

develop into large larvae, pre-pupae and pupae during autumn and winter but do not 

emerge as adults until the following spring (Fig. 2.6b). This is a possible explanation 

for why no pupae were found in late March. Larvae destined to hatch in the same 

summer had already completed eclosion and the remaining larvae/pre-pupae were 

overwintering. However, the development of the new generation of larvae in the field is 

probably slower than during the experiment in the insectary. It is possible, therefore, 

that the youngest overwintered larvae do not pupate until December/January. This 

could mean that new generation weevils do not hatch until the following spring and, 

therefore, that H. spinipennis has only one generation per year. 

There were distinct differences between the phenologies of L. huttoni (Bull 1967) and 

H. spinipennis. Like H. spinipennis, L. huttoniwas observed mating and ovipositing in 

the field from September-April. However, the development from first instar larva to 

emerging adult in L. huttoni is reported to take two years. Larvae grow over summer, 

autumn and winter and pupate in November/December of the following year. Eight 

months are spent under ground in the pupal chambers before the adults emerge in 

July (Bull 1967). These assumptions are contradicted by his observations that two 

larvae kept in the laboratory pupated in November and the adult weevils emerged a 

few weeks later. K. pittospori has 6 larval instars. Under laboratory conditions on 

artificial diet, its larval stage lasts between 378-386 days and pupation takes 

approximately three weeks (Bennett 1987). 
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Behaviour of H. spinipennis in relation to its host plant 

Most mating and oviposition occurred during A. dieffenbachii flowering, which provides 

the weevils with a protein source. Amino acids resulting from protein digestion are 

among the most important raw materials for insect growth (Wigglesworth 1977) and for 

oogenesis. Fresh plant leaves often comprise only 1-3% protein, so are a relatively low 

quality food for insects. Seeds, and especially pollen, have a much higher protein or 

amino acid content (Schneider 1948, Hodkinson and Hughes 1982, Hickman and 

Wratten 1996). During oogenesis, female insects need large quantities of amino acids, 

while male spermatogenesis requires less (Crowson 1981, Wigglesworth 1977). This 

may explain why female weevils usually fed on the flowers of male and female plants, 

whereas male weevils did not favour flowers over petioles. Weevils of both sexes, 

however, favoured male plants. One reason for this may be that as pollen contains 

more protein than do seeds, females select the highest quality food. Male weevils may 

aggregate on male A. dieffenbachiito obtain pollen, but more importantly to improve 

their chances of finding mates. 

Is P. chathamicum a potential host plant for H. spinipennis? 

H. spinipennis can feed on P. chathamicum, although, the weevils selected A. 

dieffenbachii in choice tests. It is doubtful, however, that P. chathamicum is a suitable 

host for H. spinipennis to complete its life cycle. The roots of P. chathamicum are hard 

and woody and, unlike A. dieffenbachii, roots do not offer soft parenchyma on which 

the larvae can feed. Another potential host plant, the Chatham Island speargrass, A. 

traversii Hook., occurs on Chatham Island. It may have formerly occurred on other 

islands of the group (Given 1981). It is likely, therefore, that the distributions of H. 

spinipennis and A. traversii once overlapped and the possibility exists that A. traversii 

is a suitable host plant for H. spinipennis. Further host preference tests that include A. 

traversii would provide information on the degree of specialisation of H. spinipennis 

and could consequently supply a clue to whether the distribution of the weevils and A. 

traversii might have formerly overlapped. 

2.5. CONCLUSIONS 

This study emphasises a close relationship between H. spinipennis and its host plant 

A. dieffenbachii. The weevil needs the plant as a food source and for mate-finding. 

Conservation measures should focus on habitat preservation or restoration for A. 
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dieffenbachii. Mangere Island's forest, however, is in the process of being restored 

through intensive planting. With increasing areas of forest and shrubs covering the 

island, more and more potential A. dieffenbachii habitat will disappear. As on South

East Island, the habitat of A. dieffenbachii will then eventually be restricted to coastal 

areas and cliffs (Schaps, unpubl,). Parts of Mangere Island could be kept clear of 

forest to provide habitat for Chatham Islands' native 'megaherbs' and their fauna. For 

long-term conservation it is preferable, however, to provide natural self-sustaining 

habitats for the weevils rather than artificially keeping areas of open grassland on 

Mangere Island to support large A. dieffenbachii and H. spinipennis populations. A 

better way of securing the long term survival of H. spinipennis would be to ensure that 

there was a third viable population. A survey of other islands in the Chatham Island 

group for H. spinipennis (e.g., Little Mangere, the Murumurus) (Fig. 2.1) is suggested 

and if none is found, the establishment of a third A. dieffenbachiilH. spinipennis 

population on a rodent-free island in the Chatham Island group should be considered. 
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CHAPTER 3 

Responses of the flightless coxella weevil, Hadramphus 

spinipennis, to host plant volatiles in a wind tunnel 

Abstract The response of the coxella weevil Hadramphus spinipennis Broun 

(Coleoptera: Curculionidae) to volatiles of its host plant Aciphylla dieffenbachii (F. 

Muell.) Kirk (Apiaceae), a non-host plant Lolium perenne L. and a control (no plant) 

was examined in a wind tunnel. In all three treatments weevils moved significantly 

more upwind than downwind. Movement towards A. dieffenbachii was more directed 

and weevils moved a shorter distance and in a straighter line than in the other two 

treatments. The weevil's host finding strategy is upwind anemotaxis, which is 

accentuated and made more directional in the presence of A. dieffenbachii odour. 

Key words Hadramphus spinipennis, ACiphylla dieffenbachii, monophagous weevil, 

host plant odour, wind tunnel, host-finding, anemotaxis 

Sch6ps, K., and Bowie, M. H. 

will be submitted to the Journal of Chemical Ecology 

3.1. INTRODUCTION 
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Zhang and McEvoy (1996) pointed out the necessity of knowing how insect herbivores 

find their host plants to understand and predict the spatial and temporal dynamics of 

insect-plant interactions. Host finding involves a series of steps of encountering and 

responding to cues from the environment and the host plant (Hassell and Southwood 

1978, Miller and Strickler 1984). In many cases, several types of sensory cues are 

used simultaneously for orientation (Bernays and Chapman 1994). Attraction from a 

distance may involve olfaction, vision or both. This paper investigates the response of 

the flightless, endangered monophagous coxella weevil Hadramphus spinipennis 

Broun (Curculionidae, Molytinae) to olfactory cues from its host plant, Dieffenbach's 

speargrass, Aciphylla dieffenbachii (F. Muell.) Kirk (Apiaceae) in order to make 

predictions about the weevil's host finding strategy in a naturally fragmented habitat. 

The distribution of H. spinipennis is restricted to Mangere Island and South-East 

Island, two outlying islands of the Chatham Island group, New Zealand (44 0 S., 1760 
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30' W.). Originally both islands were covered with native forest and the habitat of H. 

spinipennis, and its host plant, was restricted to coastal cliffs, bluffs and rocky shores 

(Given 1996). The native forest on Mangere Island, however, was burned early this 

century, which changed the island into pasture, dominated by non-native grass species 

and small native shrubs (Ritchie 1970). Today A. dieffenbachii is distributed over the 

whole island and exploited by a large metapopulation of H. spinipennis (Chapter 5). 

The plant forms distinct patches which are often separated by hundreds of metres of 

habitat which is unsuitable for weevils. Herbivores can potentially minimise changes in 

the overall quality of their habitat by moving to more suitable host plant patches, when 

local resources become inadequate (Miller and Strickler 1984). H. spinipennis, 

however, frequently causes local extinctions of host plant patches by over-exploitation 

(Schops et al. 1998, Chapter 5) and does not tend to leave host plant patches before 

they collapse (Chapter 4). To maintain metapopulation stability, especially when local 

extinctions are common, weevils should be capable of effectively locating new host 

plant patches after the extinction of their local plant population (Wiens 1997). 

Resources are often clumped and random searching is a very inefficient way of finding 

a clumped resource (Stinner and Bacheler 1993). Specialist insects are also less likely 

to find suitable plants than their polyphagous counterparts (Visser and Ave 1978). 

Flightless specialised insects, such as H. spinipennis, that evolved in a highly 

fragmented environment would therefore need mechanisms of host plant finding which 

are closely related to the host's chemical or other cues. 

The host finding ability of H. spinipennis was studied in two stages. First, a release 

experiment was carried out in summer 1994 to investigate the weevils' host finding 

ability (Schops et al. 1998, Appendix 2). Weevils were released 100 m away from the 

nearest host plants. Within ten weeks of release at least 68% of the released weevils, 

a much higher proportion than would be expected from random movement, dispersed 

to host plants. The weevils are nocturnal and visual cues as the main stimulus for 

orientation and location of food sources, as in some other insects (e.g., Wyatt et al. 

1993, Bernays and Chapman 1994), are unlikely. Therefore, wind tunnel experiments 

were carried out to test the hypothesis that H. spinipennis is able to respond to A. 

dieffenbachii by using host plant specific volatiles. 
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3.2. METHODS 

Study individuals 

Thirty weevils were collected from Mangere Island in December 1994 and were 

transferred to an insectary at Lincoln University. They were kept under natural 

daylength and ambient temperatures in a 50 x 50 x 50 cm gauze cage with a steel tray 

base lined with a bark chip/ sand mixture and a potted A. dieffenbachii plant. H. 

spinipennis is nocturnal, but for safety reasons the wind tunnel experiments could not 

be carried out at night. Therefore 24 weevils were transferred to a controlled 

temperature room with reverse daylength (16 h photophase: 8 h scotophase) a 

temperature of 15°C, and a relative humidity of 60% in November 1995, two months 

before the experiment was carried out. The response to host plant odour may be 

affected by the herbivore's hunger (Wallin and Ekbom 1994, Zhang and McEvoy 1995) 

and since the aim was to investigate the weevil's host finding ability after the collapse 

of its local host plant population, the weevils were starved for 48 h before the 

experiments were begun. 

Wind tunnel specifications and experimental setup 

Experiments were conducted in a wind tunnel at 20-25°C and 50-60% relative humidity 

and an airflow of ca. 10 cm * s-1, which was measured on the experimental platform 

(see below). The wind tunnel was positioned in a dark room and the only light source 

used during the tests was infra red. The wind tunnel (AIRCO, Christchurch) consisted 

of a 2.25 m long tube with 0.90 m diameter, made of a tubular steel frame. This 

construction was covered with a thick transparent polythene sheet which was carefully 

sealed with packing tape on its overlapping edges. On either side, the tube was 

connected to a steel cylinder, one of which was equipped with a charcoal filter. A 6 kw 

heat pump (Email Industries, Australia) was located in the roof space of the room. A 

supply fan drew fresh air from the roof space through a charcoal filtered intake into the 

heat pump. The air was either heated or cooled by the heat pump and drawn into the 

wind tunnel through the steel cylinder, with the charcoal filter covered by a steel mesh 

screen. At the other end of the tunnel the air was exhausted through a steel mesh 

screen to the outside by an extraction fan (G.E.C. Woods DSMR 330 Mixed Air Flow). 

The heat pump supply fan, heating and cooling and the extractor fan were all manually 

controlled. The air volume and tunnel pressurisation were also manually controlled by 

regulating a by-pass damper and the extract fan speed regulator. 
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The experimental platform (190 x 40 cm) was placed at half the height of the tunnel on 

0.45 m-high steel stands. It consisted of a sheet of transparent acrylic lined with 

Whatman high absorbency protector paper (polythene backed; 50 x 60 cm), 

illuminated from below by a fibre optic cold light source with a Zeiss continuous ring 

illuminator. The light source was covered by an inverted, white, translucent plastic box 

(15 x 15 cm), the walls of which were lined with aluminium foil and the bottom of which 

functioned as a diffuser. The latter was covered by a redlight filter (Kodak GBX-2 

Safelight Filter). A high resolution video camera (Burle) was mounted pointing vertically 

downward and was fitted with a 8.5 mm (1: 1.5) lens. Behaviour was recorded using a 

Hitachi DA4 video cassette recorder. 

Experiment 

The movements of weevils were investigated using a host plant (A. dieffenbachit), a 

non-host plant (Lolium perenne L.) or a control (no plant). Fifty grams of A. 

dieffenbachii and L. perenne leaves were crushed up separately with a food blender 

and a mortar and placed into different Petri dishes. This was done to increase the 

olfactory stimulus and to exclude any visual stimulus that a potted plant might have 

provided. The sequence in which the 24 individual weevils used in the experiment were 

to encounter the different treatments was assigned by a Latin Square Design (Zar 

1990). The treatments were placed upwind on the experimental platform and 1 m away 

from the 'experimental arena'. The arena consisted of a 28 cm diameter circle that was 

drawn in the middle of the Whatman filter paper which was then placed in the centre of 

the experimental platform and was replaced after each experiment. 

For each experiment, an individual weevil was placed in the centre of the circle and 

was covered with a black, tube-shaped plastic container (7 cm2 x 5 cm). Weevils were 

left for two to five minutes to settle and assume a random heading direction before the 

plastic container was removed. Weevils that immediately walked in one direction when 

they were uncovered where classified as escaping, rather than trying to find food. 

These individuals were covered for another five minutes and if they did not settle, were 

replaced by other weevils. Each treatment was video recorded for each weevil from 

when the plastic container was removed until the weevil left the experimental arena. If 

a weevil did not move within 30 minutes, it was replaced. Weevils encountered only 

one treatment per day and all experiments were carried out between 7.00 and 17.00 h 

(in reversed photoperiod). 



39 

Data analysis 

For digitisation and analysis of the video images the method described by Varley et al. 

(1994) was used. The program BUGSY digitised the images (one co-ordinate/ s) and 

recorded the x, y coordinates, while a FORTRAN program analysed the coordinates 

and computed the parameters of the weevils' track in the arena. The FORTRAN 

program calculated the mean angle, the last angle of the weevils' track, the total 

distance a weevil travelled until it left the arena and the coefficient of a straight line 

(Varley et al. 1994). The coefficient of a straight line (also known as linearity of travel) 

was calculated by dividing the shortest distance between the start and the end point of 

the track by the actual pathway. A value of one describes a straight line, and values 

close to zero are tortuous (Varley et al. 1994). The observed frequencies of walking 

upwind and downwind in different treatments were compared with the frequencies that 

were expected if no directionality of movement was assumed, by using a X2 -goodness 

of fit test (Zar 1990). Data were divided into two class intervals (upwind: 90°-270° and 

downwind 270°-90°). A X2-test (Batschelet 1981) was used to test whether the three 

treatments differed significantly from each other. Kruskal-Wallis tests (Zar 1990) were 

used to compare the total distance weevils moved in each treatment and to test for 

between-treatment differences of the coefficients of a straight line. 

3.3. RESULTS 

In insects, most olfactory receptors are located on their antennae (Visser 1986). When 

the plastic container that covered the weevil was removed, at the start of each 

experiment, most weevils started waving their antennae with the head held up. They 

turned around on the spot and when they encountered a host plant odour plume from 

upwind their turning angle often decreased until they eventually paused and then 

started walking upwind. Significantly more weevils walked towards A. dieffenbachii and 

L. perenne or upwind respectively than downwind in each of the three treatments (A. 

dieffenbachii: X2 = 38.8; 1 d.f.; P < 0.001; L. perenne: X2 = 4.55; 1 d.f.; P < 0.05; 

Control: X2 = 4.16; 1 d.f.; P < 0.05) (Fig. 3.1). For the A. dieffenbachii treatment, 

however, the test was highly significant. There was no statistical difference between 

the mean direction of movement of the three treatments (X2 = 1.3416; 2 d.f.; P > 0.05). 
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a) 

c) 

WIND 

Fig. 3.1 Tracks of H. spinipennis exposed to a) A. dieffenbachii volatiles (n= 26) 

. b) L. perenne volatiles (n= 23) c) control (no plant) (n= 24) in a wind tunnel. 

The total distances weevils moved until they left the arena, however, were significantly 

different for the three treatments (X2 = 7.219; 2 d.f.; P < 0.05) as were the coefficients 

of a straight line (X2 = 6.169; 2 d.f.; P < 0.05) (Table 3.1). Both tests were not 

significant, however, when the L. perenne-treatment was compared with the control. It 

can be therefore concluded that weevil movement towards A. dieffenbachii was more 

directed than towards L. perenne or the control. 
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Table 3.1 Average total distance (± standard error) and average coefficient of a 

straight line (CSL) (± standard error) for H. spinipennis exposed to A. dieffenbachii 

volatiles (n= 26), L. perenne volatiles (n= 23) and a control (no plant) (n= 24) in a wind 

tunnel. 

Average total S.E. Average S.E. 

distance [mm] CSL 

A. dieffenbachii 247.82 46.17 0.809 0.0429 

L. perenne 328.58 36.65 0.613 0.0626 

Control 271.24 31.82 0.726 0.0512 

3.4. DISCUSSION 

H. spinipennis walked predominantly upwind in all three treatments. Upwind movement 

as an initial stage of host finding behaviour is quite common (Visser 1976, Heinzel and 

B6hm 1989, Bernays and Chapman 1994), since odour gradients are unlikely to exist 

more than a few centimetres away from the host plant (Bernays and Chapman 1994). 

Insects that move upwind are more likely to encounter an odour plume (Bell et al. 

1989) and upwind movement that has been stimulated by host plant volatiles will 

eventually bring the insect close to the odour source (Bell et al. 1989, Bernays and 

Chapman 1994, Mcintyre and Vaughn 1997). Flightless insects probably use their 

antennae or mechanoreceptor hairs on their head to determine the wind direction 

(Heinzel and B6hm 1989, Bernays and Chapman 1994). 

L. perenne volatiles neither attracted nor repelled the weevils, but weevil movement 

towards an odour source with A. dieffenbachiivolatiles was more directed than for the 

other two treatments. Consequently, H. spinipennis must be able to distinguish 

between host plant and non-host plant volatiles. Many plant odours are taxon-specific 

and the olfactory system of a specialist insect often has the capacity to distinguish 

these odours from others (Bernays and Chapman 1994). All members of the family 

Apiaceae are aromatic, due to the presence of essential oils and resins (Heywood 

1971) and have distinct phytochemical compounds (Berenbaum 1990). A. dieffenbachii 

is one of two members of the family Apiaceae that occur on Mangere Island and H. 



spinipennis is obviously able to detect some of the host plant chemicals which are 

likely to be family or genus specific. 
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Anemotaxis as a response to host plant volatiles is thought to be a very effective 

orientation mechanism over long distances (Visser 1986). Kennedy (1977) stated that 

'olfactory enhancement or induction of visual orientation' and 'odour modulated 

optomotor anemotaxis' are the only behavioural mechanisms involved in distant 

orientation by walking or flying towards a host plant. These conclusions are supported 

by numerous experimental studies (e.g., Heinzel and Bohm 1989, Nottingham et a/. 

1991, Zhang and McEvoy 1996). Vision is likely to play only a minor role in host finding 

of a nocturnal weevil like H. spinipennis . Even if some weevils dispersed during the 

day, visual cues would be mostly unsuitable for orientation, because in the weevil's 

natural habitat the nearest host plant patch is likely to be hidden behind a cliff or a 

bluff. It is therefore likely that when a local host plant patch collapses, H. spinipennis 

individuals move upwind until they encounter a host plant odour plume, which they 

then follow further upwind until they are close enough to locate a host plant patch. 

Since A. dieffenbachii usually grows in distinct patches (see Chapter 4 and 5), larger 

patches, in particular, must send out strong olfactory cues for the weevils. In the final 

stages of host location, it is possible that weevils use visual cues, such as the large 

distinctive inflorescences of A. dieffenbachii, to detect individual plants. 

Specialist herbivores have evolved metabolic adaptations and/or avoidance strategies 

to cope with toxic plant compounds and can therefore occupy niches that are not 

shared with many other species (Price 1984). This selection advantage, however, can 

be maintained only through effective host finding mechanisms. H. spinipennis is 

strongly dependent on its host plant (Chapter 2) and identifying and locating a host 

plant patch must be fundamental for its survival in the fragmented habitat in which it 

evolved. Most studies have concentrated on the final stage of host plant finding, when 

the insects are less than a metre away from their host plants (Miller and Strickler 

1984). This study together with the release experiment (Schops et a/. 1998, Appendix 

2), however, has shown that H. spinipennis responds to olfactory host plant stimuli, 

and that this can occur over a distance of 100 m. Whether the weevils moved upwind 

and then encountered olfactory host plant stimuli, or whether the host plant odour 
, 

triggered upwind movement, however, could not be answered. 



3.5. REFERENCES 

Batschelet, E. (1981). Circular Statistics in Biology. London, Academic Press. 

Bell, W. J., T. R. Tobin and K. A. Sorensen (1989). Orientation responses of 
individual larder beetles, Dermestes ater (Coleoptera, Dermestidae), to 
directional shifts in wind stimuli. Journal of Insect Behavior 2: 787-801. 

43 

Berenbaum, M. R. (1990). Evolution of specialization in insect-umbellifer association. 
Annual Review of Entomology 35: 319-343. 

Bernays, E. A. and R. F. Chapman (1994). Host-Plant Selection by Phytophagous 
Insects. New York, Chapman & Hall. 

Given, D. (1996). Flora. In: The Chatham Islands Heritage and Conservation. 
Christchurch, Canterbury University Press: 80-92. 

Hassell, M. P. and T. R. E. Southwood (1978). Foraging strategies of insects. Annual 
Review of Entomology 9: 75-98. 

Heinzel, H. G. and H. B6hm (1989). The wind-orientation of walking carrion beetles. 
Journal of Comparative Physiology A 164: 775-786. 

Heywood, V. (1971). The biology and chemistry of Umbelliferae. Botanical Journal of 
the Linnean Society: 64 (Suppl. 1). 

Kennedy, J. S. (1977). Olfactory responses to distant plants and other odor sources. 
In: Chemical Control of Insect Behavior. Theory and Application. H. H. 
Shorey and J. J. J. McKelvey (eds). New York, Wiley: 67-91. 

Mcintyre, N. E. and T. T. Vaughn (1997). Effects of food deprivation and olfactory and 
visual cues on movement patterns of two Eleodes species (Coleoptera: 
Tenebrionidae) in a wind tunnel. Annals of the Entomological Society of 
America 90: 260-265. 

Miller, J. R. and K. L. Strickler (1984). Finding and accepting host plants. In: Chemical 
Ecology of Insects. W. J. Bell and R. T. Carde (eds). London, Chapman & 
Hall: 127-157. 

Nottingham, S. F., J. Hardie, G. W. Dawson, A. J. Hick, J. A. Picket, L. J. Wadhams, 
and C. M. Woodcock (1991). Behavioral and electrophysiological 
responses of aphids to host and non host plant volatiles. Journal of Chemical 
Ecology 17: 1231-1242. 

Price, P. W. (1984). Insect Ecology. New York, Wiley. 

Ritchie, I. M. (1970). A preliminary report on a recent botanical survey of the Chatham 
Islands. Proceedings of the New Zealand Ecological Society 17: 52-56. 

Sch6ps, K., R.M. Emberson and S. D. Wratten (1998). Does host-plant exploitation 
influence the population dynamiCS of a rare weevil. In: Proceedings of the 
Ecology and Population Dynamics Section, 20th Congress of Entomology, 
Florence, August 1996. B. J. F. Manly, J. Baumgartner, and F. Brandlmayr 
(eds). Rotterdam, AA Balkema (in press). 



44 

Stinner, R. E. and J. E. Bacheler (1993). The myth of random movement: old concepts 
with a new twist. Journal of Agricultural Entomology 10: 247-265. 

Varley, M. J., M. J. W. Copland, S. D. Wratten and M. H. Bowie (1994). Parasites and 
predators. In: Video Technique in Animal Ecology and Behaviour. S. D. 
Wratten (ed.). London, Chapman & Hall: 33-63. 

Visser, J. H. (1976). The design of a low-speed wind tunnel as an instrument for the 
study of olfactory orientation in the Colorado beetle (Leptinotarsa 
decemlineata). Entomologia Experimentalis et Applicata 20: 275-288. 

Visser, J. H. (1986). Host odour perception in phytophagous insects. Annual Review of 
Entomology 31: 121-144. 

Visser, J. H. and D. A. Ave (1978). General green leaf volatiles in the olfactory 
orientation of the Colorado potato beetle, Leptinotarsa decemlineata. 
Entomologia Experimentalis et Applicata 24: 739-749. 

Wallin, H. and B. Ekbom (1994). Influence of hunger level and prey densites on 
movement patterns in three species of Pterostichus beetles (Coleoptera: 
Carabidae). Environmental Entomology 23: 1171-1181. 

Wiens, J. A. (1997). Metapopulation dynamics and landscape ecology. In: 
Metapopulation Biology, Ecology, Genetics, and Evolution. I. Hanski and M. E. 
Gilpin (eds). San Diego, Academic Press: 43-62. 

Wyatt, T. D., A. D. G. Phillips and J. C. Gregoire (1993). Turbulence, trees and 
semiochemicals: wind-tunnel orientation of the predator, Rhizophagus 
grandis, to its bark beetle prey, Dendroctonus micans. Physiological 
Entomology 18: 204-210. 

Zar, J. H. (1990). Biostatistical Analysis. London, Prentice-Hall Inc. 

Zhang, Z. Q. and P. B. McEvoy (1995). Responses of ragwort flea beetle Longitarsus 
jacobaeae (Coleoptera: Chrysomelidae) to signals from host plants. Bulletin of 
Entomological Research 85: 437-444. 

Zhang, Z. Q. and P. B. McEvoy (1996). Factors affecting the response of Longitarsus 
jacobaeae (Coleoptera: Chrysomelidae) to upwind plant odours. Bulletin of 
Entomological Research 86: 307-313. 

K. Schops was responsible for the conceptual development, planning, practical work 

and the data anaysis of the above experiments. M.H. Bowie helped with the digitisation 

of the video images using program BUGSY and S.P. Worner wrote the FORTRAN 

program that calculated the 'track' parameters. 



45 

CHAPTER 4 

Intra-patch movement and dispersal of the endangered weevil 

Hadramphus spinipennis in a metapopulation 

Abstract Dispersal between local populations determines the survival of a 

metapopulation and is a key element in the understanding of metapopulation 

processes. Intra-patch movement of the flightless, monophagous weevil Hadramphus 

spinipennis and its dispersal between areas of the patchily distributed host plant, 

Aciphyl/a dieffenbachii, were assessed for a plant/herbivore metapopulation. Intra

patch movement was investigated by carrying out a capture-recapture study in one 

local patch on Mangere Island (Chatham Islands; New Zealand) that was divided into 

quadrats of equal size. Dispersal between patches was studied by regularly 

monitoring patches for marked weevils that had emigrated from the main study site. 

Intra-patch movement followed a diffusion model, was usually non-directional and 

different sexes and cohorts moved at the same rate. At high weevil densities, intra

patch movement was predominantly upwind, though movement rates and distances 

were not density-dependent. Dispersal was not observed until after the plant 

population in the study site had collapsed and emigration was obligate. The weevil's 

low tendency to disperse in the presence of food and its high dispersal power in its 

absence, is likely to be an adaptation to its original habitat being highly fragmented. 

Low dispersal tendency, therefore, should not be associated with low dispersal ability. 

Key words Hadramphus spinipennis, Aciphyl/a dieffenbachii, monophagous flightless 

weevil, patchy habitat, metapopulation, local extinctions, intra-patch movement, 

directionality, diffusion model, density-dependence, dispersal, spatial heterogeneity 

Sch6ps, K, Frampton, C.M. and Wratten, S.D. 
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4.1. INTRODUCTION 

Most species occur as a number of distinct local populations which, if they interact 

with each other via dispersal, are referred to as a metapopulation (Levins 1969, 1970, 

Hanski and Simberloff 1997). Individual local population dynamics and dispersal 

between local populations determine the survival of a metapopulation (Harrison and 

Taylor 1997). Dispersal is therefore a key element in the understanding of 

metapopulation processes (Lidicker Jr. and Stenseth 1992, Ims and Yoccoz 1997) 

and is vital for the conservation of endangered species (Fahring and Meriam 1994). 

Studies on metapopulation dynamics and dispersal of insects have been concerned 

mainly with pest, beneficial or migratory species. This study, however, assesses intra

patch movement and dispersal of the monophagous, endangered curculionid 

Hadramphus spinipennis Broun (Curculionidae: Molytinae; Molitini) in relation to local 

and metapopulation persistence. Endangered insects, because of their rarity or local 

distribution, are often difficult to study. H. spinipennis is restricted to two remnant 

populations on Mangere Island and South-East Island in the Chatham Islands (New 

Zealand; 44 0 S., 1760 30' W.) and it is nationally endangered. However, the weevil is 

locally very abundant on Mangere Island. 

Resources are not evenly distributed in nature and many plant species form distinct 

clumps or patches separated by other vegetation. For a specialist herbivore, discrete 

patches of a host plant can be regarded as 'habitat islands' surrounded by 

inhospitable areas (or matrix) where suitable food or cover are scarce (Janzen 1968, 

1973, Strong et al. 1984, Opdam 1990). The population dynamics of a herbivore 

strongly depends on the size, density, persistence and isolation of these 'habitat 

islands' (Root 1973, Strong et al. 1984). In a metapopulation context, dispersal is 

defined as 'movement between spatially separated populations' (Harrison 1991, 

Hanski and Gilpin 1997) in relation to resource distribution (Gadgil 1971) and is 

thought to exert a stabilising influence on the metapopulation dynamics of many 

organisms (den Boer 1985, Harrison and Taylor 1997). To understand large-scale 

dispersal, however, information on intra-patch movement is vital because the wayan 

insect disperses through, and uses, a local patch also influences its dispersal 

(Southwood 1977). 

Intra-patch movement and dispersal in insects may be affected by various factors, 

including sex (e.g., Brown and Brown 1984, Hirano 1993, Matter 1996), age (e.g., 

Hirano 1993, Fadamiro et al. 1996), season (e.g., Brouwer 1983, Solbreck 1980), 

predator pressure (e.g., Nachman 1988, 1991), resource limitation and intra-specific 



competition (e.g., Dempster 1968, Nealis and Lomic 1994, Harrison 1997). Patch 

boundaries influence some specialist herbivores that tend to remain in a host patch 

rather than move to a non-host patch (Bohlen and Barrett 1990, Lawrence 1982). 

Dispersal may be an 'escape' from unfavourable conditions or 'colonisation' of new 

habitat (Southwood 1978). The dispersal of a species can follow the 'island' or the 

'stepping stone' model (Maynard Smith 1974). 'Island' dispersal where every patch 

may be reached with equal probability will produce a spatial pattern with randomly 

distributed high and low density patches, whereas 'stepping stone' dispersal, where 

most individuals move only to neighbouring patches, will produce gradients between 

regions of high and low densities (Nachman 1988, 1991). Diffusion models, random 

and correlated random walk models have frequently been applied to describe insect 

movement (e.g., Kareiva 1983, Turchin 1987). Intra-patch movement of different 

Coleoptera can be random (Wallin and Ekbom 1988, Loreau and Nolf 1993) or non

random (e.g., Crist et al. 1992). It is, however, doubtful that insects disperse 

randomly. Resources are often clumped and random search is a very inefficient way 

of finding a clumped resource (Stinner and Bacheler 1993). 
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Movement patterns and dispersal ability vary greatly among flightless Coleoptera 

(e.g., Smith and Whittaker 1980, Neve and Baguette 1990, Kinjo et al. 1995, 

Klazenga and de Vries 1994; Finston et al. 1997). Little information is available on the 

movement pattern and dispersal ability of New Zealand's flightless endemic 

Coleoptera. The weevil Lyperobius huttoni Pascoe, which belongs to a sister genus of 

Hadramphus, was believed to have a low tendency to disperse and poor dispersal 

ability (Beauchamp 1989, Bull 1967). More recent observations, however, showed 

that it is able to move a maximum of approximately one metre per minute 

(Beauchamp 1990), which suggests that L. huttoni may have much greater dispersal 

ability than previously suspected. However, another Hadramphus species, H. 

stilbocarpae Kuschel, dispersed at a much lower rate of around 150 m in five years 

(Thomas, Schops and Meads unpubl.). Dispersal and intra-patch movement of H. 

spinipennis have never been directly observed or studied. 

Populations are usually assumed to be regulated by density-dependent processes 

(Strong et al. 1984). Among specialist phytophagous insect species, only a small 

proportion become temporarily very abundant and consequently inflict serious 

damage upon their hosts (Caughley and Lawton 1981). This may lead to delayed 

density-dependence caused by food shortages in 'scramble' competition (Strong et al. 

1984) and result in starvation and the death of a large proportion of the herbivore's 

population (e.g., Dempster 1971, Stubbs 1977, Dempster and Lakhani 1979, 
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Berdowski and Zeilinga 1987, Tscharntke 1990, Harrison 1997). Only a few cases are 

known where over-exploitation of host plants by native monophagous herbivores 

causes the death of a considerable part of the host plant population (e.g., 

Choristoneura fumifera Clems.; Dendroctonus ponderosae Hopk., (Barbosa and 

Schultz 1987); Lochmea suturalis Thompson, (Berdowski and Zeilinga 1987). These 

extinctions are not, as far as is known, part of a metapopulation system. The 

metapopulation of H. spinipennis on Mangere Island, however, regularly depletes its 

local food source and completely destroys host plant patches (Schops et al. 1998, 

Chapter 5). Knowledge of its dispersal ability is vital for understanding its 

metapopulation dynamics and consequently for the adequate protection of the 

species. The aim of this study was to investigate the intra-patch movement of H. 

spinipennis and its ability to disperse to new host plant patches after the local 

extinction of a patch. The following questions were addressed: 

1. Does dispersal take place and, if so, when and how far do the weevils move? 

2. Does dispersal follow an 'Island' or a 'Stepping Stone' model (see above)? 

3. How much does H. spinipennis move within a host plant patch? 

4. Does weevil sex or age influence intra-patch movement? 

5. Does intra-patch movement follow a diffusion model? 

6. Is there a directionality of weevil movement within a host plant patch? 

7. Is intra-patch movement density-dependent? 

4.2. METHODS 

Biology of H. spinipennis and its host plant 

The coxella weevil, H. spinipennis, belongs to a small genus of large, flightless 

weevils that is endemic to New Zealand. The weevil is listed as an endangered 

species with highest priority for conservation by the New Zealand Department of 

Conservation (DoC)( (Molloy and Davis 1994) and is classified as a vulnerable 
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species by the IUCN World Conservation Union (Groombridge 1993). Its distribution 

is restricted to two small outlying islands of the Chatham Islands group (located 850 

km east of the South Island of New Zealand) (Fig. 4.1) that are free from introduced 

mammalian predators. The adult weevils are nocturnal and live for one to three years 

(Chapter 5). They are up to 27 mm long and feed on the flowers and leaves of 

Dieffenbach's speargrass (Aciphylla dieffenbachii (F. Muell.) Kirk; Apiaceae). Eggs 

are laid from September until May. Larvae emerge after two to three weeks and then 

burrow to the tap root system of an A. dieffenbachii plant and start feeding on the root 

parenchyma. Development from egg to adult weevil takes from six months to a year. 

Pupation takes place in the soil next to the roots of the host plant. H. spinipennis 

overwinters in the soil as a larva, pre-pupa, or pupa or in dense vegetation as an adult 

(Chapter 2). Dispersal of these legless fossoriallarval stages is unlikely. Adult weevils 

are flightless and dispersal has never been observed, although anecdotal evidence 

(E.C. Young, pers. comm.) suggests that adult weevils might have colonised the 

easternmost part of Mangere Island between 1990 and 1991. It is also possible, 

however, that low weevil numbers on that part of the island prevented detection 

before 1991. 

The genus Aciphylla is confined to New Zealand and Australia. A. dieffenbachii is 

restricted to the Chatham Islands and occurs on shallow soils and in treeless areas. 

Dieffenbach's speargrass is regarded as a 'vulnerable' plant in conservation terms 

(Molloy and Davis 1994). It is a dioecious perennial composed of leaf rosettes and 

has a large tap root system. Peak flowering occurs in November and December 

(Chapter 2). The plants form large inflorescences and male flowers, in particular, have 

a distinct, strong smell. 

Study Site 

Field work was conducted on Mangere Island (113 ha) (Fig. 4.1) from November 1993 

to summer 1995/96. Although this island is a Nature Reserve, it has lost most of its 

original habitat. The island, once covered in low native forest, was burnt early this 

century to make pasture for sheep farming. It is now dominated by native shrubs and 

exotic grassland. The open grassland provides extensive habitat for native 

herbaceous plant species such as A. dieffenbachii and the Chatham Island forget-me

not (Myosotidium hortensia (Decne) Baill.), which cannot grow under forest canopy. A. 

dieffenbachii is normally confined to coastal cliffs (Given 1996) and disturbed open 

areas, but is now a prevalent species that is still spreading (Chapter 5). It usually 

forms distinct patches, some of which are interconnected by scattered plants. 
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Fig. 4.1 Map of New Zealand and the Chatham Islands. 
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A discrete, medium-sized patch of A. dieffenbachii (750 m2) was chosen as a study site 

('A. dieffenbachii patch 3', Fig. 4.2) and divided into 305m x 5 m individually 

numbered quadrats (Fig. 4.3). In the summers of 1994/95 and 1995/96, the nearest A. 

dieffenbachii patch was 40 m and 600-700 m, respectively, away from the study site. 

Other vegetation in the patch comprised the non-native species Bromus catharticum 

H.B.K., B. mollis L., Carex trifida Cav., Cirsium spp., Ho/cus /anatus L., Lotium perenne 

L., Poa pratensis L. and the native species Disphyma papilla tum Chinnock, Festuca 

cox;; Hack., Hebe spp., Phormium aft. tenax J.R. et G. Forst. and O/earia traversii (F. 

Muell.) Hook .. 

The island was visited six times between November 1993 and January 1997. Four 

trips took place in summer (25 November 1993-15 February 1994 referred to as 

summer 1993/94); 30 November-17 December 1994/95 (referred to as summer 

1994/95); 6-20 December 1995 (referred to as summer 1995/96); 15-19 January 1997 



(referred to as summer 1996/97), one in autumn 1995 (22 March-3 April 1995) and 

one in early spring 1995 (12-20 September 1995). 
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On each visit, the phenology and reproductive status of A. dieffenbachii (see Chapter 

2 for details) were recorded in 11 different patches (Fig. 4.2). The area covered by 

each patch was mapped and the number of medium (approx. > 0.1 m2) and large 

plants (approx. > 0.75 m2) was recorded. The percentage of flowering plants and the 

numbers of seedlings (one rosette) and small plants « 0.1 m2) were estimated. For 

the study site, the location of each A. dieffenbachii plant and the area it covered were 

mapped. The sex and the number of inflorescences per plant were recorded. Their 

phenological stages and the ratio of flowering to non-flowering plants were 

determined. 

Intra-patch movement 

The demography and the intra-patch movement of H. spinipennis were monitored at 

the study site from summer 1993/94 until summer 1995/96, using capture-recapture 

techniques (see Chapter 5). The capture-recapture study was designed according to 

Pollock's 'robust design' (Pollock 1982) and was divided into five 'primary periods' (in 

this case, different visits to the island) that were sub-divided into several 'secondary 

periods' (capture occasions during each visit). The survival rates between the 

'secondary periods' during one visit to Mangere Island were used to assess 'closure' 

of the weevil population in the study site (see Chapter 5). Different sampling regimes 

were used for the capture-recapture study. For the analysis of intra-patch movement, 

only data from the same sampling regime were included (autumn 1995, spring 1995 

and summer 1995/96). 
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Fig. 4.2 The distribution of A. dieffenbachii patches (numbers) and smaller groups of 

A. dieffenbachii (letters) on Mangere Island. The study site (number 3) is 

marked in black and points represent scattered plants. In A. dieffenbachii 

groups A, B, C and at the edge of patches 2 and 5, marked weevils from a 

capture-recapture study (see text) that had dispersed from the study site were 

found in summer 1996/97. 
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Because of time constraints and large weevil numbers, only 21/30 quadrats were 

sampled for the capture-recapture study (Fig. 4.3). Intervals between capture and 

recapture occasions varied according to favourable weather conditions (sampling 

dates: 22125/28/ 31 March 1995; 13/ 15/16/ 19 September 1995; 7/12114/17 

December 1995). The elongate shape of the study site determined the directions and 

distances weevils could move within the A. dieffenbachii patch. It also introduced a 

bias, because some distances and directions were sampled more often than others 

(Fig. 4.3). If a weevil were captured in quadrat 2.4., for example, it could move only 

into five adjacent quadrats (or directions) in order to stay in the study site (instead of 

eight theoretically possible directions). The weevil could also be picked up only in 

certain quadrats at certain distances, because some quadrats (e.g., quadrat 2.2. and 

quadrat 2.3.) were not sampled (Fig. 4.3). To compensate for unequal sampling effort 

at different distances and directions, the frequencies were corrected before statistical 

tests were carried out. 

CLIFF 

1.6. 2.2. 2:'4. 

1.1. 2.1. 2.3. 2.5. 

2.6. 

Fig. 4.3 A schematic map of the Mangere Island study site showing a 5 m x 5 m 

gridline that was established for a capture-recapture study (see text) . The 

sampling area is shaded and the quadrats marked with a black square did not 

contain any plants in spring 1995 and summer 1995/96. 

To determine the distances individual weevils moved on a daily basis, only movement 

data from three-day intervals were used in order to avoid a bias in the analysis and for 

comparison between different years and seasons. To simplify the calculation of 
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distances moved it was assumed that weevil movement between quadrats occurred in 

a straight line from the centre of one quadrat to the centre of the other. Weevils which 

remained in their original quadrat were assumed not to have moved. Capture

recapture data from three-day intervals in autumn 1995 (n = 780), spring 1995 (n = 
73) and summer 1995/96 (n = 285) were used to estimate how far male and female 

weevils moved per day between 'secondary periods', and to compare 'primary 

periods'. The distances moved in a day (mid point of distance group) were compared 

between sexes using a Mann-Whitney U-test. A Kruskal Wallis non-parametric 

ANOVA (Zar 1990) was used to compare different 'primary periods'. 

To investigate if the distance moved per day differed between weevil 'cohorts', 

individuals were grouped according to when they were first captured and marked. It 

was assumed that weevils marked on earlier visits were on average older than those 

marked on later visits. The aim of this analysis was to detect differences between the 

cohorts and, therefore, all capture-recapture data could be included irrespective of the 

'secondary periods'. In autumn 1995, three different cohorts were recaptured; weevils 

marked in summer 1993/94 (n = 45), summer 1994/95 (n = 197) and autumn 1995 (n 

= 591). In summer 1995/96, five different cohorts, made up of weevils marked in 

summer 1993/94 (n = 10), summer 1994/95 (n = 64), autumn 1995 (n = 58), spring 

1995 (n = 23) and summer 1995/96 (n = 474), were recaptured. In spring 1995, there 

were insufficient recaptures of previously marked weevils to compare cohorts. A 

Kruskal Wallis non-parametric ANOVA (Zar 1990) was used to compare different 

cohorts. 

A diffusion model assumes that the frequency distribution of movement distances 

within a population is normally distributed (Kareiva 1983). To test if the frequency 

distribution of the distances weevils moved per day followed a diffusion model, a 

regression model (Kareiva 1983) was used. The frequencies of distances moved in a 

day were compared with those expected if the diffusion model was met, using a X2-

goodness of fit test. 

Directionality of weevil movement between 'secondary periods' was studied for all 

capture-recapture occasions in autumn 1995 (n = 255), spring 1995 (n = 52) and 

summer 1995/96 (n = 417). It was assumed that weevils were located in the centre of 

the quadrat in which they were captured. On recapture occasions, only 0, 90, 180 and 

270 0 angle weevil movements to bordering quadrats were used, because an 

insufficient number of weevils moved beyond one quadrat. The frequencies were 

corrected to compensate for unequal sampling effort in each direction. A x2-test was 
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used to compare the corrected frequencies with those expected under the assumption 

of no directionality in weevil movement. Data on hourly wind direction from Waitangi 

(Chatham Island) was obtained from the National Institute of Water and Atmospheric 

Research and circular statistics (Batschelet 1981) were used to determine the 

predominant wind direction for each trip to the island. 

To investigate if weevil movement were density-dependent between 'secondary 

periods', adult weevil density was determined separately for each quadrat for autumn 

1995 (n = 4639) and summer 1995/96 (n = 5469). An initial weevil density for each 

quadrat was determined by expressing the number of weevils caught in each quadrat 

on day (t) as a percentage of the total caught in the study site on day (~. This 

percentage was then divided by the percentage of the total A. dieffenbachii cover of 

the study site that was located in that quadrat (see Chapter 5) to obtain density/ m2 of 

A. dieffenbachii cover. Since high survival rates between 'secondary periods' 

indicated population closure, weevil densities could be used to investigate movement 

from and to quadrats with different densities. The log densities on day (t) and on day 

(t+ 1) were used to test for density-dependence (Smith 1973, Barlow et al. 1986). 

Secondary 'sampling periods' were pooled to increase the power of the test for 

density-dependence, although the rates of change in weevil densities between 

different 'secondary periods' were not strictly independent. 

To investigate if the weevils moved longer distances when they originated from a 

quadrat with a high weevil density than if they were last captured in a quadrat with a 

low density, capture-recapture data from autumn 1995 (n = 833) and summer 

1995/96 (n = 629) were used. The distance a weevil moved could be determined only 

for weevils that were captured at least twice in one 'primary period'. Low weevil 

densities were defined as: < one weevil per m2 of A. dieffenbachii cover and high 

weevil densities as > one weevil per m2. The frequencies were corrected to 

compensate for unequal sampling effort at different distances. Distances walked were 

compared between high and low densities using a Mann-Whitney U-test. 

Dispersal 

Inter-patch movement from the study site to the nearest A. dieffenbachii plants and to 

neighbouring A. dieffenbachii patches (Fig. 4.2) was monitored on each visit to the 

island. At least 10% of the plants in each A. dieffenbachii patch were searched 

thoroughly for marked weevils. All individual plants between the study site and 

neighbouring A. dieffenbachii patches were also searched. If a marked weevil were 
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found, its number and location was recorded and the date on which it was last seen in 

the study site determined. 

The matrix comparison test of Mantel (1967), a non parametric evaluation of test 

matrices, was used to establish whether the distribution of weevil densities in different 

patches was spatially correlated. This was used to investigate whether weevil 

dispersal followed the 'Island' or 'Stepping Stone' model. The observed pairwise 

geographical distances and density distances (differences in densities) (see Chapter 

5) were compared with a null distribution using a computation that followed the 

algorithm of Douglas and Endler (1982). The sum of cross products of analogous 

cells of the two test matrices is compared with an expected value calculated on the 

null hypothesis of random permutations between rows and columns of the second 

matrix. 

4.3. RESULTS 

Intra-patch movement 

During the visits in autumn 1995 and summer 1995/96, the weevil population in the 

study site was considered closed. Estimated average survival rates between sampling 

occasions were 0.98 in autumn 1995 (recapture rate p = 0.16) and 1.00 in summer 

1995/96 (recapture rate p = 0.303) (Chapter 5). In spring 1995, however, the average 

survival rate was 0.90 and recapture rates were low (p = 0.09); new generation 

weevils emerged and joined the population. 

The frequency distributions of distances moved per day were similar for both sexes 

and for all three visits to the island (P = 0.421; P = 0.381) and were therefore pooled. 

Most weevils moved up to 6 m in a day and consequently either stayed in the same 

quadrat, or moved to a neighbouring one (Fig. 4.4). Fewer than 10% of weevils 

moved> 6 m per day. Generally, different weevil cohorts moved at the same rate. 

The distances moved did not differ for the five age classes in summer 1995/96 (P = 
0.437). In autumn 1995, however, weevils that were newly marked moved significantly 

less than the two older cohorts (P < 0.001). 
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Fig. 4.4 Distances individual weevils moved in the Mangere Island study site on a daily 

basis (± S.E.) in autumn, and spring 1995 and summer 1995/96. 

The distances weevils moved per day were normally distributed and consequently 

weevil movement followed a diffusion model. The regression equation for the normal 

curve is: y = a exp (-bx2), where y is the relative frequency of insects that have moved 

distance x; a and b were calculated for the data and the expected values were 

compared with the observed ones using a X2-goodness ot fit test (a = 59.00; b = 

0.074, 3 d.f., X2 = 7.14, P > 0 .05). 

In autumn and spring 1995, weevil movement was non-directional (X2 = 2.41, 1 d.t., P 

< 0 .1; X2= 1.297, 3 d.f. , 0.75 > P > 0.5, respectively). In summer 1995/96, however, 

weevils moved predominantly north (Fig. 4.5) (X2 = 20.53, 3 d.f., P < 0.001), which 

coincided with the predominant northerly wind direction in summer (mean angle = 

311.11 0 ± 64.989 (S.D.) (see also Thompson 1983). 
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Fig. 4.5 Percentage of weevils that moved into the four points of the compass in the 

Mangere Island study site in summer 1995/96. 

In autumn 1995 and summer 1995/96, there was no indication that weevil movement 

was density-dependent and that weevils from high density quadrats moved to those 

with lower weevil densities. No density-dependence was detected and the functional 

regression coefficients did not differ significantly from 1 (autumn 1995: b = 1.03; P> 
A 

0.5; summer 1995/96: b = 1.104; P> 0.2). (Fig. 4.6 a & b). 

The weevil density in a quadrat did not influence the distances weevils moved 

between 'secondary periods' in either of the two 'primary periods' (autumn 1995, P = 
0.503; summer 1995/96, P = 0.521). 
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Fig. 4.6 The relationship between the weevil density in a quadrat in the Mangere 

Island study site at time (t) and time (t+ 1). The initial weevil density for each 

quadrat was determined by expressing the number of weevils caught in each 

quadrat on day (t) as a percentage of the total caught in the study site on day 

(t). This percentage was then divided by the percentage of the total 

A. dieffenbachii cover of the study site that was located in that quadrat 

(obtained from Chapter 2) to obtain density/ m2 of A. dieffenbachii cover (for 

further details see text) a) autumn 1995 b) summer 1995/96. 
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Dispersal 

Until summer 1996/97, no marked weevils were found on any of the A. dieffenbachii 

nearest the study site or in the neighbouring A. dieffenbachii patches. Weevils did not 

even disperse to patch 4, which was separated by only 40 m of grassland and scree 

from the study site. When the island was visited in summer 1996/97, however, not a 

single plant was alive in the study site and no weevils were found (Chapter 5). All A. 

dieffenbachii nearest the study site and all neighbouring A. dieffenbachii patches (Fig. 

4.2) were then searched for marked weevils over four consecutive nights (15-18 

January 1997). Estimates of the marked weevil populations were obtained for plant 

group A (Fig. 4.2) (six plants) and for plant group B (25 plants) using CAPTURE 

(White et a/. 1982). The different models are explained and described in detail in Otis 

et a/. (1978). The population estimate for plant group A was 49 (95% confidence 

interval: 39-59) using model Mo (capture probabilities are constant). The Model 

selection criterion, P, (which ranges from zero for the poorest fitting model to 1 for the 

best fitting one) was 1.0. The sample size was too small to estimate male and female 

numbers separately. For plant group B, the suggested model was Mtb (capture 

probabilities vary by behavioural response to capture and time) for males and females 

(P = 1.0) and a total of 121 females (95% confidence interval: 97-145) and 140 males 

(95% confidence interval: 115-165) was estimated. Twenty marked females and 11 

marked males were found on plant group C (four plants) at the edge of patch 2; one 

marked weevil was found in the centre of patch 2 and two marked weevils at the 

western edge of patch 5. There was no significant difference in the number of male 

and female weevils that had dispersed from the study site to new host plants (P > 0.5, 

1d.f., X2 = 0.342). Between 46-75% of all marked weevils caught in summer 1996/97 

were previously seen in the study site in summer 1995/96 (Table 4.1). Marked weevils 

caught in summer 1996/97 had travelled minimum distances of 200 m and 360 m 

respectively from the study site to the host plants in plant groups A and B (Fig. 4.2) 

and at least 500 m and 600 m to patches 2 or 5, respectively. 
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Table 4.1 Minimum distances weevils dispersed from the Mangere Island study site to 

plant groups, total number of weevils recaptured in different plant groups and the 

percentages seen in the study site over time. 

Plant Min. distance Total no. of 
..... ~.I:3~._ ..... Jlrou~ ... _ ...... 9..~eT§..ed [mL .. we.~y!.~ J:l:3rceI}!9~een il} .. stuQ~ site . .!.!::I._._ ......... _. __ 

Summer Spring Autumn Summer 
1995/96 1995 1995 1994/95 

~ A 320 13 46 16 38 0 
CS 27 50 17 20 13 

~ B 200 89 56 7 31 6 
CS 105 71 10 18 0 

~ C 480 20 75 15 5 5 
CS 11 64 27 9 0 

the two weevils captured in patch 5 and the single weevil captured in patch 2 were last seen in the study site in autumn 
1995. 

The distribution of weevil densities in different patches (Table 4.2) was not spatially 

correlated for any of the three summers (summer 93/94: Z = 0.616, P = 0.54; summer 

94/95: Z= -0.029, P= 0.98; summer 95/96: Z= -0.909, P= 0.36). Consequently, weevil 

dispersal followed the 'Island' model. 

Table 4.2 Weevil densities (weevils/ flowering plant) in six A. dieffenbachii patches on 

Mangere Island. 

Patch 
no. 

2 
3 
4 

11 
10 

12a 

Summer 
1993/94 

0.459 
6.675 
11.35 
7.155 
5.327 
21.2 

Summer 
1994/95 

1.376 
14.167 
37.892 
33.194 
10.257 
18.106 

Summer 
1995/96 

6.131 
64.830 

o 
o 

10.042 
o 
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4.4. DISCUSSION 

Intra-patch movement 

The intra-patch mobility of H. spinipennis was certainly underestimated during the 

capture-recapture occasions, since only the 'straight-line' distance (between two 

capture occasions) was recorded. More than 50%, however, moved only 0-2 m in a 

day and consequently stayed in the quadrat in which they were previously caught. It 

can therefore be concluded that weevils moved very little within a host plant patch. 

Weevils moved randomly with respect to distance within a patch and sexes and 

cohorts usually moved at the same rate. In autumn 1995, however, newly marked 

individuals moved significantly less than the two older cohorts. The cohort marked in 

autumn 1995 included a high proportion of weevils that emerged between summer 

1994/95 and autumn 1995 (Chapter 5). It is possible that these young weevils spent 

more time feeding to build up their fat bodies for winter, and/or for egg/sperm 

production, and therefore moved very little. Older weevil cohorts are likely to have had 

large fat bodies by autumn 1995. Consequently, they might have needed less food 

and, since they were still ovipositing (Chapter 2), they moved more. 

Intra-patch movement was usually non-directional. In summer 1995/96, however, 

weevils moved predominantly upwind. Directional movement occurs primarily in 

unfavourable habitat and can lead to the exchange of individuals between local 

populations (Neve and Baguette 1990). It is therefore possible that as habitat quality in 

the study site deteriorated with increasing weevil numbers, upwind movement became 

predominant, since weevils were more inclined to disperse to other host plant patches. 

Upwind movement makes it more likely for an insect to encounter an odour plume (Bell 

1984) and will eventually bring the insect close to the odour source (Bell 1984, Bernays 

& Chapman 1994, Mcintyre and Vaughn 1997) (see also Chapter 3). 

Like other specialised herbivores living in a patchy environment (McCauley et al. 1981, 

Lawrence 1982, Marsh 1995, Harrison 1997), H. spinipennis has a strong tendency to 

remain in a local host plant patch. High survival rates between 'secondary periods' 

(Chapter 5) indicate that the weevil can recognise conspicuous patch boundaries and 

moves back into the patch when it encounters an edge. Some insects are strongly 

attracted by conspecifics and tend to aggregate (Grevenstad and Herzig 1997). For 

these species, intra-specific encounters can also reduce emigration from habitat 

patches (Turchin 1987). The distribution of H. spinipennis on individual host plants was 
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aggregated (Chapter 2), but intra-patch movement was not density-dependent or 

inverse density-dependent. Although encounters with other weevils may be a stimulus 

to stay in a host plant patch, H. spinipennis did not actively move to quadrats with high 

weevil densities. 

Dispersal 

Dispersal is often density-dependent (Hirano 1993, Harrison 1994, 1997, Puche and 

Funderburk 1995) because with increasing herbivore density, the food supply becomes 

depleted, and an animal has to spend more time foraging, with a decreasing rate of 

food gain. In summer 1995/96, weevil density in the study site was so high that the 

foliage and roots of some host plants were heavily damaged (Sch6ps et al. 1998, 

Chapter 5). At this stage, at least, intra-specific competition for food by larvae must 

have occurred. Larval competition for food in insects can result in smaller adults (e.g., 

Dempster 1971, Ernsting et al. 1992, Honek 1993, Harrison 1994, Iwao and Ohsaki 

1996) and the average size of adult H. spinipennis decreased significantly with 

increasing weevil densities (Chapter 5). Although up to 55 weevils were observed on 

single plants in summer 1995/96, it is unknown if adults were competing for food. It 

can be concluded, however, that weevils remained in a local A. dieffenbachii patch 

even when densities became high enough for larval competition to occur. The densities 

at which weevils left a patch is unknown, but 104 weevils/ m2 of A. dieffenbachii in the 

study site did not result in dispersal. Decreasing food quantity can lead to a change in 

behaviour and release insect dispersal (Hansson 1991). Declining levels of stored 

energy or food shortage, for example, can be used by organisms as a cue for 

increased activity or dispersal (e.g., Riegert et al. 1954, Chiverton 1984, Zhang and 

Sanderson 1993, Wallin and Ekbom 1994). Starved H. spinipennis in the insectary 

showed increased searching behaviour and movement (Sch6ps, unpubl.). When a 

host plant patch becomes extinct, a decrease in stored energy or food shortage might, 

consequently, increase the tendency of H. spinipennis to disperse. 

Inter-patch movement was not observed until summer 1996/97 when the plants at the 

study site had collapsed. Although patches 3 and 4 were separated by only 40 m of 

grassland and scree, no marked weevils moved to patch 4. It is unknown exactly when 

H. spinipennis began dispersing from the study site to neighbouring plants, since the 

island was not visited between summer 1995/96 and summer 1996/97 and by the latter 

date, plants at the study site had already disappeared. It is therefore possible that 

some weevils had already dispersed before summer 1995/96, but that the numbers 
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sites. It may be concluded that H. spinipennis leaves its local patch only when intra

specific competition becomes intense or when starvation sets in. 
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Weevils moved up to 600 m from the study site to new host plants. A distance 

measure, however, has little biological meaning unless it is related to the number of 

home ranges traversed (Greenwood and Harvey, in Cockburn 1992) and the spatial 

distribution of suitable habitat patches. Although the home range of H. spinipennis was 

not estimated, weevils stayed in the study site during each visit to the island, which 

was usually a period of three to four weeks. If the study site is assumed to be the 

home range of a weevil, then the insect would have had to traverse it more than 10 

times to reach host plants 600 m away. None of the host plant patches on Mangere 

Island were further apart than 600 m (Fig. 4.2) and most patches were separated by 

only a few hundred metres, which is well within the range that H. spinipennis is able to 

cover by dispersal. Consequently, weevils have the potential to reach new patches 

after the collapse of a local patch. 

A previous study showed that H. spinipennis is capable of finding its host plants when 

released in grassland. At least 68% of 150 weevils released 100 m from their nearest 

host plants located them within 10 weeks (Schops et al. 1998). H. spinipennis must 

have evolved the ability to detect host plants over relatively long distances in order to 

find them in their patchy habitat. In a wind tunnel, weevils responded strongly to host 

plant odour by walking towards it (Chapter 3). In the absence of host plant odour, 

however, they still walked predominantly upwind. Like many other insects (8ell 1994), 

the dispersal strategy of H. spinipennis is likely to be upwind movement until host plant 

odour is encountered, followed by directed movement in the odour stream (i.e., upwind 

anemotaxis modified by plant odour). 

Dispersal is often a dangerous process and many weevils that dispersed from the 

study site presumably died before they reached new host plants. Approximately 30% of 

the weevils survived from summer 1993/94 until summer 1994/95 and 45% survived 

from summer 1994/95 until summer 1995/96 (Chapter 5). The population estimate for 

summer 1995/96 was 11020 (Chapter 5). If weevils had the chance of 30% survival 

from summer 1995/96 until summer 1996/97, c. 3300 weevils should have still been 

alive. This would mean that at least 13% (433 weevils) of the potential survivors had 

located new host plants in summer 1996/97. The survival rate was probably lower, 

though, because of the increasing weevil density, as well as intra-specific competition 

. in the study site and death during dispersal. Consequently, the proportion of weevils 
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that survived in the study site and successfully reached a new host plant patch is likely 

to have been higher than 13%. 

Dispersal is an evolutionarily stable strategy and is therefore likely to evolve in all 

species, irrespective of their environment (Hamilton and May 1977). To what extent it 

evolves, and what proportion of a population usually disperses depend on the habitat 

of a species. Gadgil (1971) argued that the factor favouring evolution of dispersal 

would be the chance of colonising a site more favourable than the one that is presently 

inhabited. Therefore an organism should disperse if the chance of reaching a better 

site exceeds the loss from the risk of death during dispersal, or the chance of reaching 

a poorer habitat (Southwood 1977, Baker 1984). Patchily distributed temporary 

habitats select for movement in specialists (Swingland and Greenwood 1984, McPeek 

and Holt 1992). If habitat patches become increasingly isolated from each other and 

specialist herbivores fail to recolonise them following a local extinction surviving 

populations are likely to be subject to selection against dispersal (Dempster 1991 , 

Descimon and Napolitano 1993). Oligophagous species move more than polyphages 

(Nieminen 1996) but oligophages often exhibit higher movement rates because they 

cannot find suitable host plants as easily as polyphages (Nieminen 1996). Unlike most 

mobile mammals and birds, flightless insects are unlikely to be able to explore the 

environment surrounding their home patch extensively and then 'decide' to move to the 

next most suitable patch. In a patchy habitat with large inter-patch distances, flightless 

specialist insects may have only a small chance of finding a suitable new host plant 

patch in the period of time that they can survive without food. An individual might, 

therefore, not disperse, even if the carrying capacity of its home patch has been 

exceeded, especially if the patch is surrounded by inhospitable habitat (Baker 1984, 

Lidicker Jr. and Stenseth 1992). The low tendency for H. spinipennis to disperse from 

a local patch indicates that the plants may have been rare when the island was 

unmodified and densely forested. It seems likely that A. dieffenbachii and H. 

spinipennis were then restricted to bluffs, cliff faces and coastal fringes. Plants and 

weevils in this habitat are exposed to strong winds, saltwater spray and sometimes 

waves. If a weevil found a host plant and a mating partner, then the probability of gains 

from dispersal might not have outweighed the disadvantage of intra-specific 

competition for food and the probable decrease of reproductive success in a crowded 

host plant patch. This could explain why, even when plants are numerous, H. 

spinipennis does not appear to leave a patch unless its habitat quality deteriorates 

dramatically, as must have been the case between summer 1995/96 and summer 

1996/97. 
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Spatial heterogeneity within and between local populations has widely been noted as a 

factor that can enhance population persistence (Andrewartha and Birch 1954, den 

Boer 1968, Nee et al. 1997). Dispersal between local populations is an important factor 

that can maintain the spatial heterogeneity of a metapopulation (Levins 1969, 1970, 

Taylor 1990, Harrison 1991, Hanski et al. 1994), if it is low enough not to synchronise 

the system (Taylor 1988, 1990). H. spinipennis densities in different patches were 

randomly distributed and therefore spatially heterogeneous. The low tendency of the 

weevils to disperse in the presence of host plants, yet high dispersal ability in their 

absence, is likely to result in a dispersal rate that is low enough to maintain the spatial 

heterogeneity of the metapopulation. The dispersal ability of H. spinipennis, however, 

should also be high enough to allow at least some individuals to reach new host plants 

after the extinction of a local patch. 

4.5. CONCLUSIONS 

It is widely assumed that the dispersal ability of flightless insects is very limited, 

although it is certainly not unusual for flightless beetles to travel long distances (e.g., 

Wallin and Ekbom 1988, Kinjo et al. 1995). This study shows that an insect species 

with a low dispersal rate, and apparently a low dispersal ability, when its environment is 

stable, can have great dispersal ability when conditions become unfavourable. 'Poor 

dispersal ability' is the term often used when a species shows little tendency to move 

between habitat patches. In these cases, however, it may not have been exposed to 

the specific conditions that lead to dispersal. Den Boer (1970), for example, found that 

most flightless species of carabid beetles live in relatively stable environments and 

have low dispersal ability. Similarly, Nieminen (1996) concluded, from low migration 

rates of various moth species, that their colonisation ability could be expected to be 

low. These could well be circular arguments if the carabids had a low tendency to 

disperse because of their stable environments and if the moths lived in favourable 

environmental conditions that did not trigger dispersal. The study of the dispersal of H. 

spinipennis demonstrated how important it is to distinguish clearly between dispersal 

ability and tendency to disperse. 
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CHAPTERS 

Local and metapopulation dynamics of a specialist herbivore 

which over-exploits its patchily distributed host plant 

Abstract Metapopulations where two species interact trophically and one species 

frequently causes local extinctions of the other, have been described only from 

predator/prey systems. This study describes similar dynamic for a plant-herbivore 

metapopulation. Local and metapopulation dynamics of the flightless monophagous 

weevil Hadramphus spinipennis and its host plant Aciphyl/a dieffenbachii were studied to 

asses if frequent local extinctions of host plant populations are caused by over

exploitation by the weevil. The consequences of local extinctions for metapopulation 

structure and stability were evaluated. Local weevil and plant population dynamics were 

studied in one distinct patch. Weevil abundance, survival and recruitment were estimated 

for six periods between 1993 and 1995 with a capture-recapture study using Pollock's 

robust design. Location, size and sex of host plants were mapped annually. 

Metapopulation structure and dynamics were assessed by annually estimating weevil 

and plant abundance for six patches. Another study estimated dispersal between local 

patches. H. spinipennis over-exploited host plant populations and caused their local 

extinction. Before extinction, weevil abundance, survival- and recruitment rates increased 

continuously. No density-dependence could be detected. Three local population 

extinctions occurred when a critical density of 18 weevils per plant was exceeded. Host 

plant extinction was affected by patch size but not by patch isolation. Weevils tended to 

stay in their local host plant patch as long as food was available and dispersal was 

observed only after local host plant extinctions. Plant and weevil numbers and their rates 

of change were not spatially correlated. It is concluded that, although prone to local 

extinctions, A. dieffenbachii and H. spinipennis are likely to persist through 

metapopulation dynamics, wherein local populations fluctuate asynchronously, with a 

dispersal rate that is low enough to maintain the spatial heterogeneity. 

Key words Hadramphus spinipennis, Aciphylla dieffenbachii, monophagous flightless 

weevil, capture-recapture, local population dynamics, over-exploitation, extinctions, 

plant/herbivore metapopulation dynamics, spatial heterogeneity. 

Schops, K. 
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5.1. INTRODUCTION 

Due to habitat fragmentation, many endangered species that once occupied large 

areas have become divided into a number of local populations (Caughley 1994), which, 

together, may form a metapopulation (Levins 1969, 1970, Hanski and Gilpin 1997). A 

local population (or patch) is a unit within which interactions, reproduction, population 

regulation, predation and most movement is confined. A metapopulation is a collection 

of such local populations and dispersal refers to movement between local populations 

(Taylor 1990). Metapopulation persistence depends on the area and the degree of 

isolation of local patches (Levins 1970, Hanski 1991). Generally, the more frequently 

extinctions of local populations occur, the more habitat patches are necessary to 

support a metapopulation for a given length of time (Harrison and Quinn 1989). 

However, in the presence of one or more large persistent, populations metapopulation 

persistence may not depend on the existence of a whole network of local populations 

(Harrison 1991), since the source populations continually supply immigrants for 

recolonisation of suitable areas (MacArthur and Wilson 1963, 1967). 

Small local populations are more prone to extinction due to environmental, genetic and 

demographic stochasticity (May 1973, Caughley and Gunn 1996). Stochastic 

extinctions result from random changes or environmental perturbations (Gilpin and 

Soule 1986), which, in a small metapopulation, could cause all local populations to 

become extinct simultaneously (Hanski 1989). Metapopulation persistence is also 

influenced by a species' dispersal ability (Levins 1970, Taylor 1990, Harrison 1991, 

Hanski et al. 1994). Increasing isolation of local populations can lead to a colonisation 

rate that is much lower than the extinction rate, so that eventually the whole 

metapopulation becomes extinct (Levins 1970, den Boer and Reddingius 1996). 

Spatial variation in herbivore or predator densities and dynamics of local populations 

has widely been recognised as enhancing population persistence (Andrewartha and 

Birch 1954, den Boer 1968, Hanski 1989, Nee et al. 1997) even if local populations are 

relatively unstable (Nachman 1991, Holyoak and Lawler 1996a, Holyoak and Lawler 

1996b). Metapopulation persistence is increased, therefore, if the dynamics of local 

populations are not synchronised by dispersal (Taylor 1988). Local extinctions can also 

be deterministic, however, when something essential is removed from a habitat (such 

as food, shelter, or space), or when something lethal is introduced (such as predators, 

or pesticides) (Gilpin and Soule 1986). There are only a few known examples where a 

native species is the deterministic factor that regularly causes the local extinction of its 

prey or food plant (e.g., Huffaker 1958, Dempster 1971, Berdowski and Zeilinga 1987, 

Nachman 1991, Holyoak and Lawler 1996a, Holyoak and Lawler 1996b) and hardly 



any information exists on the subsequent effects on metapopulation persistence 

(Huffaker 1958, Nachman 1991, Holyoak and Lawler 1996a, Holyoak and Lawler 

1996b). 

76 

This study investigates whether the feeding damage of a metapopulation of an 

endangered, monophagous weevil is the cause for frequent local extinctions of its 

patchily distributed host plant (see also Sch6ps et al. 1998, Appendix 2). Most other 

studies on metapopulation dynamics are concerned with increasing habitat 

fragmentation (e.g., Kindvall and Ahlen 1992, Kruss 1996). These investigations, 

however, deal with a species that has probably evolved in a highly fragmented habitat 

and is now confronted with ongoing habitat coalescence. 

The endangered coxella weevil, Hadramphus spinipennis Broun (Curculionidae; 

Molytinae, Molitini), and its host plant, Dieffenbach's speargrass, Aciphylla 

dieffenbachii (F. Muell.) Kirk (Apiaceae) are endemic to the Chatham Islands, (440 S., 

1760 30' W.), which are located 850 km east of the South Island of New Zealand. The 

distribution of the weevil is restricted to Mangere Island (113 ha) and South-East Island 

(218 ha) (Fig. 5.1), two outlying islands of the Chatham Islands group (Fig. 5.1), which 

are among the most biologically significant nature reserves of the Southern 

Hemisphere (Department of Conservation 1996). South-East Island is mostly covered 

in remnant or regenerating native forest and the plant and weevil populations are 

limited to a highly fragmented habitat, the coastal cliffs, bluffs and rocky shores (Given 

1996). The native forest on Mangere Island was almost entirely burnt early this century 

to create farmland, which changed the island into pasture dominated by non-native 

grass species, clover and small native shrubs (Ritchie 1970). Sheep grazing 

suppressed the growth of most native vascular plant species (Ritchie 1970), but when 

livestock was taken off the island in 1968, plants such as A. dieffenbachii started to 

spread. Today these plants are patchily distributed over the whole island (Fig. 5.2) and 

are host to a metapopulation of H. spinipennis (see also Chapter 4). 
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The plant and weevil populations are probably still spreading, since large areas of 

potential habitat have not yet been colonised (Emberson et al. 1996, E.C. Young 

unpubl.). Over the last decade, seven local extinctions of A. dieffenbachii patches have 

been observed on Mangere Island (Schops et al. 1998, Appendix 2, E.C. Young pers. 

comm.). H. spinipennis was thought to be a causative factor in these local extinctions 

(Schops et al. 1998, Appendix 2). Habitat coalescence, however, might also have 

influenced extinction rates. This led to the concern that the A. dieffenbachii and, 

consequently, the H. spinipennis metapopulations on Mangere Island might not be 

viable in the long term. However, predictions about persistence and effective 

conservation measures, can be made only when the metapopulation dynamics of the 

endangered species are understood (Atkinson 1989, Caughley 1994, Hanski and 

Gilpin 1997). 



The first aim of this study was to examine whether H. spinipennis causes local 

extinctions of its host plants and to investigate whether the weevil population was 

regulated below the carrying capacity of its habitat. Population dynamics of 
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A. dieffenbachii and H. spinipennis were examined in detail for one distinct patch and 

the possibility of correlations between insect and plant demography were studied. The 

use of life tables and k-factor analysis (Varley and Gradwell 1960) requires estimates 

of egg, larval, pupal, and adult numbers and relevant mortality rates need to be 

estimated. Large numbers of A. dieffenbachii would have had to have been dug up to 

achieve this, since larvae and pupae occur in the soil near the roots of the plants. In a 

nature reserve like Mangere Island, only minimum disturbance of the habitat is 

permitted. Therefore, this study focused on adult beetles, using a capture-recapture 

study to estimate their abundance, recruitment and survival. 

The second aim was to assess the metapopulation structure and dynamics of H. 

spinipennis to make predictions about its persistence. This was done by studying the 

population dynamics of the weevil and its host plant in six patches. The weevil and 

plant abundance and local extinction and colonisation of the different patches were 

investigated. The occurrence and timing of weevil intra-patch dispersal has been 

addressed elsewhere (Chapter 4). It was also assessed whether there was a critical 

weevil density above which a plant patch became extinct and how long it took for plant 

patches to regenerate after a local extinction had taken place. Finally, it was 

investigated whether or not plant and weevil population dynamics were locally andl or 

spatially correlated. 

5.2. METHODS 

Biology of H. spinipennis and its host plant 

The biology of H. spinipennis has been described elsewhere in detail (Chapter 2) and 

is, therefore, only summarised here. H. spinipennis is listed as an endangered species 

with highest priority for conservation by the New Zealand Department of Conservation 

(Molloy and Davis 1994) and as a threatened species by the IUCN, the World 

Conservation Union (Groombridge 1993). It belongs to a small endemic genus of large, 

flightless weevils. Its life cycle is closely associated with A. dieffenbachii. Adult weevils 

are nocturnal. They are up to 27 mm long and feed on the flowers, leaves and seeds 

of their host plant. Eggs are deposited in the soil, and larvae feed and develop on the 
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roots and pupate in the ground. H. spinipennis probably has five larval instars, 

copulation and oviposition occur from September-March and larval cohorts overlap. 

Eggs laid early in the year develop into adults in the same season, while those laid late 

in the season do not develop into adults until the following spring. Adult weevils are 

long-lived and generations overlap. The host, A. dieffenbachii, is a dioecious perennial 

plant, which is also a threatened species (Molloy and Davis 1994). Its life-span is 

unknown and it is not possible to age the plant by its size or morphology (C. Webb, 

pers. comm.). It is confined to grassland and open areas. Male plants flower from 

October to late January, with peak flowering occurring in November-December. 

Female flowering starts in late October to mid November, peaks in late November

early December, and finishes by mid December (Chapter 2). 

Study site 

Field work was conducted on Mangere Island (Fig. 5.1) from November 1993 to 

December 1995. The island had nine discrete A. dieffenbachii patches (Fig. 5.2: 

patches 1, 2, 3, 4, 5, 6, 11, 12a, 12). A large part of the island (over 30 000 m2) was 

covered with small dense A. dieffenbachii populations interconnected by scattered 

plants; this area was called patch 10. The area south-east otpatch 10, and the plateau 

above it appeared to be undergoing colonisation by A. dieffenbachii. During the three 

years of the study, this plant population expanded over the whole plateau. Previously, 

most plants occurred in small groups on its fringes. Throughout the study, less than 

25% of the areas of patches 1, 5, 10, 11, 12a, 12 were covered by A. dieffenbachii, 

while in patches 2, 3 and 4 between 25 and 50% of the areas were covered. 

A discrete, medium sized patch of A. dieffenbachii was selected as the main study site 

('A. dieffenbachii patch 3'; 750 m2; Fig. 5.2) and it was divided into 30 individually 

numbered 5 m x 5 m quadrats (Fig. 5.3). During the first two summers, the A. 

dieffenbachii patch (patch 4) nearest to the study site was located 40 m away down a 

steep slope. In summer 1995/96, patch 4 became extinct and patch 2, which was 

located 56 Om away from the study site, became the nearest A. dieffenbachii patch. 

Apart from the dense A. dieffenbachii population, the vegetation in the patch was 

characterised by the exotic species Bromus catharticum H.B.K., B. mollis L., Carex 

trifida Cav., Cirsium spp., Holcus lanatus L., Lolium perenne L, Poa pratensis L. and by 

the native species Disphyma papilla tum Chinnock, Festuca coxii Hack., Hebe spp., 

Phormium aff. tenax J.R. et G. Forst. and Olea ria traversii (F. Muell.) Hook .. 
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Fig. 5.2 The distribution of A. dieffenbachii patches (numbers) on Mangere Island. 

The study site (patch 3) is marked in black and points represent scattered 

plants. 
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Fig. 5.3 A schematic map of the Mangere Island study site showing a 5 m x 5 m 

gridline that was established for a capture-recapture study (see text). The 

sampling area is shaded and the quadrats marked with a black square did not 

contain any plants in spring 1995 and summer 1995/96. 

The island was visited six times between November 1993 and January 1997. Four trips 

took place in summer (25 November 1993-15 February 1994 referred to as summer 

1993/94) ; 30 November-17 December 1994/95 (referred to as summer 1994/95) ; 6-20 

December 1995 (referred to as summer 1995/96) ; 15-19 January 1997 (referred to as 

summer 1996/97). one in autumn 1995 (22 March-3 April 1995) and one in early spring 

1995 (12-20 September 1995). 

Mapping of A. dieffenbachii 

Each time Mangere Island was visited, the phenology and reproductive status of A. 

dieffenbachii in all patches were recorded (Fig. 5.2). A. dieffenbachii could easily be 

sexed when close to anthesis and when fruiting (Chapter 2). When it was not flowering 

or fruiting , only plants with remains of old flower stalks could be sexed. In summer, 

each A. dieffenbachii patch was traversed repeatedly and scanned with binoculars (10 

x 8) . The number of medium and large plants (> 1 rosette) was recorded, as was the 

ratio of flowering to non-flowering plants. The positions of all patches were plotted on a 

map. For smaller A. dieffenbachii patches, the plants were counted, while for large 
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patches the mean of repeated estimates was used. For each patch, the abundance of 

seedlings and small plants (1 rosette), relative to the number of larger A. dieffenbachii, 

was recorded as rare, abundant or very abundant. 

For the study site, the location of each A. dieffenbachii plant and the approximate area 

it covered was recorded on a detailed map. Plant sex and the number of 

inflorescences per plant were also recorded, as were the phenological stages and the 

ratio of flowering to non-flowering plants. 

Local weevil population dynamics 

Weevil sampling and marking technique 

On each nocturnal sampling occasion, the foliage and flowers of all A. dieffenbachii in 

the study site were searched for weevils. The plant surface was scanned first, then the 

leaves were parted and lower regions of the plant as well as the ground under it were 

searched. Weevils from different quadrats were put into separate containers, taken 

back to the base hut, marked during the following day (or recorded, if they were 

recaptured) and released at dusk. The location (quadrat number) was noted each time 

a weevil was captured or recaptured and each was released into the centre of the 

quadrat from which it was captured. From summer 1993/94 until summer 1995/96, 

9310 adult weevils were marked individually by gluing coloured plastic bee tags with 

individual numbers on their prothoraces (glue: 'Zap-a-Gap', Pacer Technology, Great 

Britain, bee discs: Opalitplattchen, Striewski Bienenbedarf, Jevenstedt, Germany). As 

a contingency for the discs being lost during the study, a combination of enamel paint 

colouration and positions on the elytra was also used to mark each weevil uniquely. In 

summer 1993/94 all quadrats (Fig. 5.3) in the study site were sampled systematically 

on five sampling occasions. Due to time constraints and high weevil numbers, only 10 

quadrats out of 30 were sampled randomly on five sampling occasions in summer 

1994/95. In autumn 1995, spring and summer 1995/96 always the same 21 quadrats 

(Fig. 5.3) were sampled on four, five and four sampling occasions, respectively. The 

minimum and maximum air temperature was recorded for each sampling occasion 

using a mercury thermometer. 

Statistical analysis of capture-recapture data 

The Jolly-Seber model for open populations (Jolly 1965, Seber 1965) assumes that all 

animals are equally catchable at any given time. This assumption is often unrealistic in 
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wild populations and applying the model can lead to a serious bias in estimates, 

especially those of population size and recruitment (Nichols and Pollock 1984). Models 

for closed populations relax these assumptions and allow for variation over time in 

catchability, behavioural response to being captured and heterogeneity in catchability 

among animals, and different combinations of these factors (Otis et al. 1978). This 

capture-recapture study was designed according to Pollock's 'robust design' (Pollock 

1982), which uses closed models to obtain robust population estimates and open 

models for estimating survival rates. The whole sampling programme was divided into 

five 'primary periods' (Le., different visits to the island) that were sub-divided into 

several 'secondary periods' (capture occasions during each visit). The time between 

'primary periods' was 298, 98, 165 and 81 days and the time between 'secondary 

periods' varied between one and seven days. Time between 'primary periods' was 

sufficiently long to allow demographic processes to occur (death, birth, immigration 

and emigration). The time between 'secondary periods' was sufficiently short to 

assume that recruitment and loss were negligible and that the population was closed. 

From summer 1993/94 until summer 1995/96, no interaction between the weevil 

population in the study site and those in other patches was detected (Chapter 4). No 

emigration of marked weevils from the study site to other host plant patches was 

observed, although at least 10-20% of the plants in each A. dieffenbachii patch were 

checked during each primary sampling period (Chapter 4). It was therefore concluded 

that emigration and immigration from and to the study site were negligible and that 

recruitment occurred mainly through birth, while loss was caused primarily by death. 

Statistical methods based on probabilistic models developed for open (Pollock et al. 

1990), and closed populations (Otis et al. 1978) could be applied to the data collected 

from the primary and 'secondary periods' respectively. The assumption that the 

population was closed between 'secondary periods' was assessed by estimating 

survival rates between 'secondary periods' using JOllY (Pollock et al. 1990). If 

survival rates are 1.0, or close to it, it may be assumed that the population was closed. 

The programme CAPTURE (White et al. 1982) was used to estimate population sizes 

within 'primary periods' and the programme JOllY to estimate survival and birth rates 

between 'primary periods' . JOllY population size estimates for the 'primary periods' 

were obtained at the same time and were used for a comparison with the CAPTURE 

estimates. Goodness of fit tests and model selection were performed automatically by 

both programmes. The different models, the procedure used to select models and the 

methods used to compute the estimates have been explained for both CAPTURE (Otis 

et al. 1978) and JOllY (Pollock et al. 1990). Population sizes and survival rates were 

estimated separately for the different sexes and cohorts. In summer 1994/95, on each 
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secondary period, a third of the quadrats in the study site were randomly selected and 

sampled. This sampling regime violated the assumptions of closure and equal 

catchability and population estimates could not be obtained from CAPTURE and 

JOllY by using 'secondary periods'. Therefore, pooled data from all five 'primary 

periods' were used to obtain a population estimate for summer 1994/95 with JOllY. 

Survival rates from the penultimate to the last capture occasion were calculated using 

population estimates obtained from CAPTURE. These estimates were then used in the 

formulae of Jolly (Jolly 1965) and Seber (Seber 1965) to calculate survival rates and 

their standard deviations. Birth was defined as the total population estimate on day x, 

minus the survivors from day x-1. 

Measurements of weevil body size 

Decrease in body size in consecutive generations is often associated with decreasing 

food availability (e.g., Dempster 1971, Ernsting et al. 1992, Honek 1993, Harrison 

1994, Iwao and Ohsaki 1996) and may, therefore, be an indication of density

dependence through competition for food. Weevils were collected from A. dieffenbachii 

in the study site, sexed, and the length from the head (excluding the rostrum) to the tip 

of the abdomen was measured with callipers. Weevils were measured in summer 

1993/94 (n = 146), summer 1994/95 (n = 341) and autumn 1995 (n = 404), spring 1995 

(n = 201) and summer 1995/96 (n = 590). Body lengths of females and males from 

different samples were compared by two-way ANOVA (Zar 1990). 

Metapopulation dynamics 

Population estimate 

Each summer, 80 to 90% of the plants in all nine A. dieffenbachii patches flowered 

(Fig. 5.1). Weevils 'preferred' flowering to non-flowering plants (Chapter 2). Six 

patches (2, 3, 4, 10, 11, 12), which were accessible at night and which had similar size 

distributions of A. dieffenbachii, were selected to estimate their plant and weevil 

populations sizes (Fig. 5.2). These patches incorporated a large proportion of the A. 

dieffenbachii and H. spinipennis populations. The proportion of each patch covered by 

A. dieffenbachii was estimated. The estimate, however, was not accurate and weevil 

density was, therefore, measured as the number of weevils per flowering plant, rather 

than weevils per square metre of A. dieffenbachii. The mean distance between plants 



(within a patch) did not exceed 10m. Weevils walked on average 0-2 m per night 

(Chapter 4), but were capable of travelling at least up to 10m in a night. 

85 

To estimate the number of weevils, 10% of the flowering male and female A. 

dieffenbachii in each patch were randomly sampled for H. spinipennis. It was assumed 

that the proportion of the weevil population found on 10 % of the flowering plants was 

representative of each patch. Weevil numbers for the six selected A. dieffenbachii 

patches were assessed each year on one night in mid December. The population 

estimate for the study site obtained using CAPTURE (Otis et al. 1978) was used to 

estimate the proportion of the weevil population that was found on 10% of the flowering 

plants in the study site on that particular night. Weevil population estimates for the 

other A. dieffenbachii patches were then calculated by extrapolation. 

Test for density-dependence 

Smith's (1973) test, corrected by Barlow et al. (1986), was applied to test for density

dependence using log weevil densities at time t and log weevil densities at time (t+ 1 ) 

from the selected patches. This test seeks significant departure of the functional 
A 

regression coefficient b from 1.0 (Barlow et al. 1986) and is less conservative than the 

classic two-way test of Varley and Gradwell (Varley and Gradwell 1968). The rate of 

change in weevil densities was calculated for three consecutive summers. To perform 

tests that were especially designed for time series (e.g., Pollard and Lakhani 1987, 

Dennis and Taper 1994) more observations over a longer period of time would have 

been necessary. 

Tests for correlation between local extinctions, patch size and patch isolation 

Mann-Whitney U-tests were performed to test whether local extinctions were 

dependent on patch size and/or patch isolation. Local patch size was defined as the 

number of flowering plants per patch. Isolation was the distance from the edge of one 

patch to the edge of the next closest patch. 

Test for spatial correlation 

If the population dynamics of patches are spatially correlated, it is more likely that a 

metapopulation would become synchronised and that many, if not all, patches would 

collapse at the same time (Hanski 1989). The matrix comparison test of Mantel (Mantel 
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1967), a non-parametric, multivariate evaluation of test matrices, was used to establish 

whether the rates of change in weevil densities in neighbouring patches were 

significantly more similar than in non-neighbouring patches. The observed pairwise 

geographical distances and pairwise distances in the rate of change in weevil densities 

were compared with a null distribution using a computation that followed the algorithm 

of Douglas and Endler (1982). The sum of cross products of analogous cells of the two 

test matrices were compared against an expected value calculated on the null 

hypothesis of random permutations between rows and columns of the second matrix. 

5.3. RESULTS 

Local weevil population dynamics 

A total of 12888 captures identified 9310 different weevils during 18 sampling 

occasions. Twelve weevils were damaged during the capture-recapture process and 

were removed from the study site. Only 13 bee discs were lost. Marking did not seem 

to affect the survival and longevity of the weevils because, in captivity, no marked or 

unmarked weevils died within six months after marking. 

Population closure and recapture rates between 'secondary periods' 

During most visits, the estimated average survival rates between sampling occasions 

were close to 1.0 and the weevil population in the study site was therefore considered 

closed (Table 5.1). In summer 1994/95, the population estimate was obtained with 

JOllY (see methods) and population closure did not need to be considered. 

However, in spring 1995 the average survival rate was 0.90, recapture rates were low 

and new generation weevils emerged and joined the population. At this time, the 

population was therefore not closed. 
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Table 5.1 Average survival rates (<1> ) and average capture probabilities 

( p ) for 'secondary periods'. 

95% Conf. 95% Conf. 
A interval A interval 

<1> 
p 

Summer 1993/94 0.98 0.911 - 1.00 0.251 0.207 - 0.332 

Autumn 1995 0.955 0.886 - 1.00 0.236 0.197 - 0.290 

Spring 1995 0.900 0.785 - 1.00 0.140 0.139 - 0.246 

Summer 1995/96 1.00 0.951 -1.00 0.117 0.100 - 0.151 

The average daily recapture rates for male weevils was usually higher than for females 

(Table 5.2). The proportion of the total weevil population in the study site that was 

captured on different capture-recapture occasions was positively correlated with air 

temperature (r2 = 0.700, F= 25.18, 1 d.f., P < 0.001). 



Table 5.2. Population estimates for the H. spinipennis population in the Mangere Island study site using the programmes 

CAPTURE for secondary periods (White et al. 1982) and JOllY for 'primary periods' (Pollock et al. 1990). 

CAPTURE Average JOllY 
Population 95% Conf. capture Population 95% Conf. 

Sex estimate interval probability (p ) Model estimate interval Model 

Summer ~ 1130 817 - 1443 0.219 Mtb 
1993/94 

(!; 1045 903 - 1187 0.296 Mtb 

Summer ~ 2175 1694 - 2656 A 
1994/95 

(!; 2920** 2479-3361 A 

Autumn ~ 4202** 3775 - 4629 0.145 Mt 
1995 

(!; 3387 3555 - 3219 0.202 Mt 

Spring ~ 1606 1361 - 1851 0.092 Mt 2922 2502 - 3342 A 
1995 

(!; 1946** 1686 - 2206 0.094 Mt 3292 ... 2932 - 3652 none 
Summer 
1995/96 ~ 5253 3037 -7469 0.116 Mtb 

(!; 5746** 4120-7372 0.142 Mtb 

CAPTURE: Mt: capture probabilities vary with time, Mtb: capture probabilities vary with time and behavioural response to capture (for details see 
Otiset a/. 1978). JOllY: Model A which allows for death, birth, emigration and immigration to occur (for details see Pollocket al. 1990) 

T The JOllY population estimate was used for spring 1995, because the population was considered open (see text). 
** Sex ratio highly significantly biased (P< 0.001) 
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Population estimates 

Population estimates for the study site for summer 1993/94, autumn 1995, and 

summer 1995/96 were obtained from CAPTURE. For the population estimate in 

summer 1994/95, a Jolly-Seber estimate was used. The Jolly Seber and CAPTURE 

estimates did not usually differ greatly (see Appendix 1). In spring 1995, however, 

there was a large discrepancy between the two estimates. The higher Jolly Seber 

population estimate for spring 1995 was used, because the population was not closed. 

A cohort analysis (see Appendix 1) also showed that more weevils survived from 

autumn 1995 to summer 1995/96 than to spring 1995. This suggests that part of the 

weevil population was not catchable in spring, which could have been due to temporary 

emigration or because part of the population was still quiescent at the end of winter. 

Although they were not catchable, these weevils were, however, alive in spring 1995 

and needed to be included in the analysis. In contrast to a CAPTURE estimate, Jolly

Seber estimates take into account that animals were not seen on one capture occasion 

but were recaptured later. The Jolly-Seber estimate for females for spring 1995 gave a 

good fit for Model A, which allows for the occurrence of death, birth, emigration and 

immigration. For the male weevils, however, no model fitted. The goodness of fit tests 

indicated that the lack of fit was caused by male weevils that were first captured in 

autumn 1995, but were much less likely to be captured in spring 1995 than in summer 

1995/96. When these weevils were excluded from the analysis, Model A fitted well and 

the population estimate was 2175 (95% confidence limit: 1876.2-2473.9). Because 732 

± 191.45 (95% confidence limit: 540.5-923.5) males (see Appendix 1) that were first 

seen in autumn 1995 survived until summer 1995/96, the Jolly-Seber estimate for 

spring 1995 was more realistic than the CAPTURE estimate. The number of weevils in 

the study site more than quadrupled over the three summers of this study (Fig. 5.4). In 

spring 1995 the capture-recapture trial was carried out after winter mortality had 

occurred, and before the majority of the new generation weevils had emerged. The 

population was, therefore, smaller than that in autumn 1995. With the new generation 

of weevils entering the population between spring 1995 and summer 1995/96, the total 

population increased. In January 1997, no weevils were found in the study site and all 

the host plants had disappeared. 
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Fig. 5.4 Population and recruitment estimates between 'primary periods' for the H. 

spinipennis population in the Mangere Island study site using programme for 

recruitment (Pollock et al. 1990) (with 95% confidence intervals) and 

CAPTURE (White et al. 1982) for population estimates (with 95% confidence 

intervals). 

Recruitment and survival between 'primary periods' 

Recruitment was measured between early spring and autumn (Fig. 5.4). By summer 

1994/95, most recruitment of the new generation males had already taken place and 

hardly any new males entered the population until autumn 1995. Fewer females than 

males hatched between summer 1993/94 and summer 1994/95. In autumn 1995, 

between 1624-2856 females entered the population (Table 5.3). Each female 

produced, on average, 3.84 adult offspring between summer 1993/94 and summer 

1994/95 and 4.01 between summer 1994/95 and summer 1995/96. If the average 

number of potential immigrants from patch 4 is taken into account, however, there 

would have been a mean of only 3.64 offspring per female. 



Table 5.3. Survival and recruitment rate estimates between 'primary periods' for the H. spinipennis population in the Mangere Island study site using 

programme JOllY (Pollock et al. 1990). 

Summer 1993/94- 95% Cont. Summer 1994/95- 95% C~nt. Autumn 1995- 95% Cont. Spring 1995- 95% Cont. 
Summer 1994/95 interval Autumn 1995 interval Sering 1995 interval Summer 1996/97 interval 

a) ~ 
Survival 0.203 0.191 - 0.215 0.902 0.860 - 0.944 0.601 0.563 - 0.639 0.731 0.652 - 0.810 
rate 

Survivors 229 202.4 - 255.5 1962 1781.2 - 2142.8 2525 2209.6 - 2840.4 2136 1904.4 - 2367.6 

Recruitment 1947 1461.7 - 2432.4 2240 1624.0 - 2856.1 396 0-913.9 3117 867.5 - 5366.5 
rate 

b) d' 
Survival 0.392 0.377 - 0.406 0.906 0.878 - 0.934 0.7557 0.718 - 0.794 0.7145 0.648 - 0.781 
rate 

Survivors 409 379.7 - 438.3 2647 2565.0 - 2729.1 2560 2307.7 - 3064.5 2352 2134.4 - 2569.6 

Recruitment 2512 2067.0 - 2957.0 740 298.6 - 1181.4 733 325.3 - 1140.7 3394 1731.9 - 5056.1 
rate 
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Most female weevils died between autumn and spring, whereas most male weevils 

died between spring and summer (Table 5.3). Only 20% of females survived from the 

first summer to the second, but 40% of females present in summer 1994/95 survived 

until summer 1995/96. Male survival rates were 39% from the first to the second 

summer and 48.9 % form the second to the third. Since overall survival rates increased 

dramatically over the three summers and recruitment either ceased or increased, it 

may be concluded that the weevil population was still growing between summer 

1994/95 and summer 1995/96. 

Survival rates of a cohort marked in summer 1993/94 

Less than 40% of the male weevils that were marked in summer 1993/94 survived until 

the next summer (Fig. 5.5) and 15% were still alive in summer 1995/96. The survival of 

female weevils marked in summer 1993/94 followed the same trend, although mortality 

in the first summer after marking was even higher than for males. Twenty three 

percent of the females survived until summer 1994/95 and 7% were still alive in 

summer 1995/96 (Fig. 5.5). 
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Fig. 5.5 Survival of male and female weevils that were marked in summer 1993/94. 

Population estimates for the 'primary periods' were obtained from CAPTURE 

(White et al. 1982). 



Females marked in summer 1993/94 were likely to live a maximum of two years four 

months, while males marked at the same time lived up to three years nine months. 

Changes in plant numbers and sizes 
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The number of adult plants (flowering female and male plants, and non-flowering 

medium and large plants) and the total area covered by A. dieffenbachii decreased 

continuously from summer 1993/94 to summer 96/97 (Fig. 5.6). Between the first and 

the second summer, the number of adult plants declined by 5%, and the area they 

covered declined by 44%. 
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Fig. 5.6 Number of adult A. dieffenbachii and seedlings and the total area they 

covered in the Mangere Island study site. 
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All plants covering an area of more than 2 m2 disappeared between summer 1993/94 

and summer 1994/95. The number of plants between 0.5 and 2 m2 decreased, while 

the number of small plants increased (Fig. 5.7). This development resulted in a 

decrease in average plant size from 0.474 m2 ± 0.573 (S.D.) to 0.311 m2 ± 0.333 (S.D.) 

By summer 1995/96 only 51 % of the plants present the previous summer were still 

alive and the area covered by A. dieffenbachii had decreased by 50%. The number of 

small plants had declined by 60.5%, whereas the number of plants larger than 0.5 m2 

was similar to the previous year. The average area covered by an A. dieffenbachii 

plant in summer 1995/96 was 0.421 m2 ± 0.375 (S.D.). 
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Fig. 5.7 Frequency distribution of different size classes of A. dieffenbachii and the 

total area they covered in the Mangere Island study site. 
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Male plants were always more numerous than female plants and covered a larger part 

of the study site (Table 5.4). The rate of decline in number and area covered, however, 

was similar for both sexes. The area female and male plants covered declined by 44 % 

and 41 % respectively during the first year and by 33 % and 37 % the next year (Table 

5.4). 

Table 5.4 Number of flowering A. dieffenbachii and the area they covered in the 
Mangere Island study site 

Summer Summer Summer 
1993/94 1994/95 1995/96 

Number of <j> 

plants 169 154 71 

Area covered [m2] 79.4 44.6 30.1 

Number of r3 
plants 212 209 99 

Area covered [m2] 102.4 60.2 37.8 



The number of non-flowering adult plants and the area they covered was consistent 

over the three years (ranges: 43-46 plants; 9 m2-12 m2). Most very large plants died 

between 1993/94 and ,1994/95. More seedlings were recorded in summer 1994/95 
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than in the previous summer (Fig. 5.7). In the third summer, however, the number of 

seedlings had dropped dramatically. Before summer 1995/96, weevils were hardly ever 

observed on seedlings, but that year they were found on every plant in the study site, 

including seedlings. 

Relationship between weevil and plant numbers 

The proportion of the weevil population captured in a quadrat at time (~was not 

correlated with the proportion of the total plant population (area covered by A. 

dieffenbachii) in that quadrat (Fig. 5.8). 
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Fig. 5.8 Relationship between the percentage of the total weevil population that was 

captured in a quadrat at time (t) and the percentage of the total plant 

population that was located in the quadrat. The absolute weevil counts and 

the plant cover per quadrat were transferred into percentages in order to pool 

different sampling occasions. The estimates of the total weevil population size 

at time (t) were obtained with CAPTURE (White et a/. 1982). 

Weevil numbers tended to increase exponentially before the collapse (Fig. 5.9). Weevil 

numbers quadrupled from summer 1993/94 to summer 1994/95. The area covered by 
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A. dieffenbachii, however, decreased linearly (y = -66.12x + 278.6, R2 = 0.96, P < 0.05; 

Fig. 5.9), halving in the same period. Weevil densities increased from 12 weevils/ m2 A. 

dieffenbachii in summer 1993/94 to 37 in summer 1994/95 and 105 in summer 

1995/96. Plant numbers appeared to be negatively correlated with weevil numbers, 

although this was not significant. By summer 96/97 the plant and the weevil population 

in the study site had collapsed and no plants or weevils were found. 
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Fig. 5.9 Estimated numbers of H. spinipennis and the area covered by A. dieffenbachii 

plants in the Mangere Island study site. Weevi l population estimates and 95% 

confidence limits were calculated with CAPTURE (White et al. 1982) . 

Metapopulation dynamics 

The number of plants and weevils in six A. dieffenbachii patches (patches 2, 3, 4, 10, 

11, 12) increased continuously over the three summers (Fig. 5.10). Even though three 

patches became extinct in the third year (Table 5.5), the total number of weevils 

increased by 180%, while plant numbers increased by eleven percent (Fig. 5.10). If 

weevil population turnover is measured by the proportion of the population living in 

plant patches that became extinct patch extinction affected 18% of the weevil 

population from summer 1994 to summer 1995 and 32% from summer 1995 to 

summer 1996. In most patches, weevil density increased continuously over the three 

years, and A. dieffenbachii patches with a weevil density of more than 18 per flowering 

plant became extinct the next year (Table 5.5). Regeneration of patches that became 
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Fig. 5.10 Estimated numbers of H. spinipennis (for methods see text) and of flowering 

A. dieffenbachii plants for six selected patches on Mangere Island. 

extinct during the study had not been observed by December 1997 (E.G. Young, pers. 

comm. 1997). Patches 6 and 10c established between summer 1994/95 and summer 

1995/96 (Fig. 5.2) and contained only small plants and seedlings. Patch 10c was close 

to patch 10 and was 'connected' to it by scattered plants, while patch 6 was distinct. 

Patch 10c already contained weevils, but no weevil damage was initially observed in 

patch 6. E.G. Young (unpubl.) recorded that patch 5 contained at least 430 adult plants 

in summer 1988/89. In summer 1990/91, however, it was extinct. Nineteen young 

plants were found in summer 1991 /92 (E.G. Young, unpubl.) and, from then on, plant 

numbers slowly increased. In summer 1993/94, most plants in the area were seedlings 

and only 140 flowered (Table 5.5). 



Table 5.5. Weevil and plant population estimates (for methods see text) for six A. dieffenbachii patches on Mangere Island. 

Summer 1993/94 Summer 1994/95 Summer 1995/96 

Patch Distance to Flowering No. of Weevils/ Flowering No. of Weevils/ Flowering No. of Weevils/ 
no. nearest patch [m] plants weevils flo plants plants weevils fl. plants plants weevils flo plants 

2 160 520 239 0.46 500 688 1.37 750 4598 6.13 
3 40 381 2543 6.68 363 5143 14.17 170 11021 64.83* 
4 40 70 795 11.35 50 1895 37.90 0 0 0 
11 280 100 716 7.16 60 1992 33.19 0 0 0 
10 200 1380 7351 5.33 1520 15591 10.26 1840 18477 10.04 

12a 200 30 366 12.20 50 905 18.11 0 0 0 

• this patch was extinct in summer 1996/97 
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A year later, most seedlings had matured; around 1000 plants were flowering and the 

size distribution of A. dieffenbachii was similar to that of long-established patches (e.g., 

3, 2 and 10). Weevil numbers in patch 5 increased from 55 to 541 between summer 

1993/94 and summer 1994/95. In summer 1995/96, 1200 plants were flowering in 

patch 5 and the weevil population had increased to 1645. 

Impact of weevil damage on A. dieffenbachii 

The impact of feeding damage by H. spinipennis in the study site has been described 

elsewhere (Schops et al. 1998, Appendix 2). Generally, when weevil densities in an A. 

dieffenbachii patch were high, large numbers of plants became yellow and wilted. 

Roots were often heavily damaged by the larvae. In some cases, the roots were 

completely missing and only the wilted leaf-rosettes were left. Although feeding by 

adult weevils sometimes caused leaves to die, it did not seem to have a visible impact 

on the plant morphology until weevil numbers were very high. Then, some plants 

became so heavily damaged that only a small piece of stem remained and up to 55 

weevils aggregated on this single stump. After a plant patch had died, no sign of it was 

left the next summer. 

Weevil densities in different patches 

The weevil density in all A. dieffenbachii patches increased until it exceeded a density 

of 18 per plant, which resulted in an extinction of the plant and weevil population the 

following year (Fig. 5.11). Below that density, no decline in weevil numbers was 

observed. 

Are local extinctions correlated with patch size or patch isolation? 

Patches that became extinct were significantly smaller in the year before extinction (U 

= 12, 1 d.f., P = 0.032), but were not more isolated (U = 5.5, 1 dJ., P = 0.86) than 

patches that persisted. Even two years before an extinction took place, however, the 

patches that would become extinct were close to being significantly smaller (U = 11, 1 

dJ., P = 0.077) than the ones that would persist. 
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Fig. 5.11 Weevil densities for six selected patches on Mangere Island. Weevil 

densities were obtained by dividing the weevil numbers by the number of 

flowering plants (for methods used for population estimates, see text). 

Populations with a density that exceeded 18 weevils per flowering plant 

(dashed line) became extinct. 

Spatial heterogeneity 
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The rate of change in weevil densities was not spatially correlated (summer 1993/94-

1994/95: z = -0.963, P = 0.34, summer 94/95-1995/96: z = -0.847, P = 0.40). 

Neighbouring patches were therefore not significantly more similar in their rate of 

change in weevil numbers than those further apart. 

Density-dependence 

Weevil densities (weevils per flowering A. dieffenbachii plant) were determined for the 

six selected patches during three consecutive summers. Non-zero records from 

summer 1993/94 to summer 1994/95 and 1994/95 to summer 1995/96 were used 

separately to regress log weevil densities at time (t+ 1) on log weevil densities at time 

(t) (R2 = 0.888, b = 0.892, P < 0.001; R2 = 0.681, b = 1.019, P < 0.01). The regression 

coefficients, b, of these two data sets did not differ significantly from each other (t-test: 

t = 0.462, 11 d.f., P> 0.5). Although they were not strictly independent of each other, 

the data were pooled to increase the power of the test for density-dependence (Smith 

1973, Barlow et al. 1986). No density-dependence was detected for the log weevil 
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densities in two consecutive years. The 'functional' regression coefficient did not differ 
A 

significantly from 1.0 (b = 1.051, P> 0.1). In summer 1995/96, the weevils in the study 

site were significantly smaller in than in summer 1993/94 (females: P < 0.001, males: 

P = 0.008). The body size of both sexes varied significantly between different sampling 

times (two-way ANOVA: F = 8.3, 4,1672 dJ., P< 0.001). Female body size decreased 

continuously over time, while male body size did not. 

Correlation of weevil numbers and plant numbers 

The number of plants that were present in a patch at time (t+ 1) was strongly correlated 

with the number of plants present at time (t) (summer 1993/94-1994/95: y = 1.273x -

78.325, R2 = 0.974, P < 0.05, summer 1994/95-1995/96: y = 1.111 x - 35.6, R2 = 0.996, 

P < 0.05). A similar correlation was observed for weevil numbers (summer 1993/94-

1994/95: y = 2.0671 x + 166.81, R2 = 0.994, P < 0.001, summer 1994/95-1995/96: y = 

1.1921 x + 2950.9, R2 = 0.929, P < 0.05). In both cases most data points were above a 

line with a slope of 1.0, which indicates a steady increase in the plant and weevil 

numbers in all patches, except for the ones that collapsed, which were not included in 

the analysis. 

Changes in weevil numbers between different summers were compared with the 

changes in the number of food plants. Zero values were excluded from the analysis, to 

investigate the rate of change in weevil and plant numbers before a critical 'crash 

threshold' density was reached. No statistically significant correlation was found 

between the rate of change in the number of food plants and weevil numbers (summer 

1993/94-1994/95: y = -1.1471 x + 3.4055, R2 = 0.5878, P> 0.1, summer 1994/95-

1995/96: y = 3.594x - 0.259, R2 = 0.657, P> 0.1). It appears that the availability of food 

resources below a density of 18 weevils per flowering plant (Fig. 5.11) had no effect on 

the abundance of H. spinipennis in an A. dieffenbachii patch. 

5.4. DISCUSSION 

Factors influencing capture probability and recruitment 

During summer 1993/94 and summer 1995/96, weevil capture probabilities on 

secondary sampling occasions varied according to time (model Mt, Otis et al. 1978). 

This variation almost certainly occurred because weevil capture probabilities were 
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positively correlated with air temperature. In autumn and spring 1995, however, capture 

probabilities on secondary sampling occasions also varied according to a weevil's 

history of previous captures (Le., behavioural response to capture, model Mtb, Otis et 

a/. 1978). Temperatures and, therefore, weevil metabolic rates were lower in autumn 

and spring than in summer, which means that at low temperatures, weevils probably 

needed to feed less frequently. A weevil that was captured in autumn or spring on a 

host plant on day (t) and, therefore, was likely to have been feeding (Chapter 2), had 

probably eaten sufficient food for a few days. This meant it was less likely to be 

captured on day (t+ 1). 

Like many large flightless invertebrates that have evolved on islands (Howarth and 

Ramsay 1991), H. spinipennis is long-lived and adult cohorts overlap. Monitoring the 

sUNival of a mixed-age cohort provides information only on minimum life expectancy, 

since weevils could not be aged when they were marked. Recruitment was measured 

between spring and autumn. H. spinipennis overwinters as adults, late instar laNae and 

pupae, and most overwintered laNae and pupae probably eclosed between spring and 

summer (Chapter 2). Mating and oviposition started in September and, in the 

laboratory, development from neonate to adult took between six and 13 months 

(Chapter 2). In the field, adults that hatched in the field between summer and autumn 

could, therefore, have developed from eggs that were laid in early spring. It is also 

possible, that females, because of their larger body size (Chapter 2), needed a longer 

developmental time (e.g., Tanaka 1989, Sutcliffe and Plowright 1990) and hatched 

after the smaller males. This hypothesis is supported by the fact that most males had 

already jOined the population by summer 1994/95, whereas many females did not 

eclose until autumn 1995. 

Between autumn 1995 and summer 1995/96, >7000 weevils entered the population. 

Patch 4, which was close to the study site, collapsed during this period and it is 

possible that some of the weevils that entered the population were immigrants from 

patch 4. Assuming that the 1895 weevils present in patch 4 in summer 1994/95 (Table 

5.5) had the same sUNival rate as those in patch 3, 1150 potential immigrants would 

have still been alive in spring 1995 and 830 in summer 1995/96. The sUNival rate for a 

dispersing population, however, was probably smaller than that in patch 3. Immigrants 

from patch 4, therefore, would probably have been only a small proportion of the 7000+ 

weevils that entered the population between autumn 1995 and summer 1995/96. 
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Over-exploitation of local host plant populations 

The causes of local extinctions of populations are either stochastic or deterministic 

(Shaffer 1981, Gilpin and Soule 1986). It is unlikely that stochastic events played a 

significant role in seven observations where the weevil and plant population became 

extinct at the same time (E.C. Young unpubl., see also Schops et al. 1998, Appendix 

2), In these observations, H. spinipennis was the deterministic factor that drove its host 

plant to extinction and, consequently, caused its own local populations to collapse. The 

weevils must have primarily selected large plants for oviposition because they were the 

first ones to either decrease in size or disappear from the study site. This strategy is 

likely to maximise the reproductive success of individual weevils, because large plants 

have an extensive root system, which will supply the larvae with enough food for the six 

to 13 months they need to develop into adults (Chapter 2). When weevil densities 

increased and reproductive space probably became limited, they were forced to 

oviposit on medium-sized and small plants. Eventually, all plants became damaged by 

larvae and adult weevils, which led to the collapse of the local plant population. 

Although the collapse's progress was not monitored, both the demographic trends of 

the plant and weevil population in the study site and the increasingly damaged host 

plants before the crash (see also Schops et al. 1998, Appendix 2), are strong evidence 

that the weevils caused the collapse of their host plant patch. Other extinctions of A. 

dieffenbachii populations on Mangere Island during the study were also associated with 

increasing weevil densities. Over-exploitation of host plants by native monophagous 

herbivores, causing the destruction of a considerable part of their habitat, is only known 

from a few cases (e.g., Choristoneura fumifera Clems.; Dendroctonus ponderosae 

Hopk., Barbosa and Schultz 1987; Lochmea suturalis Thompson, Berdowski and 

Zeilinga 1987). Usually, herbivores cause only temporary depletion of their food source 

and the plants regenerate the following season (e.g., Dempster 1971, Tscharntke 

1990, Harrison 1994, 1997). Most herbivores leave an area well before their food plants 

die (Dempster 1975, Southwood 1978, Gatehouse 1989). H. spinipennis, however, 

appeared to remain in its local A. dieffenbachii patch until the host plant population 

collapsed from over-exploitation. 

Correlation between plant and weevil numbers 

There are two general reasons why the density of a herbivore may vary greatly within 

what appears to be suitable habitat. One is that the quality of the habitat varies 

spatially (Rossiter 1992). It is also possible, however, that the population is not in 

spatial equilibrium with its habitat. That is, spatial variation does not mirror variation in 
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carrying capacity because dispersal ability is limited (Harrison 1997). A. dieffenbachii 

and H. spinipennis numbers were neither correlated for the different quadrats in the 

study area nor for the different patches. Locally, one reason why weevil numbers were 

not correlated with plant numbers could be that weevils have a tendency to aggregate. 

They were not evenly distributed over individual host plants, but aggregated on certain 

plant parts (Chapter 2). If a weevil finds plants with other weevils on them, it is 

probably more likely to stay in that area, irrespective of the number of plants. It is also 

possible that host plants varied in quality and that some quadrats, although they had 

fewer plants, provided better quality food than others. 

Since H. spinipennis is also unevenly distributed over the different host plant patches 

according to the amount of food resources, it is likely that the metapopulation of H. 

spinipennis is not in spatial equilibrium with its host plants. 

Density-dependence and regulation 

Local density-dependence 

Metapopulation theory postulates that some density-dependence at the local level is 

required to maintain persistence of a metapopulation (Hanski 1990, Taylor 1990). It is 

known that resource limitation may lead to density-dependence, when it involves intra

specific competition, but that the density-response will occur only at relatively high 

densities (Dempster 1983) and can be very transient (Dempster 1975). In the current 

work, intra-specific competition must have occurred between larvae feeding on A. 

dieffenbachii roots. In summer 1995/96, many plants had damaged roots and some 

had virtually none left. Larval competition, however, does not have a negative effect on 

adult numbers until the next generation hatches. A decline in adult size over the study 

period indicated that larval competition probably set in before summer 1995/96, as 

densities increased. This led to smaller adults, which is likely to have resulted in lower 

fecundity (e.g., Dempster 1983, Honek 1993, Harrison 1997).There were insufficient 

data to test for local density-dependence of adult weevil numbers. It is unlikely, 

however, that between summer 1994/95 and summer 1995/96, H. spinipennis had 

reached densities high enough to create competition for food between adults. Although 

weevil densities increased continuously over three consecutive summers, mortality 

decreased. Consequently, there must have been enough food available to sustain a 

large population of adult weevils. When the plant population was about to collapse, 

however, strong intra-specific competition must have occurred between adult weevils, 

causing them to disperse and almost certainly many to die from starvation, and this 
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must have been density-dependent. Thus, it is apparent from the frequent collapse of 

local plant and weevil populations, that density-dependence, acting through intra

specific competition for food, set in too late to regulate weevil populations at, or below, 

the carrying capacity of the habitat. 

The 'ceiling' model of population limitation (Milne 1957) explained local population 

dynamics of H. spinipennis better than the 'equilibrium' model of regulation (Nicholson 

1933, 1954). Resource limitation is a common event in the ceiling model, but is 

relatively rare in the equilibrium model, as populations will tend to be regulated below 

the carrying capacities of their environments (Dempster et al. 1995). Yet, H. 

spinipennis and its host plant live in a severely modified environment. Fossil records 

show that Mangere Island was formerly inhabited by two large ground-dwelling birds 

(family Rallidae) (Gill and Martinson 1991), which could have significantly contributed 

to reducing the weevil population to lower densities (see also Sch6ps et al. 1998, 

Appendix 2). 

Spatial density-dependence 

Spatially, density-dependence was not found in the relationship between weevil 

densities in the six patches over consecutive summers. Statistical tests, however, often 

fail to detect density-dependence (Hassell et al. 1989, den Boer and Reddingius 1996). 

Short temporal data sets (Hassell et al. 1989) and low test power (Dennis and Taper 

1994), for example, limit detectability of density-dependence. Tests that are especially 

designed for time series (e.g., Pollard and Lakhani 1987, Dennis and Taper 1994) 

could not be performed on this data set. It is also possible that density relationships 

diluted over areas of heterogeneous population, (Hassell et al. 1991) or that density

dependence was sought at the wrong spatial scale (Ray and Hastings 1996). The 

failure to detect density-dependence, therefore, was not strong evidence of its 

absence. 

Although it is widely accepted that density-dependent factors usually prevent 

population extinctions, it has never been clearly demonstrated (Dempster 1991). This 

study has contributed to the growing body of evidence that insect populations are far 

more dynamic, both spatially and temporally, than previously assumed and that 

persistence of a population owes more to repeated recolonisation after extinction than 

to any internal population regulation (Dempster 1991). 
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Metapopulation dynamics and regulation 

The collapse of local plant and weevil populations appeared to be a common event. 

Four local extinctions of the weevil and its host plant were observed over the three 

years of this study, and a high proportion of the weevil population was affected. 

Metapopulation persistence depends on the area and isolation of local patches (Levins 

1970, Hanski 1991). Small populations are less stable and, therefore, more prone to 

extinction due to stochastic events than large populations (Taylor 1990). When a 

herbivore is the deterministic factor that causes the local extinction of its host plant, 

however, small patches should also be more prone to extinction than large ones, since 

they provide fewer resources and can become depleted more rapidly. This study 

supported this hypothesis, since small A. dieffenbachii patches became extinct at a 

greater rate than large ones. Patch isolation did not affect extinction rates, because 

weevils did not tend to move between local populations, no matter how far apart they 

were. For example, no marked weevils dispersed from patch 3 to patch 4, although 

they were separated by only 40 m of grassland and scree. Plant and herbivore patches 

underwent oscillations and crashes, yet coexisted in a system of inter-connected 

patches. This study was too short, however, to allow conclusions as to whether 

colonisation rates exceeded, equalled or were lower than extinction rates. It was also 

impossible to monitor the whole H. spinipennis IA. dieffenbachii metapopulation, 

because many patches were inaccessible. Therefore, it could not be ascertained 

whether the A. dieffenbachii/ H. spinipennis metapopulation on Mangere Island was at 

equilibrium. 

Dispersal between local populations has frequently been proposed to account for the 

persistence of metapopulations, despite unstable fluctuations or extinctions at the local 

level (Taylor 1990, Nee et al. 1997 ). Species with high dispersal abilities often exhibit 

frequent extinctions and recolonisations of local populations. Species with low dispersal 

ability, however, tend to remain in their rather stable original habitat and, when forced 

to disperse, would often be unable to find another patch (den Boer and Reddingius 

1996). H. spinipennis frequently caused local extinctions of its host plant populations. In 

the presence of food plants, however, weevils showed little tendency to disperse and it 

appeared that they had low dispersal ability. After a local host plant population was 

depleted weevils exhibited high dispersal ability and walked over 600 m to new patches 

(Chapter 4). The H. spinipennis/ A. dieffenbachii system is comparable to predator/prey 

complexes where predatory mites cause local extinctions of their prey (Huffaker 1958, 

Huffaker et al. 1963, Takafuji 1977, Takafuji et al. 1983, Nachman 1988, 1991, Holyoak 



and Lawler 1996a, 1996b) and those in which some predators do not disperse until 

their local prey population is extinct. 
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It has been proposed that spatial heterogeneity through a 'shifting mosaic' mode of 

demographic persistence is an alternative to stabilising or regulatory factors acting 

within local populations (e.g., Andrewartha and Birch 1954, Taylor 1988, Taylor 1990, 

Hassell et al. 1991). Detailed laboratory experiments on predator/prey systems have 

confirmed that large, complex systems of local populations with increased spatial 

heterogeneity are much more stable than small scale systems (Huffaker 1958, 

Nachman 1988, 1991, Holyoak and Lawler 1996a, 1996b). The larger and the more 

spatially heterogeneous a system is, the less likely that factors causing extinction will 

affect all patches simultaneously (Fahrig and Paloheimo 1988, Hanski 1991). Changes 

in weevil population density in different A. dieffenbachii patches were not spatially 

correlated, and local extinctions occurred spatially at random. In a system with a 

'shifting mosaic' mode, where local extinction is inevitable after predator invasion, it is 

often regarded as necessary that the prey has a 'head-start' before the predator 

reaches it (Jervis and Kidd 1996). As long as some host patches are protected from 

exploitation, stability remains possible (Jervis and Kidd 1996), even if no spatial 

density-dependence or inverse spatial density-dependence can be detected. The same 

theory should apply for the A. dieffenbachii/H. spinipennis systems. However, A. 

dieffenbachii populations on the grassland did not seem to become well established 

before they became colonised by weevils. A new plant patch discovered in summer 

1995/96, for example, was already colonised. It was linked to patch 10 by scattered 

plants which could have facilitated colonisation. H. spinipennis was also found in patch 

5, before the majority of plants had matured and started flowering. A. dieffenbachii 

patches are, therefore, likely to become colonised by weevils before they become 

reproductively mature. This can be explained by severe habitat modification on the 

island, which used to be covered with forest (Given 1996). The plant and weevil 

populations would have been restricted to their original habitat, the cliffs and bluffs 

along the coastline and the habitat would have been very fragmented. The dispersal of 

H. spinipennis is probably adapted to a habitat where it was less successful in locating 

host plants. Today, the plants are numerous and occur throughout the grassland, as 

well as on cliffs and on bluffs and host location by H. spinipennis is likely to be more 

successful. Dempster (1991) suggested that isolation of populations increases the 

selection pressure against dispersal. This could explain why, even in grassland, where 

host plant patches are more numerous and less isolated than in the original habitat, 

weevils tended to disperse only from one A. dieffenbachii patch to the next, when their 

food source is exhausted. 
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5.5. CONCLUSIONS 

A. dieffenbachii and H. spinipennis are part of a pioneer community that established on 

the large open areas that were created when the forest was removed early this 

century. They are part of a succession that will eventually return to the climax 

community forest, with or without reforestation programmes. At present, the A. 

dieffenbachii and the H. spinipennis populations on Mangere Island are increasing. 

However, weevil numbers are increasing at a greater rate than plant numbers. 

Therefore, the following future pattern for the A. dieffenbachiil H. spinipennis system 

on Mangere Island is suggested: the plant population will increase until its growth is 

halted by the much faster growing weevil population. Thereafter, plant numbers may 

decline, although it is also possible that plant and weevil numbers will stabilise. The 

weevils will continue to cause local extinctions of plant patches, and their habitat, 

therefore, will stay fragmented. Even if fragmentation on the grassland decreased and 

local population dynamics became synchronised, the original habitat, the cliffs, bluffs 

and crevices, would remain very fragmented. These patches are likely to stay 

demographically independent from each other, which would maintain spatial 

heterogeneity and support the long-term persistence of the plant and weevil 

population. Continuing reforestation of the island would isolate the A. dieffenbachii and 

weevil populations on the grassland. Plants and weevils would eventually retreat to 

their original habitat where spatial dynamics with a 'shifting mosaic' mode would occur. 

Bush or grassland fires, which have occurred in the past, would have the same effect, 

as they would destroy the grassland population, but most weevil and plant population 

in the original habitat would not be affected. Therefore, survival of the A. dieffenbachii 

and H. spinipennis metapopulation, under current management, appears very likely. 
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CHAPTER 6 

General conclusions 

6.1. KEY FINDINGS 

1. H. spinipennis adults were long lived (Chapter 5). All stages of the life cycle were 

closely associated with A. dieffenbachii (Chapter 2). It is likely that eggs laid early in 

spring developed into adults by early autumn but that those laid in late summer 

overwintered as larvae and pupated the following spring (Chapter 2). 

2. Weevils responded strongly to host plant odour (Chapter 3). 

3. H. spinipennis over-exploited host plant populations causing the host plant to 

become locally extinct (Chapter 5). 

4. The total weevil and plant population of six selected patches increased continuously 

over three consecutive summers, although three local population crashes occurred 

after a critical weevil density of 18 weevils per plant was exceeded. No density

dependent regulation of local weevil populations was detected (Chapter 5). 

5. The rate of change in weevil numbers in consecutive years was not spatially 

correlated between the six selected patches (Chapter 5). 

6. Weevils tended to stay in their local host plant patch as long as food was available 

(Chapter 4). 

7. Inter-patch weevil movement was observed only after the collapse of a local host 

plant patch (Chapter 4). 

6.2. CONCLUSIONS 

This thesis aimed at identifying factors that playa dominant role in the persistence of 

the Hadramphus spinipennis metapopulation on Mangere Island and at assessing the 

conservation status of the weevil. 
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No other study has shown that a metapopulation of a native herbivorous insect causes 

frequent local extinction of its own food source (Chapter 5). Biological control agents can 

cause local extinctions of their host plants (e.g., Grevstad and Herzig 1997) but are 

usually outside their natural range and without their natural enemies. Some native 

herbivores sometimes kill their host plants (e.g., Choristoneura fumifera Clems.; 

Dendroctomus ponderosae Hopk., Barbosa and Schultz 1987; Lochmea suturalis 

Thompson, Berdowski and Zeilinga 1987, Orgyia vetusta Bdv. Harrison 1994, 1997). 

These extinctions, however, are not known, to be part of a metapopulation system. 

How can frequent over-exploitation of local food sources be a successful evolutionary 

strategy? Host plants must have been relatively rare when Mangere Island was covered 

in forest and H. spinipennis and A. dieffenbachii were restricted to coastal areas. If a 

weevil found a host plant and a mating partner, the probability of gains from dispersal 

(which must have been associated with a high risk of death) presumably did not 

outweigh the disadvantage of intraspecific competition. Therefore it must have been a 

more successful strategy to stay in a patch until the food source was depleted. 

Dispersal, the transfer of individuals across space, is a key process in metapopulations 

but unfortunately is often difficult to quantify (Ims and Yoccoz 1997). When the plant 

population in the study site collapsed, it could only be roughly estimated how many 

marked weevils were likely to have been alive. Because of the large area that some 

patches covered and low recovery rates of marked weevils, it was impossible to search 

all of them repeatedly for weevils until the number of marked immigrants could be 

estimated. After the 'release experiment' (Schops et al. 1998, Appendix 2) a rough 

estimate could be obtained of how many of the released weevils immigrated to the 

study site. Weevils that dispersed to other patches (which were several hundred 

metres away), however, were unlikely to be recaptured and statements about the total 

number of surviving weevils that found host plants, could therefore not be made. In 

order to quantify the dispersal of H. spinipennis a longer term study would be needed. 

Direct methods to estimate dispersal rates (e.g., capture-recapture methods) should 

be used in neighbouring patches in combination with indirect methods based on gene 

flow. It could then be determined whether the species is at demographic/genetic 

equilibrium and the results from the different approaches could be compared (lms and 

Yoccoz 1997). 

The dispersal ability of a species and its tendency to disperse (or dispersal rate) at any 

one time are separate phenomena (Chapter 4, SWingland and Greenwood 1984). This 

study has shown that an insect species for which no dispersal could be detected when 
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its environment was stable, can have great dispersal ability when conditions become 

unfavourable (Chapter 4). However, various intrinsic and extrinsic factors influence 

dispersal (Schoener and Spiller 1995) and it is extremely difficult to quantify what 

eventually triggers individuals of H. spinipennis to leave a patch. The actual collapse of 

the plant population in the study site was not witnessed, and it is unknown whether the 

weevils started to emigrate when densities reached a threshold, or whether they left 

only as the food source was depleted. Dispersal is a critical factor for the stability of a 

metapopulation (Ims and Yoccoz 1997). Particularly in a modified habitat, where a 

species is likely to be exposed to a different environment from that in which it evolved, 

it is important to determine if dispersal rates are adequate for maintaining 

metapopulation stability. The inherited dispersal ability/strategy of a species, for 

example, might not be suitable for the modified habitat. The dispersal rates for the H. 

spinipennis metapopulation have to be low enough not to synchronise the population 

dynamics of different patches. A loss of spatial heterogeneity would eventually cause a 

simultaneous collapse of the host plant population. The findings of this study indicate 

that the dispersal strategy of H. spinipennis maintains spatial heterogeneity, and 

therefore suits the modified habitat (see below for further discussion). There is a need 

for studies that combine field-based patch-specific demographic studies to estimate 

exchange rates between populations and experiments that investigate the links 

between environmental factors and dispersal. Only these kinds of studies are likely to 

advance our understanding of dispersal processes. 

There are very few examples of systems where multiple species coexist through tightly 

coupled metapopulation dynamics (Harrison and Taylor 1997). Most studies on 

multispecies metapopulation dynamics have been carried out on predator-prey 

systems in laboratories or greenhouses (e.g., Huffaker 1958, Nachman 1991, Holyoak 

and Lawler 1996a, Holyoak and Lawler 1996b). To date there have been no field 

studies which emphasise the importance of a metapopulation structure for the 

persistence of a herbivore and its host plant population. This study dealt with such a 

system and showed that the structure of the H. spinipennis population on Mangere 

Island meets most requirements for a multispecies metapopulation in the 'classical' 

sense (Huffaker 1958). Plant and herbivore patches are distinct and undergo 

oscillations and crashes within patches of habitat, yet coexist in a universe of inter

connected patches (Chapter 5). The time frame of this study was too short, however, 

to draw conclusions as to whether the weevil metapopulation on the island was at 

equilibrium. It was also impossible to monitor the whole H. spinipennis IA. dieffenbachii 

metapopulation, because many patches were inaccessible. 
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The most important question that this study aimed to answer was: is the persistence of 

the H. spinipennis metapopulation on Mangere Island likely to be endangered? When 

Mangere Island was forested, the habitat of A. dieffenbachii and H. spinipennis was 

restricted to coastal areas, cliffs and bluffs. After the forest was burned, however, the 

plant and the weevil became part of a pioneer community that colonised the open 

areas on the island. This pioneer community is the start of a succession that will 

eventually, with or without reforestation programmes, lead to the climax community 

forest. Successive habitat fragmentation through reforestation will lead to a decreasing 

number of host plants and an increasing number of small patches of plants. Small 

patches can be exhausted faster by the weevils and consequently local extinctions are 

likely to occur more frequently. Spatial heterogeneity, however, is likely to increase as 

plant patches will be more difficult to find in a more fragmented habitat. Hence, new 

plant populations will probably be more likely to establish and mature before they are 

discovered by weevils. It can be envisaged that the island will eventually be covered in 

forest and A. dieffenbachii and H. spinipennis will have retreated to their original 

habitat, the coastal areas, where they are likely to have evolved and have probably 

persisted for tens of thousands of years. The rugged character of the original habitat 

will ensure the metapopulation of the weevil and its host plant to stay highly 

fragmented. Severe habitat modification on Mangere Island has occurred only 

relatively recently (in evolutionary terms) and it is unlikely that it will have changed the 

dispersal strategy and ability of H. spinipennis significantly. It is likely that when a plant 

patch is colonised by weevils, it will eventually be over-exploited and die. Therefore 

spatial heterogeneity is vital for the coexistence of the weevil and plant, as has been 

shown for predator-prey metapopulation systems (e.g., Huffaker 1958, Nachman 1991, 

Holyoak and Lawler 1996a, Holyoak and Lawler 1996b). The weevils' low tendency to 

disperse in the presence of host plants, yet the high dispersal ability in their absence 

(Chapter 4), are likely to result in a dispersal rate that is low enough to maintain the 

spatial heterogeneity of the metapopulation (Chapter 5).The fact that the weevil/plant 

metapopulation persisted in the original habitat before the island was modified 

indicates that the metapopulation system is likely to have been at some form of 

equilibrium. However, in a multispecies metapopulation with frequent local extinction 

there is a chance that all local populations become extinct at the same time. Yet the 

more patches a metapopulation has and the more spatial heterogeneity is maintained, 

the smaller is the chance of total extinction (Huffaker 1958, Nachman 1991, Holyoak 

and Lawler 1996a, Holyoak and Lawler 1996b). Thus there is only a slim chance that 

total extinctions of the weevil population occurred in the past and that the island was 

recolonised by inter-island dispersal. The numerous patches that are scattered along 

the coast, the high level of fragmentation of the original habitat, and the weevils' low 
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tendency to disperse in the presence of host plants will most probably maintain spatial 

heterogeneity. It is therefore very likely that the A. dieffenbachiil H. spinipennis 

metapopulation on Mangere Island will persist. 

The clarification of the life cycle, phenology and host plant association of one of New 

Zealand's large flightless weevils (Chapter 2, Chapter 5) can serve as a basis for 

investigations of other closely related species, many of which are endangered or 

threatened (see Molloy and Davis 1994). It may accelerate these studies and 

consequently lead to faster conservation management action when needed. A main 

emphasis of this work, however, was the importance of including the metapopulation 

concept in studies on endangered species. A population of a species, such as H. 

spinipennis, that undergoes local population oscillations and extinctions, may not be 

endangered when it exists and persists as a metapopulation. Clout and Saunders 

(1995) have pointed out the pressing need for an understanding of ecological 

interactions when restoration programmes are planned, and the need for new 

techniques to identify and remove threatening factors. The metapopulation concept 

would fulfil these requirements because of its diagnostic nature. It provides information 

on the dynamics of different species, multispecies interactions (see e.g., van der 

Meijden and van der Veen-van Wijk 1997), and will consequently help to identify 

factors that are vital for the persistence of a population, which can then be a 

foundation for conservation measures. This is particularly important for New Zealand, 

where habitat fragmentations have occurred relatively recently and where many 

species are unlikely to be adaptated to a fragmented habitat yet. 
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APPENDIX 1 

Cohorts: 

A. Weevils marked in summer 1993/94 

B. Weevils marked in summer 1994/95 

C. Weevils marked in autumn 1995 

D. Weevils marked in spring 1995 

Summer 1993/94 

Summer 1994/95 
Cohort Sex JOLLY 

A. ~ 174 
CS 305 

Autumn 1995 
Cohort Sex JOLLY 

A. ~ 139 
CS 237 

B. ~ 706 
CS 983 

S~rins 1995 
Cohort Sex JOLLY· 

A. ~ 53 
CS 137 

B. ~ 492 
CS 773 

C. ~ 706 
CS 846 

Marked 
747 
745 

95% Conf. 
interval 

135.1 - 212.9 
268.1-341.9 

95% Conf. 
interval 

85.2 - 192.8 
201.9 - 272.1 

628.0 - 784.0 
911.1 - 1055.0 

95% Cont. 
interval 

21.6 - 84.4 
101.5 - 172.5 

367.7 - 616.3 
652.1 - 893.9 

540.1 - 864.2 
688.0 - 1004.1 

CAPTURE 

59.8 
120 

CAPTURE 

138 
202 

667 
786 

CAPTURE 

• 100 

247 
473 

415 
377 

120 

95% Conf. Model 
interval 

36.0 - 83.6 Mtb 
113.4 - 126.6 Mtb 

95% Cont. Model 
interval 

76.2 - 199.84 Mo 
167.1 - 236.9 Mo 

608.1 - 725.9 Mo 
713.9 - 858.1 Mo 

95% Cont. Model 
interval 

• 56.4 - 143.6 Mt 

172.6 - 321.4 Mt 
365.0 - 581.0 Mt 

246.3 - 583.7 Mt 
263.5 - 490.5 Mt 



Summer 1995/96 
Cohort CAPTURE 95% Cont. Model 

interval _ ....... -A. ....... _-Cj'"" ..................... _-_.- 56--"_··12·:·S···:99."S-·_-"-"--_··-M-o-··_·_··"--
CS 114 75.9 - 152.06 Mo 

B. ~ 301 227.6 - 374.4 Mt 
CS 477 407.9 - 546.2 Mt 

C. ~ 408 335.3 - 480.7 Mt 
CS 732 540.6 - 923.5 Mt 

D. ~ 263 175.4 - 350.6 Mo 
CS 229 161.1 -296.9 Mt 

• The data was set too small for an estimate. 

JOLLY 

The general Jolly-Seber model 'A' (Pollock et al. 1990) was used, that allows for 

recruitment and loss between sampling occasions 

CAPTURE 

The CAPTURE models used here, are described in detail in Otis et al. (1978). 

Mo: capture probabilities are constant 

Mt: capture probabilities vary with time 

Mtb: capture probabilities vary with time and behavioural response to capture 
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APPENDIX 2 

Does. host-plant exploitation influence the population dynamics of a rare 
weevIl? 

K SCHOPS, RM. EMBERSON and S.D. WRATIEN 
Department of Entomology & Animal Ecology, Lincoln University, New Zealand 

ABSTRACT: This paper provides evidence that an endangered monophagous weevil 
overexploits its host plant and can cause its local extinction. Over three consecutive summers a 
mark-recapture study was carried out on a geographically isolated weevil population on 
Mangere Island (New Zealand) to obtain population estimates and recruitment and survival 
rates. The host plants in the study area were mapped each summer. A release experiment was 
carried out to assess the host finding ability of the weevils and to simulate a local extinction of 
their host plants. At least 68% of the released weevils reached the host plants 100m away from 
the release site. During the three summers the weevil popUlation more than quadrupled, while 
the area covered by the host plants halved. We predict the local extinction of the host plant 
population in the study area for the next summer and the migration of the weevils to other host 
plant patches. 

INTRODUCTION 

Most herbivorous insects are rare relative to the abundance of their food plant and usually have 
little or no impact upon the dynamics of their hosts. Only a small proportion of phytophagous 
insect species may become temporarily very abundant and inflict serious damage upon their 
hosts (Caughley & Lawton 1981). Outbreaks of phytophagous insects occur mostly in 
agricultural or forestry monocultures and in other modified landscapes. The simplification of 
agroecosystems compared with natural ecosystems is the most important contributing factor 
(Dent 1991). 

However, many cases are known where the introduction of herbivores into areas outside 
their natural distribution has caused outbreaks (DeBach 1974) even in "near natural" habitats. 
In the absence of their normal natural enemy complex or of environmental constraints these 
introduced species are able to cause extensive damage to their host plants (Dent 1991). Even 
some monophagous native insects overexploit their host plants to such an extent that they 
deplete themselves of food and die of starvation. The impact of natural enemies does not 
prevent these outbreaks (Tscharntke 1990; Dempster 1971). Yet, only a few cases are known 
where overexploitation of host plants by monophagous herbivores causes the death of a 
considerable part of the host plant population (e.g. Lochmea suturalis (Thompson), heather 
beetle; Berdowski & Zeilinga 1987). In this paper we will give an example of an endangered 
monophagous weevil species that evidently causes local extinctions of its host plant which is 
also regarded as "threatened". 

Published as SchOps, K, R. M. Emberson, and S.D. Wratten (1998). Does host-plant 
exploitation influence the population dynamics of a rare weevil. In: Proceedings of the Ecology 
and Population Dynamics Section, 20th Congress of Entomology, J. Baumgartner, F. 
Brandlmayr and B. J. F. Manly (eds.), Florence, August 1996. Rotterdam, AA Balkema. 
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The weevil studied in this work, Hadramphus spinipennis Broun, belongs to a small endemic 
genus of large, flightless weevils (family Curculionidae; subfamily Molytinae; tribe Molitini). 
Its distribution is restricted to two outlying islands of the Chatham Islands group located 850 
km east of New Zealand that are free from introduced vertebrate predators. The weevil also 
occurred on other islands of this archipelago before rodents and cats were introduced late last 
century. H. spinipennis is currently listed as an endangered species with highest priority for 
conservation by the New Zealand Department of Conservation (Molloy & Davis, 1992). The 
adults live for one to three years. They are up to 27mm long and feed on the flowers and leaves 
of the Dieffenbach's speargrass (Aciphylla dieffenbachii (F. Muell.) Kirk; Apiaceae) while the 
larvae feed on the roots of the plant. A. dieffenbachii is a dioecious perennial plant the status of 
which is regarded as threatened in conservation terms. Dieffenbach's speargrass is confined to 
grassland and open areas, where the plants form more or less distinct patches. Over the last 
decade large Aciphylla patches have suddenly disappeared from one year to the next and 
sometimes reappeared years later (SchOps, unpublished; E.C. Young pers. comm.). Our 
evidence strongly suggests that these local extinctions may be caused by the feeding damage of 
H. spinipennis. 

METHODS 

This study was carried out on Mangere Island in the Chatham Islands archipelago, from 
November 1993- December 1995. Once covered in low native forest, the island (113 ha) is now 
dominated by grassland and shrubs, as a result of 90% of the forest being burnt early this 
century to clear the island for farming. Today Mangere Island is a Nature Reserve and free of 
introduced vertebrate predators. One discrete medium sized patch of A. dieffenbachii was 
chosen as a study site and divided into thirty 5m x 5m quadrats. The weevil population in the 
area was estimated by a mark-recapture study over three seasons. 

The island was visited in three consecutive summers and a cumulative total of over 7500 
adult weevils was marked individually by gluing plastic bee tags on their prothoraces (glue: . 
Zap-a-Gap, Pacer Technology, Great Britain; bee disks: Opalitpliittchen, Striewski 
Bienenbedarf, Jevenstedt, Germany). As a contingency for the discs' being lost during the 
study, a combination of enamel paint colour and positions on their elytra was also used. On 
each visit to the island all Aciphylla plants in the study area were searched for weevils from 
five to seven times. All weevils found were marked, or if they had been captured before, their 
recapture was recorded. Then they were released back in the quadrat in which they were 
caught. The study site was geographically isolated and the next nearest Aciphylla patches were 
situated 600-700m away from it. 

Pollock's robust design (Pollock 1982) was used to estimate population parameters for each 
mark-recapture trial. Therefore population sizes and their standard errors were estimated with 
CAPTURE (Otis et al. 1978) while survival and recruitment rates and their standard errors 
from one trial to the next were obtained from JOLLY (Pollock et al. 1990). 

To follow the changes in the Aciphylla population, the study area was mapped once a year 
and the size and location of each plant was recorded. 

The ability of weevils to migrate to another Aciphylla patch, if their initial host plant patch 
died off, was also investigated. To simulate this and to assess the host finding ability of the 
weevils, 150 were marked and released 100m away from the nearest Aciphylla plants in 
September 1995. The nearest host plants were situated in the study area, so if any of the 
weevils reached their host plants, a proportion of them were likely to be recorded during the 
mark-recapture trial in December 1995. The second-nearest Aciphylla plants were more than 
600m away from the release site. The survival and the recapture rate from the mark-recapture 
trial in the study area were used to calculate the minimum number of released weevils that 
found their way to these nearest host plants. To obtain this estimate it was assumed that weevils 
from the release experiment were captured in the study area in the same proportion as the 
general population of the study area and that all weevils had the same chance to survive from 
September to December 1995. 

RESULTS 

The weevil popUlation in the study area more than quadrupled during the time of the 
investigations (Figure 1). An increase in the population was observed between the summer 
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Figure I. a) Estimated numbers of fladramphus spin;pellllis from a mark-recapture study in an area of 750m2 on 
Mangere Island (Chatham Islands). Populat ion estimates and 95% confidence limits were calculated with CAPTURE 
(Otis et al. 1978) surviva l estimates were obtained with JOLLY (Pollock el al. 1990). b) Area covered by Aciphylla 
dieffenbachii plants 

of 93/94 and the summer of 94/95. However, a dramatic increase took place between the 
summers of 94/95 and 95/96. 29% of the weevils survived from 93/94 to 94/95 and 39% of 
those which were ali ve in 94/95 survi ved until 95/96. The size of the study area was 750 m' and 
over the period of the in vestigations the proportion that was covered by A. dieffenbachii 
decreased steadily (Figure I). From 93/94 to 95/96 the area covered by the plants had halved . 
Field observations al so revealed that weevi l feeding damage on the plants increased over the 
study period . In the summer of 93/94 most of the Aciphylla plants experienced less tban l % 
weevi l feeding damage to their foliage. The plants were green and appeared healthy and the 
feeding activity of the larvae on the roots of the plants did not seem to have had a noticeable 
impact. In the summer of 95/96 a large number of plants were yellow and wilting. Some of 
them had roots th at were heavi ly damaged while on olhers the roots had completely 
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disappeared leaving only the wilting leaf-rosettes. This damage was caused by numerous larvae 
feeding on the roots of the plants. The browsing of the adult weevils generally had a less severe 
impact, although it caused some leaves to die. Ten percent of the plants had more than 5% 
feeding damage and a few of these plants were so heavily damaged that only a small green 
stump remained. 

In the release experiment, at least 68% of the weevils reached the host plants 100m away 
from the release site after ten weeks. 

DISCUSSION 

Most herbivores are non-interactive, while only a few species are interactive and influence the 
rate of renewal of their host plants, which in tum influences the rate of increase of the 
herbivore (Caughley & Lawton 1981). In the case of H. spinipennis and A. dieffenbachii, the 
weevil has a considerable and sometimes catastrophic impact on its host plant population. As 
the weevil population of the study area grew, the area of it covered by Aciphylla decreased 
(Figrure 1). Over the three seasons the weevil population in the study area increased from about 
12 weevils * m-2 of Aciphylla to almost 100 weevils * m-2 plants. The adult weevils damaged 
some of the plants severely and larval feeding frequently led to the deaths of plants. However 
the decreasing amount of available food appeared to have no negative influence on the rate of 
increase of the weevil population nor did it lead to reduced survival. The fact that 
approximately the same percentage of weevils survived from the summer of 93/94 to the 
summer of 94/95 and from the summer of 94/95 to the summer of 95/96 illustrates that at least 
at that stage, density dependence acting through intra-specific competition for food, did not 
appear to regulating the weevil numbers. If density dependence later played a role in regulating 
the weevil population, it set in after the carrying capacity of the habitat was reached. There are 
currently no known predators or parasitoids that significantly contribute to regulating the 
weevil population. The insect and spider fauna on Mangere Island is very species poor and 
none of the resident birds or lizards were ever seen to attack the weevils. However, subfossil 
material suggests that two large ground dwelling birds (family Rallidae) once occurred on 
Mangere Island and they could have been important weevil predators. 

Local extinctions of Aciphylla patches, associated with high weevil densities that caused 
severe plant damage, have been observed in previous years (Schops unpubl.; E.C. Young pers. 
comm.) and we are convinced that the key factor (Varley & Gradwell 1960) that contributes 
most to mortality and perturbation of densities in H. spinipennis populations is host plant death 
and consequent starvation of the herbivore. The state of the host plants and the high number of 
weevils in the study area in the summer of 95/96 strongly suggest that in the summer of 96/97 
the plant popUlation will collapse under the feeding damage inflicted on it by the weevils. 
However, competition for food followed by starvation does not seem to impact on the weevil 
population until extreme densities are reached. A similar case has been reported by Dempster 
(1971) where intraspecific competition for food and starvation in the cinnabar moth (Tyria 
jacobeae (L.)) occurred only in years when the larvae caused severe defoliation of ragwort 
(Senecio jacobea L.). Another example is a stem boring moth (Archanara geminipunctata 
(Haworth)) that in some years overexploits its host plant, the common reed (Phragmites 
australis (Cav.) Trin. ex Streudel) and reaches densities beyond the carrying capacity of the 
habitat. These outbreaks cause scramble competition between larvae and consequent starvation 
and death (Tschamtke 1990), but unlike Hadramphus, Archanara and Tyria do not kill their 
host plants. Their food source regenerates the following season from root stocks or seedlings 
and for both these insects emigration seems to be of minor importance as a response to high 
insect densities. Hadramphus spinipennis completely destroys its food source and there is no 
regeneration of the Aciphylla patch in the following year (SchOps unpubl.; E.C. Young pers. 
comm.). It often takes several years before the Aciphylla patch regenerates from seed banks and 
possibly from root fragments. 

As a consequence of the local extinction of an Aciphylla patch the resident weevils either 
die out with their plant patch or migrate to a new one. From studies on the heather beetle it is 
known that after it destroys a patch of its host plant (Calluna vulgaris (L.) Hull) it disperses by 
flight to another patch. In spring and autumn seasonal migratory flights take place (Brunsting 
1982), but if a patch dies outside the migration seasons the beetles, which at that time have 
reduced flight muscles, disperse by walking (Cameron et al. 1944). Hadramphus spinipennis is 
flightless, but we believe that the weevils are able to walk to new host plant patches if theirs 
becomes extinct. This is supported by the release experiment carried out in 1995 which showed 
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that the majority of the weevils released were able to find their host plants over a distance of 
100m. Some of the Aciphylla patches on Mangere Island are only a few hundred metres apart, 
but the patch nearest to the study area is 600m away. If our prediction is correct and the 
Aciphylla population in the study area collapses in the summer of 96/97 the weevils will have a 
long distance to migrate before they reach new host plants. However, we expect that at least 
some weevils will arrive at the new Aciphylla patch, although mortality is likely to be very 
high. 
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