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Fragmentation of forest habitat by urban and rural development has had profound
effects on the distribution and abundance of many native species; however, little is known
about the ecological processes driving patterns in community structure (species richness and
composition) of host-specialised herbivores in modified habitats. I examined patterns in
community structure of 9 specialist and 19 generalist invertebrate herbivores of cabbage trees
(Cordyline australis Laxmanniaceae) across a highly-modified landscape. I found that,
although species richness of specialists was highest in forest sites, the majority of hostspecialised species were not restricted to forest habitats and were as widespread as many
generalists. In terms of site occupancy, only two specialist and four generalist species were
rare. I show that patterns of species occupancy and abundance reflect differing susceptibility
to habitat modification, with landscape-level variation an important predictor of abundance
for nearly all species. When species occurrences and life history traits were considered I did
not find strong evidence for the importance of dispersal ability, which suggests that habitat
variability had a stronger organising effect on the community. In a replicated common garden
experiment, I found distinct regional patterns in the community structure of the specialist
invertebrates occurring on different phylogenetic groups of C. australis. In contrast,
community structure of generalist herbivores did not differ significantly among host
genotypes. I speculate these patterns are due to historical changes in the distribution of
cabbage trees in the Southern phylogenetic region that caused specialised herbivores to
become locally adapted on populations of low genetic diversity following expansion after the
last glacial maximum. However, this consistent selection pressure did not occur in the
Northern region where C. australis habitat has been more consistently available over the past
tens of thousands of years, reflected in higher host genetic diversity. This study has advanced
our understanding of the patterns in community structure of an indigenous, host-specialised
fauna in a highly modified and fragmented urban and rural landscapes.
Keywords: New Zealand cabbage tree, Cordyline australis, habitat modification, insect
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Chapter 1: General introduction
Fragmentation of native communities
As the extent of relatively natural habitat on Earth shrinks, the conservation of native
species in human-dominated landscapes, such as rural and urban areas, is becoming
increasingly important (Gohering et al. 2002), particularly because these landscapes make up
the majority of land area in many parts of the world (Vitousek et al. 1997). In order for
effective conservation and restoration efforts to take place, understanding ecological
processes at work in these fragmented landscapes is important (Ricketts et al. 2001). The
study of fragmented ecological systems has been based primarily on two paradigms: island
biogeography (MacArthur & Wilson 1967) and metapopulation dynamics (Hanski 1998).
Both these theories assume that the matrix surrounding habitat fragments of interest is
unsuitable for the target species. However, the area surrounding habitat fragments has a
profound effect on the ecological processes occurring within and among fragments (Gascon et
al. 1999, Goehring et al. 2002); more emphasis is now being placed on understanding the role
of the variety of landcover types that make up the overall landscape (e.g., Daily et al. 2001,
Horner-Devine et al. 2003). Such ‘alternative’ habitats may differ in their capacity to support
native biota and in their resistance to the movement of individual organisms between
fragments (Ricketts 2001). Therefore, it is important to consider habitat fragments in a variety
of landcover types to understand biogeographic patterns and conserve biodiversity in the
overall landscape.
Recent studies have considered fragmented landscapes as a complex mosaic of
habitats that vary in quality and resistance to movement to groups of organisms (e.g., Ricketts
2001, Ricketts et al. 2001, Horner-Devine et al. 2003). In particular, native remnants in urban
ecosystems and their associated organisms have received attention (e.g., Kuschel 1990, Gibb
& Hochuli 2002, Rickman & Connor 2003). In 1997, land-use in New Zealand was estimated
at 65% domesticated (agriculture and forestry), 30% conservation (18% indigenous forest)
and 3% urban; however, urban land use was estimated to be expanding at an average rate of
4% per year (Ministry for the Environment 1997). Urban areas are also disproportionately
placed in nutrient- and resource-rich lowland sites, which are also traditional sites for lowland
biodiversity (Meurk 1995). As urban expansion continues, the preservation of ecological
values in these areas will become increasingly important for conservation and social reasons.
Urban environments have specific non-natural characteristics that will strongly impact on the
native flora and fauna existing within and on the fringes of these environments, effectively

enhancing fragment isolation (Pouyat et al. 1997). These characteristics include air and soil
pollution, the application of fertilisers and pesticides, heavy traffic density, and high variation
in light, heat and wind intensity caused by large amounts of impervious surfaces, such as
buildings and roads (Dreistadt et al. 1990, Denys & Schmidt 1998, Rickman & Connor 2003,
Royal Commission on Environmental Pollution 2007).
Native vegetation in urban environments often exists as habitat patches that vary in
size, shape and isolation (Abensperg-Traun & Smith 1999), or as individuals in the form of
planted street trees, in domestic gardens or in parks (Stewart et al. 2004). There are also many
examples of regenerating vegetation and restoration plantings in urban and rural areas. This
vegetation is often highly valued for its aesthetic, recreational and conservation value (Meurk
1995, Reay & Norton 1999). Often restoration projects are focused almost entirely on
vegetation and little consideration is given to other ecosystem components (Majer 1990).
However, there can be inadvertent protection of associated fauna, and many of these projects
would not be successful long-term without ecosystem services provided by invertebrates
(Keesing & Wratten 1997). Native invertebrates associated with native vegetation form an
important component of biodiversity; they dominate the terrestrial animal world in terms of
diversity and biomass and are a fascinating and unique component of New Zealand’s natural
heritage. In addition, they provide ecosystem services such as pollination, pest control,
decomposition and seed dispersal (Didham et al. 1996, Gibb & Hochuli 2002) and are an
important source of food for native birds (Keesing & Wratten 1997). Despite this, there has
been relatively little attention paid to how urban development affects the abundance and
diversity of native invertebrates (McIntyre 2000).
Recently, work in New Zealand has begun to focus on the invertebrate communities
that exist in indigenous vegetation in human-modified landscapes (e.g. Wratten & Hutcheson
1995, Keesing & Wratten 1997) and in restoration plantings (e.g. Watts & Gibbs 2000).
Fragmentation has been found to alter the abundance and diversity of native insects on
remnant vegetation and may alter interactions between insects and other organisms (e.g.,
Frankie & Ehler 1978, Didham et al. 1996, Gibb & Hochuli 2002). Of particular interest to
conservation is the ability of specialist invertebrates to locate and persist on their host plants
in modified environments. Observations suggest that New Zealand endemic insect herbivores
may be restricted, to a greater or lesser degree, to native forest habitats. For example, Kuschel
(1990) found that modified environments such as urban parks and gardens did not support
most host-specific herbivorous beetle species, even when their host plant was present. In
contrast, Sullivan et al. (2008) found that three species of invertebrate herbivores specialised
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on the genus Senecio were able to form associations with host plants in urban and rural
environments, whereas two others appeared to be largely restricted to wildland habitats. More
research is needed to understand patterns of species occupancy and abundance in highly
modified and fragmented landscapes; only by documenting these patterns can we begin to
understand the processes by which fragmentation effects native communities and can take
steps to maximise the success of restoration and conservation efforts.
The effect of plant host genetics on invertebrate herbivores
While the spatial configuration of habitat patches (area and isolation) is an important
driver of the occurrence and abundance of species in fragmented landscapes (Moilanen &
Hanski 1998, Krauss et al. 2005), habitat quality is also of importance (e.g., Dennis & Eales
1997, Thomas et al. 2001). Although habitat quality is subjective because it varies for
individual species, it can include food availability and nutrition, vegetation complexity
(providing diversity of host plants and refuges) and microclimate (Hunter 2002). Host quality
to invertebrate herbivores can vary within plant species; this can be caused by a combination
of environmental factors, genetic differences, plant age and specific requirements of the
invertebrate needed to complete its lifecycle Denno & McClure 1983, Orians & Jones 2001,
Scriber 2002). Plant species occurring over a broad geographic range are subject to a range of
environmental pressures, which may eventually lead to genetic changes as the population
adapts to local conditions (Avise 2000). This gives rise to genetically distinct plant
populations, which may differ in their quality for invertebrate herbivores. The amount of
herbivory experienced by a host plant has been observed to vary within and among
populations and among individuals (Coley et al. 1985, Lawrence et al. 2003, McIntyre &
Whitham 2003). Intra-specific variation in herbivory has been observed among genotypes of
Eucalyptus (Lowman & Heatwole 1987, Farrow et al. 1994, Floyd et al. 1994, Floyd et al.
2002), pinyon pine (Cobb et al. 2002) and cypress (Santini & Di Lonardo 2000). The degree
to which intra-specific plant genetics shapes the composition of the herbivorous species is an
interesting component of the patterns of community structure across landscape and regional
scales.
Study system
This research is the study of an invertebrate-plant association in a fragmented
landscape using the host-specialised invertebrate herbivores of New Zealand cabbage tree
(Cordyline australis, Laxmanniaceae) as a study system.
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The genus Cordyline has been previously placed in Agavaceae, Asteliaceae,
Anthericaceae, and Lomandraceae (Chase et al. 1996), and most recently in the family
Laxmanniaceae (Angiosperm Phylogeny Group 2003). It is a genus of about 15 species
occurring in India, South-east Asia, the Pacific, Australia and New Zealand (Rees-George et
al. 1990). Cordyline are tufted, arborescent perennials that produce hermaphroditic flowers
borne in terminal panicles (Beever & Parkes 1996). Five species of Cordyline are endemic to
the New Zealand botanical region. These are the common cabbage tree C. australis (Forst. f.)
Endl. (ti kouka), the forest cabbage tree C. banksii Hook. f. (ti ngahere), the mountain
cabbage tree C. indivisa (Forst. f.) Steudel (ti kapu), dwarf cabbage tree C. pumilio Hook. f.,
and the Three Kings cabbage tree C. kaspar Oliver, which is found naturally only on the
Three Kings and Poor Knights Islands (Moore & Edgar 1970, Rudman & Nixon 1992).
Cordyline australis (see figures within Appendix I) is the most common and
widespread, occurring throughout all three main islands of New Zealand, typically in open
places, forest margins and wetland margins (Moore & Edgar 1970, Harris et al. 1998), its
seed is bird-dispersed and requires disturbed substrates for establishment (Harris & Beever
2002). It is likely that C. australis has benefited from human settlement in New Zealand
because forest clearance has provided conditions suitable for its establishment and spread,
whereas the natural occurrence of other Cordyline species has decreased as they are restricted
to areas of native vegetation (Harris et al. 2001). Because of its abundance, C. australis was
the only species used in this research.
Cordyline australis is among New Zealands most characteristic plants (Simpson 2000)
and was an important source of fibre and food in traditional Māori life (Harris & Mann 1994).
It is a feature of the New Zealand rural landscape and a distinctive New Zealand element
frequently used in gardens and landscape plantings (Harris et al. 1998, Simpson 2000). The
skirt of dead leaves at the base of the growing crowns provide habitat for many invertebrate
species, lizards and nesting sites for New Zealand native birds (e.g. bellbirds Anthornis
melanura); the flowers provide nectar for tui (Prosthermadera novaeseelandiae), bellbirds,
invertebrates and lizards; and the fruit is an important source of food for birds such as the
kereru (Hemiphaga novaeseelandiae) (Simpson 2000). In recent years Cordyline populations
have been threatened by ‘sudden decline’ disease (Rees-George et al. 1990, Beever et al.
1996), stock damage and clearance of stands of old trees, preventing regeneration in rural
areas (Rudman & Nixon 1992). Urban and rural remnants often represent the last examples of
once-common vegetation types and despite high levels of anthropogenic disturbance are of
substantial conservation significance. Therefore, remnant and planted C. australis populations
4

in urban and rural areas are important for the continued prosperity of the species as well as the
conservation of their associated fauna.
The previously poorly-described invertebrate fauna of C. australis is composed of
several host-specialised herbivorous species, including monophagous and oligophagous
species feeding exclusively on the genus Cordyline or several related plant species or genera,
and a number of polyphagous herbivores. These species represent multiple orders and
differing life-history characteristics, including feeding mode, dispersal morphology and
ability, and reproductive mode.
There are particular aspects of this invertebrate-host association that make C. australis
an excellent study system within which to gain a better understanding of the relative roles of
the different drivers of community structure at multiple spatial scales. Cordyline australis
trees are long-lived, evergreen species that are well-represented in many landcover types
throughout the landscape. This provides a predictable and abundant resource for herbivorous
invertebrates but also a high degree of variation in habitat characteristics, which allows the
examination of the impact of landscape variation on herbivorous invertebrate community
structure. The relatively small number of specialist herbivore species of C. australis is an
advantage because detailed examination of the distribution and abundance of individual
species is manageable. The characteristic damage caused by herbivory of several of the
obligate species allowed rapid assessment of the presence of these species. Another strength
of this system is the availability of three long-established common garden experiments (Harris
et al. 2001, 2003, 2004), containing representatives of phylogenetically distinct populations of
C. australis. These gardens allow the opportunity to examine the effect of host plant genetics
on the associated invertebrate species composition.
Aim and objectives
The aim of this research was to use the association between C. australis and its
herbivorous invertebrate species as a model system for describing patterns and inferring
processes driving invertebrate community structure in a fragmented landscape. The influences
of (1) host-level variation, (2) landscape-level variation, (3) species life-history
characteristics, (4) species interactions and (5) host genetics on community structure are
considered.
This research had three major objectives. The first (Chapter 3) was to describe the
herbivorous invertebrate fauna of C. australis by collating records from the literature and
5

national collections, and sampling in the field. I placed specific emphasis on species
specialised on cabbage trees because I expected these species to be most affected by
landscape fragmentation.
The second research objective was to document the biogeography of the relationship
between the herbivorous invertebrate community and C. australis across the highly modified
landscape of the Canterbury Plains (Chapters 2 and 4). This work investigates the observation
that New Zealand host-specific invertebrates may be restricted to a greater or lesser extent to
forest remnants (e.g., Kuschel 1990) and determines the importance of tree- and site-level
characteristics in structuring the community across a gradient of landcover types. Because life
history characteristics are an important determinant of the success of an invertebrate in
locating its host and persisting in habitat patches, a species-specific approach was used to
explore patterns of species composition and co-occurrence.
The third research objective was to determine the role of plant genetic variation in
structuring the herbivorous invertebrate community (Chapter 5). I sampled the invertebrate
fauna on genetically and geographically distinct populations of C. australis in the Landcare
Research common garden experiments at Lincoln and Auckland. A community and individual
species approach was used to determine the degree to which historical changes in regional
distributions of C. australis influences contemporary patterns of species composition and
occupancy in the gardens.
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Chapter 2: Patterns of host damage by the cabbage tree monophage
Epiphryne verriculata Feld (Lepidoptera: Geometridae) across urban,
rural and native forest habitats.
This chapter was published in New Zealand Entomologist:
Guthrie, R.J.; Sullivan, J.J. & Buckley, H.L. 2008. Patterns of host damage by the cabbage
tree monophage Epiphryne verriculata (Lepidoptera: Geometridae) across urban, rural
and native forest habitats. New Zealand Entomologist 31: 6-12.
Abstract
Little is known about the persistence of host-specialised insect herbivores on their host
plants in highly modified urban and rural landscapes, and the ecological processes driving
their abundance and distribution in these landscapes. We surveyed cabbage trees (Cordyline
australis) at 12 sites encompassing a variety of habitat types located across a highly modified
landscape, the Canterbury Plains, for damage by the larvae of the endemic monophagous
geometrid moth, Epiphryne verriculata. We recorded the relative amount of E. verriculata
herbivory on cabbage tree crowns and measured a number of environmental variables we
expected would explain variation in this herbivory. While E. verriculata occurred at all
sampled sites and on 244 of the 257 sampled trees, there was substantial variation among
trees in the amount of herbivory. Epiphryne verriculata herbivory per tree was higher on adult
trees than seedlings and was highest, unexpectedly, in areas of low conspecific density within
25 m. We found no effects on herbivory of substrate nor the presence of a skirt of dead leaves,
which has been suggested to be an important refuge for adult E. verriculata. The amount of
herbivory differed among habitat types, with trees in native forest sites having significantly
higher amounts of damage than those in urban and rural sites. This pattern has been found in
other New Zealand insect herbivore systems, and may represent a general pattern in the New
Zealand insect herbivore fauna. We predict that this pattern is not a result of dispersal
limitation in E. verriculata, but rather ecological processes increasing larval mortality, and
perhaps decreasing adult fecundity and oviposition, within urban and rural habitats.
Key words: habitat modification, monophagy, insect herbivory, dispersal, ecology
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Introduction
While preservation of large areas of original habitat is crucial to the conservation of
biodiversity, heavily-modified landscapes make up the majority of land-area in many parts of
the world (Vitousek et al. 1997), including New Zealand (Leathwick et al. 2003). As the
extent of relatively natural habitat shrinks, understanding the ecological processes at work in
human-dominated landscapes is becoming increasingly important for conservation of the
world’s biodiversity (Ricketts et al. 2001, Goehring et al. 2002). Restored and regenerating
habitats may be as important as original habitat for the conservation of biodiversity in many
parts of the world, and are sometimes the only option. There has been a strong focus in New
Zealand on conserving and restoring indigenous vegetation (e.g., Meurk 1995, Reay & Norton
1999). Recently work has begun to focus on conservation of the indigenous invertebrate
communities that exist in indigenous vegetation in agricultural and urban landscapes (e.g.,
Wratten & Hutcheson 1995, Keesing & Wratten 1997) and in restoration plantings (e.g.,
Watts & Gibbs 2002).
Urban and rural areas are disproportionately placed in nutrient- and resource-rich
lowland sites, which are also traditional sites for greater lowland biodiversity (Given &
Meurk 2000). This means that remnants of indigenous vegetation in urban and rural areas
often represent the last examples of once-common vegetation types and can therefore be of
substantial conservation significance (Gibb & Hochuli 2002). Landscape modification from
urban and rural developments has had large effects on invertebrate communities associated
with adjacent native vegetation (Frankie & Ehler 1978, Kuschel 1990, Harris & Burns 2000).
Urbanisation can divide remnant vegetation and can alter interactions between insects and
other organisms (e.g., Frankie & Ehler 1978, Kuschel 1990, Gibb & Hochuli 2002). Some
invertebrates appear unable to cope with the heavily modified environments and become
locally extinct (Connor et al. 2002), while others benefit from such landscape change
(Driestadt et al. 1990). Altering rural and urban environments to be more suitable for native
insect biodiversity will likely be necessary for some species to migrate in response to climate
change (Malcolm & Markham 2000, Thomas et al. 2004).
Native plants in urban and restoration plantings are potential hosts for native insects.
However, little attention has been paid to how urban development affects insect-plant
associations (McIntyre 2000). For instance, understanding the degree to which specialist
invertebrates are able to persist on their host plants in modified environments is important for
their effective conservation. Observations suggest that New Zealand endemic insect
herbivores may be restricted, to a greater or lesser degree, to native forest habitats (Kuschel
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1990, Sullivan et al. 2008). For example, Kuschel's (1990) survey of the beetle fauna of
Lynfield, Auckland found that modified environments such as urban parks and gardens did
not support most of the expected herbivorous monophagous beetle species, even when their
host plants were present. New Zealand studies have found endemic herbivorous insects to be
less abundant in rural and urban areas than wildland areas (e.g., Harris & Burns 2000, Watts
& Larivière 2004). The ecological processes underlying these patterns are not well
understood, and to date no studies in New Zealand have attempted to address this problem.
One factor may be low host plant density in rural and urban areas, as international literature
suggests that monophagous insect herbivory is highest in areas of high host density (Ralph
1977, Matter 1997). Understanding these patterns is necessary if conservation and restoration
efforts in urban and rural landscapes are to include a rich diversity of endemic and other
native insects.
To address these issues, we examined the distribution of herbivory of Epiphryne
verriculata Feld. (Lepidoptera: Geometridae) across a highly-modified New Zealand
landscape, Christchurch city and its environs. Its only host in the Christchurch area is the New
Zealand cabbage tree (Cordyline australis Forst. f., Lomandraceae); a distinctive
monocotelydonous tree bearing leaves in tufts or "crowns" (E. verriculata has also been
recorded on C. banksii and C. indivisa, but both are rare/absent from the Christchurch area).
The bright green E. verriculata larvae live and feed within the inner surface of the central
spike of unopened leaves in C. australis crowns. They create a characteristic pattern of
damage of long channels, holes and notches in the leaf edge (Figure 2.1b). Larvae pupate
either on the ground beneath the tree or in the dead leaves next to the stem (Hudson 1928,
Simpson 2000). The adult moth has striking wing markings which mimic the pattern and
colour of the veins of the dead leaves of cabbage trees, against which it rests during the day
(Figure 2.1a). Adults are present from September to May (Hudson 1928), and oviposition
occurs at the base of the green leaves in the crown. See Hudson (1928) for a detailed
description of the development time of each life stage.
We recorded E. verriculata herbivory on C. australis across a variety of habitats to
assess the extent to which E. verriculata herbivory is concentrated in wildland areas, and to
begin to reveal the processes that may limit E. verriculata herbivory in some urban and rural
habitats. We predicted that E. verriculata herbivory would be higher in native forest than
urban areas (Kuschel 1990, Watts & Larivière 2004, Sullivan et al. 2008). A contrary
prediction has been made by Simpson (2000), who suggested that due to the extensive
planting of cabbage trees in urban parks and gardens there may be higher amounts of damage
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caused by E. verriculata on these trees than in nearby native forest reserves, where cabbage
trees are typically found at lower densities. We further predicted E. verriculata herbivory
would be higher in urban than rural areas, due to the greater abundance and diversity of
woody vegetation and forest-like microhabitats in New Zealand's urban than rural landscapes.
Within these habitats, we expected E. verriculata herbivory would vary with host age
(Cates 1980) and with the substrate surrounding the host tree. We predicted E. verriculata
herbivory would be highest on trees surrounded by natural substrates than artificial substrates,
since E. verriculata can pupate on the ground (see also Leather 1984). We also assessed the
prediction that cabbage trees that retain a skirt of dead leaves have a high abundance of E.
verriculata larvae because of the provision of refuge habitat for the adult moth (Simpson
2000, Harris et al. 2004). Lastly, we assessed the affect of conspecific density on E.
verriculata herbivory, since monophage herbivory is often highest in areas of high host
density (Janzen 1970, Ralph 1977, Matter 1997), something Simpson (2000) predicted for E.
verriculata.
Methods
Study area
The Canterbury Plains provides an extreme example of the human-induced landscape
changes that have occurred on a large scale across New Zealand. Lowland indigenous
vegetation is largely confined to small reserves, such as the forest remnants on Banks
Peninsula and the Canterbury foothills, and the occasional small pocket of forest in the early
stages of regeneration occurring across the Plains, scattered among farmland. The
Christchurch urban area is unusual in that it has higher native plant biodiversity than in the
surrounding rural areas; this contrasts with urban areas in many other parts of the world
(Stewart unpublished data). Cabbage trees are found across the Canterbury Plains in a wide
range of habitats and are frequently planted in Canterbury’s main urban area, Christchurch
city (Stewart et al. 2004).
Data collection
A total of 254 cabbage trees in 12 sites across Canterbury were surveyed in February
2004 (Figure 2.2). Sites were subjectively chosen to ensure that at least three locations were
sampled in each of three broad habitat types: native forest, urban, and rural (Figure 2.2). At
each site, between ten and thirty trees were randomly selected for observation, depending on
tree density. For each of five randomly selected crowns on each tree, or for all crowns if less
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than five, we categorised the amount of leaves that had E. verriculata damage (characteristic
notches, Figure 2.1b) as either none, "low" (up to 25% of leaves damaged), "moderate" (25 50% of leaves damaged), or “high” (more than 50% of leaves damaged).
We measured the site and tree-level variables we considered most likely to be
important to the local abundance of E. verriculata based on prior research. We assigned each
of the 12 sites to one of the following broad habitat categories: urban garden, urban
restoration, rural, young native forest, and old growth native forest. Each tree was assigned to
an age category based on its stage of growth: seedling, single-crown or multiple crowns. We
considered single-crowned trees to be younger than those with multiple crowns (Simpson
2000), and classed seedlings as being less than 1.4 m high. We recorded the presence or
absence of a skirt of dead leaves on each tree ("skirt"). We recorded the substrate type in a 2
m radius surrounding the base of each tree and categorised it according to whether it was
"natural" (grass, leaf litter or woody vegetation) or "anthropogenic" (impervious surface,
exposed soil or exposed aggregate). We recorded the number of cabbage trees within a 25 m
radius of the sampled tree ("conspecific density").
We used the amount of damage by E. verriculata larvae on the leaves of each tree as a
surrogate for the abundance of larvae. Damage to the leaves occurs while they are youngest
and in the spike of unopened leaves at the centre of the crown. Leaves live for about two
years, and approximately half of the crown is replaced each year, i.e. two-year old leaves fall,
or are retained as a skirt of dead leaves (Simpson 2000). Therefore, the damage observed is a
snapshot of the herbivory experienced by the tree over a two-year period. We assume that
crowns with a higher percentage of damaged leaves have sustained a higher abundance of
larvae over time than crowns with fewer leaves damaged. Further work has found that the
abundance of E. verriculata larvae and the amount of damage observed significantly
correlated (Adjusted R-squared: 0.45, F-statistic: 11.83 on 1 and 202 DF, p-value: 0.0007)
(Guthrie, unpublished data).
Data analysis
Due to low sample size in the “none” and “high” categories, we collapsed the data into
two categories and used low (< 25%) and high (≥ 25%) damage as a binary response variable.
Approximately half of all damaged trees fell into each of these damage categories (low
damage = 125 trees, high damage = 119 trees). We excluded the 13 trees not damaged by E.
verriculata (5% of the total number of trees sampled, from three of the 12 sites; see Results).
A Generalised Linear Mixed Model (GLMM) was run with R version 2.4.1 (R Development
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Core Team, 2006) using the R package glmmML version 0.65-5 (Brostrom 2003), with a
binomial error distribution to fit our model. Site was treated as a cluster (random effect), and
the other measured environmental variables as fixed effects. We log-transformed the
continuous predictor, conspecific density, to normalise its frequency distribution. Orthogonal
a priori contrasts were used to make the following comparisons within factors based on our
predictions: age (seedlings versus mature trees, and single-crown versus multi-crown), habitat
(urban restoration versus urban garden, urban versus rural, urban/rural versus forest, and
young forest versus old growth forest), and substrate (exposed aggregate versus impervious
surface (both artificial surfaces), exposed soil versus artificial surfaces, leaf litter versus
woody vegetation, grass versus other natural, and anthropogenic versus natural).
Results
Epiphryne verriculata damage was observed at all sites surveyed and on a total of 244
out of the 257 sampled trees. The only sites where not all trees were damaged by E.
verriculata were the rural site, Mt Hutt (40% of trees with no damage), the urban restoration
site, Halswell Quarry (10% of trees with no damage), and the young forest site, Victoria Park
(20% of trees with no damage) (Table 2.1).
We found no significant differences between types of substrate on the proportion of
trees heavily damaged by E. verriculata (Table 2.2, Figure 2.3a). Contrary to our prediction,
there was no indication that trees surrounded by natural substrates were more damaged by E.
verriculata than trees on artificial substrates. This is despite some E. verriculata pupating in
the substrate beneath host trees (Hudson 1928, Simpson 2000). We re-ran the model with a
skirt-substrate interaction to test whether substrate effects were stronger in the absence of a
skirt (since E. verriculata also pupate in the skirt). There were no additional significant effects
in the model (P > 0.10 for all interactions).
There were significant differences among our habitat categories in the proportion of
trees heavily damaged by E. verriculata (Table 2.2, Figure 2.3b). As we predicted, rural trees
were less damaged than urban trees, urban trees were less damaged than trees in native forest,
and trees in young native forest were less damaged than trees in old growth forest sites. At the
extremes, no trees at the rural Rakaia Gorge site had more than 25% of their leaves damaged,
while all trees at the old growth Hay Reserve site were this damaged (Table 2.2).
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Contrary to the prediction of Harris et al. (2004), trees with skirts were not
significantly more likely to have high damage by E. verriculata than trees without skirts
(Table 2.2, Figure 2.3c, P = 0.49). However, the direction of effect was consistent with their
prediction (Figure 2.3c) and our relatively low sample size would not have detected a weak
positive effect of skirt on E. verriculata damage.
Stage ("age") of trees had a significant effect on the proportion of trees heavily
damaged by E. verriculata (Table 2.2, Figure 2.3d). A greater proportion of single-crowned
than multiple-crowned trees had > 25% of their leaves damaged (Table 2.2), while the
incidence of highly damaged trees was similar for seedlings and multiple-crowned trees
(Figure 3d), leading to no overall significant difference between seedlings and mature trees
(Table 2.2).
Contrary to our prediction, there was evidence for negative density-dependence in the
proportion of trees heavily damaged by E. verriculata (Table 2.2, Figure 2.4). Trees
surrounded by many conspecifics were significantly less likely to be heavily damaged by E.
verriculata than trees surrounded by few conspecifics. Figure 2.4 suggests a sharp decline in
damage at around 20 conspecifics within 25 m. Only 16.7% (4/24) of trees surrounded by 20
or more conspecifics showed high damage, compared with 54.0% (115/213) of trees
surrounded by fewer than 20 conspecifics. All trees surrounded by 20 or more conspecifics
were either from the rural sites Mt. Hutt and Lincoln University or the two urban restoration
sites. The highest average density of C. australis was in the urban restoration sites (mean 21.3
conspecifics within 25 m, ± 2.0 s.e.m.), followed by rural (9.9 ± 1.0), old forest (7.8 ± 0.5),
young forest (6.5 ± 0.5), and urban gardens (4.7 ± 0.3). To confirm that this density effect was
not an artefact of the confounding of density with habitat, we re-ran our GLMM without
habitat, including only trees from these four sites. This also showed a significant negative
effect of conspecific density on E. verriculata damage (coefficient -1.15 ± 0.45 s.e., z = -2.56,
P < 0.05, residual deviance of the model 99.4 on 75 degrees of freedom).
Discussion
Our study is a preliminary examination of the landscape-scale patterns of E.
verriculata herbivory of C. australis. To fully understand the processes underlying the
variation in herbivory and larval abundance that we have documented, future work would
need to consider the following aspects of E. verriculata ecology: (1) dispersal ability and
behaviour, determining potential colonisation rates, (2) performance, such as fecundity as
response to host plant quality, and (3) persistence on the host plant i.e., adult and juvenile
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mortality rates (Hanski 1994, Kuussaari et al. 2000). While we discuss these below, note that
more research will be needed to reveal the mechanisms behind the patterns we have
documented.
We found that Epiphryne verriculata damage was present in every site we surveyed
across this highly-modified landscape. Damage was observed on almost all trees regardless of
the tree and site-level characteristics that we thought would be important to the abundance
and distribution of this species. Damage was present even on rural trees that were well
isolated from other potential source populations. For example, the Mt Hutt site consisted of a
group of ten trees surrounded by vast areas of farmland, many kilometres from any native
forest on the Canterbury plains or foothills. The observed distribution pattern suggests that E.
verriculata is not dispersal-limited, even on this highly-fragmented landscape, which is
consistent with a relatively large and long-lived moth.
This result is contrary to the findings of Kuschel (2000) in which native host-specific
beetles were not found outside of forest habitat. Thus, even though the distribution of cabbage
trees across Canterbury is very patchy, these results show that E. verriculata is adept at
eventually locating even well isolated individuals of its long-lived host (see St Pierre et al.
2005). This must be aided by E. verriculata's multivoltine life cycle and the almost yearround growth of the young leaves E. verriculata feed on. Some Lepidoptera that utilise longlived host plants display distribution patterns that are consistent with strong dispersal
limitation (Mousson et al. 1999); this does not appear to be the case with E. verriculata.
Despite the ubiquity of E. verriculata herbivory throughout the lowland midCanterbury landscape, we found a strong pattern of higher host damage, and presumably
larval abundance, at native forest sites than urban and especially rural sites. Dispersal
limitation is an unlikely cause of this pattern, although the isolation of rural sites could
conceivably reduce the ratio of colonisations to extinctions (Hanski 1994). This could reduce
the average age of E. verriculata colonies on rural C. australis, which could in turn cause
lower average abundance. This scenario is unlikely, given how rapidly we expect a
multivoltine E. verriculata colony to increase in size on a suitable C. australis tree. A
weakness of our study is that we cannot account for tree growth rates in the different habitats.
Previous studies have found that shaded leaves tend to persist significantly longer than
unshaded leaves (e.g., Whitney 1982) and therefore differences in leaf longevity could
produce the patterns observed in forest sites. However, cabbage trees are plants of open
habitat and forest margins (Simpson 2000), and we do not expect that the trees observed in
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forest habitats were shaded disproportionately to other sites. Further work sampling E.
verriculata has confirmed the pattern of higher larval abundance in forest sites (Guthrie,
unpublished data).
Simpson (2000) sensibly expected that the relatively low local conspecific densities of
C. australis in native forest sites, relative to urban sites (and, in our data, also rural sites),
would result in relatively low densities of E. verriculata in native forests. Not only did we
find the highest E. verriculata herbivory in native forests, but we also found negative density
dependence in E. verriculata herbivory. This suggests that locally isolated trees may be more
apparent to gravid female moths. This result is consistent with the scale at which we measured
conspecific density (number of conspecifics around individual trees). At a local scale, search
behaviour of adult females’ results in isolated individual hosts having a disproportionately
higher occupancy than other more connected individuals (Hanski & Meyke 2005, Singer &
Wee 2005). Alternatively larval mortality may be higher in high density patches of C.
australis. For example, in areas of high conspecific density there could be a local build-up of
E. verriculata pathogens, parasitoids, or predators (this will be dependent on the spatial scale,
since higher trophic levels are typically most susceptible to habitat fragmentation, Tscharntke
& Brandl 2004). We have observed E. verriculata being parasitized by Pales nefaria Hutton
(Diptera: Tachinidae) and Meteorus pulchricornis Wesmael (Hymeoptera: Braconidae), and
being preyed upon by the syrphid Melangyna novaezelandiae Macquart. This inverse density
dependence is consistent with higher herbivory in native forest sites. However, habitat
differences persisted alongside this density effect. At the habitat scale, we expect that
population dynamics will be more important in generating patterns of insect density, therefore
the well-connected native forest habitats will have higher insect density (despite lower
conspecific density at the individual tree scale) than more isolated rural and urban patches
(Singer & Wee 2005). However, E. verriculata does not appear to be dispersal limited in its
distribution, this suggests that there are other factors at work in urban and rural environments
that reduce E. verriculata larval abundance. For example, increased exposure to wind in rural
and urban sites could lead to more frequent desiccation-related deaths of early instar larvae.
Predation by flocks of insectivorous naturalised birds may be a key issue for local persistence
of E. verriculata and may well exacerbate the isolation of rural plants, and could explain low
population sizes even if host quality and fecundity is high (St Pierre et al. 2005). Increased
exposure to sun and wind in urban and rural environments, along with altered nutrient
dynamics, could also lead to reduced host plant quality at urban and rural sites, affecting the
larval performance and oviposition preference of E. verriculata (Kuussaari et al. 2000).
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The decreased abundance of monophagous endemic insect herbivores in rural/urban
environments relative to native forest may be a general pattern in New Zealand (Kuschel
1990, Sullivan et al. 2008) and mirrors patterns in the wider insect fauna (Harris and Burns
2000, Watts & Larivière 2004). This is not unexpected given that New Zealand was largely
covered with forest and other woody vegetation prior to human settlement, and monophagous
insects of forest and scrub plant species are likely to be adapted both to their host physiology
and to forest environmental conditions. However, this pattern is not universal. Insect
outbreaks in urban areas are well documented (Dreistadt et al. 1990). Christie and Hochuli
(2005) found that trees in urban areas of Sydney, Australia suffered from higher levels of
chewing damage by herbivorous insects than individuals of the same species in larger,
continuous areas of forest. While the restoration of native forest species and processes into
urban and rural environments may benefit New Zealand's many forest and scrub adapted
endemic insects, insects adapted to more open habitats will be less likely to benefit. Urban
and rural environments are also expected to modify herbivore-pathogen and herbivorepredator interactions in unpredictable ways, sometimes to the herbivore's benefit (Tylianakis
et al. 2007).
Our finding that substrate had no effect on E. verriculata herbivory suggests that
either E. verriculata herbivory is not strongly affected by local mortality of pupae, or that
most pupation occurs in the canopy of the tree. A similarly unexpected result was the lack of
an effect of the presence of a skirt of dead leaves on E. verriculata herbivory. Simpson (2000)
and Harris et al. (2001) predicted the skirt would provide an important refuge habitat for adult
E. verriculata in addition to a pupation site. Our results, while not significant, were consistent
with this prediction (Figure 2.3c) and our relatively low sample size would not have detected
a weak positive effect of skirt on E. verriculata herbivory. Nevertheless, these results together
suggest that E. verriculata larval abundance in the crowns of C. australis is not usually
limited by the local mortality of pupae or adults. Given that dispersal limitation also appears
to be unlikely, we would recommend first studying in more detail processes affecting larval
mortality and oviposition choice.
This study shows that there is a lot to gain from an in-depth study of a single species.
We suggest that it is only through the detailed examination of a few amenable study systems
that we can properly understand (and counteract) the processes that are limiting native insect
biodiversity in urban and rural landscapes. Epiphryne verriculata on C. australis has proved
to be a particularly useful study system for looking at large scale patterns of abundances
because E. verriculata damage is distinctive, persistent, common, and apparent. Also, cabbage
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trees are well-represented in many habitats throughout New Zealand, both wild and
cultivated, and have a well-understood physiology and ecology and a known assemblage of
monophages (Spiller & Wise 1982, Simpson 2000). We encourage others to include it in their
investigations.
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Figure 2.1 (A) Epiphryne verriculata adult male (Photo: David Hollander). (B) The
characteristic damage caused by Epiphryne verriculata larvae feeding on Cordyline australis
gives the leaves an obvious notched appearance (Photo: Jon Sullivan).
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Figure 2.2 Map of the twelve site locations in Canterbury, New Zealand. Key: 1. Lincoln
University, 2. Mt Hutt Station, 3. Rakaia Gorge, 4. Christchurch Botanic Gardens, 5.
Spreydon, 6. Travis Wetland, 7. Halswell Quarry, 8. Ahuriri Bush, 9. Kennedy’s Bush, 10.
Victoria Park, 11. Hay reserve, 12. Peel Forest.
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Figure 2.3 Proportion of trees heavily damaged by Epiphryne verriculata plus s.e. according
to (A) substrate type; (B) habitat; (C) presence of a skirt of dead leaves; and (D) tree age.
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Figure 2.4 Proportion of crowns per tree heavily damaged by Epiphryne verriculata according
to density of cabbage trees surrounding the sampled tree.
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Table 2.1 Proportion of cabbage trees in each category of Epiphryne verriculata damage:
none, low (≤ 25% leaves damaged) and high (> 25% leaves damaged). Sample sizes are in
brackets.
Site name (n)

None

Low

High

0

0.7

0.3

0.4

0.6

0

Rakaia Gorge (10)

0

1

0

Christchurch Botanic Gardens (30)

0

0.37

0.63

Spreydon (20)

0

0.7

0.3

Travis Wetland (29)

0

0.52

0.48

Halswell Quarry (30)

0.1

0.53

0.37

Ahuriri Bush (20)

0

0.25

0.75

Kennedy’s Bush (24)

0

0.46

0.54

Victoria Park (30)

0.2

0.57

0.23

Hay reserve (20)

0

0

1

Peel Forest (10)

0

0.2

0.8

Lincoln University (24)
Mt Hutt Station (10)
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Table 2.2 Results of the binary Generalised Linear Mixed Model, with Epiphryne verriculata
damage per tree as the response variable (≤ 25% or > 25%, excluding 5% of trees that were
undamaged). See Methods for details of the predictors and contrasts. The sign of the
coefficient indicates the direction of the effect, and the predictor that is more likely to have
high damage has been bolded (for example, the coefficient is positive for the young forest
versus old growth forest contrast, indicating that trees in old forest were more likely to have >
25% damage by E. verriculata than trees in young forest). Significant results are noted after
the z-statistic values: * denotes P < 0.05, ** denotes P < 0.01, and *** denotes P < 0.001.
Residual deviance of the overall model was 236.3 on 222 degrees of freedom.
Predictor

Coefficient ± s.e.

z-statistic

(Intercept)

-0.27 ± 14.94

0.02

Substrate: exposed aggregate vs. impervious surface

-6.55 ± 44.79

-0.15

0.39 ± 0.28

1.38

Substrate: exposed soil vs. artificial surfaces

-1.81 ± 14.93

-0.12

Substrate: grass vs. other natural

-0.15 ± 0.21

-0.70

Substrate: natural vs. anthropogenic

-2.02 ± 14.93

-0.14

Habitat: urban restoration vs. urban garden

-0.45 ± 0.32

-1.406

Habitat: urban vs. rural

-0.38 ± 0.17

-2.261 *

Habitat: urban/rural vs. native forest

0.41 ± 0.13

3.229 **

Habitat: young forest vs. old forest

1.77 ± 0.55

-3.229 **

Skirt presence

0.27 ± 0.38

0.709

log(conspecific density)

-0.99 ± 0.28

-3.494 ***

Age: single-crown vs. multi-crown

-0.71 ± 0.21

-3.35 ***

Age: seedlings vs. mature trees

0.06 ± 0.14

0.45

Substrate: leaf litter vs. woody vegetation
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Chapter 3: The invertebrate fauna of cabbage trees (Cordyline
australis)
Introduction:
The genus Cordyline (Laxmanniaceae) contains 19 species with a Southern Hemisphere
circum-polar distribution, five of which occur in New Zealand (Simpson 2000). The most
common species, C. australis, is an important component of many New Zealand plant
communities. It is distributed across nearly all New Zealand in a variety of natural habitats, is
commonly planted in reserves, parks and gardens, and is a widely recognized component of
the New Zealand landscape. A key taxonomic feature of C. australis is that the leaves carried
in tufts (referred to throughout as ‘crowns’) (Beever & Parkes 1996) (see Appendix I, Figure
I.1). These crowns provide a particularly sheltered and moist microhabitat for invertebrates at
the base of the leaves. The ecology and physiology of cabbage trees is well known (Simpson
2000), and extensive work has been carried out by Landcare Research scientists in recent
years describing phenotypic and genetic variation of populations of C. australis (Harris &
Beever 2000, 2002, Harris et al. 1998, 2001, 2003, 2004). In addition, a checklist of fungi on
Cordyline has recently been completed (McKenzie et al. 2005); therefore defining the
invertebrate fauna of cabbage trees is another valuable contribution to characterising this
system.
Having such a well-described system is of use for ecological research, particularly
community ecology where relatively few communities are thoroughly understood (Thompson
et al. 2001). In addition, because cabbage trees are extensively used in restoration of urban
and agricultural areas, knowledge of the dependent invertebrate community is also of interest
to conservation and restoration of New Zealand indigenous habitats. Knowing which species
are present, particularly host-specific species, may be valuable in indicating the success of
restoration efforts.
The known aboveground invertebrate herbivores of Cordyline can be classified into five main
categories: (1) external leaf-feeders, chewing foliage; (2) leaf gallers and miners, living within
the leaves or mining into the leaf base or rolling the leaf tips; (3) sap-feeders, free-living on
leaves or stems of inflorescences; (4) inflorescence borers, living within the live or dead tissue
of stems of inflorescences; and (5) wood borers, living in either live or dead and decaying
wood
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Aim
The aim of this study was to (1) formulate a checklist of invertebrate species associated
with Cordyline in New Zealand, and (2) develop an appropriate sampling protocol for
herbivorous species that would allow the fauna of entire trees to be quantified by measuring
the abundance of all species.
Methods
The species list
Through extensive search of the literature, personal communication with taxonomists,
and searching online databases PlantSynz (Martin 2007) and HOSTS (Robinson et al. 2002) a
list of candidate invertebrate species was compiled that had been recorded primarily
associated with Cordyline. All specimens of species included on the candidate list from New
Zealand were examined if they were held in the National Arthropod Collection (NZAC),
Lincoln University Entomology Research Museum, or The Museum of New Zealand Te Papa
Tongarewa. The number of specimens held in these collections was recorded, along with the
regions from which the species were collected. Additional records and information about
these species were extracted from the literature and the databases above, from entomologists
directly, and from the primary type specimen databases available from NZAC for Leipdopera
(Crosby & Dugdale 1997) and Hemiptera (Lariveiére 2005). In addition, species occupancy
and abundance data was extracted from the data collected for all other aspects of this study
(Chapters 4,5).
Destructive census
Five trees were destructively sampled to determine an appropriate sampling
methodology for determining whole-tree species richness and composition of the invertebrate
herbivorous community. The destructively sampled trees were: one tree from Canterbury
Agricultural Park, Christchurch City; one tree from a private residence in Hornby,
Christchurch City; one tree from a shelter belt on agricultural land near Springston, Mid
Canterbury; and two trees from a private residence in Ashburton Mid Canterbury. Trees
varied in the type of land cover in which they were growing, and in physical size (number of
crowns, height and diameter) (Table 3.1).
All trees were subjected to the same sampling protocol and specimens were kept
separately for each crown and stage of sampling. While the trees were intact, individual
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crowns were sampled using an aspirator; individual leaves were pulled back to look for
insects within the loose leaves of the crown. After visual inspection crowns were sampled
again by beating. Each crown received 10 downward strokes with a heavy stick, and the
falling material was collected on a 1m2 beating tray held under the crown. Invertebrates on the
tray were collected using an aspirator, or in the case of common generalist invertebrates, e.g.,
slaters, Porcellio scaber Latreille (Isopoda: Porcellionidae), were counted and then discarded.
Individual crowns were then enclosed in plastic sheeting and removed from the tree by cutting
with a saw. Crowns were then taken to Lincoln University where they were further
destructively sampled in a laboratory setting. Leaves were systematically removed from the
crowns in 20-leaf intervals starting at the base and moving up through to the spike of
youngest leaves at the top. Invertebrates were collected and the part of the crown from which
each was collected was recorded. The tree from Hornby also had a skirt of dead leaves
retained around the trunk. The trunk and skirt of dead leaves was wrapped in a plastic sheet
after crowns had been removed and destructively sampled in the same way as the crowns.
Species were collected as larvae, nymphs or adults. Eggs were not collected. Pupae were kept
labelled in plastic containers so that after ecolosion they could be identified to species.
All specimens collected, other than pupae, were sealed in plastic vials and frozen prior
to identification. Specimens were sorted initially into morpho-species using a binocular
microscope, and later identified to the lowest taxonomic level possible. Species in the order
Araneae were not identified to species and were therefore not included in analysis. John
Marris (Lincoln University), Dr Brian Patrick (Otago Museum), Dr Robert Hoare (Landcare
Research), Dr Rosa Henderson (Landcare Research) and Trevor Crosby (NZAC) assisted with
identification.
The destructive tree sampling was carried out in December at the wrong time of year to
collect invertebrates occurring on flowers or boring into the green inflorescence tissue
because this is best done in early spring, prior to new inflorescences growing. However,
protocols for sampling invertebrates living in inflorescence were developed in subsequent
studies (Chapters 4, 5). Stem-boring Lepidoptera oviposit on the green inflorescence tissue;
the larvae develop, feeding internally, until the tissue begins to senesce (see Figure I.5 within
Appendix I), then they pupate, eclosing when new inflorescences grow in late spring. A total
of 55 inflorescences was collected from the Christchurch area (Chapter 4), 91 from the
Lincoln and 87 from the Auckland common gardens (Chapter 5) in early spring of each year
of sampling. Not all trees produced inflorescences during the year in which they were
sampled. Inflorescences were collected by cutting at the base, enclosed in mesh bags and
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hung indoors. Bags were monitored approximately every two days over a period of three
months and Lepidoptera collected and identified after eclosion.
Data analysis
The abundance of each species on each crown per tree was determined, and the
accumulation of new species with increasing sampling effort was calculated using a presenceabsence matrix of species by sampling method for each destructively sampled tree. Each step
of sampling was grouped to represent increasing sampling effort, i.e., visual inspection of
every crown, then beating the foliage of every crown, and then successively destructively
sampling every crown and skirt. Species-accumulation curves were plotted for all species
collected and for specialist species alone using the statistical package R version 2.7.1 (R
Development Core Team, 2008).
The species accumulation curves were used to develop a sampling protocol, which was
then tested on a tree at Kennedy’s Bush Reserve, a forest remnant located on the Port Hills on
the outskirts of Christchurch City.
Results
The species list
Of the list of candidate species compiled, ten were considered to be monophagous
feeding exclusively on the genus Cordyline, based on literature and anecdotal evidence from
local entomologists (Table 3.2). Also included in the list of candidate species were
oligophagous species that feed on several related plant species or genera (McClure 1990),
which in addition to being recorded from Cordyline, also occur on other native
monocotylenenous plants such as Phormium and Astelia species. The monophagous and
oligophagous species will be herein referred to as ‘specialists’ (Table 3.2). Polyphagous
herbivores feeding on a multitude of plant genera are herein referred to as ‘generalists’.
Other species recorded on the genus Cordyline that are not known in New Zealand are
presented in Table 3.3. This list is compiled from literature and database search, and is by no
means complete. This list is of interest because many of these species are polyphagous crop
pests that could potentially live on New Zealand Cordyline if they were to arrive here.
An annotated species list of New Zealand species follows. Included is the percent
occupancy and mean abundance of each species if it was collected throughout any part of the
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larger study in Canterbury and Auckland (n = 399 trees, Chapters 4, 5 and Appendix III).
Distributions are defined, as best is known from collection records and personal collecting, to
geographical areas defined by Crosby et al. (1998). This information is not given for the
species not present in the New Zealand collections examined. Key to annotated list:
Occupancy = percent of trees from which species was collected during course of this Ph.D. (n
= 399 trees); Mean abundance = mean abundance of individuals per tree collected when
species was present; Regions = New Zealand geographic regions from which species has been
collected (Crosby et al. 1998) (codes given in Table 3.4); Number of specimens examined =
total number of specimens examined from collections (NZAC, Lincoln University
Entomology Research Museum and The Museum of New Zealand Te Papa Tongarewa).
Leaffeeders
COLEOPTERA:
Psilocnaeia asteliae Kuschel (Cerambycidae: Lamiinae)
This oligophagous species has been found in association with several herbaceous
monocotyledons including Cordyline (Martin 2007), and was first recorded by (Kuschel
1990) on Phormium, and later on Astelia (Emberson 1998). All recorded host plants for this
species have similar leaves (Martin 2007). This species was collected commonly throughout
Canterbury and in Auckland.
Occupancy: 32.87%; Mean abundance: 5.29.
Regions: AK, WN, CH, MC; Number of specimens examined: 21.
Eucossonus comptus Broun (Curculionidae: Cossoninae)
The larvae of this polyphagous herbivore have been recorded feeding in the base of nikau
palm and Cordyline leaves (Martin 2007). May (1987) recorded this species from tree fern
fronds and reared adults from the dead leaves of C. banksii. This species was not collected in
this study.
No specimens present in collections. Recorded by May (1987) from TO, AK.
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Eucossonus setiger Sharp. (Curculionidae: Cossoninae)
This monophagous species was noted by Kuschel (1990) as being collected from C. australis
and C. banksii in his extensive survey of the beetle fauna of Lynfield, Auckland. May (1987)
reared adults of E. setiger from larvae collected from the dead leaves of C. indivisa on Mt.
Ruapehu. This species was not collected during this study but has been recorded on Banks
Peninsula (Marra 2003).
Regions: CL, TO, MC; Number of specimens examined: 6.
Tanysoma comatum Broun. (Curculionidae: Cossoninae)
This monophagous species was collected from the skirt of the tree at Kennedy’s Bush.
Consistent with this record, Kuschel (1990) collected T. comatum from C. australis in
Lynfield, Auckland and listed it as a Cordyline specialist only found in forest sites. The adults
of this beetle are listed by Martin (2007) as living in the dead leaves of C. australis, and other
members of the genus are recorded as living in dead leaves, e.g., Tanysoma angustum Broun
feeds in the dead leaves of giant Spaniard (Aciphylla sp.) (May 1987).
Occupancy: 4.21%; Mean abundance: 7.3; Regions: MC, AK.
LEPIDOPTERA:
Epiphryne verriculata Felder & Rogenhofer (Geometridae)
This monophagous species appears in Hudson (1898, 1928) as Venusia verriculata. This moth
is common throughout the range of cabbage trees in New Zealand. The larvae are ubiquitous
herbivores of the genus Cordyline and have been recorded on C. australis, C. banksiii (Watt
1915), C. indivisa (Spiller & Wise 1982) and C. pumillo (Martin 2007). A detailed taxonomic
description and life tables for this species is given by Watt (1915). Guthrie et al. (2008)
describes the distribution of E. verriculata around Canterbury and examines the influence of
landscape and tree-microhabitat on the abundance of this species.
I have observed E. verriculata parasitised by the accidentally introduced polyphagous
hymenoptera Meteorus pulchricornis Wesmael (Braconidae: Euphorinae), and the younger
instars are preyed upon by the generalist hoverfly Melangyna novaezelandiae Macquart.
Approximately twenty percent of E. verriculata larvae collected from around Lincoln
University were found to be parasitized by M. pulchricornis (Guthrie, unpublished data),
which is a species that parasitizes lepidopteran larvae exposed on foliage; it has a very wide
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host range and has been recorded parasitizing members of 11 lepidopteran families (Berry &
Walker 2004).
Occupancy: 58.9%; Mean abundance: 8.78; Regions: AK, BP, BR, CL, DN, GB, HB, MB,
MC, ND, NN, SD, SL, TK, TO, WD, WI, WN; Number of specimens examined: 130.
Tmetolophota steropastis Meyrick (Noctuidae)
The larvae of this oligophagous moth feed of the leaves of monocotyledonous plants and are
renowned for notching the leaves of Phormium sp. (Gaskin 1966, Martin 2007). This species
is presumed to have been reared from C. australis, though the original record (Philpott 1917)
is unclear (Martin 2007). Adults were collected from the Kennedy’s Bush tree in the
destructive census portion of this chapter. A description of this species is available in Meyrick
(1887) under the original combination Mamaestra steropastis and was later placed in
Tmetolophota by Dugdale (1971).
Occupancy: 1.4%; Mean abundance: 3.43; Regions: AK, BP, BR, CH, CL, DN, HB, MB,
MC, MK, ND, NN, OL, SD, TH, TK, TO, WA, WD, WN, WO; Number of specimens
examined: 257.
Prothinodes grammocosma Meyrick (Tineidae)
First placed in the genus Tinea by Meyrick (1888) and later revised, this oligophagous species
is the type species for the genus Prothinodes (Meyrick 1914). This species feeds on the dead
leaves of C. australis, residing at their base where they are camouflaged (Robert Hoare
personal communication). Hudson (1928) recorded this species on Freycinetia, astelias and all
species of Cordyline. This species was not collected during this study.
Regions: BR, NN, RI, TK, TO; Number of specimens examined: 21.
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Prothinodes lutata Meyrick (Tineidae)
Adults of this oligophagous species were collected from C. australis in Auckland, where it
was beaten from dead foliage (Chapter 5); however, it was not collected during destructive
sampling or from any cabbage trees in Canterbury. It is suspected that this species is
associated with any long-leaved arboreal monocot (John Dugdale, personal communication).
It has been recorded on nikau (Hudson 1928), and it was noted in NZAC as beaten from C.
indivisa.
Occupancy: 3.61%; Mean abundance: 2.44; Regions: AK, BR, CL, ND, RI, TK, WO;
Number of specimens examined: 42.
Gallers and miners
DIPTERA:
Cordyline leaf base bowl gall sp. ‘australis’ (Cecidomyiidae)
This species has been observed by Nick Martin and Ross Beever in 2003 as a gall at the base
of the green leaves of C. australis, C. banksii and C. pumillo (Martin 2007). The fly larvae
live in the hollow between the walls of the gall. I did not find this species in my study, despite
the searching method of pulling back leaves to look at the base. It is unlikely this species was
missed as I searched for, and detected, mines of Catamacta lotinana successfully.
No specimens present in collections.
LEPIDOPTERA:
Catamacta lotinana Meyrick (Tortricidae)
The larvae mine into the fleshy part of the underside of the leaf of C. australis, leaving brown
mine patterns that can be observed when the leaf is pulled back. In later instars, some larvae
migrate to the leaf tips and roll the edges of the leaf together with silk before pupating (Nick
Martin personal communication). When the moth ecloses, the end of the leaf appears finely
shredded, this characteristic damage can be used to identify the presence of this moth on
cabbage trees (see Simpson 2000, for a photo of leaf damage). However, not all individuals
pupate at the leaf tip which could result in underestimation of abundance or false absence of
this moth (Nick Martin, personal communication). I found C. lotinana in both the leaf tips and
mines in the base of the leaves of the trees located in Ashburton, Kennedy’s Bush and
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Springston. This species was recorded on Cortaderia by Hudson (1928) as Adoxophyes
lotinana; however, I did not find any duplicate records on this plant.
Occupancy: 14.83%; Mean abundance: 13.97; Regions: AK, BP, DN, MC, ND, OL, TO, WI;
Number of specimens examined: 46.
Sapfeeders
ACARI:
Tetranychus sp. ‘cordyline’ (Acarina: Tetranychidae)
This endemic, sap-sucking mite lays brown eggs in clusters on the underside of the surface of
the leaves of C. australis (Zhang et al. 2002). This species was found to range in abundance
on trees from only a few individuals to dense colonies of several hundred. I recorded this
species on all destructively sampled trees except for those in Ashburton.
Occupancy: 50.10%; Mean abundance: 32.08; Regions: AK, MC; Not examined in
collections.
HEMIPTERA:
Bipuncticoris triplex Eyles & Carvalha (Miridae)
This oligophagous bug was beaten exclusively from flowering inflorescences on sampled
trees. This species has been previously recorded on cabbage trees (Eyles 2001, Lariviere &
Larochelle 2004) and also has been recorded on Ozothamnus leptophylla, Cassinia
leptophylla, Phylocladus sp. and species of Olearia (Eyles & Carvalha 1995).
Occupancy: 20.24%; Mean abundance: 9.16; Regions: AK, HB, RI, TK, TO, WN, DN, MC,
NN; Number of specimens examined: 31.
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Pseudaulacaspis cordylinidis Maskell (Diaspididae)
This endemic species was observed in large colonies, sometimes of over 1000 individuals,
inhabiting the underside of the green leaves on the trees on sites around Canterbury. This
species was noted on Phormium tenax by Atkinson (1921) and records from collections also
noted this species on Gahnia sp. This species has been recorded as Mytilaspis cordylinidis
(Maskell 1879) and Leusaspis cordylnidis (Miller 1930).
Occupancy: 29.66%; Mean abundance: 474.49; Regions: AK, BP, BR, DN, GB, ND, NN;
Number of specimens examined: 105.
Balanococcus cordylinidis Brittin (Pseudococcidae)
This endemic mealybug was recorded in large colonies on the inside base of the green leaves
on all cabbage trees sampled in destructive sampling, except from Kennedy’s Bush. The
females of this species are a distinctive orange-pink colouring with a covering of powder wax
(Cox 1987). A description of the female is available from Cox (1987) but no description of
the male is available. This species has a specialised syrphid predator, Allograpta ventralis
Miller (Bowie 2001).
Occupancy: 58.52%; Mean abundance: 98.61; Regions: AK, DN, MB, MC, ND, NN, WI;
Number of specimens examined: 45.
Inflorescence borers
COLEOPTERA:
Eutassa comata Broun. (Curculionidae)
Adults of this species were reared from larvae found in the dead inflorescences of C. indivisa
collected from Tongiriro region by May (1987). This species was not collected in this study.
Psilocnaeia nana Bates (Cerambycidae: Lamiinae)
This polyphagous species has been recorded on C. australis, Eucalyptus sp., Hoheria sp.,
Melecytus ramiflorus and Pittosporum craspidius by Kuschel (1990) and on boneseed
(Chrysanthemoides monilifera) by Winks et al. (2004). The larvae tunnel in woody stems or
the fruit of the host plant (Martin 2007). This species was not collected in this study.
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LEPIDOPTERA:
Batrachredra sp. (Batrachedridae)
This undescribed species has been previously reared from cabbage tree inflorescences in
Dunedin (Brian Patrick, unpublished data) and was reared from inflorescences collected from
around Christchurch (Chapter 4); however, this species was rare and in low abundance.
Occupancy: 2.61%; Mean abundance: 3.77; Regions: DN, MC.
Astrogenes chrysograpta Meyrick (Tineidae)
This species is the type species for the genus Astrogenes (Meyrick 1921). Very little
information is available about this species in the literature, except for a description by
Meyrick (1921) of an adult specimen collected in January on Mt. Arthur (4,200 ft). This
species has been collected from C. indivisa (John Dugdale, personal communication) and
reared from inflorescences of C. australis (Brian Patrick, personal communication).
Occupancy: 2.2%; Mean abundance: 3.45.
Astrogenes insignita Philpott (Tineidae)
This species has been found abundant on inflorescences of C. indivisa, which is suspected to
be its only host (John Dugdale, personal communication). The range of this species is
suspected to be restricted to the North Island of New Zealand (John Dugdale and Robert
Hoare, personal communication), though Clarke (1934) records collecting this species in the
Te Anau - Manapouri Lakes District. The type specimen was collected from near Whangarei
in Northland (Philpott 1930, Crosby & Dugdale 1997). This species was described by Philpott
(1930), but no details on the insect lifestyle were given. The larvae of this species mine inside
the inflorescence tissue.
Regions: RI, TO; Number of specimens examined: 16.
LEPIDOPTERA:
Catamacta sp. (Tortricidae)
This undescribed species of Catamacta was reared from inflorescences collected in
Canterbury and Auckland (Chapters 4, 5), and was reared from C. australis inflorescences in
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Dunedin (Brian Patrick, personal communication). This species is noted in the NZAC by
Dugdale (1988).
Occupancy: 28.26%; Mean abundance: 4.49; Regions: AK, MC, DN, NN, WN; Number of
specimens examined: 3.
Wood borers
COLEOPTERA:
Platypus apicalis White (Cerambycidae: Lamiinae)
Two individuals of this polyphagous species were collected from crowns of the Springston
tree during destructive sampling, but this species was not recorded on any subsequent nondestructively sampled tree. This species bores into native and exotic trees and is associated
with both dead and live wood of the host plant (Martin 2007). Milligan (1979) reared this
species from the live wood of C. australis, and Brockerhoff et al. (2003) recorded this species
on C. australis and noted that this species can cause the dehiscence of leaves and in the case
of heavy infestation the death of the tree.
Diet unknown
COLEOPTERA:
Loberus depressus Sharp (Cucujoidea: Erotylidae)
This beetle can be found in the leaf bases of C. australis and was collected from all trees in
this study. This species was particularly abundant on crowns with inflorescences. Its diet is
unknown (Leschen 2003) but it possibly feeds on pollen (Richard Leschen, personal
communication). This species is not strictly tied to Cordyline; however, nearly all specimens
examined in collections note C. australis as the collection site. The exceptions were one
specimen collected from Phormium, and one from Leptospermum flowers; therefore, it has
been included as a cabbage tree specialist for the purpose of this research
Occupancy: 51.30%; Mean abundance: 65.96; Regions: AK, BP, DN, HB, MB, MC, ND,
NN, RI, SC, WA, WN, WO; Number of specimens examined: 80.
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Specialist predator
DIPTERA:
Allograpta ventralis Miller (Syrphidae)
Larvae and pupa of this specialised predator of the mealybug Balanococcus cordylinidis was
observed amongst colonies of B. cordylnidis and adults were collected from the flowers using
a sweep net from other cabbage trees in Canterbury and Auckland (Guthrie, unpublished
data). Bowie (2001) has reared this species and conducted feeding trials to determine its
specificity to B. cordylinidis.
Occupancy: 18%; Mean abundance: 5.71; Regions: AK, MC, OL, WD; Number of specimens
examined: 53, all recorded associated with colonies of B. cordylinidis.
Destructive sampling
A total of 17 613 individuals was collected from the six sampled trees, which
represented 14 orders, at least 42 families, and 69 species or morpho-species (Table 3.5). The
total number of individuals collected on each tree varied greatly, however species richness of
specialists was similar on all trees (Table 3.6).
Of the herbivorous species collected, eight are considered to be specialists of Cordyline
based on literature review and survey of experts (this includes monophagous and
oligophagous species) and 20 were generalist (polyphagous) herbivores. In addition,
excluding Araneae, 16 detritivores or fungivores, one generalist seed predator, 19 predators or
parasitoids (one a specialist predator), and five species whose function was unknown were
collected.
The number of different morpho-species collected increased rapidly with sampling
effort but levelled off as crowns were destructively sampled, resulting in the addition of only
a few species (Figure 3.1). I found that the combination of visually searching through the
crown with an aspirator and beating the foliage on both the crowns and trunk were sufficient
to detect specialist species if they were present, with no additional specialist species added
with destructive sampling (Figure 3.2). This was set as my sampling protocol for further
work, and the appropriateness of this method was confirmed by the test tree, which detected
all specialist species present, including the rare species Tanysoma comatum, using this
method (Figure 3.2.F).
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The full list of taxa collected from destructive sampling is given in Table 3.5. For a
complete list of all species collected throughout the course of this research, and the region
they were sampled from, see Appendix II.
Discussion
The invertebrate fauna of cabbage trees provides a distinctive fauna that can be sampled
relatively easily, which results in a model system for which patterns in community structure
can be examined. This study determined that a sampling protocol of visual searching followed
by beating the live and dead foliage captured the majority of invertebrate species on a tree,
and adequately determined the presence of the specialised insects. The presence of two
Lepidoptera, E. verriculata and C. lotinana, can be identified by characteristic larval damage;
however, visual search by physically pulling back leaves in the crown is the best method for
reliably establishing the presence of C. lotinana because not all individuals pupate in the
rolled leaf tips.
The architecture of cabbage trees provides several different types of microhabitats
within the same tree (see photos within Appendix I). These variations are directly related to
the amount of habitat available (i.e., number of crowns, presence of a skirt of dead foliage,
inflorescences) and are therefore likely to contribute to the number and type of species able to
exist on any one tree. Large trees (those with many crowns) provide a different kind of
environment to small trees (those with only one to three crowns). Smaller trees tend to hold
crowns closely together at the apex of the trunk; this is often combined with a skirt of dead
foliage to form a large mass of habitat. Larger trees tend to have smaller crowns, held out on
the tips of branches, resulting in smaller clumps of habitat, sometimes a short distance apart
(Appendix III).
The skirt of dead foliage was found to provide a refuge for a number of invertebrate
species. This included the specialists T. comatum (larvae and adults) and adults of E.
verriculata and T. steropastis, which rest in the foliage. However, a large number of
generalist and predatory species was beaten from skirt foliage, and therefore the presence of a
skirt may in fact reduce numbers of specialists if they are vulnerable to invertebrate predation
(Chapter 4).
Inflorescences were not sampled during the destructive sampling but were found in
subsequent research to have their own discrete community, particularly species that fed
exclusively inside the inflorescence tissue (Chapters 4 & 5). In addition to these stem borers,
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the sucking bug Bipuncticoris triplex was beaten exclusively from the inflorescences while
they were in flower. The beetle Loberus depressus was also beaten in large numbers from
inflorescences (though it was generally found in the leaf base of the crowns), suggesting that
pollen, nectar or floral tissue may make up a part of this species diet, which is still unknown
(Leschen 2003). Other species found in the inflorescences include the endemic thrips Thrips
obscuratus Crawford and large numbers of adults of the soldier fly Exaireta spinigera
Wiedemann (Diptera: Stratiomyidae), which were found feeding on inflorescence nectar or
pollen.
Because I did not sample fruits or seeds, a portion of the fauna may be unaccounted for.
However, some sampling of seeds and fruit was done inadvertently as part of inflorescence
sampling, and no additional species were found this way. In addition, woody parts of the trees
were not destructively sampled. PlantSynz (Martin 2007) lists five species living in dead
wood of cabbage trees. These include Kalotermes brouni Froggatt (Isoptera: Kalotermitidae),
Psilocnaeia nana Bates (Coleoptera: Cerambycidae), Omoeacalles ovatellus Broun,
Paedaretus hispidus Pascoe, Psepholax sulcatus White and Platypus apicalis White
(Coleoptera: Curculionidae). I did sample P. apicalis and P. nana during the course of this
research, but they were beaten from crowns in all instances. I also did not attempt to sample
or rear parasitoids from any species, although was able to identify some parasitoid species
attacking E. verriculata while conducting a rearing trial. Future work could describe higher
trophic levels in this system and the fauna of undersampled C. australis substrates.
Conclusions
Cabbage trees are common throughout New Zealand in many habitat types; the
specialised insect fauna provides an excellent unit for the study of community dynamics in
many environments. However, even this common plant does not have a fully described fauna,
and opportunities exist to further describe the life history characteristics of several species,
and taxonomic work could be done to describe several undescribed Lepidoptera specialised
on cabbage tree inflorescences.
The relationship of New Zealand insect communities to their host plants, and the
controlling influences on their communities are still poorly understood. This is partly due the
incomplete nature of the taxonomic and autecological information available. It was estimated
in the early 1980’s that only about half of New Zealand’s insects were described (Watt 1982),
which is unlikely to have improved by more than ten percent since that time. Often the
ecology of species is only assumed using descriptions from other taxonomically close species.
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This represents a major knowledge gap in New Zealand ecology. My work on the cabbage
tree system, with its relatively high number of specialist species, and the commonality of C.
australis plants throughout Canterbury, provides an excellent example of a model system
useful for examining how New Zealand indigenous communities are affected by habitat and
landscape-level processes.
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Table 3.1 Site- and tree-level characteristics of destructively sampled trees, trees listed in
order of sampling. Crowns = number of crowns, DBH = diameter of trunk at breast height.
Location

Crowns

Height (m)

DBH
(cm)

Land cover

Canterbury Agricultural Park

4

1.8

20.3

Parkland

Hornby

5

5.2

26.4

Suburban

Ashburton 1

8

7

17.53

Suburban

Ashburton 2

2

5.1

13.6

Suburban

Springston

13

18.5

42.0

Farmland

Kennedy’s Bush *

1

12.3

210

Forest reserve

* Tree was not destructively sampled, but was used to test the sampling protocol developed.
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Table 3.2 Candidate host-specialist invertebrate species (monophages and oligophages)
associated with Cordyline sp. in New Zealand. § denotes encountered during sampling.
Order
Acari
Coleoptera

Family(:subfamily)
Acarina:
Tetranychidae
Curculionidae:
Cossoninae

Cucujoidea:
Erotylidae
Diptera

Cecidomyiidae

Hemiptera

Diaspididae
Pseudococcidae

Lepiodoptera Batrachedridae
Geometridae

Species
Tetranychus sp.
‘cordyline’§
Eucossonus setiger
Sharp
Tanysoma comatum
Broun §
Loberus depressus
Sharp §
Cordyline leaf base
bowl gall sp. ‘australis’
Pseudaulacaspis
cordylinidis Maskell §
Balanococcus
cordylinidis Brittin §
Batrachredra sp.
(undescribed) §
Epiphryne verriculata
Felder & Rogenhofer §

Host plants
C. australis 9
C. australis,
C. banksii, C. indivisa 3
C. australis 3
C. australis, Phormium,
Leptospermum 4
C. australis 5
C. australis, Phormium
tenax, Gahnia sp. 5
C. australis 1
C. australis
C. australis, C. banksiii,
C. indivisa, C. pumillo 7,
8

Astrogenes
C. australis, C. indivisa
chrysograpta Meyrick § 6
Astrogenes insignita
C. indivisa 6
Philpott
Catamacta lotinana
C. australis, Cortaderia
Tortricidae
2
Meyrick §
Catamacta sp.
C. australis
(undescribed) §
References: 1. Cox (1989); 2. Hudson (1928); 3. Kuschel (1990); 4. Leschen (2003); 5.
Tineidae

Martin (2007); 6. Meyrick (1921); 7. Spiller & Wise (1982); 8. Watt (1915); 9. Zhang et al.
(2002)
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Table 3.3 Species recorded from the genus Cordyline globally but not known from New
Zealand.
Order:

Species

Family

Host plant

Country of record

Pirdana hyela

Hesperiidae

C. fruticosa

West Malaysia3

Anastathma callichrysa

Lyonetiidae

C. fruticosa

Fiji3

Opogona sacchari

Tineidae

C. fruticosa

United States

Archips micaceana

Tortricidae

C. fruticosa

Thailand3

Chrysodeixis sp

Geometridae

C. terminalis

Philippines4

Darna pallivitta

Limacodidae

C. terminalis

United States

Aulacophora sp

Chrysomelidae

C. terminalis

Philippines4

Pachyrrynchus sp

Pachyynchidae

C. terminalis

Philippines4

Pinnaspis buxi

Diaspididae

C. terminalis

Philippines4, Brazil2

Ferrisia virgata

Pseudococcidae C. terminalis

Philippines4

Helopeltis sp

Miridae

C. terminalis

Philippines4

Melicodes tenebrosa

Acrididae

C. terminalis

Philippines4

Tetranychus sp

Acarina

C. terminalis

Philippines4

Lepidoptera

Coleoptera

Hemiptera

Orthoptera
Acari

References: 1. Conant et al. (2002); 2. Culik et al. (2008); 3. Robinson et al. (2002); 4.
Singson (1996).
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Table 3.4 Key to New Zealand geographic regions from Crosby et al. 1998.
North Island

South Island

Outer island groups

Code

Region

Code

Region

Code

Region

AK

Auckland

BR

Buller

CH

Chatham Islands

BP

Bay of Plenty

DN

Dunedin

TH

Three Kings Islands

CL

Coromandel

MB

Marlborough

GB

Gisborne

MC

Mid Canterbury

HB

Hawkes Bay

MK

Mackenzie

ND

Northland

NN

Nelson

RI

Rangitikei

OL

Otago lakes

TK

Taranaki

SC

South Canterbury

TO

Taupo

SD

Marlborough Sounds

WA

Wairarapa

SL

Southland

WI

Wanganui

WD

Westland

WN

Wellington

WO

Waikato
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Table 3.5 Taxa collected from cabbage trees by destructive sampling in Canterbury, New Zealand, plus sites where each taxon was observed (A –
Ashburton; CP – Canterbury Agricultural Park; H – Hornby; KB – Kennedy’s Bush; S – Springston).
Order
BLATTODEA
COLLEMBOLA

COLEOPTERA

Family
BLATTIDAE

BRENTIDAE
CARABIDAE
CERAMBYCIDAE
CHRYSOMELIDAE
CIIDAE
COCCINELLIDAE
COSSONINAE
CRYPTOPHAGIDAE
CUCUJOIDEA: EROTYLIDAE
LATRIDIIDAE
SCARABAEIDAE
SILVANIDAE
STAPHYLINIDAE

DERMAPTERA
(Continued over)

FORFICULIDAE

Species
Celatoblatta vulgaris Johns
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4
Exapion ulicis Forster
Laemostenus complanatus Dejean
Platypus apicalis White
Psilocnaeia asteliae Kuschel
Xylotoles laetus White
Bruchidius villosus Fabricius
Unidentified species
Coccinella septempunctata Linnaeus
Adalia bipunctata Linnaeus
Tanysoma comatum Broun
Micrambinia sp.
Loberus depressus Sharp
Unidentified species
Costelytra zealandica White
Cryptamorpha brevicornis White
Nesoneus acuticeps Bernhauer
Unidentified species 1
Unidentified species 2
Forficula auricularia Linnaeus

Trees
A, KB
CP, S
S
CP, H, KB
A, S
S
A, H, S
S
A, KB, S
S
CP, H
KB, S
S, A
S, A
KB
CP, H, KB, S
A, CP, H, KB, S
A, CP, KB, S
CP
KB
A, KB, S
H, S
H, S
A, CP, H, S
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Table 3.5 Continued
Order

Family

DIPTERA

ALEYRODIDAE
STRATIOMYIDAE
SYRPHIDAE

HEMIPTERA

ANTHOCORIDAE
CIXIIDAE
DIASPIDIDAE
ERIOCOCCIDAE
FLATIDAE
LYGAEIDAE
MIRIDAE
PENTATOMIDAE

PSEUDOCOCCIDAE
REDUVIIDAE
HYMENOPTERA BRACONIDAE: EUPHORINAE
ICHNEUMONIDAE

Species
Unidentified species
Exaireta spinigera Wiedemann
Allograpta ventralis Miller
Melangyna novaezelandiae Macquart
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4
Orius vicinus Ribaut
Unidentified species
Aspidiotus nerii Bouché
Pseudaulacaspis cordylinidis Maskell
Eriococcus asteliae Hoy
Eriococcus setulosus Hoy
Siphanta acuta Walker
Rhypodes sp.
Bipuncticoris triplex
Cermatulus nasalis Westwood
Oechalia schellenbergii Guérin-Méneville
Balanococcus cordylinidis Brittin
Reduviidae sp.
Meteorus pulchricornis Wesmael
Unidentified species 1
Unidentified species 2
Unidentified species 3

Trees
H
A, CP, H, KB, S
A, CP, H, S
A, CP, H, KB, S
A, S
A, CP, H, KB
A, CP, H, KB, S
A, CP, H, S
A, CP, S
A, CP, H, KB, S
A
A, CP, H
CP, S
A
A, CP, H, KB
CP
A, CP, H, KB, S
S
A, KB, S
A, CP, H, S
KB, S
A, CP, H, KB, S
KB, S
S
KB, S

(Continued over)
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Table 3.5 Continued
Order
LEPIDOPTERA

Family
GEOMETRIDAE
NOCTUIDAE

OECOPHORIDAE
TINEIDAE
TORTRICIDAE
PHASMATODEA
THYSANURA
ACARINA

CHILOGNATHA
ISOPODA
MOLLUSCA

PACHYMORPHIDAE:
HEMIPACHYMORPHINI
THRIPIDAE
ANYSTIDAE
TETRANYCHIDAE

LITHOBIOMORPHA
PORCELLIONIDAE

Species

Trees

Epiphryne verriculata Felder & Rogenhofer
Graphania mutans Walker
Proteuxoa comma Walker
Tmetolophota steropastis Meyrick
Barea exarcha Meyrick
Endrosis sarcitrella Linnaeus
Opogona omoscopa Meyrick
Catamacta lotinana Meyrick
Planotortrix excessana Walker
Tectarchus salebrosus Hutton

A, CP, H, KB, S
S
KB
KB
CP, KB
CP, S
A, CP, H
A, KB, S
KB
KB

Thrips obscuratus Crawford
Anystis baccarum Linnaeus
Tetranychus sp. ‘cordyline’ Zhang
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4
Lithodius sp.
Porcellio scaber Latreille
Deroceras reticulatum Müller

A, CP, KB, S
A, CP, H, KB, S
CP, H, KB, S
S
S
KB
A, CP, KB, S
A, H, KB, S
A, CP, H, S
H

62

Table 3.6 Total number of individuals and species richness (total, specialist and generalist) for
the six destructively sampled trees. Canty. Ag. Park = Canterbury Agricultural Park
Tree
Canty. Ag. Park

Total

Species richness

Specialist

Generalist

individuals

(total)

richness

richness

315

34

5

29

Springston

5279

49

5

44

Ashburton 1

1051

33

4

29

Ashburton 2

249

22

4

18

Kennedy’s Bush

208

34

5

29

1089

30

5

25

Hornby
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(B)

3

2

4

4

5

6

6

8

7

10

8

12

9

14

10

(A)

0

5

10

15

20

25

30

0

20

40

80

(D)

2

2

4

4

6

6

8

8

10

10

12

12

14

16

14

(C)

60

0

20

40

60

80

100

0

10

20

30

40

50

60

70

(F)

2

3

4

4

6

5

8

10

6

12

7

(E)

0

5

10

15

20

25

1

2

3

4

5

6

Figure 3.1 Accumulation of new morpho-species with increasing sampling effort (excluding spiders).
Each unit of increasing sampling effort represents the following steps: visual inspection of every
crown (green), searching through the leaves (blue), beating the foliage of every crown (pink), then
successively destructive sampling crowns and the skirt (white). This protocol was applied to entire
trees; therefore larger trees have more sampling effort. The vertical, dotted line divides the selected
sampling protocol on left side of plot (visual, search and beating) from destructively sampled crowns
on right side of plot. Trees are: (A) = Canterbury Agricultural Park, (B) = Hornby, (C) = Springston,
(D) = Ashburton 1, (E) = Ashburton 2, (F) = Kennedy’s Bush.
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4
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0
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2
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2.5

3.0
3
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3.0
3
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4
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4
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5

4.0

(C)

0

20
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0
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70

(F)

3.0
3

2.0
2

2.5

3.2

3.0
3

3.4

3.5

3.6

4.0
4

3.8

4.5

4.0
4

5.0
5

(E)

0

5
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20

25

1

2

3

4

5

6

Figure 3.2 Accumulation of new species with increasing sampling effort for cabbage tree specialists
Each unit of increasing sampling effort represents the following steps: visual inspection of every
crown (green), searching through the leaves (blue), beating the foliage of every crown (pink), then
successively destructive sampling crowns and the skirt (white). This protocol was applied to entire
trees; therefore larger trees have more sampling effort. The vertical, dotted line divides the selected
sampling protocol on left side of plot (visual, search and beating) from destructively sampled crowns
on right side of plot. Trees are: (A) = Canterbury Agricultural Park, (B) = Hornby, (C) = Springston,
(D) = Ashburton 1, (E) = Ashburton 2, (F) = Kennedy’s Bush.
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Chapter 4: The invertebrate community of cabbage trees in
Canterbury: patterns of occupancy and abundance in a human
modified landscape
Introduction
The effects of habitat modification and fragmentation on indigenous flora and fauna
forms a large and diverse area of ecological research (reviewed by Debinski & Holt 2001,
Saunders et al. 2005, Harrison & Bruna 2006, Laurance & Curran 2008); in particular,
research using invertebrates has furthered understanding of ecological processes in
fragmented habitats (Niemelä 2001, Tscharntke & Brandl 2004, Brosi et al. 2008). Typically,
this research has been conducted in agricultural or remnant native habitats; however, there are
relatively few examples from urban environments (McIntyre 2000). Urban landscapes,
particularly in New Zealand, can often contain many patches of indigenous vegetation, which
may exist as remnant forest or as plantings in restoration sites, parks, gardens or street trees.
Native invertebrates associated with this vegetation form an important component of
biodiversity in the urban environment, provide the opportunity to examine how communities
are structured and how interactions between invertebrates and their host plants are preserved
or disrupted in such highly modified, anthropogenic landscapes. The question of why some
invertebrate-host associations remain intact under fragmentation while others are disrupted is
of particular interest in New Zealand. Observations suggest that native host-specific
invertebrates may be restricted to forest habitats and unable to reach or persist on isolated
hosts in urban or agricultural landscapes (Kuschel 1990, Harris & Burns 2000, Watts &
Larivière 2004, Martin 2008, Sullivan et al. 2008).
One way of investigating the impact of fragmentation on native invertebrate-host
associations is to examine variation in community composition across habitat patches. Much
of the research in community ecology has been focused on describing and explaining the
processes driving community structure (Brown 1995). There are many methods for looking at
patterns of community composition, the choice of which determines how causes of the
observed variation can be interpreted (Magurran 2005). Variation among communities can be
measured by comparing species diversity (alpha and beta diversity), the types of species
present (e.g., guild structure, degree of specialisation, co-occurrences) and their relative
abundances and individual characteristics (e.g., life-history characteristics and morphology).
Although all of these measurements highlight a particular aspect of variation among
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communities, a multi-faceted approach allows better understanding of how environmental
variation shapes communities.
One of the common patterns in community structure observed both in intact and
fragmented systems is that some species are observed to be locally abundant and regionally
widespread, whereas others are at low density and rare; this is the positive, interspecific
abundance-occupancy relationship (Gaston 1994). In one interpretation of this pattern, these
species are divided into ‘core’ and ‘satellite’ according to their distribution and abundance
(Hanski 1982, Hanski et al. 1993, Hanski & Gyllenberg 1993). Theoretically, this ‘coresatellite’ pattern can be explained by the population dynamic processes of colonisation and
extinction and is thought to be associated with species biology (Hanski & Gyllenberg 1993).
Widespread and abundant species are expected to be less vulnerable to extinction from a site
where they are at low abundance due to the ‘rescue effect’, whereby new individuals are
likely to colonise from the many nearby occupied sites. Conversely, rare species that occupy
few sites are more vulnerable to extinction because rescue events will be rare. Dispersal
ability is also thought to be important in determining the distributions of species (Brown
1995). Species with good dispersal ability are expected to be able to colonise more sites than
species with poor dispersal ability (Hanski 1999).
General observations of invertebrates in modified environments in New Zealand
suggest that specialised invertebrate-host associations may be disrupted in rural and urban
habitats (e.g., Kuschel 1990). If specialised species are unable to persist on their host plant in
a fragmented landscape, it is expected that these species will be representative of ‘satellite’
species and potentially be dispersal-limited.
Comparing patterns in species richness (alpha diversity) among sites as a means of
determining the relative importance of the processes driving community structure is a major
focus of ecological research (Schluter & Ricklefs 1993, Brown 1995, Magurran 2005, Lawton
2008). Species richness is an attractive measure for comparing communities in habitat
fragments, because it is simple to measure and calculate (Magurran 2005) and can be
modelled against environmental predictors to examine gradients of variation across a
landscape. Species richness can be used to describe the capacity of habitat patches to support
species and can usefully be broken down by species groups, such as trophic level or degree of
host-specialisation, to make inferences about the impact of fragmentation on communities
(Gibb & Hochuli 2002, Steffan-Dewenter & Tscharntke 2000, 2002). Clear, positive
relationships between species richness and sampling effort or habitat area are commonly
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observed across different systems and taxonomic groups (Brown 1995, Magurran 2005).
However, measuring species richness can be problematic if the spatial scale at which it is
measured is not carefully defined. The importance of different processes in controlling species
richness differs according to spatial scale, and different species may detect and respond to
environmental variation in different ways and at different scales (Levin 1992). At a small
scale, such as individual host trees, microhabitat conditions or predation may play a role in
determining the number of species present, whereas at larger scales, such as among trees
across a landscape, the effects of habitat heterogeneity will be more important, affecting
species’ dispersal and colonisation among sites (Schluter & Ricklefs1993). However,
examination of richness at multiple spatial scales can provide insight into how local and
regional processes impact on the patterns of richness observed, so including multiple scales of
sampling in our studies is essential (Levin 1992, Durrett & Levin 1994). Recent developments
in the computation of mixed-effects models allow examination of the effects of environmental
variation on community structure at several spatial scales while avoiding the statistical
difficulties of having samples clustered in space (Gelman & Hill 2007).
Beta diversity, or species turnover, measures change in species composition across a
set of sites. This change may be related either directly or indirectly to environmental variation
(McCune & Grace 2002). Examining pattern in species turnover across a landscape provides a
complimentary approach to patterns of species richness because species turnover allows the
comparison of how similar fragments are in terms of the identities of species they share,
rather than just a comparison of the number of species.
Patterns in species co-occurrences can be used to test whether species assemblages are
structured by an ecological process, such as interspecific competition, or simply the result of a
random distribution of individuals across a landscape (Connor & Simberloff 1979, Connor &
Simberloff 1983, Gotelli & Graves 1996). Null models are used to test for non-random
patterns in species co-existence and can be used to make inferences about the mechanism
leading to the observed patterns. A null model of a community is constructed by randomising
species occurrences across sample locations while conserving some characteristics of the
community, such as the frequencies of species occurrences in sites, and while excluding the
hypothesised structuring mechanism being tested, such as constraints on the co-occurrences of
particular species. This randomisation is repeated many times and a test statistic generated for
each randomisation. The sample test statistic is calculated for the observed community and
this is compared to the distribution of randomised test statistics to obtain a probability that the
observed statistic is different from that if species were randomly distributed under the null
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model (Gotelli & Graves 1996, Gotelli 2001). If the tested mechanism is structuring the
community, then particular combinations of species will occur more or less frequently than if
species were randomly distributed (Connor & Simberloff 1983). Traditionally, null models
have been used to test for the effects of interspecific competition on species assembly in
ecological communities (Gotelli & McCabe 2002, Gotelli & Graves 1996); however, null
models can also be used to look at the influence of other ecological processes on community
structure (Gotelli 2001). Species co-occurrence patterns in habitat fragments may be useful
for inferring the processes driving community assembly in these patches. For example, if
species are dispersal-limited then we would expect to observe significantly fewer cooccurring species pairs than by chance.
Christchurch City and its surrounding landscape (the Canterbury Plains) provide an
excellent example of the human induced landscape change that has occurred on a large scale
across New Zealand (see Figure I.7 within Appendix I). The indigenous vegetation is largely
confined to reserves and small areas of regenerating forest and restoration sites. New Zealand
cabbage trees (Cordyline australis) are an important component of this indigenous vegetation
and are widespread throughout Canterbury, existing in forest remnants, extensively planted in
restoration sites and in urban parks and gardens C. australis is one of the few native plants to
survive in any significant abundance in Canterbury’s rural landscape –either as restorative
plantings or as old, remnant trees (Simpson 2000). Cabbage trees are a distinctive,
monocotyledonous tree endemic to New Zealand (see Simpson (2000) for a comprehensive
review of this species). Cabbage trees and their associated herbivorous invertebrate fauna is
an ideal system within which to examine the effects of landscape change on community
structure. This community can be sampled at several discrete spatial scales (crowns on trees,
trees within sites, and sites) and the previous work describing the associated invertebrate
community (Chapter 3) has identified a small group of specialist species (monophagous and
oligophagous herbivores). This allows detailed examination of how individuals contribute to
patterns in community structure.
Aim
The aim of this chapter is to describe and explain patterns in community structure of
the invertebrate community of cabbage trees (Cordyline australis) across a landscape highly
modified by rural and urban development. This study forms two parts; the first part focuses on
higher-level patterns in community composition. I investigate potential landscape-level
effects that influence community structure by comparing patterns in species richness, turnover
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and composition among sites, and by relating differences among trees and sites in these
measures to environmental variation. I examined such patterns for both the specialist and the
generalist components of the invertebrate herbivore community of cabbage trees within
Christchurch City and the surrounding landscape.
Specifically, I tested the following hypotheses:
1

The majority of native specialist herbivores of cabbage trees have not followed their
hosts into rural and urban environments, and are instead restricted to forest habitat.

2

Species richness of specialists and generalists will be different among habitat types
(rural, urban and forest) and be driven by different environmental gradients.

3

Species turnover of specialists among trees by site will be low because they are tied to
the host plant and potentially restricted to forest habitat (and therefore spread
homogenously across sites). Turnover of generalist species on the other hand will be
high because they are not restricted to one host.

4

Species that are generalists will be more widespread among sites (core species) than
specialist species (satellite).
In the second part I attempt to gain a better understanding of these broad-scale patterns

by examining patterns in species’ co-occurrences and in the abundance of the cabbage tree
specialist species. I use a null model approach to (1) examine co-occurrences of core and
satellite species and (2) investigate how species’ wing morphology relate to patterns of cooccurrence. I examined the individual response of specialist species to environmental
variation by modelling their abundance against environmental predictors.
These analyses allowed me to test the following hypotheses based on invertebrate life history:
5

Species that are fully winged (macropterous) will co-occur in more sites than
unwinged (brachypterous) and dimorphic species as they are able to disperse further.

6

Species with parthenogenic reproduction will be more widespread among sites as
their colony-forming lifestyle allows them to establish quickly and persist at lower
densities.

7

Insects that pupate on the host will be more widespread than those pupating off the
host (the latter will be more susceptible to altered substrate environment in novel
urban and rural habitats).
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8

Internal feeding insects will be more abundant than external feeders, because the
former will be less influenced by variation among sites in exposure and predator
density.

Methods
Study system
The invertebrate herbivore community of cabbage trees has been previously defined
(Chapter 3) and for the purpose of this study I focus on two groups: (1) monophagous and
oligophagous herbivores (feeding either exclusively on cabbage tree, or several related plant
species or genera), referred to herein as ‘specialists’, and (2) polyphagous herbivores (feeding
on multiple, unrelated plant families), referred to herein as ‘generalists’. See Appendix II for a
complete list of species collected. I chose to separate the invertebrate community into these
two groups because I expected that they would respond differently to variation at both
landscape and host scales. Because there are a small number of specialists within this system,
I was able to model patterns in individual species abundance across the sampled landscape.
These nine specialists were Tetranychus sp. ‘cordyline’ Zhang (Acarina: Tetranychidae),
Tanysoma comatum Broun (Coleoptera: Cossoninae), Loberus depressus Sharp (Coleoptera:
Cucujoidea: Erotylidae), Pseudaulacaspis cordylinidis Maskell (Hemiptera: Diaspididae),
Balanococcus cordylinidis Brittin (Hemiptera: Pseudococcidae), Epiphryne verriculata Felder
& Rogenhofer (Lepidopter: Geometridae), Catamacta lotinana Meyrick, and Catamacta sp.
(undescribed) (Lepidoptera: Tortricidae); see Chapter 3 for more information about these
species.
Data collection
Sites were chosen by generating random point coordinates, falling within a defined
boundary encompassing Christchurch city and its immediate surrounding area (Figure 4.1).
Points that fell within the Waimakariri River or within 500 meters of the ocean were
discarded. Points were projected onto a topographic map using MapToaster TopoNZ Version
4 (2005) and the nearest public land, i.e., park or reserve, was located for each and selected as
a site, points were disregarded if this land did not fall within 100 m or there were no cabbage
trees to sample within the site. At each site five trees were randomly selected for sampling.
Trees had to be over 1.4 m tall to be eligible for sampling (I considered trees under this height
to be seedlings), and due to safety considerations and the height of the ladder used for
sampling a height limit of six meters was set. A pilot study utilising a cherry picker to sample
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trees above six meters high was conducted so I could be sure that the trees sampled in the
current study provided an accurate representation of the adult cabbage tree community. I
found that species occupancy on trees was not affected by tree size and that, although larger
trees attract a higher number of incidental species, these were not specialists (Appendix II).
Sampling protocol
Invertebrates were sampled from up to five trees at each of 23 sites during February to
April 2005 (Figure 4.1, Table 4.1); a total of 105 trees were sampled. The appropriate
sampling effort required for each tree was determined by a pilot census of six trees in which
species-accumulation curves were plotted to determine sampling protocol that captured all
specialist species (Chapter 3). Each tree was sampled by a visual search of the leaves in up to
five crowns so that sessile species attached to the foliage could be counted. After a visual
search each crown and the skirt of dead leaves retained around the trunk (if present) was
sampled by beating and the species were collected and their abundances recorded. All
specimens collected were sealed in plastic vials and frozen prior to identification. In order to
collect endophagous inflorescence Lepidoptera, inflorescences on sampled crowns were
tagged at the time of crown sampling. During September 2005 the tagged inflorescences were
cut, enclosed in mesh bags and hung indoors. Bags were monitored daily over a period of
three months and Lepidoptera collected after eclosion. All invertebrates collected were
identified to the lowest taxonomic level possible using a binocular microscope and keys
located in the Fauna of New Zealand series (Maanaki Whenua Press).
Tree- and site-level environmental predictors
For each sampled tree the following characteristics were recorded: the total number of
crowns on the sampled tree, categorised as ‘1 crown’, ‘2 or 3 crowns’, or ‘4 or more crowns’,
presence or absence of inflorescences, tree height (m), presence or absence of a skirt of dead
foliage (‘skirt presence’), the substrate beneath the tree (‘vegetation’ or ‘bare’), exposure
(‘forest margin’ or ‘open’) and the density of conspecifics within a 25 m radius of the
sampled tree. As an estimate of potential invertebrate predation, the total density of all
predators and parasitoids collected was calculated for each sampled tree, and then averaged
over the total number of crowns sampled to account in differences in sampling intensity.
To characterise the habitat of each site, a Geographic Information System (GIS) was
used to determine; habitat area (square meters); distance to the nearest intact forest remnant,
which was categorised as ‘0 – 4 km’, ‘4 – 8 km’, ‘over 8 km’; the percentage of woody
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vegetation in a 500m radius buffer around the site; the percentage of that woody vegetation
that is native; the percentage of impervious surface in a 500m radius buffer around the site;
and the soil profile available water, which is the depth that water is available to plants with
surface roots categorised as ‘low’ (40-80mm), ‘medium’ (90-125mm) or ‘high’(more than
150mm) (Table 4.1). 500 m buffers were chosen because this was considered an area large
enough to convey the surrounding landscape characteristics and also be relevant to a
dispersing invertebrate. The continuous variables number of crowns, profile available water
and distance to intact forest were highly skewed and were therefore categorised.
Data analysis
Data reduction of environmental predictors
I used Principal Components Analysis (PCA) implemented was implemented in PCOrd version 5.10 (McCune & Mefford 2006) to reduce the number of site-level predictor
variables. The variables used were habitat area, ‘percent woody vegetation’, ‘percent native
vegetation’, and ‘percent impervious surface’. The predictor ‘percent impervious surface’ was
square root-transformed and the other predictors were log-transformed to normalise their
frequency distributions. The environmental predictor ‘distance to nearest forest remnant’ was
not included in the PCA because I wanted to keep a separate measure of potential dispersal
distance to each patch. The new predictors (PCA axes) generated in this data reduction were
uncorrelated and were normally distributed; they were therefore used in the models with other
environmental predictors described below (Gotelli & Ellison 2004).
The tree-level predictors ‘height’, ‘conspecific density’ and ‘mean abundance of
invertebrate predators’ were log-transformed to normalise their frequency distributions. A
priori interactions between environmental predictors were considered based on tree and site
characteristics that I thought most likely to be important to species occupancy and
abundance;these interactions were included as candidate predictors in the forward selection
procedure. All possible two-way interactions between landscape structure (PC-1 and PC-2),
distance to forest, number of crowns, skirt presence, cabbage tree density, substrate type and
mean predator density were included as predictors in the models.
Because trees of different size represent different habitat areas for invertebrates, I
averaged the richness and abundance of each species across crowns (or inflorescences) on
each tree. This resulted in a conservative measure of abundance, because the mean number of
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individuals per tree was calculated using the total number of crowns sampled per tree, rather
than just the number of crowns from which the species was collected.
Species occupancy
I plotted the frequency distribution of species occupancy for all herbivorous species
using the package labsdsv version 1.2-2 (Roberts 2006) run in R (R Development Core Team
2008) to examine the relative distribution of species among sites. The cumulative
distributions of species occupancy and species abundance on trees were plotted separately for
specialist and generalist species.
Species richness:
Richness of specialist and generalist invertebrates were calculated separately for each
tree. A generalised linear mixed-effects model was run with R version 2.7.1 (R Development
Core Team 2008) using the function lmer in package arm version 1.1-7 (Gelman et al. 2008).
This function avoids problems associated with pseudoreplication, because it takes into
account the nested structure within the data (trees nested within sites); this also means that
site- and tree-level environmental predictors could be used in the same model (Gelman & Hill
2007). ‘Site’ was treated as a clustering variable (random effect) and the other measured
environmental predictors as fixed effects; a Poisson error distribution was used, which is
appropriate for count data.
To determine the best predictors of species richness among trees I used forward
stepwise selection using the change in Akaike’s Information Criterion (AIC) (Burnham &
Anderson 2001) to select the best predictor at each step. A predictor was included in the
model if the AIC value was significantly lower, i.e. where a chi-square test on the change in
deviance was significant at the P < 0.05 level. The marginal effect of each predictor was
calculated by calculating the change in deviance as each subsequent predictor was added to
the model.
Species turnover
To measure species turnover among trees, a distance matrix was created from
specialist and generalist species abundance data using the Sørensen distance coefficient (also
known as the Bray-Curtis coefficient) in the software PC-Ord version 5.10 (McCune &
Mefford 2006). Sørenson distance is commonly applied to presence-absence data, but it is
also appropriate for quantitative data and is useful for highly heterogeneous data, as it does
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not disproportionately weigh outlier sites (McCune & Mefford 2006). The matrix provided
the percent pairwise dissimilarity for every possible pair of trees; from this, the mean percent
turnover for each tree was calculated. High mean turnover means that trees were very
different in species composition, whereas trees with low mean turnover were relatively
homogenous in composition with low turnover of species among trees.
Mean tree turnover was used as the dependent variable in models of species turnover
against environmental predictors. Models were fit using the function lmer and the same
forward selection procedure described above for the species richness models. For specialist
species, mean turnover was log transformed and the model assumed a Gaussian error
distribution. For generalist species a quasipoisson error distribution was used due to overdispersion in the dependent variable.
Species cooccurrence
A site by species presence matrix was used to test for non-random structure in species
occurrences across the community (Gotelli and Graves 1996). For this co-occurrence analysis,
I chose to combine specialist and generalist species together because these two groups are
expected to interact, if not directly compete, for the host resource. If these interactions are
strong enough, species should be limited in their occurrences. For this part of the analysis I
chose to focus on the species that are either ‘core’ (widespread) or ‘satellite’ (rare) (Hanski
1982). Core species (12 species) occurred in at least 12 out of the 23 sites, and satellite
species (6 species) occurred in at most four sites. Life history characteristics were noted for
the members of each group; this included diet breadth (specialist or generalist herbivore) and
feeding mode (endophagous or exophagous) (Chapter 3). Wing morphology was used as a
surrogate measure of dispersal ability; it was noted if species were macropterous (always
winged), dimorphic (only part of the population is fully winged) or brachypterous
(unwinged). Pearson’s chi-square test of independence in the ‘stats’ package of R was used to
test if the proportion of species possessing each type of life-history characteristic or wing
morphology was significantly different from random expectation; this test was performed
separately for the ‘core’ and ‘satellite’ groups.
I examined co-occurrence patterns in site by species presence matrices of core and
satellite species using standardised C-scores (Stone & Roberts 1990) and variance ratios (Vratio) (Schluter 1984). The C-score measures species’ under-dispersion (the tendency for
species not to occur together) between sites by calculating the average number of
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‘checkerboard units’ between all possible species pairs (Gotelli 2000). If species are underdispersed (less average co-occurrences between species pairs) they are spatially segregated
and have a C-score higher than expected by chance; whereas if species are over-dispersed
(more average co-occurrences between species pairs) they are spatially aggregated and have a
lower C-score than expected by chance. A poor dispersing species may therefore be expected
to demonstrate an over-dispersed co-occurrence pattern. The V-ratio measures the average covariance between unique species pairs by calculating the ratio between species richness and
the variance in the number of species per site; in this sense it is an index of the variability in
species richness (Schluter 1984). If this index is greater than 1.0, it indicates positive
covariance between species pairs and if it is less than 1.0, it indicates negative covariance. If
the number of species coexisting is constrained by competition or another factor, then the Vratio will be smaller than expected by chance. Random matrices for generating index scores
and significance levels were computed using EcoSim version 7.72 (Gotelli & Entsminger
2006). I used the sequential swap algorithm for generating matrices. For C-scores I used fixed
sum row and fixed column constraints which retains the row and column totals in the
observed data during randomisation of species occurrences. These constraints are
recommended by Gotelli & Entsminger (2006) because this method is good for detecting
patterns in noisy data sets and has particularly low Type I error rates when calculating Cscores. For V-ratios, I used fixed sum row and proportional column constraints as
recommended by Gotelli (2000). During randomisation these constraints assume that species
colonise sites independently of one another, but the probability that sites are colonised is
weighted proportionally to the column totals of the observed data. One of the assumptions of
null model analysis is that all species within the tested community are able to interact;
therefore while I noted the presence of endophagous species within core and satellite groups,
because they feed within a segregated part of the plant they were excluded from cooccurrence analyses.
In order to examine the effect of dispersal ability on patterns of community structure I
tested for non-random patterns of co-occurrence of all herbivorous species based on their
wing morphology. All herbivorous species sampled (including species of ‘intermediate’
occupancy, i.e., between 5-11 sites) were grouped as macropterous, dimorphic or
brachypterous species; C-scores and V-ratios were calculated for these groups using the
methods outlined above.
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Abundance of specialist species
The best predictors of the abundance of individual specialist species among trees were
determined using generalised linear mixed-effects models with a quasipoisson error
distribution to account for overdispersion in the data. Models were built using the function
lmer and the forward selection procedure outlined above.
In the case of the scale, Pseudaulacaspis cordylinidis, abundance data were converted
to presence-absence due to the very large variation in abundance and several outliers that
resulted in an extremely skewed distribution; the model for this species was fit with a binary
error distribution. For Balanococcus cordylinidis, in addition to the mean abundance of
invertebrate predators, the presence of its specialised hoverfly predator, Allograpta ventralis
(Diptera: Syrphidae), was included in the model as a predictor. For the endophagous
inflorescence specialists Batchredra sp. and Catamacta sp. trees without inflorescences were
excluded because they are uninhabitable to these species.
Results
Data reduction
Two new predictors were created from the first two principal components of the sitelevel variables (Figure 4.2). The first axis (‘PC-1’) explained 53 percent of the variation; it
represents a gradient from ‘forest’ through to ‘urban’. This predictor was positively correlated
with habitat area (larger habitat areas were associated with forest), and percentage of woody
vegetation (greater amounts of woody vegetation were associated with forest), and negatively
correlated with percent impervious surface (higher percentage of impervious surface was
associated with urban sites) (Table 4.2). The second axis (‘PC-2’) explained an additional 25
percent of the variation; this axis represents a gradient from ‘rural’ through to ‘non-rural’
(Table 4.2). This predictor is negatively correlated with percent woody vegetation (lower
percentage of woody vegetation is associated with rural sites), with percent native vegetation
(lower percentage of native vegetation is associated with rural, whereas higher percentage of
native vegetation is associated with forest and urban sites) and was positively correlated with
habitat area (urban and forest sites have larger habitat area than rural sites). The scatter plot of
sites (Figure 4.2) shows that sites fall across this matrix of environmental variation, with some
sites tending towards more rural or urban characteristics; however, the forest sites fall to the
outside of the main cluster, in particular the Kennedy’s Bush site, which is an outlier due to
its large habitat area.
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Species occupancy
A total of 16 957 individual invertebrates was counted from 105 trees in 23 sites; they
represented at least 54 species from 17 orders (species in the order Araneae were not
identified and are not included in this total). Mean species richness ± one standard deviation
per site was 22.6 species (± 7.4), and mean species richness per tree was 12.15 species (± 3.9).
The histogram of occupancy all herbivorous species sampled shows a bimodal
distribution, with ‘core’ species occurring to the right of the graph representing species that
occurred on almost all trees, and rare ‘satellite’ species on the left side of the frequency
distribution (Hanski 1982) (Figure 4.3). Plots of the cumulative distribution of species
occurrences and abundance for specialists (Figure 4.4a, 4.5a) and generalists (Figure 4.4b,
4.5b) showed that both groups had species that were very common across trees and some that
were very rare, and species in both groups that were very abundant on individual trees while
others were found in low numbers. The abundance-occupancy relationship for specialist
species shows that while rare species such as Tanysoma comatum and Batchredra sp. were
both rare and low in abundance, common species were not necessarily the most abundant
(Figure 4.6). Specialist species can be placed into two groups on the abundance-occupancy
plot: those that follow a tight, positive abundance-occupancy relationship (T. comatum,
Batchredra sp., L. depressus and B. cordylinidis), and species that have high occupancy but
are of relatively low abundance (Catamacta sp., Tetranychus sp. ‘cordyline’ and E.
verriculata) (Figure 4.6). The scale P. cordylinidis was excluded from the abundanceoccupancy plot because mean abundance (160 individuals) was much greater than other
species; however, its occupancy was similar to that of the other colony forming species B.
cordylinidis. These two species were the most abundant specialist species sampled.
Species richness
Mixed effects modelling showed that the number of specialist species on trees was
best predicted by the presence of inflorescences with significantly lower richness on trees
without inflorescences because inflorescence specialists could not occur on these trees. There
was decreasing richness of specialists as sites changed from forest towards urban
characteristics (PC-1), higher richness on trees with vegetation beneath, and less on trees with
bare substrate (Table 4.3). The richness of specialist species was well predicted by the
measured environmental variables, with approximately 26 percent of the variation explained.
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Predictors of generalist species richness included the number of crowns; with
increasing richness from the smallest to largest number of crowns, invertebrate predator
abundance; with lower generalist richness where predator numbers were high, and the
exposure-level of the sampled tree with trees in the open being less species rich than trees
located on forest margin. Generalist richness was also explained by PC-2 scores, with sites
becoming more species-rich as they tended towards ‘non-rural’ (Table 4.3). Predictors of
generalist species richness explained approximately 20 percent of the variation.
Species turnover
There was high turnover of both specialist and generalist species among trees, with an
overall mean dissimilarity of 76 percent for specialists and 82 percent for generalists. In other
words, only approximately one quarter of specialist species and 20 percent of generalist
species were shared among trees.
Variation in species turnover of the specialist invertebrate community was not well
explained by the measured site and tree-level environmental predictors, which accounted for
only approximately 13 percent of the variation (Table 4.4). Species turnover was best
explained by an interaction between the distance of the tree from intact forest, and the number
of crowns on the sampled tree. When considered alone, the effect of distance from forest was
trees becoming more dissimilar (higher species turnover) with increasing isolation, and single
crown trees were the most dissimilar. However, the interaction of these two predictors shows
that trees in all crown classes become more similar in composition as isolation increased, i.e.
lower species turnover on trees of all sizes with increasing distance from forest (Table 4.4).
Cabbage tree density was also a significant predictor of mean tree species turnover, with
lower species turnover on trees within larger patches of conspecifics (Table 4.4).
Similarly, variation in the mean turnover of generalist species was not well explained
by environmental predictors, with less than one percent of the variation explained by the
presence or absence of inflorescences (Table 4.4). Mean turnover was greater on trees with
inflorescences than trees without.
Species cooccurrence
Proportions of core and satellite species with different life-history characteristics were
not significantly different from random expectation (diet breadth: p(χ2) = 0.317, feeding
mode: p(χ2) = 0.42, wing morphology: p(χ2) = 0.33) (Table 4.5). The proportion of specialists
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and generalists within core species was approximately even. Based on the criteria for satellite
species to occur in at most four sites, there were only six species within this group, and of
these, two were specialists. The four endophagous feeders found in this study were evenly
distributed in both groups, and exdophagous feeders made up a larger proportion of both core
and satellite groups. There were only two wing-dimorphic species collected in this study, the
specialist hemipterans B. cordylinidis and P. cordylinidis; both species were included in the
core group.
The core species showed a clear non-random pattern of co-occurrences among sites
for both C-score and V-ratio indices (Table 4.6). The C-score showed a small but significant
tendency towards under-dispersion of species (species were spatially dispersed rather than
aggregated), whereas the V-ratio showed strong positive covariance between species pairs,
indicating that core species tended to occur together. For satellite species, the C-score trended
towards under-dispersion with a higher observed to simulated score; however this pattern was
not significant. The V-ratio showed significant positive covariance between satellite species
pairs meaning these species tended to co-occur more often than expected by chance.
The observed C-score for all types of wing morphology were not significantly
different to the simulated means, meaning there were no more checkerboard species pairs then
expected by chance (Table 4.7). However, for macropterous species the observed index was
more frequently smaller than simulated indices during random matrix iterations suggesting a
non-significant trend towards under-dispersion of these species. In the case of brachypterous
species the opposite was true with a non-significant trend towards species aggregation (overdispersion). C-score could not be calculated for the wing-dimorphic species due to low
variance among sites; this was confirmed by the significant V-ratio which indicates that these
species tend to co-occur more often than expected by chance. The V-ratios were also
significantly different from the mean of the simulated matrices for macropterous and
brachypterous species, both demonstrating strong positive covariance between species pairs,
i.e., species tend to occur together (Table 4.7).
Abundance of specialist species
Landscape-level variation, as measured by the site scores on PC-1 and PC-2, was an
important predictor of the abundance of nearly all specialist species; however, for almost all
specialists, abundance was also predicted by combination of other landscape- and tree-level
predictors (Table 4.8).
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Order Coleoptera:
The macropterous beetle Loberus depressus was a core species and relatively
common; it occurred in around 65 percent of sites and on 34 percent of trees but was
generally in low abundance with a mean of 10.98 (± 1.12) individuals per tree when present.
The exception was one tree in Styx Mill Conservation Reserve (number 20, Figure 4.1) where
166 individuals were collected representing the maximum number of which this species was
found. Significant predictors of abundance of L. depressus included an interaction between
the number of crowns on the sampled tree and PC-1 scores (‘forest’ to ‘urban’ landscape
characteristics) (Table 4.8). While abundance was highest on trees with multiple crowns and
on trees falling towards ‘urban’ along PC-1, there was a negative interaction between these
predictors whereby trees in the ‘4+’ crown category had lower abundances as sites became
more ‘urban’. Abundance of L. depressus was high when the mean abundance of predators
was low, on trees with bare substrate and with a skirt of dead foliage, and trees located in the
open (Table 4.9A).
The macropterous beetle Tanysoma comatum occurred in only three of the sampled
sites and only on seven trees in the entire study, putting it in the satellite species group. This
species was found on every tree sampled at the Kennedy’s Bush site (Figure 4.1, number 14),
the only intact forest site in the study, and was found on single individual trees at other sites.
These were Curletts Road Reserve, a restoration site bordered by agricultural land and
residential areas, and Styx Mill Conservation Reserve, a large restoration site on former
swamp and rural land (Figure 4.1, numbers 5 and 19, respectively). However, the low
abundance and rarity of T. comatum means that the model fit may be unreliable and therefore
results should be interpreted cautiously. Significant predictors of abundance include an
interaction between principal component 1 scores and the presence of a skirt of dead foliage,
where skirt presence is positive for abundance of T. comatum, and abundance is higher where
sites have forest characteristics (i.e., negative along PC-1). However, as sites move towards
more urban characteristics, the present of a skirt is no longer positive, as this species did not
occur in these sites. Other predictors of abundance included cabbage tree density, with lower
abundance in large patches, and exposure, with higher abundance on trees in the open.
Order Lepidoptera:
The endophagous inflorescence borer Batchredra sp. was rare, only occurring in four
sites at a mean abundance of approximately four (± 0.13) individuals per tree (Figure 4.6).
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The exception was an individual tree at the forest remnant site, Kennedy’s Bush (number 14,
Figure 4.1), where 15 individuals were sampled from one tree. Significant predictors of
abundance for this species included; substrate beneath the sampled tree where trees with
vegetation beneath supported a higher abundance of this species, PC-1 scores, where
Batchredra became less abundant as sites moved from forest to more urban characteristics
(Table 4.9B). The soil profile available water was also a significant predictor, with the highest
abundance of this species occurring on trees in the medium category (90-125mm); however,
this species did not occur on any trees in sites with low water availability (Table 4.9B).
The endophagous inflorescence specialist Catamacta sp. was core in distribution,
occupying around 73 percent of sites, and around 50 percent of trees. However, this species
was low in abundance, with a mean of 3.52 (± 0.9) individuals on trees when it occurred. The
only significant predictor of abundance of Catamacta sp. was PC-2 scores which explained
twelve percent of the variation with abundance higher in sites with ‘non-rural’ characteristics
(Table 4.9C).
The endophagous leaf feeder Catamacta lotinana was sampled from around 44
percent of sites and was the only specialist that was neither core nor satellite in its distribution
(i.e., ‘intermediate’ distribution). It occurred at a mean abundance of 7.38 (± 1.8) individuals
per tree, with the largest abundance on a single tree recorded at a rural site, Kowhai Farm
(number 15, Figure 4.1) where 29 individuals were sampled. Abundance was higher on trees
without a skirt, in sites with low water availability, large patches of cabbage trees, and trees
close to forest. However, there was a significant interaction between conspecific density and
distance from forest, where conspecific density negated the effect of isolation, resulting in
higher abundance in large patches of cabbage trees despite high isolation (Table 4.9D).
The exophagous leaf feeder Epiphryne verriculata was the most commonly sampled
specialist in this study, with occurrence in over 90 percent of sites, and on nearly 65 percent
of trees. However, this species was not found in high abundance, with a mean of around five
(± 1.9) individuals sampled per tree (Figure 4.6). Abundance was high on multiple crown
trees and in sites with ‘forest’ characteristics; however, there was an interaction between these
predictors, whereby single crown trees in ‘forest’ sites had higher abundance than multiple
crown trees. Abundance was also high where abundance of invertebrate predators was low
and when there were fewer inflorescences on the sampled tree (Table 4.9E).
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Order Hemiptera:
The wing-dimorphic, parthenogenic mealybug Balanococcus cordylinidis occurred in
colonies with a mean of 13 (± 5.04) individuals per tree but on occasion had formed larger
colonies of up to 85 individuals, and has been observed forming colonies of several hundred
individuals (Appendix III). Balanococcus cordylinidis was a core species, occupying around
70 percent of sites and 50 percent of trees. Predictors of abundance for B. cordylinidis
included number of crowns, with the highest abundance on trees with multiple crowns, i.e.,
the ‘2 or 3’ or ‘4+’ categories. There was a negative interaction between conspecific density
of cabbage trees and PC-1 scores, where although abundance was high on trees within large
patches of conspecifics, this was negated as sites moved from forest to urban characteristics.
Balanococcus cordylinidis was less abundant on trees with vegetation as substrate and in the
presence of its specialised predator, Allograpta ventralis (Table 4.9F).
The wing-dimorphic, parthenogenic scale insect Pseudaulacaspis cordylinidis was
found in the highest mean abundance of all the specialist species sampled (160 ± 45.7
individuals), with the largest colony of approximately 1750 individuals sampled from a single
tree located in an urban park, Westlake Reserve (number 22, Figure 4.1). This species was
included in the core group, occupying sixty percent of sites, but only 28 percent of trees.
Significant predictors of presence of this species were distance from forest patch, with the
highest incidence of this species at the distances greater than eight kilometres. There was a
significant interaction between PC-2 scores (rural to ‘non-rural’) and substrate, with more
incidences of this species on trees that occur in ‘non-rural’ sites and with vegetation as
substrate; however, as sites became more ‘non-rural’ then trees with bare substrate had higher
occurrences. The number of crowns was also a significant predictor, with lower occurrences
of P. cordylinidis on trees with four or more crowns. Trees with inflorescences also had
higher occurrence of P. cordylinidis (Table 4.9H).
Order Acari:
The sap-sucking mite Tetranychus sp. ‘cordyline’ was the only brachypterous
specialist sampled throughout this study. It was a core species, sampled from nearly 70
percent of sites and from approximately 40 percent of trees; however, it was generally found
in low abundance with a mean of approximately five (± 1.05) individuals per tree (Figure
4.6). This species is largely associated with forest and urban sites, with abundance
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significantly positive for both PC-1 and PC-2. Abundance was higher where mean abundance
of predators was low (Table 4.9G).
Discussion
Contrary to the prediction for the majority of native specialist herbivores of cabbage
trees to be restricted to forest habitats (hypothesis 1), I found the majority of specialist species
also occurred on host trees in urban and rural sites, with only two species (Batchredra sp. and
T. comatum) being restricted to forest sites. This is surprising because observations suggest
that New Zealand endemic insect herbivores may be restricted, to a greater or lesser degree, to
native forest habitats (Kuschel 1990, Sullivan et al. 2008). Recently in a survey of the
herbivorous community of several common plants in Auckland, Martin (2008) found that
Sophora sp. and Coprosma robusta supported a similar herbivore community in urban
habitats to that found in indigenous forest reserves. This was in contrast to another common
plant Pseudopanax lessonii, which was missing several of its associated herbivores in urban
habitats.
As predicted, specialist and generalist species richness differed across land-cover
types and were explained by different environmental predictors (hypothesis 2). Differences in
landscape structure, as measured by the two first principal components, was important for
explaining variation in the richness of both groups, but in different ways. Landscape variation
had a significant effect on the structure of the herbivorous invertebrate community of cabbage
trees. Landscape variation was also important for the abundance of several specialist species;
however, the direction of the effect was not consistent and species tended to be more
abundant under different landscape conditions. The gradient representing sites falling between
forest and urban characteristics was a significant predictor for six out of nine specialists
modelled, and the gradient representing rural to ‘non-rural’ sites was a significant predictor
for three species. The only specialist species for which neither matrix scores were important
was the C. lotinana, which was also the only specialist species that was ‘intermediate’ in its
distribution, fitting into neither core or satellite criteria.
I found that sites with forest characteristics supported higher species richness and
higher abundances of five specialist species; these sites were characterised not only by high
amounts of native vegetation, but also by large habitat area (hypothesis 1). Larger fragments
of habitat are considered more likely to contain species sensitive to habitat change (Didham et
al. 1996) therefore the two specialist species that were rare in this study but common in the
forest remnant site (Batchredra sp. and T. comatum) could be sensitive to habitat modification
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(hypothesis 4). Of particular interest is T. comatum, for which my results add further weight
to those of Kuschel (1990), who in his survey of the beetle fauna of Lynfield, Auckland,
found T. comatum to be rare and restricted to forest sites. Another well-documented effect of
habitat fragmentation is the disruption of relationships between invertebrates at different
trophic levels (Tscharntke & Brandl 2004); in particular, higher trophic levels are expected to
be more strongly affected by fragmentation (Kruess & Tscharntke 2000, Tylinakis et al.
2007). Although the focus for this study was on herbivorous invertebrates, I did find possible
evidence of habitat fragmentation impacting on a predator-host relationship, with Allograpta
ventralis (Diptera: Syrphidae), a specialised predator of B. cordylinidis, having a much lower
occupancy than its prey. Although the specialist community of cabbage trees was largely not
constrained by habitat modification and fragmentation, this is not always the case.
Forest and urban sites supported higher species richness of generalists than rural sites
(hypothesis 2). The gradient that described the transition from rural to non-rural sites is based
on increasing percentage of both indigenous and exotic vegetation; in this way, rural sites
represent less complex habitat types. Richness of generalist invertebrates has been observed to
increase with habitat complexity (Jonsen & Fahrig 1997), and the higher percentage of native
vegetation and the wider variety of plants in urban sites are likely to provide alternative hosts
for the generalists sampled in this study. The pattern of generalist richness being higher in
sites with forest characteristics was influenced by two generalist satellite species that were
associated exclusively with the forest remnant site at Kennedy’s Bush; these were
Celatoblatta vulgaris Johns (Blattodea: Blattidae) and Tectarchus salebrosus Hutton
(Phasmatodea: Hemipachymorphini). The occupancy and richness of generalist species in this
study may be underestimated because of the focus on cabbage trees. However, including other
plant species would violate the assumptions of both the core-satellite hypothesis, and the cooccurrence null models that all trees were equally available as habitat. However, it was
important not to exclude generalist species from the co-occurrence models because it would
be excluding a potentially competitive component of the community. Generalist species are
not expected to be as strongly affected by fragmentation because they are not dependent on
only one habitat type (Tscharntke & Brandl 2004); however, in the case of these native
species it is clear that forest remnants are important for at least some generalist species
(hypothesis 2).
Contrary to the prediction that turnover of species among trees would be low for
specialists and high for generalists (hypothesis 3), I found that turnover was high for both
groups. Variation in the species turnover of the specialist invertebrate community was not
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well explained by the measured site- and tree-level environmental predictors, suggesting that
stochastic events, such as dispersal among trees, was driving this aspect of community
structure. Another possibility is undersampling of the community; however, my work
establishing a sampling protocol (Chapter 3) and comparing species composition on small and
large trees (Appendix III) show that increasing sampling effort did not find more specialist
species. Rather, more incidental species are found.
I predicted that generalist species would be more widespread among sites (core
species) than specialist species (satellite) (hypothesis 4); however, instead, the patterns of
occupancy of specialist species support the species richness results, showing that most
specialists were not strictly confined to forest habitats, and in fact only two specialists were
classed as ‘satellite’, with the majority of specialists (except one with an intermediate
distribution) occupying enough sites to be considered ‘core’ species. If specialists were
particularly sensitive to habitat fragmentation the expectation is for a larger number of them
to be ‘satellite’ species. This finding is contrary to Brown (1984), who suggested that core
species are more likely to be generalists utilising a wide range of resources, while resourcelimited species are more likely to be satellite in distribution. Metapopulation theory predicts
that the key drivers of core and satellite species patterns are colonisation and extinction
processes, whereby widespread (core) species should be less vulnerable to extinction from a
habitat patch due to rescue effects (re-colonisation from a nearby site) (Hanski & Gyllenberg
1993, Hanski 1999). Two factors underpin these processes in fragmented habitats: the
dispersal ability of individual species, particularly in highly fragmented landscapes where
there may be large distances between habitat patches and the reproductive potential of species
(and how this varies across habitat types), which underpins the ability of a species to persist in
the habitat patch. Metapopulation theory also assumes that landscapes are at equilibrium
(Hanski 1999, Moilanen 2000). However, this is unlikely to be the case for this system; some
species may not have yet colonised patches in which they can actually persist in, and therefore
the patterns observed may not be static.
There was no support for hypothesis (5) that macropterous species will co-occur in
more sites than brachypterous species; and instead found non-significant trends for
macropterous species to co-occur less often (under-dispersed), whereas brachypterous species
were over-dispersed. Similarly, I did not find strong evidence for dispersal controlling the
observed core and satellite species distributions, with both groups under-dispersed. If satellite
species distributions were driven by poor dispersal ability, we would have expected random
or aggregated patterns of co-occurrence. This result suggests that core and satellite species
86

observed on cabbage trees reflect environmental conditions rather than spatial effects. This
result was mirrored by the analysis of co-occurrences based on wing morphology, which
found co-occurrences within morphological groups not different from random expectation.
However, there was a trend towards under-dispersion of macropterous species, and overdispersion of brachypterous species. These results are similar to those of Zalweski & Ulrich
(2006), who showed that the flight morphology of ground beetles resulted in a gradient from
under- to over-dispersion as dispersal ability diminished, and Badano et al. (2005), who
concluded that the high colonisation ability of ant species did not lead to higher site
occupancy. Therefore, good dispersal ability does not necessarily result in high site
occupancy, and therefore variation in habitat qualities may have a stronger organising effect
on the cabbage tree community. It is important to note that for common species, it might be
predicted that they should be underdispersed if interspecific competition plays a role in
shaping community structure (Gotelli & McCabe 2002). However, reviews of interspecific
interactions between herbivorous insects on host plants suggest that community assemblages
of herbivores are, in general, not primarily driven by competitive interactions (Lawton et al.
1993, Farrell & Mitter 1993).
Patterns in site occupancy will also be controlled by the ability of species to persist in
a site post colonisation. Zalweski & Ulrich (2006) argued that while macropterous species
were better dispersers, the brachypterous and dimorphic species occupied more sites because
of their survival and reproductive ability. This will only be true if species experience a tradeoff between dispersal and establishment success (Gutierrez & Menendez 1997). An example
of this is wing dimorphic species that have been found to experience a trade-off between the
high energy cost of muscle and wing development needed for dispersal and reproductive
potential (Roff 1986, Langellotto et al. 2000). Zera & Denno (1997) consider that wingdimorphic species provide strong evidence that habitat persistence selects specifically for
species with lower dispersal ability. The two wing-dimorphic cabbage tree specialists, B.
cordylinidis and P. cordylinidis, are colony-forming, reproduce parthenogenically and only
occasionally produce winged offspring; this strategy allows all reproductive potential of the
colony to contribute to population persistence, and then winged individuals are produced
during periods of dispersal. This flexible strategy may be a common pattern in insects (Kotze
et al. 2003) and is reflected by the inclusion of these species in the ‘core’ group of cabbage
tree invertebrates. This result also provides support for hypothesis (6), that species with
parthenogenic reproduction will be more widespread among sites because their colonyforming lifestyle allows them to establish quickly, and persist longer even in low density.
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The complexity of this system, both in individual species responses and landscape
variability, make it difficult to tease out the relative importance of invertebrate life-history
and habitat variation in shaping the community. For fragmented systems, habitat area and
isolation are often shown to be important drivers of the occurrence and abundance of species
(Moilanen & Hanski 1998, Krauss et al. 2005); however, habitat quality is also considered to
be of importance. For example, Thomas et al. (2001) found that variation in habitat quality
was the best predictor of the abundance of the butterflies Melitaea cinxia, Polyommatus
bellargus and Thymelicus action in three UK landscapes, and Dennis & Eales (1997) found
that habitat quality was a more important driver of the persistence of the butterfly
Coenonympha tullia in Northumberland, UK, than habitat area or isolation. I found that
habitat area and isolation were important for species richness of specialists and for the
abundance of several specialist species. In particular, species turnover among trees increased
with isolation, except in larger patches of conspecifics, and for one species, C. lotinana,
conspecific density of cabbage trees negated the effect of isolation. Gibb & Hochuli (2002)
reported that microhabitats were different in large and small habitat fragments surrounded by
an urban matrix, with fragments of different size supporting different assemblages of
invertebrates. One measure of microclimate I considered was the tree substrate and how it
may interact with species life-history characteristics. I hypothesised that insects pupating on
the host would be more widespread because species pupating off the host will be more
susceptible to altered substrate environment (hypothesis 7). Although there were no
specialists that pupated exclusively off the host (see Chapter 3), there was evidence that
substrate beneath the sampled tree was of importance to the abundance of some species
(Table 4.8); however this could not be attributed to pupation, with Batchredra sp. having
higher abundance on trees with vegetation as a substrate but pupating within the
inflorescence, and Loberus depressus and Tanysoma comatum having lower abundances with
vegetation as a substrate. In addition, both colony-forming species (B. cordylinidis and P.
cordylinidis) were more abundant on trees with bare substrate. These patterns could not be
explained by higher predator abundance on trees with vegetative substrate. I also considered
the effect of tree exposure on the abundance of specialist species, predicting that internal
feeding invertebrates will be more abundant than external feeders because they will be less
influenced by variation among sites in exposure and predator density (hypothesis 8).
Although the mean abundance of internal feeders did not appear to be significantly greater
than other species, there was evidence that predator density and exposure were not important
for the abundance of internal feeders (Table 4.8). It may be expected that differences in
habitat complexity between land cover types mean that trees in different sites provide
88

different microclimates for invertebrates, in this way the principal component scores of
landcover (incorporating habitat area) are surrogate measures of some of these differences,
which were not directly measured.
Part of the complexity encountered was the wide variation in habitats that exist in the
mosaic of forest, urban and rural landscapes. Although it is useful to think of cabbage trees as
‘islands’ of habitat for specialist species to occupy, this is a highly simplified concept because
these habitat patches are surrounded by a matrix of anthropogenic land-use types, which may
facilitate or obstruct the invertebrate-host association (Ricketts 2001, Ricketts et al. 2001,
Horner-Devine et al. 2003). Features of the matrix surrounding habitat fragments may also
drive within-site community dynamics; the magnitude of these effects is likely to be partly
controlled by the size of the fragment and therefore the amount of habitat edge (Tscharntke &
Brandl 2004). In particular, predation and parasitism rates may be increased in smaller
fragments or agricultural habitats (Laurance & Yensen 1991). Gascon et al. (1999) considered
human-modified landscapes surrounding habitat fragments to be a selective filter for the
movement of individuals between patches and that the size of the ‘pore’ varied depending on
the type of habitat in the surrounding matrix. This may be a useful way of characterising the
processes occurring on cabbage trees within this study, particularly because sites were
difficult to classify by land-cover. In fact, the ‘effective’ isolation of habitat patches in the
urban environment may not be as accurate as measured in this study because of the density of
cabbage trees in the matrix surrounding the sites. In effect, habitat patches in the urban sites
are connected by cabbage trees planted in private gardens that may act as ‘stepping stones’
between larger habitat patches, effectively increasing the dispersal of species. In this sense,
the ‘islands’ of habitat are not necessarily discrete patches (as would be oceanic islands); this
may be reflected in the non-significant results from co-occurrences of wing morphological
groups. A detailed map of all cabbage trees available within the urban matrix would allow for
better assessment of the effects of isolation on species composition. The specialist community
of cabbage trees may be able to persist in such modified habitats because they are associated
with a very common host plant. Alternatively, due to the high degree of specialisation of these
invertebrates on their host plant, they may only require small amounts of habitat in order to
persist (Tscharntke & Brandl 2004).
Future work in this system could focus on teasing out the relative importance of insect
life history, isolation and habitat heterogeneity in shaping this community. Along with
dispersal ability, measures of species reproductive potential including time to maturity, life
length and fecundity are needed to answer this question. While I attempted to characterise
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invertebrates by wing morphology, this may not have been the best surrogate for dispersal
ability. For example, the two specialised Coleoptera L. depressus and T. comatum were found
in the core and satellite groups respectively; however, both are macropterous and of similar
body size therefore these are clearly not the mechanism for this difference in occupancy
patterns. Surrogate measures of dispersal ability include wing size, thorax mass and wing
loading, though currently there is no consensus on an appropriate characteristic that can be
used to reliably reflect relative dispersal ability, because relationships between these
characteristics and flight ability are rarely tested and likely differ by species (Van Dyke &
Matthysen 1999). Cowley et al. (2001) used a unique approach to calculate an ‘index of
relative mobility’, whereby questionnaires were sent to butterfly ecologists asking them to
rate species mobility relative to other species; from this a ‘consensus’ mobility ranking was
obtained for species of British butterflies. Such an approach could work in New Zealand
where information on invertebrate life history and ecology is notoriously hard to come by
(Didham & Pawson 2007).
Conclusions
Despite the high variation in landscape and habitats in this highly-modified system,
specialist invertebrates of cabbage trees were found to be remarkably successful in occupying
a range of sites, with only two species having a low enough occupancy rate to be included in
the ‘satellite’ species group. The effects of habitat fragmentation depend on characteristics of
individual species such that the patterns of occupancy and abundance observed for each
specialist species reflect a combination of different responses; this results in a complex system
that is difficult to characterise at the community level.
I found mixed support for questions about how life-history characteristics of
individual species affect species composition in the landscape. While dispersal ability may
account for some of the observed patterns, the species turnover observed in both specialist and
generalist groups indicates that habitat variation may be important in shaping community
structure in this system. There is limited knowledge available of dispersal, colonisation and
extinction of the specialist community, and therefore further work is needed to tease out the
importance of life-history versus habitat variation in driving community patterns.
Understanding dispersal patterns would also be enhanced with accurate measure of habitat
patch isolation; I hypothesise that, for these invertebrates, urban patches are in fact less
isolated than some rural and forest patches (despite their distance from large forested areas)
because of the high density of cabbage trees in the urban environment. In addition, host
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quality, including chemical defences and genetic variation, may also contribute to landscapelevel patterns of invertebrate community structure (Chapter 5).
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Table 4.1 Site habitat characteristics. Site number refers to points on map Figure 4.1. Area = habitat area (m2), Distance = distance to forest
remnant (km), % woody = % of woody vegetation in 500 m buffer around the site, % native = % of woody vegetation that is native, % imperv =
% of impervious surface in a 500 m buffer around the site, PAW = soil profile available water (mm).
Site

Name

Landcover

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

Anzac Drive
Bayswater Reserve
Bradford Park
Cardigan Bay Reserve
Curletts Road Reserve
Duncan Park
Francis Park
Horseshoe Lake Reserve
Hansen Park
Jellico Reserve?
Halswell Quarry Park
Hollis Reserve
Jeffries Park
Kennedy's Bush
Kowhai Farm
Marshes Road
Mt Vernon Farm Park
Princess Margaret Hospital
Styx Mill Refuse Station
Styx Mill Conservation Reserve
Old Tai Tapu Road
Westlake Park
Yaldhurst Bush

Urban
Urban
Urban
Urban
Rural
Urban
Urban
Urban
Urban
Forest
Rural
Urban
Urban
Forest
Rural
Rural
Forest
Urban
Rural
Rural
Rural
Urban
Rural

Area
5 638
253
82
1 856
1 851
2 319
1 706
86 789
640
4 519
7 807
163
61
531 513
1 021
75
5 005
1 804
3 501
12 690
480
1 972
8 100

Distance

% woody

% native

% imperv

9.1
8
3.9
2.5
2.9
7.9
7.3
6.8
6.5
6.6
4.6
5.8
1.4
0
12.2
8.3
7.1
5.2
6.8
7.2
4.9
5.8
9.3

0.1
1
1
0.1
6.6
0.7
1.5
10.9
14.6
13.2
3.3
2.3
0.1
44.1
1.8
0.25
15.6
11.3
4.9
1
3.1
0.4
1.4

90
40
20
90
90
60
50
30
10
100
90
60
40
100
30
10
90
50
50
90
10
50
90

50.5
43.5
57.5
58.2
31
46.9
22.6
33
37.5
38.7
21.6
46.2
49.1
23.1
37.4
39.6
28.9
49
18.1
33.6
14.7
46.2
23.2

PAW
100
160
150
160
160
95
160
160
150
150
150
125
150
95
150
90
110
100
80
175
160
40
50

Description
Restoration site on Avon River
Park located in Bromley
Park located in Sydenham
Park located in Addington
Restoration plantings
Park at the base of the Port Hills
Park on the edge of Cashmere
Reserve close to the Avon River
Sports Field
Restoration reserve
Quarry and farmland restoration
Park located in Cashmere
Park located in Fendalton
Intact forest remnant
Organic Farm
Single tree on rural road
Restoration site on Port Hills
Beside the Heathcoate River
Native plantings
Reserve on Northern outskirts
Roadside trees
Park located in Westlake
Reserve on Western outskirts
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Table 4.2 Contribution of habitat-level variables to Principal Component Analysis (PCA) axes
(PC-1 and PC-2). The sign indicates the direction of the effect e.g., % impervious surface is
negatively correlated with PC-1. Percent impervious surface and percent woody vegetation
are within a 500 m buffer around the studied sites. Percent of native vegetation is the
proportion of percent woody vegetation that is made up of natives.
Predictor

PC-1

PC-2

Habitat area

0.765

0.594

% Woody vegetation

0.576

-0.717

% Native vegetation

0.088

0.275

-0.274

0.239

62.06

88.39

% Impervious surface
Cumulative variance explained
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Table 4.3 Minimum adequate model statistics resulting from forward stepwise regression using generalised linear mixed-effects models
assuming a Poisson error distribution of mean species richness per tree of (A) specialist and (B) generalist invertebrates of cabbage trees against
environmental predictors. ‘Site’ was used as a random effect and environmental predictors as fixed effects. The marginal significance of the
addition of each predictor is based on a likelihood ratio test. Direction of the effect of each predictor is indicated by the sign of the co-efficient.
The sign of the co-efficient for categorical variables indicates the strength of levels relative to the first level listed. PC-1 = the principal
component scores representing a gradient of sites with ‘forest’ characteristics through to those with ‘urban’ characteristics. PC-2 = principal
component 2 scores from PCA of site-level variables; this predictor represents sites moving from ‘rural to ‘non-rural characteristics.
Predictor
(A)

(B)

Deviance

Intercept
Inflorescences: Present
PC-1
Substrate: Vegetation

77.7
69.6
64.9
57.2

Intercept
Crowns:

135
124

1
2 or 3
4+
Predator abundance:
Exposure: Open
PC-2

119
114
109

Δ Deviance

8.1
12.8
20.5

P

0.0043 **
0.029 *
0.0057 **

% Deviance
explained
(cumulative)

Coefficients
(Standard error)

Sign

10.42
16.47
26.38

1.29 (0.12)
0.06 (0.03)
1.48 (0.11)

+
−
+
+

11

16
21
26

0.0046 **

0.027 *
0.02 *
0.041 *

8.15

11.85
15.56
19.26

1.15 (0.13)
1.72 (0.14)
0.70 (0.08)
0.59 (0.13)
1.02 (0.04)

+
+
−
−
+
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Table 4.4 Minimum adequate model statistics resulting from forward stepwise regression using generalised linear mixed-effects models
assuming a Gaussian error distribution of mean tree turnover of (A) specialist and (B) generalist invertebrate species of cabbage trees against
environmental predictors. ‘Site’ was used as a random effect and environmental predictors as fixed effects. The marginal significance of the
addition of each predictor is based on a likelihood ratio test on the change in deviance. Direction of the effect of each predictor is indicated by the
sign of the co-efficient. The sign of the co-efficient for categorical variables indicates the strength of levels relative to the first level listed.
Positive co-efficients indicate higher species turnover. Categorical predictors are as follows: Distance from forest patch: 1 = 0 – 4 km, Distance 2
= 4-8 km, Distance 3 = 8 km+. Crowns 1 = one crown, Crowns 2 = two or three crowns, Crowns 3 = four or more crowns. (* P<0.05).
Predictor
(A)

(B)

Deviance
189
168

Δ Deviance

P

% Deviance
explained
(cumulative)

Coefficients
(Standard error)

Intercept
Distance*Crowns
Distance1:
Distance 2:
Distance 3:
Crowns 1:
Crowns 2:
Crowns 3:
Distance 2: Crowns 2
Distance 3: Crowns 2
Distance 2: Crowns 3
Distance 3: Crowns 3
Density

164

25

0.022 *

13.23

0.20 (0.05)
0.12 (0.06)
0.19 (0.05)
1.00 (0.05)
0.33 (0.05)
0.37 (0.06)
0.41 (0.08)
0.28 (0.02)

Intercept
Inflorescences: Present

209
208

1

0.02 *

0.48

0.242 (0.02)

Sign
-

21

0.04 *

11.11
+
+
+
+
+
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Table 4.5 Break down of life-history characteristics of core (occurring in at least 12 sites) and
satellite species (occurring in at most four sites). Observed species’ frequencies of each
characteristic in core and satellite groups were not significantly different from random
expectation on chi-square test of independence. Wing morphology: Brachypterous =
unwinged, Dimorphic = only some individuals winged, Macropterous = always winged.
Life history characteristic

Core

Satellite

Specialist

7

2

Generalist

5

4

Endophagous

2

2

Exophagous

10

4

Brachypterous

3

2

Dimorphic

2

0

Macropterous

7

4

Diet breadth:

Feeding mode:

Wing morphology:
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Table 4.6 C-scores and V-ratios calculated using the occurrences of core and satellite species
across the 23 study sites. All observed values were higher than expected values generated
from simulated index values. Higher values for C-scores indicates underdispersion of species,
while a significant V-ratio greater than 1.0 indicates strong positive covariance between
species pairs. (* P<0.05, *** P<0.001, NS not significant).
Observed

Species occupancy (n)
Satellite (6)

Core (12)

values

Simulated values
Mean

Variance

P

C-score

6.47

6.07

0.05

0.06 NS

V-ratio

1.59

0.99

0.07

0.03 *

C-score

12.73

12.21

0.07

0.04 *

V-ratio

3.01

1

0.08

0.00 ***
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Table 4.7 C-scores and V-ratios of macropterous, wing-dimorphic, and brachypterous
invertebrate herbivores. C-scores for all groups were not significantly different from
simulated values. All observed values for V-ratio were higher than expected by chance. Vratio < 1.0 = negative co-variance, and V-ratio > 1.0 = positive covariance between species
pairs (* P<0.05, ** P<0.01, *** P<0.001). Wing morphology: Brachypterous = unwinged,
Dimorphic = only some individuals winged, Macropterous = always winged.
Observed

Wing morphology (n)
Macropterous (11)

Dimorphic (2)

Brachypterous (5)

values

Simulated values
Mean

Variance

P

C-score

12.69

12.78

0.03

0.36 NS

V-ratio

3.04

0.99

0.07

0.001 ***

C-score

3.0

3.0

0

V-ratio

0.89

0.65

0.005

0.007 **

C-score

10.1

10.07

0.07

0.40

V-ratio

2.29

1.02

0.08

0.001 ***

-
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Table 4.8 Summary of significant predictors resulting from forward stepwise regression using generalised linear mixed-effects models of
specialist species abundances against environmental predictors. For significant predictors the sign of the co-efficient is given along with the level
of the categorical predictor for which this applies (if relevant), blank cells indicate non-significance for that predictor and grey cells indicate that
predictor was not relevant for that species. Matching symbols (§) indicate a significant interaction between two predictors. Explanations of
categorical predictors are given in text and with the minimum adequate model tables below. Inflor = presence of inflorescences. Subs = substrate.
* Model of abundance of B. cordylinidis also included the presence of its specialised predator Allograpta ventralis, for which its abundance was
significantly lower in the presence of this predator.
Predictor
Profile
Species

PC-1

PC-2

Distance

available

Density

Crowns

Exposure

Height

Inflor

Skirt

Subs

water
Batchredra sp.

−

B. cordylinidis*

+§

Catamacta sp.

+ med
+ 2-3, 4<

+ bare

+
+ < 2km §

+ low

−§

+

E. verriculata

−§

+ 2-3, 4< §

L. depressus

+§

+ 2-3, 4< §
−§

P. cordylinidis
Tetranychus sp

abundance

+ veg
+§

C. lotinana

T. comatum

Predator

−§
+

+ 8km <

+ open

+ 1, 2-3
−

+

+

−
+

+
+ open

+ bare

−

− veg §
+§

− veg
−
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Table 4.9 Minimum adequate model statistics resulting from stepwise multiple regression of tree turnover of abundance of (A) Loberus
depressus, (B) Batchredra sp., (C) Catamacta sp., (D) Catamacta lotinana, (E) Epiphryne verriculata, (F) Balanococcus cordylinidis, (G)
Tetranychus sp. ‘cordyline’, and presence of (H) Pseudaulacaspis cordylinidis against environmental predictors. Models were fit using
generalised linear mixed-effects models with A - G assuming a quasipoisson error distribution and H assuming a binomial error distribution.
‘Site’ was used as a random effect and environmental predictors as fixed effects. The marginal significance of each predictor addition to the
model is based on a chi square test on the change in deviance. The sign of the co-efficient for categorical variables indicates the strength of levels
relative to the first level listed. Positive co-efficients indicate higher species abundance. Levels for the categorical predictor ‘Crowns’: 1 = one
crown, 2 = two or three crowns, 3 = four or more crowns. Predator abundance = mean abundance of invertebrate predators per tree. ‘PC-1’ =
principal component 1 scores from PCA of site-level variables; this predictor represents sites moving from ‘forest’ to ‘urban’ characteristics. PC2 = principal component 2 scores from PCA of site-level variables; this predictor represents sites moving from ‘rural to ‘non-rural characteristics.
Categorical predictors are as follows: Distance from forest patch: Distance 1 = 0 – 4 km, Distance 2 = 4-8 km, Distance 3 = 8 km+. Levels for the
categorical predictor ‘Profile available water’: ‘Low’= 40-80 mm, ‘Medium’=90-125 mm, ‘High’=150 mm+. Note: trees without inflorescences
excluded from analysis for (B) & (C).
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Table 4.9
(A) Loberus depressus
Predictor
Intercept
Crowns * PC-1
Crowns: 1
Crowns: 2
Crowns: 3
PC-1
Crowns 1: PC-1
Crowns 2: PC-1
Crowns 3: PC-1
Predator abundance
Substrate: Vegetation
Skirt: Present
Exposure: Forest margin
(B) Batchredra sp.
Intercept
Exposure: Forest margin
Substrate: Vegetation
PC-1
Profile available water:
Low
Medium
High

Deviance
234
215

182
173
161
156
38.6
9.43
35.6
29.5
14.1

Δ Deviance

19

52
61
73
78

26.47
3
9.1
24.5

P

0.0018 **

8.1e-09 ***
0.0034 **
0.00064 ***
0.025 *

0.00018 **
0.05 *
0.013 *
0.00045 ***

% Deviance
explained
(cumulative)

Coefficients
(standard error)

Sign

8.12

22.22
26.07
31.20
33.33

73.73
7.77
23.58
63.47

6.54 (0.33)
6.16 (0.71)
7.45 (0.42)
7.68 (0.22)
8.53 (0.41)
7.13 (0.23)
6.07 (0.43)
6.03 (0.61)
4.97 (1.64)

27.60 (19)
5.20 (1.02)
0.71 (0.25)
5.72 (1.64)
2.20 (0.70)
-

+
+
+
+
+
-

+
+
-

(Continued below)
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Table 4.9, continued

Predictor
(C) Catamacta sp.
Intercept
PC-2
(D) Catamacta lotinana
Intercept
Skirt: Present
Density*Distance
Density
Distance 1:
Distance 2:
Distance 3:
Density: Distance 1
Density: Distance 2
Density: Distance 3
Profile available water:
Low
Medium
High

Deviance

Δ Deviance

47.5
41.8

5.7

111
106
91.1

5
19.9

86

25

P

0.025 *

0.029 *
0.0034 **

0.0018 **

% Deviance
explained
(cumulative)

12

4.5
17.93

Coefficients
(standard
error)

Sign

0.90 (0.07)

+

2.04 (0.24)

+

1.16 (0.47)
0.32 (1.44)
0.29 (1.42)
2.80 (0.53)
2.95 (0.53)

+
+

22.52
0.74 (0.38)
1.57 (0.27)
-

+
+

(Continued below)
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Table 4.9, continued

(E) Epiphryne verriculata
Predictor

Deviance

Intercept
172
Crowns*PC-1
152
Crowns 1:
Crowns 2:
Crowns 3:
PC-1
Crowns 1: PC-1
Crowns 2: PC-1
Crowns 3: PC-1
Predator abundance
144
Inflorescences: Present
141
(F) Balanococcus cordylinidis
Intercept
407
Crowns:
396
1
2 or 3
4+
Density* PC-1:
322
Density
PC-1
Substrate: Vegetation
290
283
Allograpta ventralis

Δ Deviance

20

P

0.0015 **

% Deviance
explained
(cumulative)

Coefficients
(standard
error)

Sign

11.63

28
31

0.0001 ***
0.042 *

16.28
18.02

11

0.0047 **

2.70

85

5.6e-16 ***

21.0

117
124

1.1e-08 ***
0.05 *

28.75
30.47

0.26 (0.20)
0.06 (0.26)
0.46 (0.10)
0.22 (0.12)
0.52 (0.13)
0.22 (0.14)
0.81 (0.30)

+
-

3.74 (0.21)
3.38 (.39)
4.43 (0.22)
1.99 (0.47)
2.45 (0.64)
4.92 (0.35)
4.09 (0.41)

+
+
+
+
-

+
+
-

(Continued below)
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Table 4.9, continued

(G) Tetranychus sp. ‘cordylinidis’
Predictor

Deviance

Intercept
112
PC-1
107
PC-2
104
Predator abundance
101
(H) Pseudaulacaspis cordylinidis
Intercept
114
Distance:
104
1
2
3
PC-2*Substrate:
88.4
PC-2
Substrate:
Vegetation
PC-2*Substrate:
Vegetation
Crowns:
79
1
2
3
Inflorescences: Present
76

Δ Deviance

5
8
11

10

P

0.022 *
0.016 *
0.011 *

4.46
7.14
9.82

0.0073 **

8.77

0.0012 **

35

38

% Deviance
explained
(cumulative)

0.0091 **

<2e-16 ***

Coefficients
(standard
error)

Sign

1.37 (0.11)
1.38 (0.16)
1.42 (0.20)

+
+
-

1.27 (0.89)
16.3 (2.34)

+

0.41 (0.59)
1.49 (0.65)

-

1.88 (0.69)

-

1.01 (0.73)
2.13 (1.40)
0.76 (0.68)

+
+

22.46

30.07

33.33
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Figure 4.1 Map of study sites.
Site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Name
Anzac Drive
Bayswater Reserve
Bradford Park
Cardigan Bay Reserve
Curletts Road Reserve
Duncan Park
Francis Park
Halswell Quarry Park
Hansen Park
Hollis Reserve
Horseshoe Lake Reserve
Jeffries Park
Jellico Reserve
Kennedy's Bush
Kowhai Farm
Marshes Road
Mt Vernon Farm Park
Old Tai Tapu Road
Princess Margaret Hospital
Styx Mill Conservation Reserve
Styx Mill Refuse Station
Westlake Park
Yaldhust Bush
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1.5

Anzac Drive

Cardigan Bay

% Native vegetation
Habitat area
Styx Mill Reserve

% Impervious surface
Westlake

Duncan Park

Kennedy's Bush

PCA Axis 2

Horseshoe Lake
Yaldhurst Bush

Jeffries Park

Halswell Quarry
Francis Park
Styx Mill Station

Kowhai Farm
Marshes Road

Bayswater

Jellico Reserve

Curletts Reserve
Mt. Vernon

Bradford Park

Princess Margaret Hospital

-1.0

Hollis Reserve

Tai Tapu
Hansen Park

-2.0
Forest

PCA Axis 1
Urban

% Woody vegetation

3.0

Rural

Figure 4.2 Scatter plot showing Principal Components Analysis (PCA) Axis 1 and Axis 2 tree scores of site-level environmental variables. The
sample points are projected perpendicularly to the arrows of environmental variables giving an approximate order of samples in order of
increasing value of that environmental variable. Axis scores were used to create two new predictors (PC-1 and PC-2), which represent gradients
of landscape structure among sites. Percent impervious surface and percent woody vegetation are within a 500 m buffer around the studied sites.
Percent of native vegetation is the proportion of percent woody vegetation that is made up of natives. See Figure 4.1 for site locations, Table 4.1
for site environmental characteristics and Table 4.2 for loadings of variables on PC-1 and PC-2.. Scatter plot created in CANOCO for Windows
version 4.5 (ter Braak & Smilauer 2002).
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13 to 16

17 to 21

Number of sites occupied
Figure 4.3 Frequency-occupancy distribution of all herbivorous species in sites showing a
typical bimodal frequency distribution with one group of species on the right side
representing ‘core’ species, which occur in at least 12 sites, and a second group on the left
side representing ‘satellite’ species, which occur in four sites at most.
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(A) Cumulative species occurrences, Specialists

2

4

6

8

Cumulative count of species

5
4
3
1

2

Mean abundance

6

(B) Cumulative abundance distribution, Specialists

1
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6

7

8

Cumulative number of species

Figure 4.4 Cumulative distribution of (A) species occurrences, and (B) number of individuals
per tree for specialist species of Cordyline australis. The scale Pseudolacaspis cordylinidis is
excluded from the abundance plot (B) because its abundance was far greater than all other
species.
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(B) Cumulative abundance distribution, Generalists
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Figure 4.5 Cumulative distribution of (A) species occurrences, and (B) mean number of
individuals per tree for generalist species of Cordyline australis.
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20

E. verriculata

Catamacta
B. cordylinidis

10

L. depressus

C. lotinana

5

Species occupancy

15

Tetranychus

Batchredra
T. comatum
T. salebrosus

C. vulgaris

2

4

6

8

10

12

14

Species abundance

Figure 4.6 Mean abundance per tree versus site occupancy of specialist (filled circles) and
generalist (open diamonds) invertebrate herbivore species on cabbage trees. The scale,
Pseudolacaspis cordylinidis, is excluded because its mean abundance was much greater than
all other species (mean abundance = 160 individuals). Specialist species and generalists of
interest in the text are labelled. The two outlying generalists C. vulgaris and T. salebrosus are
discussed in the text.
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Chapter 5: Tastes like home: regional patterns of community structure
and local adaptation by invertebrates of Cordyline australis
Introduction
Intra-specific variability in host plant quality can be observed at multiple scales, from
among individuals to populations of plants at regional or geographic scales (Lajeunesse &
Forbes 2002). Such variability can be caused by a combination of environmental factors (e.g.
climate, soil nutrient availability and herbivory, both currently and in the recent past), genetic
differences, plant age and the requirements of the invertebrate Denno & McClure 1983,
Orians & Jones 2001, Scriber 2002). Patterns in variation in the quality of a host plant at a
given location will be different for each of its herbivores depending on their requirements and
perception of quality (Kaltz & Shykoff 1998, Wade 2007). The extent that plant intra-specific
genetic variation affects herbivores and other host-dependent invertebrates, and in particular,
the local adaptation of invertebrates onto genetically distinct host plants, has long been of
interest, e.g., Edmunds & Alstad 1978, Hanks & Denno 1994, Komatsu & Akimoto 1995,
Boecklen & Mopper 1998, Mopper et al. 2000) and is relevant to explaining patterns in the
community structure (richness and composition) of herbivorous invertebrates.
Local adaptation by a population of invertebrate herbivores onto their host plant is an
evolutionary process by which the herbivores become specialised on a particular plant
genotype. It is hypothesised that by specialising on a local host, invertebrates increase their
mean fitness and may experience a trade-off leading to reduced performance on foreign hosts
(Kearsley & Whitham 1992, Boecklen & Mopper 1998). Adaptation may occur at multiple
spatial scales. For example, at fine scales, genetically differentiated demes of scale insects can
occur on individual conspecifics within a few meters of each other (Edmunds & Alstad 1978).
At much larger scales, arthropods have been shown to differentiate between intra-specific
variation at a regional scale (Bangert et al. 2006b). The inverse situation, ‘parasite
maladaptation’ to local hosts, has also been observed. For example, in a review of 38 studies
of local adaptation, Kaltz & Shykoff (1998) found that around half of the studies found
maladaptation or did not demonstrate any pattern. Invertebrate life-history characteristics have
been identified as contributing to patterns of local adaptation; these characteristics include
feeding mode, mating system and dispersal ability (reviewed by Mopper 2005).
Recent work has begun to look at the effect of host genetics on entire communities of
associated species (Dickson & Whitham 1996, Wimp et al. 2005). The analysis of community
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organization in an evolutionary context is considered a major frontier in biology (Thompson
et al. 2001, Webb et al. 2002, Shuster et al. 2006) Progress in this area requires the
consideration of evolution in a taxonomically broad context, focusing on genetic interactions
that exist among species within a community (Whitham et al. 2006). Studies examining the
association between host plants and insect herbivores have found that increasing plant
diversity leads to increased herbivore diversity (e.g., Siemann et al. 1998, Knops et al. 1999,
Haddad et al. 2001, Novotny et al. 2006). Likewise, genetic variation within plants of the
same species may affect the structure and diversity of the associated invertebrate herbivore
community, and it is predicted that these effects could ‘cascade up’ to higher trophic levels
(Hunter & Price 1992).
Recent studies focusing explicitly on the effect of within-plant species genetic
variation on invertebrate communities have found that genetically different plants within the
same species sometimes support different assemblages of invertebrates (e.g., Fritz & Price
1988, Dickson & Whitham 1996, Dungey et al. 2000, Wimp et al. 2005, Johnson et al. 2006).
This research represents the relatively new ecological field of ‘community genetics’
(Whitham et al. 2003). The founding premise of community genetics is that the genes that
influence the phenotype of one species actually reside in another species with which the first
is associated (Dawkins 1982, Wade 2007). This means the phenotype of one species (in
particular, a dominant species) is part of the environment of another; therefore the expression
of genetic traits in one species can influence the fitness of another species (Wade 2003,
Whitham et al. 2003, Whitham et al. 2006). These indirect genetic effects provide a
mechanism for communities of invertebrates to become associated with different plant
genotypes, forming a unique community phenotype (Shuster et al. 2006). Whitham et al.
(2006) argue that community phenotypes have broad-sense heritability, which is the tendency
for genetically related individual plants to support invertebrate communities similar in species
composition (Whitham et al. 2006).
In addition to genetically similar plants supporting a distinct community of
invertebrate herbivores, the interactions of species across multiple trophic levels may also be
affected. For example, heritable plant resistance to herbivory has been shown to affect the
distribution of a herbivore and its associated predators (Fritz 1995, Bailey et al. 2006).
Dickson & Whitham (1996) found that cottonwood hybrids that were genetically susceptible
to gall-forming aphids attracted a community of fungi, insects and birds that directly and
indirectly utilised this plant-herbivore interaction, whereas poplars resistant to the aphid
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supported different communities. Further work by Wimp et al. (2005) in the same system
provided evidence that community phenotypes may be heritable by measuring the same
community phenotypes of invertebrates associated with poplar cross-types for two
consecutive years.
Well-studied examples of extended plant phenotypes include Australian Eucalyptus
hybrids, and American cottonwood and its hybrids (Populus spp.). Dungey et al. (2000) found
that herbivore species richness was greater on Eucalyptus hybrids compared to pure stands,
and that hybrids supported a compositionally discrete herbivore community. Studies of
American cottonwood hybrids and their associated dependent invertebrate community (e.g.,
Bangert et al. 2006a, b; Whitham et al. 2003, 2006; Wimp et al. 2005) demonstrated that
genetic variation in cottonwoods affects taxa at all trophic levels and at multiple spatial scales,
and that genetic variation is more important than environment in shaping the associated
communities for this plant. However, studies in other systems have found that environmental
effects were stronger than host plant genotype in shaping associated invertebrate communities
(e.g., Stiling & Bowdish 2000). The majority of research in the field of community genetics
has been conducted in plant hybrid systems; the generality of these genetic effects in other
systems is unknown (Wimp et al. 2005). Also unknown are the full implications of
interactions between plants, herbivores and higher tropic levels; is there potential for
community phenotypes to feedback and affect the fitness of the plant expressing the trait?
Demonstrating such a feedback would allow the application of traditional ideas of fitness in
population genetics to community ecology and provide a means for the evolution of
communities over time (Whitham et al. 2006).
I used an excellent opportunity in New Zealand to examine patterns of local adaptation
and look for evidence of community phenotypes on New Zealand cabbage tree (Cordyline
australis) in two well-established, geographically distant common garden experiments. The
gardens contain replicate individuals of genotypes from the entire geographic range of C.
australis, of which a coarse phylogeography has been established (see below). In addition, C.
australis are long-lived, non-deciduous, and ubiquitous in the New Zealand landscape; this
provides a predictable and abundant resource, which may promote local adaptation because
phytophagous invertebrates would have less need to disperse from their natal host (Greischar
& Koskella 2007). There are a number of species specialised on C. australis with varying life
history traits, abundance (rare and common species) and range sizes, providing opportunity
for further research at multiple geographic, and multi-trophic scales. The advantage of using a
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multiple-common garden approach is the separation of the role of environmental and genetic
components in shaping community structure in two different climates and biogeographic
histories. Another advantage is being able to compare the response of communities in two
geographic extremes, the North and South.
Cordyline australis common gardens
A long-term study led by Warwick Harris and Ross Beever at Landcare Research is
following the survival, growth and phenology of 28 C. australis populations growing in three
common gardens in New Zealand (see Harris et al. 1998, Harris & Beever 2000, Harris et al.
2001, Harris & Beever 2002, Harris et al. 2003, Harris et al. 2004). The study began in 1994
with the characterisation of the phenotypes of different wild populations of cabbage trees.
Measurements of trunk and leaf forms were taken from 29 wild stands of C. australis at sites
covering the latitudinal range of the species across 1250 km from 34o to 46o South.
To determine if the observed differences among C. australis populations were
genetically based, common gardens were established at three latitudinally-separated, uniform
garden sites in the upper North Island, middle and bottom of the South Island (Auckland,
Lincoln and Otago). These gardens were established in 1995 and 1996 using seed collected
from 28 of the wild populations that were sampled to examine phenotypic variation (Harris et
al. 2001). Measurements of plants in these common gardens have revealed marked genotypic
differences between cabbage tree populations related to geographical gradients, largely
supporting the trends observed in wild phenotypes by Harris et al. (2001). Differences among
phenotypes have been observed in cabbage tree growth rates (Harris et al. 2003), leaf shape
and pigmentation (Harris & Beever 2002), cold tolerance (Harris et al. 2001), dead leaf
retention (Harris et al. 2004) and time to first flowering (W. Harris, R. Beever & B.
Smallfield, unpublished data) (see Figure 1 within Appendix 1 for an example of the
phenotypic variation).
The phylogeography of Cordyline australis
Based on the observed genotypic diversity of C. australis populations observed in the
common gardens, recent work has defined the phylogenetic structure of C. australis and
related it to quaternary geographical history (T. Armstrong, R. Beever, W. Harris & S. Parkes
unpublished data). Amplified Fragment Length Polymorphism (AFLP) analysis was used to
examine the genetic structure of the 28 populations grown in the common gardens, using three
selective primer pairs to generate 265 polymorphic loci. Analysis of the population structure
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revealed two main lineage groups: Northern New Zealand (from Northland to north of
Taupo), and Southern New Zealand (which includes the southern North Island below Taupo
and the South Island). The Southern group can be further subdivided to include a SouthernSouth Island group that includes populations from Banks Peninsula to Southland, and a Midlatitude group that comprises populations from Taupo, south to Banks Peninsula (Figure 5.1).
The three phylogeographic groups are refered to as ‘Northern’ (Northern North Island), ‘Midlatitude’ (South of Taupo to Banks Peninsula) and ‘Southern’ (south of Banks Peninsula). It is
important to note the Southern group is a subset of the Mid group.
Armstrong et al. (unpublished data) consider the Northern and Southern groups to be
genetically distinct and speculate the two lineages of C. australis existed in two separate
populations during the last glacial maxima. The Southern and Northern lineages may have
diverged while being isolated in separate refugia during the last glacial maxima, and since
then populations have expanded to the full range of the species today. There is evidence that
the Southern lineage possesses distinct adaptive responses to cold (Harris et al. 2001). These
adaptations may have facilitated rapid post-glacial southward range expansion into colder
southern regions. Cabbage tree seed is dispersed by birds and establishes best on disturbed
surfaces (Simpson 2000); therefore, extension of its range during the Holocene would have
been rapid following glacial retreat (Harris & Beever 2002). The Southern populations have
low genetic diversity, which is consistent with rapid range expansion. In contrast, there is
high genetic diversity among populations within the Northern phylogenetic group (Armstrong
et al. unpublished data).
Aims
In this study I examined the effect of genetic variation of populations of New Zealand
cabbage tree (Cordyline australis) on the associated invertebrate community in two common
garden settings. I was interested in the effect of the genetic variation among phylogenetic
groups of C. australis on the associated invertebrate herbivore community structure; in
addition, I was interested in patterns of local adaptation by individual species.
I predict that species richness and abundances of invertebrates specialised to feed only
on C. australis will be highest on regionally local populations (i.e., populations belonging to
the phylogenetic group matching the garden location), while richness of generalist herbivores
will not be different among populations.
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I also predict that invertebrate specialists of C. australis in the Auckland garden will
exhibit stronger patterns of local adaptation than in the Lincoln garden. Compared to the
Southern and Mid-latitude regions, which are subject to harsh climatic conditions and tectonic
activity, the Northern region has been more geologically stable since the Oligocene (McGlone
1985). Because of this it is expected there has been long-term consistent availability of
cabbage tree habitat, allowing longer periods of sustained host specialisation by associated
herbivores.
Methods
Study system
New Zealand cabbage tree (Cordyline australis) is a distinctive, monocotyledonous
tree indigenous to New Zealand (see Simpson 2000 for a comprehensive review of this
species). The invertebrate community of C. australishas previously been defined (Chapter 3);
for the purpose of this study I have focused on the community members that are herbivorous
as well as the specialised predator of Balanococcus cordylinidis (Hemiptera:
Pseudococcidae), Allograpta ventralis (Diptera: Syrphidae) (see Table 5.1 for a complete list
of species collected, and Chapter 3 for details of specialist [monophagous and oligophagous]
species). It is expected that invertebrates consuming plant tissue will be under reciprocal
evolutionary pressure with their host because of the need to overcome any chemical or
physical defences against herbivory (Zangerl & Berenbaum 2003, Kaweki & Ebert 2004);
therefore if plant genotype has an effect on patterns of local adaptation or community
structure, it will be evident in these specialists. In particular, the selection pressure from host
genetics should be most consistent and strong on monophagous species, and I expect these
species to be more frequently locally adapted.
Common garden experiment
This work was conducted at the Landcare Research common gardens at Landcare
Research, Lincoln, Canterbury (43o38’S, 172o29’E); and at Unitec Institute of Technology,
Auckland (36o53’S, 174o42’E) (Figure 5.1). Two additional gardens were also planted:
Invermay, Otago (45o51’S, 170o23’E), and a companion garden to the Unitec site at Mt.
Albert Research Centre (MARC), Auckland (36o54’S, 174o44’E). However; the MARC site
was excluded from the current study for access reasons, and the Invermay site was excluded
due to freezing damage to trees while they were seedlings, which resulted in a strongly
unbalanced design (see Harris et al. 2001).
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The experimental layout is 10 blocks at the Unitec site and 20 blocks at the Lincoln
site. Each block includes a single replicate of each of the populations planted in random order
in a square grid with 2 m spacing. The Lincoln garden is on a flat site with replicates arranged
in a block laid in a north-south line with sheltering trees to the south and east, whereas the
garden at Unitec is sloped slightly towards the north-west and is sheltered by trees on the
western and northern sides. No fertiliser or irrigation has been applied to either garden since
planting (Harris et al. 2003).
Data collection
Population selection
I planned the invertebrate sampling prior to the completion of genetic analysis of the
populations in the common gardens; therefore in selecting populations to sample I chose a
geographically stratified subset that represented all regions of New Zealand that had a full
replicate of ten trees available to sample (Table 5.2). This resulted in lower sampling effort
for the Southern South Island phylogeographic group, with two fewer representative
populations sampled from this group.
Sampling protocol
For this study I sampled the 10 blocks at the Unitec site (herein referred to as
‘Auckland’) and 10 randomly chosen blocks from the Lincoln site. Invertebrates was sampled
from each of the selected cabbage tree populations at each common garden between February
and April 2006. Sampling effort was predetermined by a complete census of all invertebrates
on six Canterbury trees in which species-accumulation curves were plotted to determine the
best sampling protocol (Chapter 3). Each selected tree was sampled first by a visual search of
the leaves in up to five crowns so that sessile species, such as the scale Pseudaulacaspis
cordylinidis (Hemiptera: Diaspididae), could be counted. After visual search, each crown and
the skirt of dead leaves retained around the trunk (if present) were sampled by beating, and
species collected and abundances recorded. All specimens collected were sealed in plastic
vials and frozen prior to identification. Inflorescences were cut from sampled crowns during
September 2006 and hung in mesh bags indoors. Bags were monitored over 3 months and
stem-boring Lepidoptera collected after the adults had eclosed. Invertebrates were identified
to the lowest taxonomic level possible using a binocular microscope (see Chapter 3).
For all trees sampled, the following architectural characteristics were recorded: the
total number of crowns, the presence of a skirt of dead leaves around the trunk (‘skirt
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presence’), the number of inflorescences, and tree height (m). Additional crown
characteristics for the Lincoln common garden were provided by W. Harris & R. Beever;
these included leaf dimensions (leaf length, petiole breadth and blade breadth) (see Harris &
Beever 2002 for how these were measured) and scores of the arrangement of leaves in the
crown (top, mid and lower leaf arrangement/degree of erectness) (W. Harris, unpublished
data). These data were not replicated by Harris for the Auckland garden.
Data analysis
I calculated the geographic distance in kilometres of the origin of each population
from the closest local population to each common garden (Waitakere for Auckland, and
Riccarton Bush for Christchurch). In addition, the genetic distance between sampled
populations was measured by calculating distance between node lengths of the phylogenetic
tree (Figure 5.2) using the R package “APE” version 1.10-2 (Paradis et al. 2004) implemented
in R version version 2.5.0 (R Core Development Team 2007).
To correct for some trees having more crowns and inflorescences than others, the
average invertebrate richness and abundance per crown, or inflorescence, per tree was used as
response variables. The effects of pseudoreplication of trees within populations was mitigated
by separating the analysis into two parts: among-populations (comparing mean number of
species and mean abundance of invertebrates within populations to examine the effect of
geographic and genetic distance) and among trees (with trees nested within populations,
looking at the effect of tree architectural characteristics and genotype on the invertebrate
community).
Principal Coordinates Analysis (PCoA) using Euclidean distance metric was run in R
using the package labdsv version 1.2-2 (Roberts 2006) to reduced dimensionality of the crown
shape characteristics and leaf dimensions into two new vectors based on axis scores. The
variables were standardised to account for differences in measurement units. The new
predictors (“PCoA leaf” and “PCoA crown”) generated in this data reduction were
uncorrelated and were normally distributed; they were therefore used in the models with other
environmental predictors described below (Gotelli & Ellison 2004). The continuous predictor,
tree hight was log-transformed to normalise its frequency distribution.
Species composition
Indirect gradient analysis using Nonmetric Multidimensional Scaling (NMS) (Kruskal
1964, Mather 1976) was implemented in PC-Ord version 5.10 (McCune & Mefford 2006) to
125

examine variation in species composition on trees within phylogenetic groups within each
garden. The data used was standardised to species maxima, including only species that
occurred on at least five percent of trees so that rare species did not unduly weight the
ordination (Barea exarcha and Ctenopseutis obliquana at Lincoln, and Thrips obscuratus,
Cixiidae sp. and Psilocnaeia nana at Auckland were excluded) and Jaccard distance measure
to relate variation in species composition among trees. Alternative analyses using
Correspondence Analysis (CA) and Detrended Correspondense Analysis (DCA) showed
similar results, gradient lengths were short so detrending was not necessary and NMS gave
the best spread of trees in ordination space. Jaccard distance was used because it gave the best
spread of trees in species space. NMS was run with 50 iterations using the observed data and
tested the result with 200 Monte Carlo simulation runs. The dimensionality of the data was
assessed using a scree plot of the final stress versus the number of dimensions, the number of
axes beyond which reductions in stress were small was chosen for the final run of the data
(McCune & Grace 2002). The percentage of variance explained in the distance matrix for
each garden was calculated following McCune & Grace (2002).
Species richness
Species richness of each host genotype was calculated and modelled separately for
specialist and generalist invertebrate species for each garden. I calculated mean species
richness per crown per tree and then averaged this across all trees in each population to give
an estimate of species richness per population. To determine which distance measure was the
best predictor of species richness among populations I used Generalised Linear Models
(GLiM) in R version 2.5.0 (R Core Development Team 2007) with a quasipoisson error
distribution, due to overdispersion in species richness, to fit a model with geographic and
genetic distances as predictors.
To determine the best predictors of species richness among trees, I used backwards
stepwise GLiM with quasipoisson error distribution to test the effect of each predictor. This
was performed separately for each garden. Environmental predictors included the number of
crowns per tree, number of inflorescences per tree, skirt presence, height, phylogenetic group
and, for Lincoln only, the axis scores from the PCoA reduction of leaf and crown
characteristics. To account for the spatial arrangement of trees in the gardens, a spatial matrix
was incorporated using the co-ordinates for the trees sampled. The matrix included terms for a
bivariate polynomial trend surface regression, i.e., X, Y, XY, X2 and Y2 (Legendre &
Legendre 1998). Orthogonal a priori contrasts were used to compare mean species richness
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among local and foreign phylogenetic groups using the function “fit.contrast” in the R
package “gmodels”, version 2.14.0 (Warnes 2007). This function uses a t-test to compare
means of regression objects.
Individual species responses
I tested for local adaptation of specialist invertebrates of C. australis by calculating the
frequency of trees occupied in each phylogenetic group and modelling the mean abundance of
invertebrate species sampled per crown per tree against the same predictors used for tree-level
species richness analysis (see above). I used the model-fitting approach described above to
test the influence of each predictor. If phylogenetic group was a significant predictor of
species abundance, orthogonal a priori contrasts were used to compare species abundances
between local and foreign phylogenetic groups. I considered a species to be locally adapted if
its abundance was significantly higher on the local phylogenetic group of each garden. In the
case of the inflorescence shoot-boring Lepidoptera, Catamacta sp., only trees with
inflorescences were included in the models. The cossonine weevil Tanysoma comatum and
the specialised stem-boring Lepidoptera Batcheredra sp. and A. crysograpta were rare
(recorded on fewer than ten trees); therefore, models could not be fit for these species.
Instead, I performed Pearson's chi-squared test with Yates' continuity correction to account
for low sample size in the “stats” package of R version 2.5.0 (R Core Development Team
2007) on the proportional occupancy on trees from local and foreign phylogenetic groups.
To look at host genotype-level trends in species abundance among C. australis
populations, I calculated the mean abundance per cabbage tree population (all trees within
each population pooled) and fit a model using GLiM with quasipossion error distribution with
geographic distance as a predictor.
Results
At Lincoln 50 403 individual invertebrates were sampled; they represent 28 species
from nine orders, of which eight species were specialists of C. australis. At Auckland, 25 007
individuals were sampled representing 27 species from ten orders; of these, 11 were
specialists of C. australis. In all, 17 species were common to both gardens, ten were unique to
Auckland and nine unique to Lincoln (Table 5.1).
Data reduction
Two new predictors from the first PCoA axes of the crown and leaf variables were
created. The first axis of leaf characteristics (‘PCoA leaf’) explained 48 percent of the
127

variation; it represents a gradient in leaf shape with increasing leaf length, petiole breadth and
blade breadth along the axis. The first axis of crown characteristics (‘PCoA crown’) explained
43 percent of the variation; it represents a gradient in the arrangement of leaves in the top,
mid and lower part of the crown, with leaves increasing in erectness along the axis.
Species composition
For the Auckland garden, the best solution from non-metric multidimensional scaling
of species composition on trees produced a three-axis ordination that explained 55.4 % of the
variation in species data based on the Jaccard distance measure, with stress of 17.28. The best
solution from NMS for the Lincoln garden produced a three-axis ordination that explained
63.6% of the variation, with a stress of 14.98.
Scatter plots of NMS axis scores overlaid with tree phylogenetic regions shows there
was a large amount of variation in species composition within each of the three phylogenetic
regions, but that the composition of the Northern and Southern trees differs and Mid-lattitude
trees overlap in composition with both regions in both gardens (Figure 5.3). The first
dimension of both the Auckland and Lincoln data appeared to best distinguish the three
phylogenetic groups in the ordination space (Figure 5.3A, B).
Species richness
There was a significant trend for decreasing species richness with increasing
geographic distance of genotypes for specialist invertebrates at both gardens (GLiM,
Auckland F = 14.893, P = 0.0026; Lincoln F = 21.105, P = 0.0007) (Figure 5.4A, C). The
same trend was observed when genetic distance was used as a predictor, but this trend was not
as strong (GLiM, Auckland F = 10.220, P = 0.0085; Lincoln F = 14.627, P = 0.0028).
However, for Auckland two specialised stem-boring Lepidoptera (Batchredra sp and
Astrogenes chrysograpta) did not occur on trees from the Southern phylogenetic group (Table
5.3); when these species were removed from analysis, geographic distance was no longer a
significant predictor of species richness (GLiM, F = 0.7361, P = 0.4092, Figure 5.5).
Richness of generalist invertebrate species was not significantly explained by geographic or
genetic distance at either garden (Figure 5.4B, D). A plot of geographic distance versus
genetic distance for each garden shows that geographic distance provides a more continuous
variable because some populations are ‘equally distant’ genetically (Figure 5.6).
The only significant predictor of among-tree specialist species richness at Auckland
was phylogenetic group (GLiM, F = 4.538, P = 0.001), with significantly higher richness on
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trees from the Northern group than Southern trees (contrasts, t = 2.853, P = 0.005), and a nonsignificant trend towards higher richness on Northern trees compared to Mid-latitude trees
(contrasts, t = 1.891, P = 0.061). However, when specialist inflorescence feeders (Batchredra
sp. and A. crysograpta) were excluded, total number of crowns also became significant
(GLiM, F = 140.885, P = 0.0001), and species richness between Northern and Mid
phylogenetic groups was no longer significantly different (contrasts, t = 1.147, P = 0.255); but
richness among Northern and South groups remained significantly different (contrasts, t =
2.026, P = 0.04).
Significant predictors of among-tree specialist species richness at Lincoln included
phylogenetic group (GLiM, overall effect in model: F = 19.229, P = 0.0005), with trees from
the local Southern group having significantly higher species richness than trees from the
Northern group (contrasts, t = 6.189, P = 0.0001), and trees from the Mid-latitude group
(contrasts, t = 4.006, P = 0.0001). The Y2 predictor was significant (GLiM, F = 4.510, P =
0.04) indicating a humped distribution with lower species richness on trees towards the centre
of the Y position in the plot. There were no significant predictors of generalist species
richness among trees at either garden.
Individual species responses
Auckland
For species abundance among populations at Auckland, the only species for which
geographic distance was a significant predictor was the scale B. cordylinidis, with a trend for
increasing abundance with geographic distance (Table 5.4A). For among-tree abundance,
while phylogenetic group was a significant overall predictor for several species at Auckland,
contrasts showed that only Tetranychus sp. ‘cordyline’ had significantly higher abundance on
regionally local trees compared to trees from the Southern phylogenetic group. The reverse
trend was found for Loberus depresuss, which was more abundant on Mid-latitude trees, and
for B. cordylinidis, which was more abundant on both Southern and Mid-latitude trees
compared to regionally local trees (Table 5.4A). For the rare species in the Auckland garden,
A. crysograpta and Batchredra sp. occurred significantly more frequently on trees within the
local phylogenetic group (A. crysograpta: χ2 = 4.0495, P = 0.04; Batchredra sp.: χ2 = 5.47, P
= 0.02), whereas T. comatum occupancy on trees was independent of phylogenetic group (χ2 =
0.58, P = 0.45). Tree architectural characteristics were generally not important for explaining
the abundance of specialists in the Auckland garden, with only E. setiger responding to skirt
presence. Spatial configuration of trees was a significant predictor of B. cordylinidis with
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abundance increasing along the Y and Y2 position in the plot, and E. verriculata, which
increased in abundance along X2 plot position (Table 5.4A).
Lincoln
In contrast to Auckland, all specialist invertebrate species at the Lincoln garden
decreased significantly in abundance with increasing geographic distance (Table 5.4). Among
trees, all species had significantly higher abundance on regionally local trees (Southern
phylogenetic group) compared to Northern and Mid-latitude trees. The exception was
Epiphryne verriculata, whose abundance was significantly higher on Mid-latitude trees
compared to regionally local trees, and not significantly different among local and Northern
trees; and Catamacta lotinana, whose abundance was significantly higher on regionally local
trees compared to Northern trees but not compared to Mid-latitude trees (Table 5.4). Habitat
predictors were more frequently important for explaining the abundance of specialist species
than in the Auckland garden, with increasing number of crowns a significant predictor of
higher abundance for all specialists (Table 5.4B). Crown dimensions (‘PCoA crown’) was an
important predictor for Allograpta ventralis, with higher abundance on crowns with less erect
leaves. Number of inflorescences was a significant predictor for L. depressus and C. lotinana,
with higher abundance on trees with inflorescences. Position of the sampled tree in the plot
was a significant predictor for L. depressus, P. cordylinidis, B. cordylinidis and Catamacta
sp., showing that abundance varied greatly among trees throughout the garden (Table 5.4B).
Discussion
This study makes a unique contribution to New Zealand community ecology by
demonstrating the effect of intraspecific plant genetic variation on associated herbivorous
species. I found evidence of community phenotypes in both gardens, with the three
phylogenetic groups supporting compositionally different, but not necessarily discrete,
communities of invertebrate herbivores. The compositional differences were largest between
the Northern and South groups in both gardens, indicating that genetic dissimilarity was had a
significant effect on community composition. These results are consistent with the “genetic
similarity rule” of Bangert et al. (2006a, b) whereby genetically similar hosts, i.e., those from
within the same phylogenetic group, support more similar invertebrate communities than trees
that are genetically dissimilar. These patterns were largely driven by specialist species. When
species richness was separated according to diet breadth I found support for the prediction
that specialist species richness was higher on regionally local populations (Table 5.3); again
this result was consistent at both gardens and was most pronounced between the most
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genetically dissimilar hosts, i.e., the Northern and Southern phylogenetic groups. The
measured tree architectural characteristics were not significant explanatory predictors in
models of species richness in either garden, suggesting that while the host phenotypes
exhibited in the gardens may have been driven by the different environments provided by
each location, the invertebrate community may have been selecting host plants based on other
aspects of plant phenotype such as foliar chemistry, nutrition or host quality. The contribution
of plant genetics in shaping associated invertebrate communities has been demonstrated in
several other host systems, including, as previously mentioned, the hybrid systems American
cottonwood (Populus spp.) (Floate & Whitham 1995, Wade 2003, Wimp et al. 2005, Bangert
et al. 2006a, b, Shuster et al. 2006); Eucalyptus spp. (Dungey et al. 2000); Quercus spp. (Ito
& Ozaki 2005, Torvar-Sanchez & Oyama 2006); willow (Salix spp.) (Fritz & Price 1988,
Hochwender & Fritz 2004) and the herbs goldenrod (Solidago altissima) (Maddox & Root
1990) and evening primrose (Oenothera biennis) (Johnson & Agrawal 2005, Johnson et al.
2006, Johnson 2008). In these studies plant genetic variation was found to be as least as
important as environmental variation and inter-specific interactions in shaping the
invertebrate community.
The differences in community composition observed at each garden were largely
driven by a few community members, in particular, the host-specialised invertebrates that
were predicted to be more likely to demonstrate adaptation to local hosts. However, these
patterns are driven by different species in each garden and not necessarily by sedentary
species shared by both sites expected to be most prone to local adaptation. For example, one
free-living species that would have been expected to be locally adapted at each site was
Balanococcus cordylinidis. This species has parthenogenic reproduction, sedentary feeding
habit and low dispersal ability, all of which are life-history characteristics observed in other
species of Hemiptera that have demonstrated local adaptation e.g., black pineleaf scale on
ponderosa pine (Edmunds & Alstad 1978); woolly scale on beech (Wainhouse & Howell
1983), armoured scale on mulberry (Hanks & Denno 1994) and galling aphid on Japanese elm
(Komatsu & Akimoto 1995). However, whereas B. cordylinidis demonstrated local adaptation
onto regionally local trees at Lincoln, it did not in Auckland and instead had higher
abundance on foreign trees. I observed that Southern trees had larger crowns than Northern
trees in the Auckland garden; this may have provided a more amenable microclimate for B.
cordylinidis, which forms colonies in the base of the leaves, resulting in higher abundances on
these trees.
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Of the three species that appeared to be locally adapted in Auckland, two were
endophagous inflorescence-specialist Lepidoptera (A. crysograpta and Batchredra sp.), which
were also locally adapted in Lincoln. Invertebrates with endophagous lifestyles such as gallforming, mining or leaf-rolling insects have a close and specialised relationship with their
host plant (Shuster et al. 2006) and could be expected to demonstrate local adaptation because
they are likely to use plant phenology in addition to chemical cues for host plant selection
(Mopper 2005). Differences in the timing of flowering by different cabbage tree genotypes
have been observed in the gardens (W. Harris, unpublished data) and timing of flowering is
known to be genetically controlled in other plant species (Putterill et al. 2004); the
significantly higher occupancy of these species on local trees indicates these species are
closely tied to host phenology. These species will be under selection pressure to closely match
the timing of their life cycle with the emergence, growth and senescence of C. australis
inflorescences; therefore, it is not unexpected that these species were generally not reared
from the inflorescences of foreign hosts. The exception was another inflorescence specialist,
Catamacta sp., which showed no preference for local trees in Auckland but did at Lincoln,
suggesting this species may be more flexible in oviposition timing in the Auckland region
than other inflorescence specialists. The effect of intraspecific plant variation on populations
of endophagous species at the scale of individual trees has been well documented (e.g., Fritz
& Price 1988, Hanks & Denno 1994, Komatsu & Akimoto 1995, Mopper et al. 2000, Mopper
2005). My results demonstrate that genetically controlled differences in flowering phenology
are likely to shape local adaptation by invertebrates at larger, regional scales.
The only species that did not appear to be locally adapted in Lincoln was the
geometrid moth Epiphryne verriculata, which was instead more abundant on Mid-latitude
trees. This suggests a possible post-glacial migration south of Mid-latitude adapted genotypes
of E. verriculata. A previous study recording damage by E. verriculata larvae on C. australis
across multiple sites across the region around Lincoln found this moth to be present in
practically all habitats irrespective of modification or isolation (Chapter 2, Guthrie et al.
2008). The excellent dispersal ability of E. verriculata is likely to result in high gene flow
among populations, homogenising them over time and reducing the appearance of local
adaptation by this species (Holt & Gomulkiewicz 1997). This is consistent with other studies
that have found high gene flow reduces local adaptation (e.g. Gandon et al. 1996, Zangerl &
Berenbaum 2003). However, some have argued that high dispersal may in fact facilitate
divergent adaptation by providing genetic variation for evolution to occur (Garant et al. 2007,
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Greischar & Koskella 2007). In these situations the increase in genetic variation due to gene
flow gives the more mobile species an advantage in its ability to adapt to its host.
Although these results show that overall the invertebrate community of C. australis
are associated with host genetics, examination of patterns of local adaptation by individual
species show this association is different for different species in each garden. The effects were
stronger in Lincoln than Auckland, which is contrary to my prediction that more species
would be locally adapted in Auckland. This result suggests historical influences were
important for the evolution of local adaptation over this large geographic scale. The rapid
southwards colonisation, or rapid expansion of C. australis from refugia, thought to have
occurred after the last glacial maxima, is consistent with the lower genetic diversity within the
Southern phylogenetic group (Armstrong et al. unpublished data). The high number of species
demonstrating local adaptation in Lincoln may be due to these historic changes; relatively low
host diversity over a large spatial scale in the Southern region has produced stronger,
consistent selection pressure for local adaptation compared with areas where C. australis is
genetically more diverse. The result of this may be an inability for Lincoln invertebrates to
recognise foreign genotypes as suitable hosts, while in the Northern region there has been
relatively little consistent selection pressure on invertebrates to become locally adapted;
therefore, an Auckland invertebrate is more able to perceive a foreign plant as a potential host.
If this is the case, then environmental effects on the host plant are likely to be stronger than
host genetics in determining invertebrate species patterns in the Auckland garden. The fitted
models did not identify plant architectural characteristics as being important for explaining
differences in abundance among hosts, suggesting there is an effect of environment on plant
quality that was not measured. This may have resulted in some trees being more attractive to
herbivores, due to either plant stress (Scriber 2002, Kawecki & Ebert 2004), plant vigour
(Price 1991) or variation in plant defence chemistry (Scriber 2002, Zangerl et al. 2008),
resulting in patterns of host mal-adaptation in Auckland. This is consistent with other studies,
which show that susceptibility of a plant to herbivores is dependent on the environment in
which it grows (Maddox & Cappuccino 1986, Stiling & Rossi 1996, Stiling & Bowdish
2000). It remains unsure as to the extent to which the observed patterns of species occupancy
and abundance of specialist invertebrates represent local adaptation or preference for healthier
hosts, which just may happen to be the local. This should be assessed using rearing
experiments using local and transported foreign plant tissue to compare invertebrate growth
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rates, development time, survival, adult longevity and fecundity (Leather 1990, Tammaru
1998).
Coevolution between phytophagous invertebrates and their host plants are the result of
complex interactions between geographic structure of the populations, variation in phenology
of the interacting species and the degree of host specialisation (Leebens-Mack & Pellmyr
2004, Thompson 1994, 2005). These factors vary in importance depending on the temporal
and spatial scales considered. At the scale of geographic regions, phylogenetic patterns and
historical events become important in structuring coevolutionary relationships (Burdon &
Thrall 2000). Specific adaptations to host plants by herbivorous invertebrates are evident in
some species, e.g., detoxification or sequestration of chemical compounds produced by the
host plant (Hoy et al. 1998); however, instances of coevolution where there is reciprocal
evolution of host and herbivore are often difficult to define or identify (Scriber 2002). The
observed patterns of local adaptation in this study do not necessarily involve explicit armsrace-type interactions between the host and its herbivores, and this may be unlikely to occur
in this system, because the trees are evolutionarily static compared to the invertebrates which
have much shorter life cycles (Kaltz & Shykoff 1998). The consistency of the effects of host
genetics on community structure at such a large geographic scale implies that local adaptation
by parasites with little fitness impact on the host plant is more common than arms-race hostparasite coevolution. If the opposite was true then we may have expected higher abundances
of herbivores on some foreign hosts that could be more susceptible, or have lower defence to
local herbivores (Zangerl & Berenbaum 2003, Zangerl et al. 2008). Currently there is no
measure of host-fitness or knowledge of any reciprocal response by C. australis to herbivory;
therefore further investigation is needed to establish if these patterns represent coevolution.
An additional consequence of local adaptation by herbivorous members of C. australis
could be effects to associated higher trophic levels (Hunter & Price 1992). The community
phenotypes of American cottonwood hybrids show that genetic variation in host plants affects
multiple taxa at all trophic levels (Bailey et al. 2006). My results provide evidence of plant
genetics in structuring the herbivorous invertebrate community; however, more work is
needed to document any patterns in higher trophic levels within this system.
Conclusions
This study found clear effects of plant genetic structure on the composition of the
associated herbivore community. These effects were consistent for both the species
composition and richness of specialist herbivores at both Lincoln and Auckland, despite the
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large geographic separation of the gardens. Close examination of the local adaptation by
individual specialist species found that different species responded differently to host
genotype in each garden, and therefore the patterns in community composition were not
driven predictably by the same species. I speculate that this is due to historical changes in the
distribution of cabbage trees in the Southern phylogenetic region, which caused specialised
herbivores to become locally adapted; however, this strong, spatially consistent selection
pressure did not occur in the more diverse Northern region.
Further work is needed to tease out the mechanisms involved; a multi-disciplinary
approach including plant physiology, genetics and ecology would contribute to a better
understanding of this system. Future work could also include transfer or rearing experiments
to measure invertebrate fitness on local and foreign hosts, an investigation of the impacts of
herbivory on host fitness, and further investigation into multiple trophic levels associated with
C. australis. There is also a need to demonstrate the constancy of the observed community
phenotypes and investigate compositional changes over time to determine if these phenotypes
can lead to feedbacks affecting the fitness of the plant, or even lead to changes in ecosystem
processes. This work contributes to the field of community genetics, providing another system
outside the commonly studied plant hybrid systems that demonstrates the existence of
community phenotypes.
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Table 5.1 Invertebrates sampled from Cordyline australis trees growing in the Lincoln
(L) and Auckland (A) common gardens. Taxonomy and diet are indicated for the 48
species of specialist herbivores (monophages and oligophages) (SH); polyphagous
herbivores (PH); detritivores (D); fungivore/pollen feeders (F), specialised predators
(SP); predators (P) and omnivores (O), unknown (U). N.B. Spiders were counted
collectively and were not sorted into lower taxonomic groups.
Order

Family

Species

Acarina

Tetranychidae

Tetranychus sp. ‘cordyline’ Zhang

Anystidae

Diet Garden
SH

L, A

Anystis baccarum Linnaeus

P

L, A

unknown

Mite sp. 1

U

L, A

Araneae

unknown

Spiders

P

L, A

Blattodea

Blattidae

Celatoblatta vulgaris Johns

PH

L, A

Chilognatha

Lithobiomorpha

Lithodius sp.

P

L

Colembola

unknown

Colembola sp. 1

D

L

unknown

Colembola sp. 2

D

L

Carabidae

Laemostenus complanatus Dejean

P

L

Cerambycidae

Psilocnaeia nana Bates

PH

L, A

Xylotoles laetus White

PH

L

Chrysomelidae

Bruchidius villosus Fabricius

PH

L

Ciidae

Ciidae sp. 1

D

L

Coccinellidae

Coccinella 7-punctata Linnaeus

P

L

Halmus chalybeus Boisduval

P

A

Eucossonus setiger Sharp

SH

A

Tanysoma comatum Broun

SH

A

Cryptophagidae

Micrambinia sp. 1

D

L, A

Erotylidae

Loberus depressus Sharp

F

L, A

Latridiidae

Latridiidae sp. 1

PH

L

Silvanidae

Cryptamorpha brevicornis White

PH

L, A

PH

A

Coleoptera

Cossoninae

Cryptamorpha desjardinsi GuérinMéneville
(Continued next page)
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Table 5.1 continued:
Order

Family

Species

Diet

Garden

Staphylinidae

Nesoneus acuticeps Bernhauer

P

L, A

Dermaptera

Forficulidae

Forficula auricularia Linnaeus

O

L, A

Diptera

Tephritidae

Tephritidae sp.

D

L, A

Syrphidae

Allograpta ventralis Miller

SP

L, A

Melangyna novaezelandiae Macquart

P

L, A

Gastropoda

Athoracophoridae Pseudaneitea sp. Cockerell

PH

Hemiptera

Diaspididae

Pseudaulaspis cordylinidis Maskell

SH

L

Pseudococcidae

Balanococcus cordylinidis Brittin

SH

L, A

Cixiidae

Cixiidae sp. 1

PH

L, A

Scolypopa australis Walker

PH

A

Miridae

Bipuncticoris sp.

PH

L

Lygaeidae

Rhypodes sp.

P

L

Flatidae

Siphanta acuta Walker

PH

L, A

Reduviidae

Reduviidae sp.

P

L

Hymenoptera

Formicidae

Monomorium sp.

PH

A

Isopoda

Latreille

Porcellio scaber Latreille

D

L, A

Lepidoptera

Batrachedridae

Batchredra sp. Herrich-Schäffer

SH

L, A

Geometridae

Epiphryne verriculata Felder &

SH

L, A

Rogenhofer
Oecophoridae

Barea exarcha Meyrick

D

L

Tineidae

Astrogenes chrysograpta Meyrick

SH

A

Prothinodes grammocosma Meyrick

PH

A

Catamacta lotinana Meyrick

SH

L, A

Catamacta sp.

SH

L, A

Ctenopseutis obliquana Walker

PH

L, A

Micromus tasmaniae Walker

P

L, A

Pseudoscorpiones unknown

Pseudoscorpion sp.

P

A

Thysanura

Thrips obscuratus Crawford

PH

L, A

Tortricidae

Neuroptera

Hemerobiidae
Thripidae
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Table 5.2 Populations of Cordyline australis sampled at common gardens at Lincoln (L) and Auckland (A). Phylogenetic group information from
Armstrong et al. (unpublished data). § denotes the host population closest to the Auckland common garden (7.6 km); ‡ denotes the host
population closest to the Lincoln common garden (15.7 km). Geographic location of populations can be viewed on Figure 5.1. (N.B. Population
19 was not planted in Auckland; therefore population 18 was sampled instead).
Phylogenetic
group

North

Mid

Population
number

Land district

Latitude S

Garden

3

Dargaville

Nth Auckland

35o53'

L, A

4

Waitakere range §

Auckland

36o53'

L, A

5

Waitakaruru, Hauraki

Sth Auckland

37o17'

L, A

6

Lake Whangape, Huntly Sth Auckland

37o29'

L, A

9

Tolaga Bay

Gisborne

37o33'

L, A

11

Turangi

Sth Auckland

38o58'

L, A

15

Wainuiomata

Wellington

41o22'

L, A

17

Redwood Pass

Marlborough

41o36'

L, A

18

Lower Awatere

Marlborough

41o42'

A

o

42 40'

L

o

19

South

Location

Lower Arahura River

Westland

20

Hurunui Mouth

Nth Canterbury

42 54'

L, A

21

Riccarton Bush ‡

Canterbury

43o32'

L, A

o

44 25'

L, A

o

L, A

22
24

Craigmore, Maungati
Clifden

Sth Canterbury
Southland

46 02'
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Table 5.3 Specialist invertebrate species collected from the Auckland and Lincoln gardens and their life history characteristics and frequency of
tree occupancy on the three phylogenetic groups. Mating system: parth = parthenogenic reproduction. Dispersal: Δ = unwinged. ♀♀ = sessile,
colony forming. Feeding mode: Exo = exophagous, End = endophagous.

Order

Species

Mating
system

Dispersal

Frequency occupancy (%)

Feeding
mode

Auckland

Lincoln

N

M

S

N

M

S

Acarina

Tetranychus sp. ‘cordyline’ (Tetranychidae)

Sexual

Good Δ

Exo

83.7

70.8

50

60

70

86.7

Coleoptera

Loberus depressus (Cucujoideae: Erotylidae)

Sexual

Good

Exo

98

98

84.6

42

54

73.3

Eucossonus setiger (Curculionidae: Cossoninae)

Sexual

Poor

Exo

26.5

25

11.5

Not present

Tanysoma comatum (Curculionidae: Cossoninae)

Sexual

Poor

Exo

6.1

6.3

7.7

Not present

Diptera

Allograpta ventralis (Syrphidae)

Sexual

Excellent

Exo

20.4

25

19.2

Hemiptera

Pseudaulacaspis cordylinidis (Diaspidae)

Parth

Poor ♀♀

Exo

Balanococcus cordylinidis (Pseudococcidae)

Parth

Poor ♀♀

Exo

79.6

79.2

96.1

Batchredra sp. (Batrachedridae)

Sexual

Good

End

14.3

2.1

0

Epiphryne verriculata (Geometridae)

Sexual

Excellent

Exo

77.6

66.7

50

Astrogenes chrysograpta (Tineidae)

Sexual

Good

End

18.4

6.25

0

Catamacta lotinana (Tortricidae)

Sexual

Good

End

Catamacta sp. (Tortricidae)

Sexual

Excellent

End

Lepidoptera

Not present

Not present
40.8

18.75

15.4

14

32

70

54

80

96.7

62

76

100

78

88

66.7

Not present
0

16

66.7

32

56

56.7
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Table 5.4 Minimum adequate model statistics resulting from backwards stepwise regression using generalised linear mixed models assuming
quasipoisson error distribution of mean species abundance per population, and per tree for specialists at (A) Auckland, and (B) Lincoln common
garden against environmental predictors. Contrasts are used to compare local cabbage tree genotypes with foreign genotypes (grouped by
phylogenetic group). The sign of the coefficient (t statistic) indicates the direction of the effect (for example, for Balanococcus cordylinidis in the
Lincoln common garden the coefficient is positive for the South phylogenetic group versus Northern phylogenetic group, indicating that trees in
the Southern group have higher mean abundance of B. cordylinidis compared to the Northern group. Significant results are noted after the Fstatistic (P < 0.05 *, P < 0.01 **, P < 0.001***), - denotes test is not significant. PCoA crowns = principal component scores of crown
characteristics. X, Y, X2 & Y2 co-ordinate = bivariate polynomial trend surface (i.e., X, Y, XY, X2 and Y2) representing spatial configuration of
trees within each garden. Crowns = number of crowns. Inflorescences = number of inflorescences.

Species

Among-population
abundance
Geographic distance

Tetranychus sp. ‘cordyline’
Loberus depressus
Eucossonus setiger
Allograpta ventralis
Balanococcus cordylinidis

F
3.55
0.02
0.86
0.01
17.08

P
0.08
0.887
0.37
0.94
0.001 **

Epiphryne verriculata
Catamacta sp.
Astrogenes chrysograpta

1.17
1.86
2.52

0.30
0.20
0.14

(A) Auckland

Among-tree abundance
Phylogenetic group
North versus South
overall effect
F
P
T
P
8.19
0.000 ***
2.43
0.02 *
6.56
0.001 ***
NS
NS
17.04
0.000 ***
-4.69 0.001 ***
-

-

-

-

North versus Mid
T
-0.67
-2.16
-3.33

P
0.50
0.03 *
0.001 ***

-

-

Other significant predictors
Predictor
None
None
Skirt
B. cordylinidis
Y co-ordinate
Y2 co-ordinate
X2 co-ordinate
None
None

F

P

1.99
2.55
3.94
7.14
4.38

0.04 *
0.011 *
0.05 *
0.008 **
0.038 *

(Continued next page)
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Table 5.4 continued:

Species

Among-population
abundance
Geographic distance

Tetranychus sp. ‘cordyline’
Loberus depressus

F
5.2
6.38

P
0.043 *
0.028 *

Allograpta ventralis

7.28

0.02 *

Pseudaulacaspis cordylinidis

28.29

0.000 ***

Balanococcus cordylinidis

14.21

0.003 **

Epiphryne verriculata
Catamacta lotinana

6.13
17.26

0.03 *
0.001 **

Catamacta sp.

7.47

0.02 *

(B) Lincoln

Among-tree abundance
Phylogenetic group
South versus North South versus Mid
Other significant predictors
overall effect
F
P
T
P
t
P
Predictor
F
P
20.74
0.000 *** 4.82
0.000 *** 3.30
0.001 ** Crowns
10.81 0.001 **
12.73
0.000 *** 3.02
0.003 * 3.96
0.000 *** Crowns
14.40 0.000 ***
Inflorescences 8.58 0.004 **
Y co-ordinate 7.28 0.007 **
Y2 co-ordinate 6.51 0.01 **
24.24
0.000 *** 4.55
0.000 *** 4.32
0.000 *** B. cordylinidis 16.61 0.003 **
Crowns
8.66 0.000 ***
PCoA Crown 19.54 0.000 ***
19.10
0.000 *** 5.08
0.000 *** 1.22
0.02 *
Crowns
27.14 0.000 ***
X co-ordinate 8.18 0.004 **
Y co-ordinate 5.61 0.019 *
64.86
0.000 *** 7.67
0.000 *** 5.53
0.000 *** X co-ordinate 5.24 0.02 *
Crowns
28.58 0.001 ***
6.88
0.001 *** 1.05
0.296
-2.10
0.03 *
Crowns
24.07 0.001 ***
53.03
0.000 *** 3.87
0.0018 ** 0.09
0.99
Skirt presence 11.56 0.000 ***
Crowns
23.99 0.000 ***
Inflorescences 7.96 0.005 **
15.12
0.000 *** 5.04
0.000 *** 2.41
0.01 **
Crowns
4.69 0.033 *
X co-ordinate 5.54 0.023 *
X2 co-ordinate 5.38 0.022 *
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Figure 5.1 Locations of wild stands of Cordyline australis populations sampled to examine
phenotypic and genetic variation. Phylogeography from Armstrong et al. (unpublished data).
Population numbers defined in Table 5.2. Note: only populations sampled in the current study
are shown.
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*
*
3 Dargaville
4 Waitakere
5 Hauraki
6 Huntly

0.86
0.91

*
*
*
9 Tolaga Bay
11 Turangi

0.86

0.97

0.99

*
*
15 Wainuiomata
*
*
17 Redwood Pass
18 Awatere
*
20 Hurunui
19 Arahura R
*
21 Riccarton Bush
24 Clifden
22 Craigmore
*
*
*

Phylogenetic tree of the sampled cabbage tree populations (8 = unsampled population). The
tree was generated using AFPL analysis (Armstrong, T.; Beever, R.; Harris, W. & Parkes, S.
unpublished data). Numbers denote population numbers given in Figure 5.1 and Table 5.2.
Baysian posterior probabilities >0.85 shown.
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Axis 3

Axis 2

Axis 1

Axis 1

Figure 5.2A Ordination diagrams from non-metric multidimensional scaling (NMS) Axis 1, 2 and 3 tree scores of abundances of invertebrates on
cabbage trees at Auckland common garden. Region key: Black = Northern region, Grey = Mid region, White = Southern region. Stress = 17.28.
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Axis 3

Axis 3

Axis 1

Axis 2

Figure 5.3B Ordination diagrams from non-metric multidimensional scaling (NMS) Axis 1, 2 and 3 tree scores of abundances of invertebrates on
cabbage trees at Lincoln common garden. Region key: Black = Northern region, Grey = Mid region, White = Southern region. Stress = 14.98.
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Figure 5.4 Mean species richness among cabbage tree populations against geographic distance
between the origin of each sampled population and the garden location (km). (A) Auckland
specialist species (P = 0.0026); (B) Auckland generalist species (NS); (C) Lincoln specialist
species (P = 0.0007); (D) Lincoln generalist species (non significant).
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Figure 5.5 Mean specialist species richness among cabbage tree populations at Auckland
against the geographic distance between the origin of each sampled population and the garden
location (km) (P = 0.4092). This figure shows that the trend displayed by Figure 5.4A is no
longer significant when the stem-boring Lepidoptera Batchredra sp. and Astrogenes
chrysograpta are excluded from analysis.
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Figure 5.6 Geographic distance between the origin of each sampled population and the garden
location (km) plotted against the genetic distance between each population and the population
whos origin is closest to the garden location (measured from the phylogenetic tree in Figure
5.2) for (A) Auckland and (B) Lincoln common gardens.
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Chapter 6: General discussion
This study has advanced the understanding of the patterns in community structure
(species richness and composition) of an indigenous, host-specialised fauna in a highly
modified and fragmented urban and rural landscape. Using this I was then able to make
informed hypotheses about the relative roles of ecological processes, such as landscape
effects, host plant genetics, microhabitat effects and species’ life histories, in generating these
patterns. In addition, I have made an important contribution to our knowledge of New
Zealand natural history by fully investigating and developing the invertebrate fauna of
cabbage trees as a model system.
The results from the common garden experiment allow reflection on interpretation of
the patterns of species composition and abundance found at a regional scale in Canterbury
(Chapter 4). I expected that because cabbage trees are a common plant in urban and rural
environments throughout New Zealand, similar patterns are likely to be replicated in other
regions in New Zealand. However, because the richness and composition of invertebrates on
cabbage trees from different regions differed (Chapter 5), I expected broad-scale differences
due to community phylogenetic effects. More specifically, at a national scale, I expected a
mosaic of patterns of local adaptation with regional patterns reflecting the historical
distribution of cabbage trees.
Future directions
Cabbage trees as a model system for ecological research
The work completed during this Ph.D. research provides a solid base from which to
build further research in this model system. This system is well-characterized because the
physiology and ecology of C. australis is well-known (Simpson 2000), a checklist of
associated fungi is available (McKenzie et al. 2005). My contribution complements this work
by the addition of two important aspects; the associated invertebrate fauna and established
sampling protocols (Chapter 3). My work is therefore an important contribution to New
Zealand natural history, and together with the other aspects of cabbage tree ecology provides
an excellent model system for ecological research. Ehrlich & Hanski (2004) state that model
systems can reap great rewards for research provided they are taxonomically and
geographically stratified. The cabbage tree system has potential for both community and
single-species studies with the advantage that a broad-scale approach is possible in a system
which can be relatively easily observed in a variety of environments. Globally, well-described
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model systems have made important contributions to the advancement of ecological theory
and understanding. Two of these systems are the herbivorous insect community of bracken
fern (Pteridium aquilinum Dennstaedtiaceae) (Lawton 1976, 1983; Lawton et al. 1993) and
the extensively studied species of checkerspot butterfly (Lepidoptera: Papilionoidea), the
Glanville fritillary (Melitaea cinxia) in Finland and Edith’s checkerspot (Euphydryas editha
and subspecies) in the North America (Ehrlich & Hanski 2004). Research in these systems is
ongoing and cited extensively.
The invertebrate-host association of cabbage trees has potential to become a New
Zealand example of a model system producing similar community-focused outcomes to that
of the bracken fern system. I have developed an appropriate sampling protocol for this system
that, when published, will provide a valuable tool for future research because these protocols
can be replicated. The herbivorous fauna are from multiple orders and includes a proportion
of host-specific species, so opportunities exist to further investigate the fauna exploring the
roles of pollinators and seed- and flower-feeding insects on plant fitness and to investigate the
impact of predators and parasitoids on herbivore populations. In addition, C. australis is
distributed New Zealand-wide, providing opportunities for examining geographic patterns in
species composition. Cordyline australis is also grown ornamentally overseas in parts of
Europe (Simpson 2000) and has naturalised in parts of North America, including Northern
California, where it is listed as a weed of secondary importance (Harris 2002); it is not known
if invertebrate species have colonised C. australis in these countries, but opportunities exist to
examine and compare patterns of species colonisation throughout the global range.
There is potential for metacommunity modelling with the cabbage tree system,
provided that more detailed information is gathered about the spatial structure and isolation of
habitat patches, and experimental work to determine the dispersal ability, reproductive
potential and colonisation and persistence rates on habitat patches of invertebrate species
(discussed further below). The rural landscape of the Canterbury plains is dotted with old,
very large remnant cabbage trees. These trees are likely to be able to sustain populations of
herbivorous insects but are highly isolated, providing a large-scale, spatially discrete system
with which to explore patterns of colonisation and persistence of specialist herbivores.
Logistically, further study would require a cherry picker for access and detailed mapping of
trees for spatial modelling.
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The checkerspot butterfly model system demonstrates the value of detailed study of
species that has allowed better understanding of the biological context of ecological questions
(Ehrlich & Hanski 2004). The population structure and genetics of these species is welldocumented, and records have accumulated over several decades. This has allowed close
monitoring of changes in local populations over time (e.g., Ehrlich & Murphy 1987, Saccheri
et al. 2004). This, in combination with detailed studies of life-history characteristics (Hanski
et al. 2002) reproductive biology (Boggs & Nieminen 2004), larval biology (Kuussaari et al.
2004), inter-specific interactions (van Nouhuys & Hanski 2005) and dispersal behaviour and
rates (Harrison 1989) has resulted in the development of detailed metapopulation models of
these species (e.g., Hanski & Thomas 1994, Hanski et al. 2004). In Chapter 2, further work is
highlighted that could answer questions about the spatial distribution and abundance of E.
verriculata; in a similar way to the checkerspot butterfly system, this ubiquitous moth species
provides an excellent New Zealand opportunity for in-depth study of a single species. This
species is found throughout the range of C. australis, their presence is easily detected by their
characteristic and apparent host damage and they are large enough that they can be marked
individually but small enough to be economically reared in large numbers. I have reared E.
verriculata in captivity successfully on a small scale; the only issues encountered was the sex
ratio of reared individuals (most were females) and disease outbreak because of a pathogen
entering the system from foreign plant material. Both of these issues could likely be resolved
with careful rearing systems.
Opportunities exist to create metapopulation models for multiple species to contrast
the ways in which different specialists interact with landscape structure. For example, two of
the monophagous species represent extremes on a dispersal ability gradient: E. verriculata is a
highly agile macropterous species with good dispersal ability, while in contrast, the cabbage
tree mealybug Balanococcus cordylinidis can be considered a poor disperser, with lower
instar larvae mostly responsible for the majority of dispersal via crawling or wind dispersal,
or the tiny winged males dispersing by flight (Chapter 3). Future research could consider the
following aspects of the ecology of these specialists: colonisation rates as determined by
dispersal ability and behaviour, insect performance in relation to host plant quality and
persistence on the host plant, i.e., adult and juvenile mortality rates and genetic structure of
metapopulations. This information could then be used to test spatially explicit metapopulation
models that describe occupancy and abundance of these species across the landscape. For
example, recent metapopulation models predict that animals capable of long-range dispersal
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generally persist in habitat patches longer than poor dispersers (Hienz et al. 2006); these
models could be tested using E. verriculata and B. cordylinidis. Using such data to
parameterise theoretical models provides a link between theory and real-world issues of
conservation and restoration of native species in highly modified landscapes.
Cabbage tree common gardens
A real strength of this research has been the availability of the Landcare Research
cabbage tree common gardens. These gardens have been carefully designed to incorporate a
wide-range of genetic material, and the location of the gardens in three latitudinally separated
locations is a further asset, allowing excellent opportunities for regional comparisons. I was
fortunate to be able to sample these gardens after twelve years of establishment, allowing
ample time for invertebrate populations to establish. The common garden approach is agreed
to be one of the best ways to examine patterns of local adaptation and community genetics
because the effects of genetic variation and environment can be separated (Kaltz & Shykoff
1998, Whitham et al. 2006). The potential for further research in the cabbage tree common
gardens should not be ignored. The cottonwood ecology group based at the University of
Northern Arizona (www.poplar.nau.edu) is an example of the range of community ecology
research that can be achieved with well-established common gardens and a multi-discipline
approach combining researchers from multiple institutions (e.g., Bangert et al. 2006, Gehring
et al. 2006, Rehill et al. 2006, Schweitzer et al. 2008, Whitham et al. 2006). There is great
potential to use the cabbage tree gardens in a similar and multi-disciplined way.
The cabbage tree food web
I have found that even common New Zealand plants such as C. australis do not have a
fully described fauna (Chapter 3) and that it is difficult to gather published taxonomic and
ecological information about New Zealand invertebrate species. This is likely to be a
reflection of the low number of taxonomists and entomologists working in this field and the
large number of species that remain undescribed in the New Zealand invertebrate fauna
(Emberson 1998). Opportunities exist to add to the information collated in this study using
rearing studies and field observations to elucidate more detailed life history characteristics
such as dispersal ability and behaviour and adult and juvenile mortality rates. There are also
opportunities to expand the fauna list to include pollinators, flower-feeders and pre- and postdispersal seed predators.
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Documenting specific parasitoids and predators of cabbage tree specialist herbivores
would add another important dimension to this system. This would provide opportunities to
examine the effects of landscape variation on these multi-trophic interactions. Urban and rural
environments are known to modify herbivore-pathogen and herbivore-predator interactions in
unpredictable ways (Tylianakis et al. 2007). It is expected that fragmentation may disrupt
these interactions because higher trophic levels are less able to persist in smaller or more
isolated fragments (Debinski & Holt 2001, Tscharntke & Brandl 2004); I found some
evidence for this with Allograpta ventralis, the specialist predator of B. cordylinidis,
occupying fewer sites than its prey throughout the modified landscape (Chapter 4). Such
effects may lead to ‘enemy release’ of the herbivore, allowing it to occupy more sites and in
greater population abundance than otherwise (Denys & Schmidt 1998, Hoffmeister et al.
2005). Alternatively, generalist predators and parasitoids may be more abundant in this
fragmented landscape, leading to a trophic cascade whereby the suppression of herbivores
leads to fitness benefits for cabbage trees (Pace et al. 1999). Such trophic cascades have been
demonstrated in agricultural systems where reduction of herbivores via parasitism and
predation has strong effects on plant biomass, particularly in systems with extreme
simplification such as monocultures (Polis et al. 2000). Trophic cascades have also been
demonstrated in native systems, though this is less common than in agriculture. For example,
Letourneau and Dyer (1998) demonstrated a four-level cascade between Piper spp.,
herbivores, ants and beetles, where beetles preyed upon ants that defended plants from
herbivores; therefore piper plants were more abundant in forests where beetles were absent.
Data about the impacts of herbivory on host fitness (discussed below) are needed before this
could be investigated for the cabbage tree system.
Determining host quality
The observed patterns in invertebrate occupancy and abundance in Chapters 4 and 5
may be controlled in part by host quality, which is determined by a combination of plant
genetics and the environment in which the plant is growing. Because quality is from an
herbivore’s perspective, measuring invertebrate fitness on different host plants is relevant to
understanding invertebrate population and community dynamics in this system. Options for
assessing invertebrate fitness include rearing experiments on different host tissue where
growth rates, development time, survival, adult longevity and fecundity can be compared
(Leather 1990, Tammaru 1998). Other studies have compared morphological characteristics
of individuals or populations on different hosts to make inferences about environmental stress
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or host quality on insect development. For example, the body size of species in sites moving
along an urbanisation gradient has been found to decrease (e.g., Ribera et al. 2001) and adult
body weight has been found to be a significant indicator of stress during juvenile development
(e.g., Carcamo et al. 2008). Fluctuating asymmetry in insects has been proposed as a useful
measure of environmental stress resulting from poor host quality (e.g., Leung & Forbes 1996,
Van Dongen & Lens 2000) and has been used to infer the quality of habitats for carabid
beetles (Weller & Ganzhorn 2004); however, this method has not found support with other
model systems (e.g., Ribera et al. 2001, Carcamo et al. 2008).
Further work is needed to tease out the relative effects of host quality versus genetic
variation in contributing to patterns of local adaptation. The patterns of local adaptation
observed in the common gardens could be in part attributed to the effect of the environment
on host quality. However, because generalist herbivores did not favour local genotypes I
suggest there was not a strong genotype and environment interaction. At a larger scale, the
phylogenetics of populations of specialist herbivorous could be investigated to determine if
these populations have diverged with their host. It is also unknown if the observed
relationship between cabbage trees and the specialist herbivores represents a coevolutionary
relationship; herbivory can induce plant defences (Scriber 2002) but it is unknown if this
occurs in cabbage trees. Future work in this area will need to ascertain if cabbage trees have
phytochemical or other defences against herbivory and measure the effects of herbivory on
host fitness.
Determining host fitness
An important component of understanding the cabbage tree system is the impact of
herbivory on host fitness. This has implications for the results from the common garden work
because if there are negative effects of herbivory on the host and these are correlated with
genetic variation at sufficiently large spatial and temporal scales then this could lead to
selective pressure and evolution of the host population (Thompson 1994). The impact of
herbivory on host fitness could be measured using an herbivore exclusion treatment (e.g.,
fogging with insecticide) applied to a set of trees in a relatively homogenous environment to
account for genetic and environmental influences on fitness. There may not be a large impact
of herbivory on the fitness of adult cabbage trees because changes in plant biomass through
leaf consumption may not be great enough to be biologically significant (Polis et al. 2000),
although high loads of E. verriculata have been noted to cause death of seedlings (Simpson
2000). Herbivory may have indirect effects on plant fitness by increasing the plants’
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vulnerability to disease or facilitating pathogen attack (Marquis & Alexander 1992). For
example, the wood-boring pinhole beetle Platypus apicalis has been collected from cabbage
trees (Chapter 3) and is associated with fungal pathogens known to cause death in several tree
species (Milligan 1979, Reay et al. 2007). Non-lethal effects of herbivores have been found to
influence plant population dynamics, but these examples are a result of direct impact on
reproductive potential by consumption of flowers or seeds (e.g., Louda 1982, Mothershead &
Marquis 2000). Stem-boring insects tunnelling in the inflorescence tissue may also limit
reproductive potential of cabbage trees. Further work documenting flower-feeders and preand post-dispersal seed predators is needed, along with experiments to determine the impact
of these species on cabbage tree reproductive success.
There is also potential to explore the impact of the community phenotypes observed in
Chapter 5 on host fitness. Community phenotypes result from heritable traits in the plant
affecting the fitness of other species within the associated community via interspecific
interactions (Wade 2003). Demonstrating whether the resulting community phenotypes can
feed back to affect the fitness of the host plant would represent an advance in the field of
community genetics (Whitham et al. 2006). For example, selection could favour plant
genotypes with a heritable trait that promotes high density of predators; this could then
provide a fitness benefit to the plant via reduced herbivory. The retention of a skirt of dead
foliage on cabbage trees is a heritable trait that is considered to have been selected for
adaptation to cold tolerance (Harris et al. 2001); however this architectural feature also
provides refuge habitat for some herbivorous species (e.g., E. verriculata and Tmetlolphota
steropastis) but also a large number of generalist predators (personal observation). This could
lead to positive or negative feed back to the plant via increased or decreased herbivory.
Whether this has resulted in selection to retain or shed dead leaves, and whether this selection
is stronger than that for protection from extreme cold, is an interesting question that will be
challenging to investigate.
An application of the research
A practical implication of the common garden results (Chapter 5) is the use of nonlocal trees in restoration plantings. Recently there has been widespread distribution of C.
australis throughout the country, mostly without consideration of the provenance of the
propagating material, because of its popularity as a garden and landscaping plant (Harris &
Beever 2000). I expect that if there are strong fitness impacts of specialist herbivores on local
populations then the South Island populations will be prone to invasion by Northern
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genotypes (e.g., spreading out from restoration plantings in urban and rural areas). Planting
non-locally sourced material is also likely to have population and community consequences
for local herbivorous invertebrates because of differences in foliar chemistry and flowering
and fruiting phenology. For example, Leather et al. (1997) found relative growth rates of
larvae of the pine beauty moth (Panolis flammea) were different on provenances of lodgepole
pine (Pinus contorta), and Jones et al. (2001) found that imported hawthorn (Crategus
monogyna) provenances flowered up to five weeks earlier than locally sourced hawthorn,
potentially threatening the insects and birds whose reproductive cycles are timed to the
phenology of the local provenances. I have demonstrated that flowering phenology in
particular is important for inflorescence specialists whose life cycle is closely tied with
flowering phenology (Chapter 5); therefore planting non-local material may disrupt these
species ability to persist in modified environments.
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Appendix I. Photos of Cordyline australis and the Canterbury
landscape

Figure I.1 Cordyline australis in the Auckland common garden. Note the phenotypic variation
in height, crown size and skirt retention on trees of the same age.
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Figure I.2 Cordyline australis seedling; photo taken at Cardigan Bay Reserve, an urban park
(site number 4 on Figure 4.1, Chapter 4).

Figure I.3 Crown of Cordyline australis with pre-flowering inflorescence; photo taken at
Auckland common garden.
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Figure I.4 Cordyline australis inflorescence in flower; photo taken at Lincoln common
garden.

Figure I.5 Split open inflorescence stem showing mining by stem-boring specialist
Lepidoptera (Photo: Jon Sullivan).
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Figure I.6 Cordyline australis growing in the restoration site, Halswell Quarry Park (number
8 in Figure 4.1).

Figure I.7 View of Canterbury Plains looking towards the Southern Alps. The rural-urban
edge of Christchurch City can be seen. The Christchurch urban area has higher native plant
biodiversity than the surrounding rural areas.
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Appendix II. List of species collected throughout entire study
Area = area collected from, C = Canterbury, A = Auckland.
Order

Family

BLATTODEA
COLLEMBOLA

BLATTIDAE

COLEOPTERA

BRENTIDAE
CARABIDAE
CERAMBYCIDAE
CHRYSOMELIDAE
CIIDAE
COCCINELLIDAE

COSSONINAE
CRYPTOPHAGIDAE
CUCUJOIDEA:
EROTYLIDAE
LATRIDIIDAE
SCARABAEIDAE
SILVANIDAE

STAPHYLINIDAE
DERMAPTERA
DIPTERA

FORFICULIDAE
ALEYRODIDAE
STRATIOMYIDAE
SYRPHIDAE

Species
Celatoblatta vulgaris Johns
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4
Exapion ulicis Forster
Laemostenus complanatus
Dejean
Platypus apicalis White
Psilocnaeia asteliae Kuschel
Xylotoles laetus White
Bruchidius villosus Fabricius
Unidentified species
Coccinella septempunctata
Linnaeus
Adalia bipunctata Linnaeus
Halmus chalybeus Boisduval
Tanysoma comatum Broun
Eucossonus setiger Sharp
Micrambinia sp.
Loberus depressus Sharp
Unidentified species
Costelytra zealandica White
Cryptamorpha brevicornis
White
Cryptamorpha desjardinsi
Guérin-Méneville
Nesoneus acuticeps Bernhauer
Unidentified species 1
Unidentified species 2
Forficula auricularia Linnaeus
Unidentified species
Exaireta spinigera Wiedemann
Allograpta ventralis Miller
Melangyna novaezelandiae
Macquart
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4

Area
C, A
C
C
C
C
C
C, A
C
C, A
C
C
C
C, A
C
C, A
C, A
A
C, A
C, A
C
C
C, A
A
C, A
C, A
C
C, A
C
C, A
C, A
C, A
C
C
C, A
C

(Continued below)
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Appendix II continued
Order
HEMIPTERA

Family
ANTHOCORIDAE
CIXIIDAE
DIASPIDIDAE
ERIOCOCCIDAE
FLATIDAE
LYGAEIDAE
MIRIDAE
PENTATOMIDAE
PSEUDOCOCCIDAE

HYMENOPTERA

LEPIDOPTERA

REDUVIIDAE
RICANIIDAE
BRACONIDAE:
EUPHORINAE
FORMICIDAE
ICHNEUMONIDAE
POMPILIDAE
VESPIDAE
BATRACHEDRIDAE
GEOMETRIDAE
NOCTUIDAE

OECOPHORIDAE
TINEIDAE

TORTRICIDAE

MANTODEA

MANTIDAE

Species

Area

Orius vicinus Ribaut
Unidentified species
Aspidiotus nerii Bouché
Pseudaulacaspis cordylinidis
Maskell
Eriococcus asteliae Hoy
Eriococcus setulosus Hoy
Siphanta acuta Walker
Rhypodes sp.
Bipuncticoris triplex
Cermatulus nasalis Westwood
Oechalia schellenbergii GuérinMéneville
Balanococcus cordylinidis
Brittin
Reduviidae sp.
Scolypopa australis Walker
Meteorus pulchricornis
Wesmael
Monomorium sp.
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species
Vespula vulgaris Linnaeus
Batrachedra sp. HerrichSchaffer
Epiphryne verriculata Felder &
Rogenhofer
Graphania mutans Walker
Proteuxoa comma Walker
Tmetolophota steropastis
Meyrick
Barea exarcha Meyrick
Endrosis sarcitrella Linnaeus
Opogona omoscopa Meyrick
Astrogenes chrysograpta
Meyrick
Prothinodes grammocosma
Meyrick
Catamacta lotinana Meyrick
Catamacta species 1
Ctenopseutis obliquana Walker
Planotortrix excessana Walker
Orthodera novaezealandiae
Colenso

C
C, A
C
C
C
C
C, A
C
C, A
C
C
C
C
A
C
A
C
C
C
A
C
C, A
C, A
C
C
C, A
C
C
C
A
A
C
A, C
C, A
C, A
C

(Continued below)
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Appendix II continued
Order
NEUROPTERA
PHASMATODEA
THYSANURA
ACARINA

Family
HEMEROBIIDAE
PACHYMORPHIDAE:
HEMIPACHYMORPHINI
THRIPIDAE
ANYSTIDAE
TETRANYCHIDAE

LITHOBIOMORPHA
CHILOGNATHA
ATHORACOPHORIDAE
GASTROPODA
PORCELLIONIDAE
ISOPODA
MOLLUSCA
PSEUDOSCORPIONES

Species

Area

Micromus tasmaniae Walker
Tectarchus salebrosus Hutton

C, A
C

Thrips obscuratus Crawford
Anystis baccarum Linnaeus
Tetranychus sp. ‘cordyline’
Zhang
Unidentified species 1
Unidentified species 2
Unidentified species 3
Unidentified species 4
Lithodius sp.
Pseudaneitea sp. Cockerell
Porcellio scaber Latreille
Deroceras reticulatum Müller
Pseudoscorpion sp.

C, A
C, A
C, A
C, A
C
C
C
C, A
A
C, A
C, A
A
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Appendix III. Comparison of the community structure of large and
small trees
Summary
This study of the patterns of the invertebrate herbivore community of cabbage trees in
Christchurch and its surrounding environments (Chapter 4) excluded trees taller than six
meters because this was the upper limit of the ladder used in sampling. I wanted to be sure
that the trees sampled were an accurate representation of the cabbage tree community in the
sampling area, and that I did not miss any specialists by excluding these trees. I compared the
community composition of trees in two size categories: ‘large’ (> 8 m) and ‘small’ (between
1.4 m & 6 m). Twenty sites were selected in the study region that contained trees in both size
classes and one of each was selected at random to sample using a cherry picker. I sampled
trees using the protocol determined by destructive sampling (Chapter 3). Large trees were also
characterised by having many more crowns that small trees (there were 61 on the largest tree
sampled); the data were corrected for the habitat area sampled such that the species richness
and composition of large and small trees could be directly compared. There was no difference
in the presence of species between tree size groups; i.e., there were no species that were found
exclusively on small or large trees. Canonical correspondence analysis did not distinguish tree
size groups as being compositionally different. In addition, herbivore species richness was not
explained by tree size. Only one specialist arthropod of cabbage tree, the geometrid moth
Epiphryne verriculata, was found to have significantly higher abundance on small trees than
larger trees. Differences in abundance of this species are discussed in Chapter 2. These results
suggest that while large trees have greater number of individuals due to larger habitat area,
their species composition is not different from small trees.
Methods
Data collection
Data were collected from one large and one small tree from 20 sites across
Christchurch and its surrounding environs in December 2006. ‘Large’ trees were
characterised as those taller than eight meters; many of these trees also had a large number of
crowns. ‘Small’ trees were characterised as between 1.4 and 6 meters high; these trees were
representative of those sampled in the study described in Chapter 4. Large trees were sampled
using a cherry picker (Figure III.1) and small trees were sampled using a ladder to access
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crowns. A summary of the characteristics of trees in each size class as they were defined for
the purpose of this study is shown in Table III.1.
Tree and site characteristics were recorded including the number of crowns, height,
number of inflorescences, substrate below the tree (grass, soil or litter), site exposure (open or
forest margin), the density of cabbage trees in a 25 m radius around the sampled tree and
landuse (farm, park or reserve). The time of year sampling was conducted prohibited
collection of inflorescences for stem-boring Lepidoptera, which eclose once new
inflorescence tissue is available in September-November.
Insects were sampled using the protocols developed in the destructive sampling
protocol (Chapter 3). Crowns were visually inspected and insects collected using an aspirator,
then foliage was beaten and all matter collected into a sealable container; flying insects were
collected by sweep net. All samples were frozen prior to sorting and identification using a
low-powered binocular microscope. Arthropods were identified to lowest taxonomic level
possible.
Data analysis
Data were corrected to mean abundance or richness per crown per tree to take into
account differences in habitat area sampled. For ordination, the corrected abundance data
were standardised by species maxima.
Community composition
Detrended Correspondence Analysis (DCA) was first used to examine the turnover of
species from all trophic levels among sites (Figures III.2, III.3). Detrending was by 26
segments with downweighting of rare species. Gradient lengths were 2.402 and 2.807 for the
first and second ordination axes respectively, and because this was less than four standard
deviations I chose Constrained Canonical Analysis (CCA) to relate the observed species
distributions to environmental predictors. Nominal environmental predictors used in CCA
were land use, substrate directly below the sampled tree and the presence of a skirt of dead
foligae around the trunk of the tree. Quantitative variables included the total number of
crowns on the tree, the total number of inflorescences, the density of cabbage trees in a 25 m
radius around the sampled tree and tree height. Conspecific density and height was log
transformed to normalise their distribution. Tree size class (large or small) was correlated
with total number of crowns so this variable was not included. For CCA scaling was based on
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inter-species distances rare species were downweighted. Ordinations were performed using
CANOCO for Windows version 4.5 (ter Braak & Smilauer 2002).
Species richness
Because the overall aim of this thesis is an examination of the community structure of
obligate cabbage tree herbivores I chose to compare the species richness of those community
members that consume cabbage tree tissue, i.e., monophagous, oligophagous and
polyphagous herbivores, fungivores and detritivores. A linear mixed model was fit in the R
package nlme (Pinheiro et al. 2007) that modelled species richness with a Poisson error
distribution, which is appropriate for count data. Trees were nested within sites; therefore in
order to account for this clustering I fit a linear model of species richness against tree size,
and a linear mixed model with ‘site’ treated as a random effect. Tree size class (‘large’ or
‘small’), which takes into account both tree height and number of crowns, was included in the
model as a fixed effect. In addition, presence of a skirt of dead leaves, substrate and
conspecific density were included as fixed effects. The continuous predictor, conspecific
density, was log-transformed to normalise its frequency distribution. The environmental
predictors ‘exposure’ and ‘land use’ were not included because their effects are represented
by the random effect ‘site’. Models were fit using R version 2.5.0 (R Core Development
Team 2007).
Species abundance
I used a paired Wilcoxon rank sum test to compare the mean abundance of each
species in the two size categories. This is a non-parametric test appropriate for non-normal
data.
Results
Community composition
CCA Axis 1 and 2 scores explained 40.3% of the variation in the species data (Axis 1
= 0.225, Axis 2 = 0.178, total of all eigenvalues = 3.659). The first and second species axes
were strongly correlated with the tree habitat characteristics tree height and habitat area as
measured by the total number of crowns and presence of inflorescences (Table III.2). This
makes sense as larger trees have higher abundances of species. Large and small tree classes
were not identified as differing in species composition (Figure 4).

178

Species richness
None of the environmental predictors in the mixed model, including tree size class,
significantly explained variation in the number of species on trees (Figure III.5).
Species abundances
Paired Wilcoxon rank sum test showed that mean species abundances were not
significantly different between tree size categories for Allograpta ventralis (P = 0.45),
Balanococcus cordylinidis (P = 0.973), Catamacta lotinana (P = 0.82), Loberus depressus (P
= 0.92), P cordylinidis (P = 0.06), Tanysoma comatum (p-value = 1 not enough data), and
Tetranychus sp. ‘cordyline’ (P = 1) (Figure III.6a-g). The only specialist species tested with
significantly different mean abundance between tree size classes was Epiphryne verriculata
which was more abundant on small trees (P-value = 0.05594) (Figure III.6h).
Discussion
Species composition of small trees was not significantly different from that of large
trees. The main difference between large and small trees was that large trees had a higher
number of incidental species; however, these were not specialists of cabbage trees (Chapter
3). There is likely to be a difference in the way that members of the arthropod community
perceive the habitat provided by different size trees. Epiphryne verriculata provides a good
example of this, as small trees are likely to provide a different amount of habitat for this moth;
the adults utilise the skirt of dead leaves that is not usually present on large trees. The
architecture of large trees is quite different to small trees in that the crowns tend to be smaller
and held apart on the ends of branches which are missing on many small trees. Overall, this
means that large trees may not necessarily provide more habitat area, and the habitat provided
may have a different microclimate to small trees. However, , these results show that the
exclusion of large trees in the larger survey (Chapter 3) should not bias the description of
obligate herbivore community structure in the Christchurch area.
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Characteristics
Height
Crowns

Age
Flowering

Small
Between 1.4 and 6 meters
< 4 crowns, often closely
compacted at the top of the trunk
resulting in one large foliage area,
leaves are tightly packed together
in upper part of crown usually
around central spike of leaves
Younger
Single crown trees had never
flowered

Large
> 8 meters
> 4 crowns smaller and held at the
end of branches, central spike of
leaves in each crown much
smaller in length and density;
often multiple branches and trunks
as the tree ages
Older
Branches form at point where
inflorescences develop, though not
after every flowering event
(Simpson 2000)

Table III.1 Summary of the characteristics of trees in each size class.

181

Predictor

CCA Axis 1

CCA Axis 2

CCA Axis 3

CCA Axis 4

Number of crowns

1.0000

Number of inflorescences

0.9514

1.0000

Height

0.7542

0.6882

1.0000

Skirt presence

-0.4455

-0.3312

-0.4049

1.0000

Substrate: grass

-0.0410

-0.1592

-0.0418

-0.2553

Substrate: soil

0.1565

0.1535

0.0273

-0.0898

Substrate: litter

-0.0154

0.1210

0.0406

0.2806

Landuse: farm

-0.1739

-0.2985

-0.0162

-0.0151

Landuse:park

0.0569

0.0556

0.0069

0.0916

Landuse:reserve

-0.0488

0.0853

0.0229

0.3028

Cabbage tree density

-0.1268

-0.0411

0.1004

0.3085

0.0100

0.1294

0.0578

0.4001

Exposure

Table III.2 Canonical correspondence analysis (CCA) site scores for the first four axes correlated with the environmental variables for the entire
arthropod community on large and small trees. CCA axis 1 is strongly correlated with tree architectural properties, including tree height and
habitat area (number of crowns and inflorescences). CCA axis 2 is also correlated with habitat variables.
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Figure III.1 A cherry picker was used to access ‘large’ cabbage trees, such as this one located
in Lincoln, Canterbury. Photo: Myles Macintosh.
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Figure III.2 Ordination diagram of samples from Detrended Correspondence Analysis (DCA)
of cabbage tree invertebrate communities. Gradient lengths of the first and second DCA axes
are 2.473 and 2.931 respectively. Blue circles represent species scores for ‘large’ trees and
green circles represent species scores of ‘small’ trees, trees paired in the same site share the
same number. Arrows connect small trees with large trees for each site.
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Figure III.3 Ordination diagram of species scores from Detrended Correspondence Analysis
(DCA) of cabbage tree invertebrate communities. Gradient lengths of the first and second
DCA axes are 2.402 and 2.807 respectively. Green triangles represent scores of cabbage tree
specialist species; blue circles represent scores of all other species including predators,
detritivores and generalist herbivores.
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Figure III.5 Richness of the leaf-modifying community on large and small cabbage trees.
Species richness is appears to be higher on smaller cabbage trees; however this may due to
large trees being more strongly penalised by having larger number of crowns.
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f. Tanysoma comatum
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Figure III.6 Abundance distribution of specialist arthropod species of cabbage trees on trees in
two different size classes: large (between 9 and 18 m) and small (between 2.5 and 6 m).
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Appendix IV. Phenology of cabbage tree invertebrate herbivores in
Canterbury
Introduction
Sampling of the cabbage tree fauna throughout this study occurred between the
months of December to March. These months were chosen partly because of the timing of the
growth and flowering of inflorescences (growth late spring, flowering early summer) and
because this is the time of year in which invertebrates were expected to be at maximal
abundance. To quantify how the presence and abundance of species varied seasonally, I
tracked the invertebrate fauna of five cabbage trees over two years. The cabbage tree
specialist species sampled on these trees were Balanococcus cordylinidis, Epiphryne
verriculata, Loberus depressus and Pseudaulacaspis cordylinidis (Chapter 3).
Methods
Five trees were selected that had crowns, which could be easily sampled using a
ladder. Invertebrates were sampled by visually inspecting the crowns by pulling back
individual leaves and then gently beating the skirt and crowns to avoid damaging the plant.
Invertebrates were identified, counted and returned to the foliage. Mean abundance of colonyforming species (B. cordylinidis and P. cordylinidis) was estimated to nearest 50 individuals
per crown. Beginning in January 2005, all trees were sampled within two days each month for
a two-year period.
Results and interpretation
I found that species richness of herbivores species varied greatly between trees and
between months, with the highest richness on all trees being between November and March
each year (Figure IV.1). However, mean crown species richness across all five trees was not
different between years (2005 mean species richness = 5.47, s.d. = 2.73; 2006 mean species
richness = 5.77, s.d. =2.78).
Populations of the four specialist invertebrates tended to be in highest abundance
during the months of September – March and were present all year; however, their
abundances were highly stochastic and demonstrated large fluctuations within and between
years. The abundance of the colony forming, and relatively immobile, invertebrates’ B.
cordylinidis (Figure IV.2) and P. cordylinidis (Figure IV.3) were found to fluctuate between
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tens to hundreds of individuals as colonies peaked and then showed presumably due to
density-dependent reduction in numbers. For the mobile species E. verriculata (Figure IV.4)
and L. depressus (Figure IV.5) some of the fluctuation may be attributed to disturbance or
death of some individuals during sampling.
These results confirm that the main survey that was conducted between December
2005 and March 2006 was likely to be appropriate for capturing a relatively unbiased
snapshot of these communities.
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Figure IV.1 Species richness of all herbivorous species on five cabbage trees sampled
monthly from January 2005 (time = 1) to December 2006 (time = 24). Each line represents
one tree.
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Figure IV.2 Abundance of Balanococcus cordylinidis (Hemiptera: Pseudococcidae) on five
trees sampled monthly from January 2005 (time = 1) to December 2006 (time = 24). Each line
represents one tree.
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Figure IV.3 Abundance of Pseudaulacaspis cordylinidis (Hemiptera: Diaspididae) on five
trees sampled monthly from January 2005 (time = 1) to December 2006 (time = 24). Each line
represents one tree.
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Figure IV.4 Abundance of Epiphryne verriculata (Lepidoptera: Geometridae) on five trees
sampled monthly from January 2005 (time = 1) to December 2006 (time = 24). Each line
represents one tree.
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Figure IV.5 Abundance of Loberus depressus (Coleoptera: Cucujoidea: Erotylidae) on five
trees sampled monthly from January 2005 (time = 1) to December 2006 (time = 24). Each line
represents one tree.
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