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Abstract

Abstract
Landscape context (i.e., habitat area, habitat quality and habitat fragmentation) determines
the local distribution and regional survival of insect specialist herbivores. The effects of
landscape context on individual species are often complex and species-specific. Furthermore,
interactions with higher trophic levels, such as parasitoids, and the spatio-temporal scaledependencies of habitat parameters further complicate the investigation of species habitat
requirements. Understanding the importance of landscape context is important in the setting
of future landscape and climate change. For example, if sufficient habitats are not available
along their migration routes, insect habitat specialists may not be able to successfully follow
shifting climatic envelopes. In this thesis I addressed four intertwined questions: What are the
resource requirements — habitat area, quality and fragmentation — for two specialist
herbivores? How does the landscape context change with elevation? How are herbivoreparasitoid systems affected by the landscape context along elevational gradients? Do species
resource requirements suggest an increased vulnerability towards temporal or spatial
bottlenecks under climate change?

To evaluate these questions I used a range of field and laboratory methods and statistical
modelling approaches. I mapped the spatial distribution of a riparian shrub, Veronica stricta
(Plantaginaceae), at different spatial scales across the Tongariro National Park, central North
Island New Zealand. Patch occupancy of Trioza obscura (Hemiptera: Triozidae) and a
(undescribed) gall midge (Diptera: Cecidomyiidae) were recorded in 2010 and 2011. In 2011,
cecidomyiid galls were collected to investigate the cecidomyiid and its parasitoid
Gastrancistrus sp. (Hymenoptera: Pteromalidae). Habitat suitability and patch-level
extinctions and (re)colonisations (i.e., population dynamics) for both herbivores, T. obscura
abundance, and gall midge-parasitoid proportions were predicted with generalized linear
models, applying information-theoretic model selection and averaging.

Overall, habitat area had the largest positive influence on insect presence and survivorship.
Habitat quality (i.e., patch shading, plant size, leaf carbon/nitrogen, and vegetation cover) had
a species-specific effect on the patch occupancy/abundance and population dynamics of the
two herbivores, and, in interaction with elevation, had a complex effect on the gall midgeII
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parasitoid system. In contrast, habitat fragmentation was less important in the study system.
Elevation contributed positively to patch suitability and survivorship of the cecidomyiid, but
decreased survivorship of T. obscura and the relative abundance of the parasitoid
Gastrancistrus sp.. Spatial habitat model transferability to a regional scale was only
successful for T. obscura. Altitude-related changes in the landscape matrix, such as the
transition from forested to subalpine vegetation, positively affected habitat area and
fragmentation, which, in turn, offset a steady decrease in host plant size (i.e., patch quality)
with elevation.
In summary, my study revealed that habitat area, quality and fragmentation do not necessarily
follow simple linear trends along elevational gradients and that simultaneously addressing
multiple hypotheses, including their interactions, can provide more ecologically meaningful
insights into tritrophic systems than testing individual hypotheses separately. Although both
herbivores will find suitable habitats at their current upper range limit, T. obscura will likely
lose some habitat patches at lower sites following suppression of V. stricta by invasive plant
species and the gall midge will likely face more patch-level extinctions at high elevations
following an upwards shift of its parasitoid in future predicted climate. In conclusion, I
suggest that species vulnerability to climate change in mountain environments depends on
whether resource requirements allow for upward migration and suitable habitats are available
in future distribution ranges.

III

"When I was young, I would look at a model and think: Is it a good
model is it a bad model? And I now think, that's the wrong way to frame the
question. Because, the same model can be good for one purpose, and bad for
other purposes. The real question you should ask is: "For this question, is this
a model that adds to the insight of what I need to address that question [...].
[...] The essence of a model, in order to be tractable, is it's not reality, it's a
simplification of reality, it gets things wrong. If it is not getting things wrong,
it's not a model. And the issue is, the things that it is getting wrong, are those
important or unimportant for the particular question you're asking.”
Peter A. Diamond,
4th Meeting in Economic Sciences
August 2011, Lindau/Germany

“One does not simply map around Mordor”
Anonymous field assistant,
(Referring to a scene in Peter Jackson’s 2001 film adaption
of J.R.R. Tolkien’s Lord of the Rings: The Fellowship of the Ring;
filmed partly in the Tongariro National Park)
February 2011, Western slopes of Mt Ngauruhoe, New Zealand
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Introduction

Chapter 1. Introduction
1.1. Theoretical background
Climate change and the loss of natural habitats caused by shifts in land-use and landscape
fragmentation have been in the past, are currently, and in the future are most likely to be, the
two major threats for global terrestrial biodiversity (Secretariat of the Convention on
Biological Diversity 2001, Secretariat of the Convention on Biological Diversity 2006,
Secretariat of the Convention on Biological Diversity 2010). A well developed body of
literature suggests that interactions between climate and land-use change are synergistic,
increasing vulnerability to biodiversity loss across entire regions and organism groups
(Warren et al. 2001, Opdam and Wascher 2004, Schröter et al. 2005, Fischlin et al. 2007).
Stenotherm species – species living in a relatively narrow temperature range beyond which
they are not viable and/or not competitive against other species – in mountainous areas are
particularly threatened by the combined effects of climate and land-use change (Dullinger et
al. 2003, Becker et al. 2007, Gehrig-Fasel et al. 2007, Nogue et al. 2009) because of: (i) a
predicted above average increase in temperature in many mountain ranges (Pauli et al. 2007),
(ii) the inherent variability of biotic and abiotic conditions typical at higher elevations
(Koerner 2007, Grabherr and Nagy 2009), and (iii) an inevitable loss of potential habitat area
resulting from expected range shifts as mountain tops taper (Novotny and Weiblen 2005).
This thesis is concerned with climate change-induced elevational range shifts of specialised
insect herbivores in naturally fragmented landscapes and the effects of potentially less
suitable habitat in future distribution ranges.

1.1.1. Species distribution range shifts under climate change
Many species are expected to shift their distribution boundaries towards cooler areas when
they are exposed to temperature increases (Walther et al. 2002, Walther 2010). In particular,
stenotherm species, such as many invertebrates, have to adapt or gradually shift ranges to stay
in their climate envelopes (Feder et al. 2010). While some species might locally escape global
warming by shifting into micro-habitats that remain favourable (Thomas et al. 2001, Kearney
et al. 2009, Scherrer and Koerner 2011, Suggitt et al. 2012), several studies have
demonstrated a general trend towards upwards range shifts by species and communities
1
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(Wilson et al. 2005, Lenoir et al. 2008, Parolo and Rossi 2008, Chen et al. 2009). Distribution
range shifts towards higher latitudes are another way to cope with rising temperatures, but the
distances which need to be covered to account for rising temperatures are several magnitudes
larger than micro-habitat and elevation shifts (Parmesan et al. 1999, Hill et al. 2011).
Consequently, latitudinal migration processes often result in an establishment of new founder
populations at the leading edge of the range shift by a few long-distance migrants (Thomas et
al. 2001, Hill et al. 2011). Thus, the genetic diversity across the latitudinal distribution shows
higher variability compared to the species’ elevational range, as dispersal and genetic
exchange between low- and high elevation populations can take place within a few
kilometres (Bridle et al. 2009, Hill et al. 2011). Furthermore, for less mobile species living on
isolated mountains, latitudinal range shifts would require migration through lower, and
therefore probably warmer, landscapes. However, when assessing the global impact of
climate change on a particular species, both the entire geographic range (Sagarin et al. 2006)
as well as the entire ecological niche (Martinez-Meyer et al. 2013) need to be taken into
account because environmental variability across wider spatial scales can limit the
transferability of inferences from based on finer-scale local or regional data (Brewer and
Gaston 2003, Sagarin et al. 2006).
Regardless of whether species ranges shift towards higher elevations and/or latitudes, the
appropriate spatial landscape context and the species dispersal capacity are essential to
successfully follow climatic envelopes (Thomas 2000, Feder et al. 2010, Angert et al. 2011).
This is especially the case when the required habitat type is interrupted along the migration
route and dispersal behaviour is linked to landscape heterogeneity (Vinatier et al. 2012). This
thesis focuses on elevational range shifts as they are likely to take place over a spatial extent
at which a comprehensive spatially explicit mapping of species and their habitats is
achievable, which, in turn, allows analysis of the relationship between habitat characteristics
and the distribution and changes in patch occupancy (hereafter population dynamics) of
stenotherm insect species along elevational gradients.
In this context, it needs to be acknowledged that climate change may not only affect a species
at its upper (cooler) range limit, but also at its lower (warmer) limit. While true climateinduced range shifts are characterised by habitat loss at the lower (warmer) trailing edge and
habitat gain at the upper (colder) leading edge of the distribution range (Hill et al. 2011),
2
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some species show only range extensions, range contractions or shifting dominances within
constant range margins (Berry et al. 2002, Wilson et al. 2005, Breshears et al. 2008, Walther
2010). However, this thesis focuses on the upper limit of species because: (i) the selected host
plant occurs from the sea level up to ca. 1300 m a.s.l., and spatially explicit mapping
covering the entire elevational gradient was well beyond the scope of this thesis and (ii) the
aim was to investigate a naturally fragmented system. Habitat patches below a certain
elevational threshold (ca. 700-850 m a.s.l.) – and as a consequence located outside the
boundaries of the National Park – are affected by confounded changes in elevation and landuse. At mid- to high elevations, the protected landscape is dominated by natural forest and
shrub-land, whereas lower down, human settlements, pasture and invasive plant species
superimpose the elevational trends in habitat area, quality and fragmentation.
When species shift their distribution to account for climate changes, the availability of
suitable habitats in space and time at the leading edge of the distribution range becomes
essential for the species long-term survival (Lesica and McCune 2004, Franco et al. 2006,
Trivedi et al. 2008, Hill et al. 2011). Of particular importance in the context of elevational
range shifts – and even more important for latitudinal range shifts over tens or hundreds of
kilometres – is the ability of species to disperse through a landscape. Apart from a species
inherent dispersal capacity (Thomas 2000), the spatial structure of the landscape can either
facilitate or hinder a species’ dispersal (Tscharntke and Brandl 2004); (see Table 1.1 section
III for further references). For example, linear landscape structures such as hedges or forested
stream banks can act both as corridors or barriers, depending on the ecology of a species and
the direction of the movement. It can be assumed that if the spatial structure of a landscape
inhibits migration towards cooler areas, and/or the species’ distribution does not shift fast
enough due to limited dispersal capacity, then climate change becomes a threat to the
regional survival of the species (Thuiller et al. 2008, Engler et al. 2009, Wilson et al. 2009).
While the effects of latitudinal dispersal patterns in fragmented landscapes are reasonably
well studied in some prominent and mobile groups such as butterflies (Parmesan et al. 1999,
Matter et al. 2003, Wilson et al. 2005, Migliavacca et al. 2008, Poyry et al. 2009, Thomas et
al. 2011), fine-grained studies addressing climate change induced elevational range shifts of
less mobile, inconspicuous invertebrates in fragmented landscapes are rare (Larsen 2012). In
particular, when analyses of species range shifts are based on presence-absence data recorded
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for coarse 10 km grid squares, fine-scaled upwards trends may take place unnoticed (Hill et
al. 2002, Gillingham et al. 2012). This thesis considers what are typically less studied species
living in naturally fragmented environments, but the methods applied in this project follow
species habitat modelling approaches used for semi-natural biotopes embedded in intensively
used agrarian landscapes.

1.1.2. Effects of habitat parameters on species distribution and survival
Conceptual models describing how habitat specialists are distributed across the landscape
include the classic metapopulation concept (MacArthur and Wilson 1967, Levins 1969,
Hanski 1999, Driscoll 2007), the mainland-island concept with extinction confined to smaller
subpopulations, the source-sink constellation with populations in suboptimal habitats
depending on constant immigration from favourable sites, and patchy populations with high
dispersal rates between individual habitat islands, which, in turn, are not able to host viable
independent (sub)populations (Harrison 1991, Morrison 1998). While metapopulations sensu
stricto are at best rare and most likely outnumbered by studies applying loose definitions of
this special concept for somehow spatially-structured populations (Fronhofer et al. 2012), all
frameworks seeking to understand the dynamics spatially-structured populations focus more
or less on the effects of habitat area, quality and fragmentation for species local (patch-level)
occurrence and regional (spanning a wider network of patches) survival. The true spatial
nature of the population structure (i.e., the spatial arrangement of subpopulations within the
species range) of the investigated case study organisms is not the pivotal element of this
thesis, rather I focus on the effects of habitat area, quality and fragmentation at a local to
regional scale on patch-level occupancies and population turnover along an elevational
gradient. Table 1.1 (section I, II, and III) provides a synthesis of how habitat area, quality and
fragmentation are predicted to change with elevation.
At a fine scale, an individual host plant or a cluster of host plants can form a discrete habitat
island (a patch) for a monophagous species. The concept of plant-species-based habitat
patches, in contrast to more ‘obvious’ habitat islands based on functional differences in
vegetation structure such as forest remnants in agriculture landscapes or grass/herb
dominated clearings in closed forest stands, is frequently applied in metapopulation ecology
(Baum et al. 2004, Biedermann 2004, Gripenberg and Roslin 2004, Müller and Gossner 2007,
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Talley 2007). At the spatial scale of a host plant patch, habitat area and habitat quality are
essential for the occurrence of habitat specialists and these parameters may determine local
population sizes (Egan and Ott 2007). Numerous studies have demonstrated that large(r)
and/or very suitable habitats can host more individuals of a particular species, and thus, have
a reduced risk of local extinctions caused by demographic or environmental stochasticity (see
Table 1.1 section I and II for details and relevant references). In this context, habitat “quality”
summarises all those patch/habitat parameters that (i) can be measured directly in the field –
such as site aspect and inclination, shading, vegetation structure, host plant density or
structure – without implying that the particular parameter is linked to general patch suitability
for the particular species (see Johnson 2007 for a substantially different approach that uses
species densities as surrogate for habitat quality), and (ii) are not better described as a
measure of habitat area or fragmentation. In general, the use of the terms “habitat area”,
“habitat quality” and “habitat fragmentation” throughout this thesis are anthropocentric,
simplifying classifications of field measurements in a way considered useful for predicting
species occurrence in space.
Likewise, habitat fragmentation promotes or hinders (re)colonisation of unoccupied patches
and mediates complex interactions of habitat specialists with predators, competitors, and
parasitoids (Kruess and Tscharntke 1994, Cappuccino and Price 1995, Tscharntke et al.
2002)(Table 1.1 section III). Species showing a truly patchy distribution, with individuals
exploiting several plant patches rather than forming independent (sub)populations, are a
special case as environmental patch-level parameters are less suitable to predict occupancy of
individual patches. It is, therefore, important to assess the spatial structure of a population
before analysing effects of habitat area, quality and fragmentation on the species’ distribution
and population dynamics in space and time. However, it is important to acknowledge that
patch occupancy at the local scale is not driven by habitat area, quality and fragmentation
aspects alone, but also by a number of other, often confounded, environmental factors. While
habitat age is likely to dictate the quality of early succession stages of certain habitat (Frank
and Kunzle 2006, Frank et al. 2012), for dispersal-limited species habitat age is also linked to
the length of time a species has had time to colonise the particular habitat after it appeared
(Grashof-Bokdam and Geertsema 1998, Buse 2012). . Likewise, historic events such as
extreme weather, flooding or fires leading to synchronous local or regional extinction can
influence the strength of the relationship between habitat parameters and patch occupancy
5
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(Solbreck and Sillentullberg 1986, Opdam and Wascher 2004). Likewise, but more difficult
to quantify, are biotic interactions such as interspecific competition, predation and parasitism,
which can lead to patches sufficient in size and quality being unoccupied (Holt et al. 1999,
Wisz et al. 2013).
Once there is evidence that a species of interest is distributed in a landscape such that the
effects of habitat area, quality and fragmentation on the species distribution and population
dynamic can be investigated, the researcher must acknowledge that these habitat parameter
effects are often confounded and/or interactive. In particular, disentangling the effects of
recent habitat loss from concomitant changes in habitat fragmentation remains
methodologically challenging (Ewers and Didham 2006, Swift and Hannon 2010, Hadley and
Betts 2012, Fahrig 2013). Naturally fragmented systems in an quasi-equilibrium state –
without recent substantial habitat gain or loss – offer the opportunity to quantify the effect of
the landscape context (i.e., habitat area, quality and fragmentation) on the survival of
populations at both local and regional scales using established methods of statistical
modelling (Guisan and Zimmermann 2000).

1.1.3. Elevational trends of habitat parameters and effects on species performance
It can be assumed that habitat patches for a stenotherm specialist herbivore differ in area and
quality along the elevational range of its host plant. At higher elevations, habitat area and
quality are often reported to decrease, while habitat isolation tends to increase (Hodkinson
2005, Anderson et al. 2009, Grabherr and Nagy 2009); (Table 1.1 section I, II, and III). For
example, an insect herbivore might find host plants at higher elevations to be less abundant,
and those growing at higher elevations to be smaller or with less biomass to feed on (Merrill
et al. 2008). In some cases, such broad elevational patterns can be obscured by high withinplant variability at the local scale (Gaston et al. 2004). Consequently, smaller patches that are
large enough to support a local subpopulation at low(er) elevations might be too small if
patch quality is reduced at high(er) elevations. Therefore, in order to build up viable
populations at high(er) elevations, larger habitat patches are needed to compensate for the
effects of decreased habitat quality and vice versa (Hanski 1999, Cronin 2004), leaving a
higher proportion of less suitable patches unoccupied (Table 1.1 section IV). Additionally,
species adaptation to high(er) elevations and increased abiotic variability might further
6
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increase the risk of stochastic patch-level extinctions (Table 1.1 section V). In particular,
high(er) elevation habitats can substantially differ from low(er) elevation habitats in their
abiotic conditions, but the elevational trends of abiotic factors such as ambient air
temperature and air humidity are complex (Dillon et al. 2005, Hodkinson 2005, Koerner
2007).
Apart from elevational effects on the habitat specialist itself, and predicted trends in habitat
area, quality and fragmentation along elevational gradients (Table 1.1), climate change
induced range shifts can cause spatial and temporal bottlenecks for the habitat specialist
(Hellmann et al. 2012). Under (predicted) warmer climates, spatial bottlenecks may occur
when mobile habitat specialists disperse into areas where appropriate host plants are not
available, less abundant or of lower quality (Pelini et al. 2009). Likewise, temporal
bottlenecks can occur when the herbivore and the plant respond at different rates or when
changes in temperature cause mismatches in the phenologies of the plant and the associated
habitat specialist (Hodkinson and Bird 1998, Visser and Holleman 2001, Chuine 2010, Singer
and Parmesan 2010). For example, temperature-controlled insect activity in spring might start
earlier in the season, while the host plant growth might be triggered by unchanged
photoperiod signals. In summary, it can be assumed that increased habitat fragmentation
accompanied by decreased habitat quality will result in increased habitat area requirements
for species at higher elevations and will make smaller herbivore populations more prone to
extinction (Table 1.1 section IV and V).
Despite these predictions, little is known about the relationship between decreasing habitat
quality along elevational gradients and the increasing demand of habitat area for
monophagous species. Furthermore, even less attention has been paid to the effect of climate
change induced range shifts on trophic interactions in fragmented landscapes. Higher trophiclevel species such as parasitoids not only have to follow their own shifting bioclimatic
envelope through fragmented landscapes, but are also dependent on the availability of the
appropriate host species in their future ranges (Tylianakis et al. 2008, Van der Putten et al.
2010) and matching rates in future phenological changes across all three trophic levels
(Evans et al. 2013).
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Table 1-1 Synthesis of thesis hypotheses and link to key findings and relevant literature
Habitat
Predicted elevational trends and effects of habitat parameters
parameter
at the upper distribution limit of a species
large
Patch Area

I. Habitat Area

Small
low

high

Patch Quality

II. Habitat Quality

high

Elevation

low
low

high

high

low
low

Elevation

Selected literature

Chapter 3:
Bender et al.(1998), Fahrig (2001, 2003),
• Patch occupancy and abundance of individual species
Table
1/2/3/4/5/6
Hanski and Gaggiotti (2004),
are regulated by carrying capacity of the patch.
Figure
3/4/5/6/7;
Kery and Matthies (2004),
• Extinction risk is inversely related to habitat area.
Chapter 4:
Ewers and Didham (2006),
• Habitat (patch) area is considered to be a key driver for
Table 2;
Krauss et al. (2009),
overall species richness.
Figure 4;
Ockinger et al. (2010)
• Trophic interactions are sensitive to patch area.
Chapter 5:
Table 3;
• Habitat area decreases going uphill.
Chapter 3:
Moilanen and Hanski (1998),
• Patch occupancy and abundance of local herbivore
Table
1/2/3/4/5/6
Thomas et al. (2001),
populations are limited by patch quality.
Figure
3/4/5/6/7;
Steffan-Dewenter and Tscharntke (2002),
• Extinction risk is inversely related to habitat quality.
Chapter 4:
Hanski and Gaggiotti (2004),
• Trophic interactions are sensitive to patch quality.
Table 2;
Hodkinson (2005),
• Elevational effects on habitat quality are mainly
Figure 3/4;
Choutt et al. (2011)
induced through changes in host plant phenology,
Chapter 5:
growth and nutritional quality.
Table 3/4;
Figure 1/2/3/;

Habitat
Fragmentation

III. Habitat
Fragmentation

Elevation

Key findings

high

• Habitat isolation reduces the probability of a patch
being (re)-colonised after extinction.
• Habitat fragmentation impact is driven by species
traits, physical distance (connectedness) and functional
similarity between habitat and the surrounding matrix
(connectivity).
• Complex effects on species interactions such as
competition, predation and parasitoids.
• Elevational trends in habitat fragmentation include
increasing spatial distances of similar elevational
bands between diverging summits.
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Chapter 3:
Table 6;
Figure 3

Hanski and Zhang (1993),
Moilanen and Nieminen (2002),
Steffan-Dewenter and Tscharntke (2002),
Haddad et al. (2003), Henle et al. (2004),
Ries et al. (2004),
Tscharntke and Brandl (2004),
Cronin and Reeve (2005),
Hodkinson (2005),
Ewers and Didham (2006),
McInerny et al. (2007),
Anderson et al. (2009),
Stevens et al. (2010), Guerra (2011),
Ockinger et al. (2012)
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(table 1-1 continued)

Habitat
parameter
high

Patch
Occupancy

IV. Patch Occupancy

Predicted elevational trends and effects of habitat parameters

low
low
high
Patch Suitability

x

x

high
Population
Dynamics

V. Population
Dynamics

low
high
low
Patch Suitability

• At high(er) elevations, because of the synergistic effects
of reduced habitat area and quality in combination with
an increased habitat fragmentation, habitat specialists
are absent from or less abundant at patches compared to
those of a similar suitability at low(er) elevations.
• To build up viable populations at high(er) elevations, I
predict species to have increased resource requirements,
in particular regarding habitat area and quality.

Key findings
Chapter 3:
Table 1/3/6
Figure 5;
Chapter 4:
Table 2;
Chapter 5:
Table 3/4;
Figure 1/2;

• At high(er) elevations, elevational abiotic parameters Chapter 3:
and biotic species responses, such as a reduced dispersal Table 4/5/6;
Figure 6;
ability, body weight and fecundity, lead to an increased
Chapter 5:
population dynamic (i.e., a higher patch-level extinction
Table 3;
probability) of specialist herbivores.
• Limited habitat suitability at high(er) elevations might
be offset through an escape from parasitoids, which in
turn suffer from elevational co-factors and reduced host
availability.

Selected literature
Hodkinson (2005)

Anderson et al.(2009),
Van der Putten et al. (2010)

Notes: the table considers only elevation trends at the upper range limit of plants and associated invertebrates. For most species with distribution centres in mid-elevations,
response curves are likely to be hump- or bell shaped. Consequently, “low elevation” refers to a species specific optimum range in “mid” elevations and not to the absolute
lower range limit of the species.
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1.2. Aims and Objectives
The aim of this thesis is to contribute to our understanding of the potential consequences of
climate change induced range shifts for the distribution and survival of habitat specialists and
associated parasitoids in naturally fragmented landscapes. The overall objectives of this thesis
are to:
I.

Investigate the resource requirements of monophagous insect herbivores and their
associated parasitoids along elevational gradients,

II.

Determine whether changes in species habitat requirements in terms of habitat
area and quality along an elevational gradient will result in reduced survivorship
at higher elevations, and,

III.

Evaluate the potential impact of climate change on the spatial distribution and
population dynamics (i.e., patch-level extinction and colonisation events) of
habitat specialists and their associated host plants.

1.3. Outline of thesis
This thesis is presented as a series of self-contained, published or submitted co-authored
journal articles. The introductory Chapter 1 provides background information about the
overall theme, aims and objectives of the thesis, summarises the main ecological hypotheses
that this thesis is addressing and provides links to the key findings of subsequent chapters.
Prior to this study, the selected system and species had received little attention. Chapter 2
describes the model system – the host plant, the two herbivores and a parasitoid – and
summarises the methodological approach used throughout the following data chapters
(Chapter 3, Chapter 4, and Chapter 5).
Chapter 3 uses statistical habitat modelling to describe the effects of habitat area, quality and
fragmentation on the distribution and patch-level population dynamics of two insect specialist
herbivores along elevational gradients. Furthermore, it reveals how the expected elevational
10

Introduction
changes in certain habitat parameters can be mitigated and/or offset by contrary trends of
other habitat parameters. Chapter 3 concludes by exploring how the investigated system
might be affected by future climate change.
Chapter 4 considers fine-scale plant-herbivore interactions and examines the selection of
individual host plants by herbivores, and the changes in plant parameters, such as
carbon/nitrogen ratios and growth rates, following an early herbivore infestation and during
experimental climate scenarios. Additionally, this chapter extends the habitat models based
on presence-absence data presented in Chapter 3 to habitat models incorporating abundance
data. It reveals how certain habitat parameters determine whether a patch is occupied or not,
while other habitat parameters are linked to the abundance of herbivores, given the habitat is
occupied. In this chapter, I combine field observations at different spatial scales and
laboratory experiments.
Chapter 5 extends on Chapter 3 by moving from ‘simple’ presence-absence data to an
analysis of proportional abundances of a specialist herbivore and an associated parasitoid. By
following a multi-hypotheses approach, it reveals spatial dependencies of and interactions
between habitat parameter effects on the interaction between two antagonistic plant gall
inhabitants.
The discussion, Chapter 6, returns to the main hypothesis developed in the introduction
(Section 1.1.3) in light of the key findings of the three results chapters (Chapter 3, Chapter 4,
and Chapter 5), reflects on the methodological approach and how this thesis has contributed
to our understanding of climate change induced species range shifts in fragmented landscapes
and highlights unexplored aspects for future research.
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Chapter 2. Study area and model species
2.1. Selection of study area
This thesis investigates how habitat area, quality and fragmentation affect specialist herbivore
species along elevational gradients. The selection of host plant species and associated
invertebrates was primarily drive by ecological criteria, although the geographic location of
the field sites was also important. A priori, the ideal model system would have met several
criteria:
I.

The host plant is distributed over an elevational range of at least 1000 m to cover a
sufficient gradient in temperature and other climatic variables;

II.

The elevational distribution of the herbivore does not reach the lower and upper
range limit of the host plant – this facilitates making inferences about potential
habitat loss/gain for the herbivore under climate change;

III.

The host plant grows in distinct and identifiable patches covering gradients in area,
quality and fragmentation;

IV.

Turnover of host plant patches is marginal, so that a quasi-equilibrium for the host
plant (at least ) can be assumed;

V.

The herbivore occurs in a metapopulation, and local patch-level turnover can be
detected and measured;

VI.

Several herbivore species share the same host plant species, which allows species
traits to be linked to habitat parameter effects (and, pragmatically, reduces the
amount of field work);

VII. The effect of elevation on the spatial distribution of the host plant and the herbivores
is minimally confounded with other environmental processes such as land-use
changes, disturbance history or geomorphologic features.
In reality, there are other equally important issues to consider during the selection process,
such as physical access to potential field sites and the biological information available about
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the species being considered. The fieldwork for this thesis contrasts to that frequently applied
in agricultural landscapes in Europe and North America, where physical access to and
remoteness of field sites do not usually pose a problem for data collection. I chose to conduct
the field work for this thesis in the Tongariro National Park (TNP) on the Central Volcanic
Plateau, North Island, New Zealand, mainly based on the area’s accessibility. Other New
Zealand sites were considered, but logistical constraints or the physical nature of other
regions rendered them less suitable. Nevertheless, the physical challenges of the steep,
mountainous terrain in TNP, and the hazardous nature of the remote field work in a subalpine
environment limited the sample size to just over 250 local + 100 regional host plant patches.

2.2. Study area Tongariro National Park
Tongariro National Park has a cool-temperate climate, with a strong west-east precipitation
gradient [Chateau, northwest of Mount Ruapehu, 1097 m a.s.l., mean annual temperature 8.5
°C, 2758 mm annual precipitation; Waiouru, southeast of Mount Ruapehu, 806 m a.s.l., mean
annual temperature 9.1 °C, 1037 mm annual precipitation (NIWA 2012)] (Figure 2-1).
Disturbances including volcanism, fire and soil erosion have influenced vegetation patterns in
the Tongariro National Park across multiple spatial and temporal scales (Atkinson 1981,
Gabites 1987, Greenaway 1998), and impose heterogeneity on the general altitudinal
sequence of forest → tussock/shrubland → alpine gravel fields (Atkinson 1981, Druitt et al.
1990).
Field sites were located along an elevational sequence following the Mangahuia Stream,
located between Mount Hauhungatahi (1521 m) and the north-western slopes of Mount
Ruapehu (2797 m; Figure 2-2 to 2-5). The stream starts as a small seep at approximately
1350 m altitude, crosses the Tongariro National Park boundary (lat 39.18 °S, long 175.47 °E)
after approximately 9.5 km, and joins the Whakapapaiti Stream one km further downstream
at an altitude of 850 m a.s.l. Additional field sites were scattered across the western Parts of
the Tongariro National park at elevations of 656 - 1259 m a.s.l. Detailed maps of all V. stricta
patches along the Mangahuia Stream can be found in the Appendices (Appendix VI).
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Figure 2-1 Ecological climate chart at the Chateau, Mt. Ruapehu. Black line describes the monthly
temperature pattern, grey-striped area depicts monthly rainfall pattern, solid dark shading indicates a
surplus of rainfall; Source: Thrippleton (2012).

Figure 2-2 View from upper end of Mangahuia Stream looking west towards Mt Hauhungatahi;
Mangahuia Stream runs first along the edge of the forest fragment on the left of the picture; stream
indicated by white line; white arrow indicates location from which Figure 3-1 was taken; ca. 1350 m
a.s.l..
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Figure 2-3 Map of study area. Upper left inset: map of New Zealand, the black square marking
Tongariro National Park. Middle left inset: location of Tongariro National Park patches (open circles)
and climate data loggers along Mangahuia Stream (black flags), Mt Ruapehu with 500 m contour
lines in black. Right map: location of V. stricta patches along Mangahuia Stream (black dots), other
streams are not displayed; see Figure 5-1 for stream system of the western Tongariro National Park
(see Appendix VI for detailed maps of V. stricta patches along the Mangahuia Stream.
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2.3. Selection process for the host plant – herbivore model system
New Zealand has nearly 2000 endemic plant taxa – species, subspecies, varieties and forma –
(de Lange et al. 2006) and while currently more than 13 000 terrestrial invertebrate species
are described, several thousand more still await formal description (Stringer and Hitchmough
2012). Data regarding the biology, and, in particular, the host plant associations, of many
small, inconspicuous taxa are lacking (but see Spiller 1982). Therefore, the process of
selecting suitable host plant species and associated arthropods for this thesis was a complex
and iterative process, involving comprehensive literature reviews and several field trips to
potential study sites. A potential plant-herbivore pair needed to meet several ecological and
methodological criteria to be suitable as a model system. Therefore, for each plant species
native to New Zealand (North Island, South Island, Stewart Island), a set of questions was
asked to identify potential species combinations:
I.

Does the host plant cover an elevational gradient of at least a few hundred meters? If
not, the plant was excluded from the further analysis.

II.

Is the plant species easily (re)locatable in the field? For example, epiphytes,
extremely rare and very small plants were excluded.

III.

Does the plant species grow in such a way that spatially explicit mapping of
naturally fragmented ‘plant clusters’ of several size classes along an elevational
gradient is feasible? Matrix forming species such as southern beech Nothofagus spp.
and tussock Chionochloa spp. were excluded here.

IV.

For each plant species, is there information available about the degree of
specialisation of its herbivores? Plants without known associated herbivores or
plants for which only feeding observations of generalist herbivores have been
recorded were unsuitable for this project.

V.

For a plant-herbivore system, is the herbivore species formally described? And is
there any substantial risk of misidentifying the herbivore in the field? In particular, I
excluded species where only the larva is host-specific or identification/rearing in the
lab were required for identification. This included many small beetles (e.g.,
Coleoptera: Curculionidae) and true bug larvae (e.g., Heteroptera: Miridae).
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VI.

If the herbivore in a plant-herbivore system feeds on multiple plant species, the
spatial distribution of the other plant species was evaluated to include systems with
“regional monophagy”.

VII. For each plant cluster, is it feasible and minimally invasive to record presence or
absence of an herbivore specialist? Larger tree species where the herbivore lives in
the canopy, plants with rhizome-feeding herbivores and similar cases were removed
from the set of potential candidates.
VIII. In cases where a plant or plant patch is occupied by an herbivore, how obvious is the
presence of the herbivore and are there any environmental limitations on when to
record presence/absence data? Plants where the herbivore is nocturnal or remains
hidden during rainy or windy conditions are less suitable compared to plantherbivore systems, where the herbivore induces specific and prominent feeding
damage.
IX.

To reduce the logistic effort during the field season, plant-herbivore systems that
occur in the same area as other suitable candidates were preferred.

X.

Naturalised or invasive plant species were not considered for this project because
recent rapid adaptation to new habitats might add extra variability to the distribution
patterns along elevational gradients.

There was no particular order in which these questions were addressed and some criteria were
applied more strictly than others. For example, plant species restricted to coastal
environments were always excluded, but alpine dwarf shrubs without any herbivore
recordings were not excluded when they were growing in distinct clusters. Similarly,
prominent species such as Cordyline spp. with several associated herbivores were not
excluded from the preliminary list, despite sampling for herbivores in their natural forested
environment being challenging for tree species [but see Guthrie (2008) for a similar study
conducted in human-altered landscapes].
First, I identified potential plant-herbivore pairs starting with the herbivore part and analysed
several groups for which species lists were available, in particular I reviewed the relevant
“Fauna of New Zealand” volumes (for example the volumes written by Dugdale 1988,
Larivière 1995, Klimaszewski and Watt 1997, or Larivière 1999). As this literature review
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yielded rather unspecific results, I adopted a different approach and I exhaustively analysed
the online databases Plant-SyNZ: an invertebrate herbivore biodiversity assessment tool,
complied by Nicholas Martin (Martin 2012), the “New Zealand Plant Names Database”
(Allan Herbarium 2000), and the online database of the New Zealand Plant Conservation
Network (de Lange et al. 2006). In particular, the “Plant-SyNZ” proved a powerful tool, as it
allows searching for plant-herbivore pairs as well as the corresponding reverse herbivoreplant pairs. Additionally, this database provides a rating of the scientific information
available about the relationship between the plant and the herbivore:
”... a reliability score of 0 to 10 is used, with 10 being high quality evidence
supporting a herbivore-host plant association. 0 is used for published
associations that are subsequently shown to be wrong. The database also
gives the reason/evidence for the score, who gave the score and the date
when it was given. The score is subjective and is based on expert
interpretation of each relationship [...]. The criteria that can be used for
reliability scores varies according to the biology of each group of
herbivores [...]. Gall forming insects and leaf miners need to be reared to
identify the insect and hence the host association. In some cases a
distinctive gall or mine may be found on another plant species in the same
genus and a tentative host association created with a score of 5 or 6
depending upon the circumstances.” (Martin 2012).
The majority of plant-herbivore associations with a score fewer than six were excluded from
the set of candidates. The iterative process of checking all native vascular plant species
(excluding club mosses, mosses, lichens) for herbivores and then checking the herbivores
against other potential host plants resulted in a preliminary list of approximately 700 potential
candidates of plant-herbivore systems. This list was further refined following discussion with
Nicholas Martin and two visits to the potential study areas. During these site visits it became
apparent that a number of small to medium-sized shrub species met most of the criteria listed
above, whereas the majority of herbaceous species were not suitable for spatially explicit
mapping in the remote and challenging terrain of the Tongariro National Park (Table 2-1).

18

Study area and model species
In December 2009, I revisited the National Park again to further evaluate the spatial
distribution of the remaining species in terms of patch area, fragmentation and elevation.
Based on this trip, three of the four remaining plant species were dropped from the list of
candidates (see Table 2-1 for justification), leaving the riparian shrub species Veronica stricta
(Benth.) L. B. Moore (Plantaginaceae) and two associated insect specialist herbivores as a
promising model system in which to investigate the effects of habitat area and quality on the
distribution and population dynamics of habitat specialists in naturally fragmented
environments along elevational gradients.

Figure 2-4 Upper Mangahuia Stream; stream is predominantly surrounded by low-growing vegetation
(<2 m tall) in this section; elevation ca. 1120 m a.s.l.. Veronica stricta patches at these higher
elevations often spread out into the stream-surrounding vegetation.
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Table 2-1 Final list of potential candidates and rationale if the species was not used for the thesis.
Host (elevational range)
Invertebrate
Feeding damage
Veronica stricta (0 – 1300m)
Trioza obscura Tuthill, 1952
psyllid nymph feeding
(Hemiptera: Triozidae)
causes distorted shoots with
small leaves on plant
Trioza hebecola Tuthill, 1952
(Hemiptera: Triozidae)
Reason for Exclusion : herbivore was
missed during the first half of the first
field season

psyllid nymph causing
pointed leaf dimples on V.
stricta; nymph with long
white wax fringe

Hebe terminal bud gall sp. 'stricta' of gall midge larvae in
Martin 2003 (Diptera: Cecidomyiidae) terminal bud galls
Phyllocladus alpinus (750 – 1500m) Eriococcus arcanus Hoy 1962
(Hemiptera: Eriococcidae)

scale insect living in and
causing tubular pocket galls
on cladodes

Chrysorthenches phyllocladi Dugdale moth larvae feed on host
1996, (Lepidoptera: Plutellidae)
plant
Reason for Exclusion: Phyllocladus alpinus was found to be too
common in some areas for all plant clusters along an elevational
gradient to be mapped, and methods suitable to analyse the species
spatial patterns, such as plot-less density estimators (Engeman et al.
1994), would not be suitable to quantify effects of habitat area or
quality.
Griselinia littoralis ( 0 – 1400m)

Pangacarus grisalis Manson 1984
(Acarina: Eriophyidae)

gall mite living on underside
of leaves of plant

Peristoreus discoideus (Broun
1880);(Coleoptera: Curculionidae)

weevil larvae form large
blotch mines in leaves

Reason for Exclusion: Griselinia littoralis was strongly affected
by selective browsing by introduced deer and showed a skewed age
structure with some mature trees and seedlings, but very low
abundances in those size classes accessible to deer. Therefore, it
would have been problematic to treat the spatial patterns observed
as a naturally fragmented system in a quasi-equilibrium state. Also,
recording of the selected invertebrates would have been both
unfeasible and hazardous, as most branches out of reach for deer
were not readily accessible for sampling.
Brachyglottis bidwillii (900 – 1800m) Eriophyes geogeae Xue & Zhang,
2008 (Acarina: Eriophyidae)

gall mites were found in
witches broom galls on
Brachyglottis bidwillii and B.
elaeagnifolia

Reason for Exclusion: herbivores on Brachyglottis bidwillii were
either not detectable or observed feeding damage could not be
attributed to a particular herbivore.
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2.4. Host plant: Veronica stricta (Benth.) L. B. Moore (Plantaginaceae)
Most of the 88 species of Veronica (subgenus Hebe) in NZ occur in open or semi-forested
areas. Growth forms range from alpine dwarf shrubs, riparian and coastal shrubs to small
trees along forest edges (Albach et al. 2004, Bayly and Kellow 2006). The morphologically
diverse V. stricta is common across the central and southern North Island. It is an evergreen,
sparsely to densely branched shrub up to 5 m tall. Leaves are usually elongated, between 25100 mm long; long inflorescences of up to 300 small white flowers appear usually between
January and May (Bayly and Kellow 2006). Across the western parts of the Tongariro
National Park, V. stricta predominantly occurs along streams, with regeneration apparently
restricted to recently disturbed sites such as river banks, stream isles, slips, and watersaturated bluffs. No seedlings were found outside these areas, indicating a distribution limited
to the habitats mapped for this study and distances between plant clusters along the
Mangahuia Stream were typically an order of magnitude shorter than distances between
individual stream systems. Along the Mangahuia stream, most V. stricta plants grew within
10 meters of the river bed, in particular in the densely forested areas (Median average
distance between V. stricta plants per patch and stream bed = 2 m; median absolute deviation
MAD = 1.48 m). A systematic search for host plants within a fixed band of both sides of the
stream was not possible due to the terrain, but opportunistic searches for host plants at the
start and the end of each field day did not reveal more than a handful of additional host
individuals growing away from the stream.
Furthermore, over two consecutive years I recorded very few turnover events of V. stricta
patches and neither seedlings/saplings nor remains of dead plants were common along the
investigated stream. Therefore, there is no evidence or reason to suspect that V. stricta has
undergone major habitat losses or gains along the Mangahuia Stream in recent insect
generations. As a result, patch occupancies of both univoltine insect species may be attributed
to habitat area, quality and fragmentation effects, rather than to delayed effects of recent
habitat loss or expansion as suggested for other systems (Biedermann 2005, Cousins 2009,
Didham et al. 2012). As habitat specialists – an invertebrate species where the juvenile stage
and/or the imagines exclusively feed on one host plant species – I selected an endemic psyllid
and an undescribed gall midge; both species induce distinct plant galls through the feeding
activity of their larvae. Textbox 1 offers a short excursus into the ecology of plant galls and
their inhabitants.
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2.5. Specialist herbivore: Trioza obscura Tuthill, 1952 (Hemiptera:
Triozidae)
The endemic psyllid or jumping plant lice Trioza obscura has a fragmented distribution
across the North and South Island of New Zealand and is restricted on the North Island to
higher altitudes such as the central Volcanic Plateau and Mt Taranaki (Dale 1985), where it
feeds predominantly on shoots of V. stricta (Dale 1985). The northernmost population is
known from the summit of Rangitoto Island (260 m a.s.l.) (Nicholas Martin, personal
communication, 20th April 2011), 270 km north of Tongariro National Park. The adults and
larvae are phloem feeders on young shoots; the latter causing a distinctive shoot distortion
with miniaturized leaves (Figure 3-1, Figure 4-1). Distorted branchlets often die-back during
autumn/winter and newly infested branchlets start to shown signs of T. obscura activity in
late spring. The species is univoltine. As with many other psyllids, the ca. 3 mm long imago
has limited active dispersal ability (Dale 1985, Hodkinson 2009), and when disturbed in the
field, adults immediately return to the same plant or branch.

2.6. Specialist herbivore and specialist parasitoid: Hebe terminal bud gall
sp. 'stricta' of Martin 2003 (Diptera: Cecidomyiidae); Gastrancistrus sp.
(Hymenoptera: Pteromalidae) Westwood
As a second example of a patchily distributed specialist herbivore, I chose a gall midge
causing terminal bud galls exclusively on V. stricta branches (Martin 2012); (Figure 2-4).
The distinct galls, up to 16 mm length, contain up to 70 larvae of the gall midge (Figure 2-6).
Gall growth starts in late autumn. At the end of the following summer, the herbivore larvae
rasp a single hole through the gall tissue, pupae emerge inside the gall and leave the galls as
adults. Once the gall is abandoned, the green tissue lignifies and remains on the branch for
another one or two years, before it falls off. Older galls from more than one year ago can be
distinguished from old gall of the previous season based on the overall degree of decay.
Therefore, for an individual V. stricta plant or patch, the presence and abundance of the
herbivore during the current season could be assessed by counting the prominent green galls
and the status of patches classified as herbivore-free could be verified by searching for old
galls in the following season, thus accounting for imperfect detectability (MacKenzie et al.
2003). Since the herbivore itself does not change its location during the larval stage, I decided
22

Study area and model species
to visit each V. stricta patch only once per summer (January-March 2010; January-April
2011), to get reliable information about the spatial distribution during two seasons and
population dynamics for one year (changes in patch occupancy between summer 2010 and
summer 2011).
The abundance of galls was generally low across the Tongariro National Park, with most
infested V. stricta having fewer than five galls. The New Zealand-wide distribution of this
herbivore is unknown, but the galls are common across the TNP between the lowest-lying
areas of the park at ca. 650 m up to ca. 1200 m, matching its host plant distribution. The
herbivore is heavily parasitized by an undescribed wasp of the genus Gastrancistrus
Westwood (Hymenoptera: Pteromalidae), which are known to be parasites of gall midges
(Bouček 1988, Buhl et al. 2008). The parasitoid was first recognised in autumn 2010, when I
collected several galls from gall-rich sites at different elevations to study the herbivore in
detail and all galls released wasps but not gall midges. The collection of galls from sites with
one or two galls could have a significant impact on the sampled (patch-level) population.
Therefore, I waited until summer 2011, first recorded the population dynamics of the gall
population and then collected at least one gall from each patch where galls were present in
order to compare the spatial distribution of the herbivore with the spatial distribution of its
parasitoid.
Galls were collected between March and April 2011 by cutting off the plant shoot with the
attached gall(s) and keeping it separated from other galls in insect rearing sleeves with the
plant shoot placed in water (sleeves made from white nylon; dimensions: length 71 cm; width
48 cm; 104 × 94 mesh/square inch; MegaView Science Co. Ltd.; Taichung 40762, Taiwan).
All galls were checked in the lab for potential exit holes of the insects. Both the herbivore and
the parasitoid pupae emerged around the same time in laboratory rearing boxes, herbivoreparasitoid ratios ranged between zero and one and the total abundance of both species was
approximately equal, indicating that the parasitoid plays an important role in the population
ecology of its host. Insect emergence in the laboratory started just after the collection was
completed in mid-April 2011 and all intact galls were reared at ambient temperature, still
attached to ca. 3-15 cm long twigs with tap water supply, in a 0.4 litre clear plastic drinking
cup, sealed with air-permeable gauze. Over four weeks, emerged insects were collected into
70% ethanol. After the majority of insects had emerged, all galls were dissected, gall size was
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recorded and all remaining adult insects (dead or alive) were collected. Accidental bycatch in
the form of stem- or leaf-mining cecidomyiids, their associated parasitic wasps as well as a
small number of other parasitic wasps of the gall midge were recorded. However, as the
abundance of wasps other than Gastrancistrus sp. found inside the galls of interest was low,
these species were not analysed during this project (ca. 20-30 specimen in total, Torymidae:
Torymus cf.; Torymoides cf.). Because the gall midges occasionally emerge outside the gall
near the exit hole, it was necessary to collect the galls just before the inhabitants left them in
order to get reliable quantitative data. Consequently, this method is not suitable for gaining
unbiased information about quantitative population numbers in consecutive years as the gall
collection itself is likely to have a strong impact on the population size, especially if only a
few galls are present at a site.

Figure 2-5 Mangahuia Stream; mid elevation at ca. 1020 m a.s.l.; white arrows indicate microclimate
temperature logger in V. stricta plant; right temperature logger ca. 2 m above water surface. Veronica
stricta patches at this mid elevation were often restricted to a narrow strip along the river bank.
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Textbox 1 Plant galls
Plant galls are the result of an active differentiation of meristematic plant tissue caused by a gallinducing organism, a life-history trait that evolved repeatedly in very different groups such as
bacteria, fungi, nematodes, acarines, and many insecta (Stone and Schonrogge 2003, Raman et al.
2005). The detailed chemical processes initialising gall growth are still poorly understood and most
studies regarding the diversity of gall formers have been conducted in temperate zones, leaving the
gall-former diversity of many tropical regions neglected (Espirito-Santo and Fernandes 2007, Gagné
2010).
While many galls are conspicuous and colourful objects, the gall-inducing organism itself is usually
small and inconspicuous (Raman et al. 2005). Galls are assumed to benefit the inducing species in
several ways: (i) the gall provides nutrient-rich plant tissue for the inhabitant; (ii) the gall offers a
suitable microclimate for the inhabitant, in particular protection from desiccation (iii) the gall inducer
lives in an enemy-free space inside the gall (Stone et al. 2002).
Plant galls as study objects offer two main advantages: First, galls are sessile and often conspicuous,
making it relatively reliable and simple to record spatially explicit abundance data. Consequently, the
study of plant galls and their inhabitants has drawn considerable attention in the past (Mani 1964,
Price et al. 1994, Csoka et al. 1998, Raman et al. 2005, Ozaki et al. 2006). Second, galls are often not
enemy-free space. Their very conspicuousness and sessile nature makes them prone to parasitism.
Consequently, collecting galls often provides interesting and quantitative insights into host-parasitoid
networks (Hunt 1992, Dixon et al. 1998, Espirito-Santo et al. 2004).

Examples of different gall inducing herbivores found on V. stricta (from left to right): leaf gall,
flower gall, stem gall, bud gall (the bud gall on the right picture was induced by the gall midge
(Cecidomyiidae) of interest; the other three gall inducers were not identified during this study.
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2.7. Methodological approach
Since the overall aim of this thesis was to quantify the effect of habitat area, quality and
fragmentation on the distribution and population dynamics of habitat specialists along
elevational gradients, I adopted a spatially explicit approach. I mapped all V. stricta plants
along the Mangahuia Stream to cover the gradients in habitat area, fragmentation, and
elevation. Other techniques such as vegetation plots do not span the entire gradient in area
and fragmentation or fail to provide other important information. For example, plot-less
density estimations are less suitable for quantifying habitat area.
After several days of mapping, it became apparent that isolated small host plants were rarely
infested by the herbivores. Therefore, isolated small plants (< 0.5 m² crown area) for insects
were not considered as independent patches, but were recorded when they grew within
clusters of larger host plants. Since it was not possible to screen the entire stream for V.
stricta prior to the fieldwork to estimate the total abundance of V. stricta along the ca. 9.5 km
stream section (approximately 1405 large V. stricta plants), I decided to aggregate
neighbouring plants into groups (habitat patches), so that GPS location and environmental
parameters such as elevation, surrounding vegetation types and shading could be collected for
groups of plants instead of having separate records for each individual plant. I decided a
priori to apply a distance threshold of 5 m between outermost branches of plants. Plants
closer to each other than this threshold were considered to form a discrete habitat patch.
Sampling effort (number of sampled/measured plants per patch) was kept strictly
proportional with an emphasis on those patches with few plants (see Appendix X). Large
patches with many plants were sampled for up to one hour. For each such patch, I recorded
for the two insect herbivore species patch occupancy and abundance on individual plants, and
for the patch several environmental parameters to characterize the area and quality of the
patch as well as the distance to the next patch (habitat fragmentation). The measurements of
patch “quality” I used were derived from similar studies, such as host plant density and
average host plant size, but also needed to be easily collectable in the field. For example,
basal diameter as a proxy for habitat age (Biedermann 2005, Talley 2007) was not recorded
because of limited accessibility of many plant bases in the riparian environment and the
number of shoots per plant as a proxy for host plant quantity (Klapwijk and Lewis 2012) per
was not counted due to time constrains.
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For patches consisting of individual plants, habitat area in (total size of the host plant) and
some aspects of habitat quality (average size of all host plants per patch) are very similar, but
again, it was not possible to treat each of the ca. 1405 plants as individual data records. A
simplified summary of the most important parameters and the spatial scale(s) at which they
were recorded is shown in Figure 2-7. A detailed description of the field methods and
statistical analysis can be found in Chapter 3 and Chapter 5. Following the detailed spatially
explicit mapping of V. stricta patches at the local Mangahuia Stream level, I mapped a further
100 randomly stratified chosen patches (plus the nearest neighbouring patch for each of the
100 patches) across the western Tongariro National Park, to gain insights into the spatial and
temporal transferability of the patterns observed at the local Mangahuia Stream level (see
Chapter 3 for details).
Habitat models based on presence-absence data of the two specialist herbivores, abundance
data of one herbivore and combined proportional abundance data of the other herbivore and
its parasitoid were analysed using generalized linear models via multimodel inference
information-theoretic approaches (Guisan and Zimmermann 2000, Burnham and Anderson
2002, Zuur et al. 2009), which are described in detail in Chapters 3, 4, and 5.

Figure 2-6 Dissected bud gall of V. stricta showing gall midge pupae and exit hole (diameter of gall
ca. 1 cm).
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Landscape:
(n = 102 V. stricta patches,
randomly stratified sampled
across the western Tongariro
NP)
• distribution species
• patch area
• patch insect occupancy

Mangahuia Stream:
• distance between V. stricta
patches (>5 m threshold)
• distance between insect
populations
• climate data (temperature)
• upper range limit species

Patch: (n = 252 patches)
• patch area
• average plant size/volume
• vegetation type/cover/height
• abundance psyllids/galls
• insect population turnover

Plant: (n = ca. 1405 plants in
total along the Mangahuia
Stream)
• plant size/volume
• health class
• inflorescences
• shading
• abundance psyllids/galls/old
galls
• leaf carbon/nitrogen
Gall*: (n = 231 collected galls*)
• gall volume
• abundance gall midges
• abundance parasitoids

* only for the gall midge

Figure 2-7 Overview data collection and spatial scale of data; the thesis mainly focuses on species
responses to landscape context at the patch-level; for details of recorded habitat parameters see
Appendix I and Table 5-2.
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Chapter 3. Complex habitat changes along elevational gradients
interact with resource requirements of insect specialist
herbivores.
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Abstract
Stenothermal habitat specialists such as monophagous insects may be threatened by climatechange induced range shifts, if resource requirements along migration routes or future
habitats are not met. Little is known about altitudinal shifts of inconspicuous, less mobile
species relative to latitudinal range shifts in prominent, mobile organisms such as butterflies.
Here, I address three questions:
I.

What are the resource requirements — habitat area, quality and fragmentation — for
two specialist herbivores?

II.

How do habitat characteristics change with altitude?

III.

Do species resource requirements suggest an increased vulnerability towards
temporal or spatial bottlenecks under climate change?

I mapped the spatial distribution of a riparian shrub, Veronica stricta (Plantaginaceae), at
local (300 m elevational gradient, n = 252 patches) and regional scales (600 m gradient; n =
102) in the Tongariro National Park, New Zealand. Patch occupancy and patch-level
population dynamics of Trioza obscura (Hemiptera: Triozidae) and an undescribed gall
midge (Diptera: Cecidomyiidae) were recorded in 2010 and 2011. Habitat suitability and
population dynamics were predicted with generalized linear models, applying information
theoretic model averaging.
Habitat area had the largest positive influence on insect presence and survivorship, the latter
benefitting from larger insect populations. Habitat quality showed a species-dependent effect
on occurrence (T. obscura: negative effect of plant shade; cecidomyiid: positive effect of host
inflorescences) and survival (T. obscura: positive response to leaf-nitrogen and host size;
cecidomyiid: positive response to inflorescence abundance). Only cecidomyiid colonisation
had a weak negative response to habitat fragmentation. Altitude contributed positively to
patch suitability and survivorship of the cecidomyiid, but decreased survivorship of T.
obscura.
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Altitude-related changes in the landscape matrix, such as the transition from forested to
subalpine vegetation, positively affected habitat area and fragmentation, which in turn offset
a steady decrease in host plant size (i.e., patch quality). This study revealed that habitat area,
quality and fragmentation do not always follow simple linear trends along elevational
gradients. I recommend that species distribution models should consider these complex
patterns when predicting range shifts. I suggest that species vulnerability to climate change
depends on whether resource requirements allow for upward migration and suitable habitats
are available in future distribution ranges.
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3.1. Introduction
Synergistic effects between climate change and land-use change can amplify biodiversity loss
(Warren et al. 2001, Opdam and Wascher 2004). Stenothermal arthropods in mountainous
areas are particularly threatened by these combined effects (Gehrig-Fasel et al. 2007, Nogue
et al. 2009) because of: (i) a predicted above average increase in temperature in the
mountains (Pauli et al. 2007), (ii) the inherent variability of biotic and abiotic conditions at
higher altitudes (Koerner 2007, Grabherr and Nagy 2009), and (iii) an inevitable loss of
potential habitat area resulting from expected range shifts as mountain tops taper. While some
species might escape global warming by shifting locally into favourable microhabitats
(Scherrer and Koerner 2011), upward range shifts are well documented (Lenoir et al. 2008,
Chen et al. 2009).
Of particular importance in the context of distribution shifts is a species ability to disperse
through a landscape (McInerny et al. 2007, Engler et al. 2009). If the landscape matrix
inhibits migration towards cooler areas, and/or the species has limited dispersal ability, then
climate change becomes a threat to the regional survival of populations (Wilson et al. 2009,
Buse and Griebeler 2011). Landscape context is particularly important for habitat specialists
living in spatially structured populations. Embedded in an otherwise uninhabitable matrix,
individual plants or plant clusters form discrete habitat ‘islands’ for monophagous species
(Gripenberg and Roslin 2004, Talley 2007). Habitat area and quality regulate local herbivore
population sizes and thus mediate the risk of local (patch-level) extinctions (Cronin 2004,
Bauerfeind et al. 2009), while habitat isolation influences (re)colonisation of unoccupied
patches. When environments change and species’ climatic envelopes shift to higher
elevations, suitable habitat needs to be available for the species long-term persistence. At
higher elevations, habitat quality for insects is reported to decrease while habitat isolation
tends to increase (Hodkinson 2005, Anderson et al. 2009). If sufficiently large patches are
lacking along the migration route, this effect has the potential to cause spatial habitat
bottlenecks. Similarly, temporal bottlenecks in the availability of appropriate host plants at
high altitudes may be caused by different rates of range shifts (Hodkinson and Bird 1998).
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Attention has focused on altitudinal and latitudinal range shifts in prominent and mobile
organism groups, in particular butterflies (Parmesan and Yohe 2003, Poyry et al. 2009,
Lawson et al. 2012), with few studies considering the implications of interactions between
climate change and landscape fragmentation for less mobile specialist herbivores along
altitudinal gradients. Here, I address three questions:
I.

Do habitat quantity and quality decrease monotonically along an altitudinal gradient,
in association with increasing habitat fragmentation?

II.

Are population dynamics of monophagous insects constrained by habitat quantity,
quality and/or fragmentation?

III.

Do the resource requirements of the species I consider indicate an increased
vulnerability towards temporal or spatial bottlenecks in times of climate change?

I use generalized linear models to quantify resource requirements and predict local patch
extinction/colonisation probabilities of two monophagous insect species in a naturally
fragmented mountainous landscape. This study tests the hypothesis that to build up viable
populations resilient against environmental and demographic stochasticity at their upper
distribution limit, habitat specialists have to rely on large habitat patches to compensate for
decreasing patch quality in an increasingly fragmented environment.
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3.2. Methods
3.2.1. Study system
As an example of a naturally fragmented habitat system, I mapped the spatial distribution of
the endemic perennial shrub Veronica stricta (Plantaginaceae) and two associated
monophagous insect species along an elevational sequence following the Mangahuia Stream,
located between Mount Hauhungatahi (1521 m) and the north-western slopes of Mount
Ruapehu (2797 m); (Figure 3-1); (see Chapter 2 for a detailed description of the model
species). The stream starts as a small seep at approximately 1350 m altitude, crosses the
Tongariro National Park boundary (lat 39.18 °S, long 175.47 °E) after approximately 9.5 km,
and joins the Whakapapaiti Stream one km further downstream at an altitude of 850 m. All
individual V. stricta along the Mangahuia Stream were mapped on the forested slopes of
Mount Ruapehu between 880 m and 1050 m altitude; above 1050 m, where the landscape
opens up to tussock-fern interspersed shrubland, I mapped all individual V. stricta along the
main distributary, which is embedded in a partly open, partly narrow valley with pockets of
riparian forest and steep banks up to 15 m high (Figure 3-1).
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Figure 3-1 Above: upper Mangahuia Stream valley at around 1150 m altitude, stream cut into the
tussock-fern interspersed shrubland; Arrow pointing at V. stricta plant; Mt Hauhungatahi in the
background. Below left: arrow pointing at shoots of V. stricta distorted by T. obscura. Below left:
arrow pointing at cecidomyiid galls on V. stricta.

3.2.2. Sampling design
Measurement of habitat parameters: patch area, patch quality and landscape
fragmentation
In a pilot study I investigated the minimum plant size required for an occurrence of the insect
species. Both species were seen to infest juvenile plants taller than ca. 30 cm. However,
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single plants with a crown area smaller than 0.5 m2 (longitudinal axis multiplied by lateral
axis) were rarely occupied. Accordingly, large V. stricta plants with crown area greater than
0.5 m2 were mapped as individual habitat patches with a rectangular shape determined by the
crown area. Neighbouring plants were considered as part of the same patch if their branches
were separated by less than 5 m. For patches comprised of multiple individuals, patch area
was derived from a rectangular shape drawn around the outer edges of the plant cluster. Patch
centre as well as area of larger patches were ascertained by GPS (Garmin GPSMAP 60Cx)
and calculated in ArcGIS 10 (ESRI, Redlands, California, USA). The 5 m patch separation
threshold was adopted both because insect species show very limited (if any) dispersal during
their larval phase and because affiliation of individual plants to certain patches could be
determined using a builder’s tape, compensating for the limited GPS accuracy in this rough
and densely vegetated terrain.
Patch parameters representing habitat area, quality and fragmentation were recorded in 2010
(Appendix I). Habitat quality was represented by both intrinsic plant features, such as V.
stricta inflorescence abundance, foliar carbon/nitrogen ratio and plant volume, as well as
landscape features, such as shading by surrounding vegetation/terrain. All patches were
revisited in 2011 and additional information recorded (Appendix I). Data collected in 2010
focused on the patch level, while those collected in 2011 concentrated on individual plants
and on insect population dynamics. Patches apparently missed in 2010 were mapped in 2011
and missing information for the 2010 data set recorded – old gall numbers in 2011 were used
as surrogates for 2010 gall numbers and average plant size in 2011 was reduced by average
annual growth (10 cm for each of height, length and width) to calculate average plant size in
2010. As most patches were elongate in shape following the stream, with individual plants
marking the edges of each patch, habitat fragmentation was calculated in a geographic
information system (GIS) using Euclidean distance between patch edges. This simple
measurement of habitat fragmentation as is appropriate for a linear system such as that
considered here (Moilanen and Nieminen 2002). Ecological information about emigration
rates and dispersal distances for the study taxa are lacking, which precludes the use of more
sophisticated methods such as buffer radii or incidence function models (see Moilanen and
Nieminen 2002 for limitations of these methods).
I selected, via random stratification, a further 102 V. stricta patches along streams across the
western Tongariro National Park, covering gradients in altitude and patch size (Appendix I). I
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used these regional-level data to evaluate the transferability (Randin et al. 2006) of the
models built on the detailed, but local, Mangahuia Stream dataset.
To gain information about the climatic gradient along the Mangahuia stream system and to
place the results within future regional climate change scenarios predicted for NZ, I placed 15
temperature data logger (iButton; Maxim Integrated Products, Sunnyvale, CA, USA) along
the stream and recorded local temperature every three hours over a period of one year
(resolution 0.5 K). iButtons were set up approximately 1 m above the ground inside a
ventilated white plastic container. I calculated mean temperatures for night hours (21:00 06:00 h) and day hours (9:00 – 18:00 h) for 365 days between July 2010 and July 2011.

Measurement of insect population dynamics
The occurrence of the two herbivores was recorded in 2010 by stratified randomized
sampling of individual plants in all patches. For such each plant, I recorded all galls of the
cecidomyiid and all distorted shoots for T. obscura, respectively, as both signs are reliable
evidence for species presence, and detectability of plant damage is robust against weather or
observer bias (Lindzey and Connor 2011). However, limited shoot distortion of very small
psyllid populations or gall singletons might be missed. Patch sampling effort was
proportional to the number, size and accessibility of plants per patch with up to 60 minutes
spent searching for insects per patch. All patches were revisited in 2011 to record
colonisation and extinction events. The 2010 data were rechecked in the field in 2011. In
particular, patches without observed galls or psyllids in 2010 were checked for old galls and
dead branchlets in 2011 to quantify and account for imperfect detection (MacKenzie et al.
2002). Numbers of old galls in 2011 were compared with fresh gall numbers observed in
2010.
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3.2.3. Statistical analysis
Univariate patch occupancy models
To build habitat suitability models (hereafter habitat models), I used generalized linear
models (GLMs) with a binomial probability distribution and a logit link to identify those
environmental parameters most useful to predict patch occupancy. All habitat parameters
(Appendix I) were screened prior to multiple model analysis on the basis of a bootstrapped (n
= 1000) likelihood-ratio test on the deviance reduction of each GLM (henceforth referred to
as LR-test) in which I recorded whether the reduction was significant (p ≤ 0.05) in at least
90% of the resamples. This follows the approach described by Strauss and Biedermann
(2006). Additionally, for each habitat parameter a model including the squared term was also
tested to identify those environmental parameters with a unimodal response. For univariate
models with significant squared terms, the shape of the response curve was also assessed. To
enhance ecological interpretation only those models with a clear bell-shaped unimodal
relationship (i.e., maximum values of the response parameter for mid-values of the
independent habitat parameter) between the response parameter (species presence) and the
independent habitat parameter were retained (cf. Austin 2002). If both sigmoid and unimodal
models were significant, I used the one with the lower AICc value (Burnham and Anderson
2002).
To avoid multicollinearity in the multiple habitat models, only uncorrelated or weakly
correlated parameters (Spearman rank-correlation, ρ, between -0.7 and 0.7) were included in
the same multiple model (Appendix III). Of three highly correlated parameters, which
measure total plant area as the cumulative area of all large plants plus three different
contributions per small plant ( 0 m² ; 0.1 m² ; 0.25 m² ), I used only the one with the lowest
AICc in the univariate habitat model for each species. The same preselection protocol was
performed for three similar parameters related to host plant density based on large and small
plants per patch. I applied LOESS smoothing in a generalized additive model to plot trends of
habitat parameters along elevational gradients (Zuur et al. 2009). Analyses were conducted in
R 2.12.1 (R Development Core Team 2010), using the packages AICcmodavg (Mazerolle
2011), boot (Ripley and Canty 2010), epicalc (Chongsuvivatwong 2011), gam (Hastie 2011),
glmulti (Calcagno and de Mazancourt 2010), memisc (Elff 2011), and pROC (Robin et al.
2011).
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Multiple parameter habitat models and model averaging
After screening the parameters, I built multiple habitat models containing all possible
combinations of up to four non-correlated predictors. Including more predictors would have
inflated the set of potential models with candidates, which rarely contain additional
information and may be over-fitted (Guisan and Zimmermann 2000, Burnham et al. 2011).
To allow for straightforward ecological interpretation of the subsequent model averaging
process interaction terms between main parameters were excluded (Grueber et al. 2011). I
discarded all habitat models with parameter coefficients not different from zero (p < 0.05) or
an insignificant single LR-test (p < 0.05). I applied model averaging, based on the AICc, to
the remaining models as described by Burnham and Anderson (2002). I calculated Akaike
weights ωi for each model and then selected the set of models with cumulative Akaike weight
> 0.95 (Burnham and Anderson 2002). I calculated the relative weight of each environmental
predictor occurring in one of the 95% top models based on the ωi of the corresponding model.
Finally, I obtained a global averaged model by summing up the model coefficients of the
95% top models, which were weighted by the ωi of the corresponding model, using the zero
method, which emphasizes parameters with strong effects and reduces the impact of less
important parameters in the final averaged model (Grueber et al. 2011). After the model
averaging process was completed, all possible GLMs consisting of any two of the parameters
from the global averaged model were tested for potential interactions terms, but none
(parameter coefficient different from zero, with p < 0.05) were detected.
Population dynamics: local colonisation and extinction probability models
As with the habitat models, I used GLMs to predict local patch colonisation and extinction
probabilities for both insect species. I compared patch occupancies of 2010 and 2011. For the
model averaging process, I kept all multiple models with parameter coefficients different
from zero (p < 0.1), that passed a single LR-test (p < 0.05).
Model evaluation
I evaluated all habitat models and the population dynamic models by recording the threshold
independent area under the receiver-operating-characteristics curve AUC (Hosmer and
Lemeshow 2000), and Nagelkerke’s R2N (Nagelkerke 1991). I further tested all habitat
models for transferability in space and time by comparing predicted occurrence probabilities
with observed patch occupancies for 102 independently recorded Tongariro National Park
(TNP) patches, using the software ROC-AUC (cf. Schroeder et al. 2008). I used
39

Chapter 3
bootstrapping (n = 2000) to estimate the means AUCTNP and considered a model transferable
in space and time if AUCTNP significantly exceeded AUCcrit= 0.7 (p < 0.05) (Hosmer and
Lemeshow 2000). Spatial auto-correlation in species distribution and model residuals was
assessed using spatial correlograms in the R package ncf (Bjornstad 2012). The spatial
correlograms did not show any significant patterns for both the raw data and the model
residuals of the various habitat models. Although neighbouring patches closer than ca. 100
meters to each showed a somewhat increased similarity in patch parameters, the effect on the
model results and interpretation is negligible.

3.3. Results
3.3.1. Trends in habitat area, quality and fragmentation along altitudinal
gradients
I recorded 252 V. stricta patches along the Mangahuia Stream in 2011, including 14 patches
missed in 2010. Patches were found to be persistent over the two consecutive years (one
patch destroyed by erosion; two single-plant patches died; two patches newly emerged; one
patch was not accessible and two patches not relocated in 2011). Patches in each elevational
quartile numbered (lowest to highest) 84, 69, 45, 51, respectively.
For both the local Mangahuia Stream and the regional Tongariro National Park data set, those
patch characteristics that significantly predicted patch suitability for and population dynamics
of the herbivores varied with elevation (Figure 3-2). While those habitat quality parameters
based on intrinsic plant features such as average plant volume and leaf nitrogen content
decreased monotonically along the elevational gradients (Figure 3-2), the observed patterns
for habitat area and fragmentation were complex. Despite the average plant size, and hence
the area of single-plant patches, decreasing at higher elevations, the overall average patch
area, expressed as total V. stricta cover per patch, did not show this trend. While the largest
patches were found at lower altitudes in both the Mangahuia and the Tongariro National Park
data, average patch area increased going up the upper Mangahuia Stream (Figure 3-2). In
both data sets patch shading by other vegetation and terrain decreased at the upper margin of
the host distribution (Figure 3-2), affecting the habitat quality for the psyllid T. obscura
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positively. While habitat fragmentation in the more open landscape of the upper Mangahuia
Stream decreased, the Tongariro National Park data showed no clear pattern (Figure 3-2).
Night-time temperatures along the Mangahuia Stream declined with altitude (annual mean
temperature (±SD) 6.5 °C (± 4.8) at 850 m; 4.5 °C (± 4.6) at 1350 m). By contrast, daytime
temperatures were driven by microclimatic conditions, in particular aspect and shading by
surrounding vegetation, with means ranging from 9.2 °C (± 5.5 SD) at 1020 m altitude
(located on river bank below a mature V. stricta, canopy cover 90%) to 13.8 °C (± 7.9 SD) at
880 m altitude (at a sheltered, but sun-exposed, gravel bank above V. stricta seedlings,
canopy cover < 10%).
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Figure 3-2 Generalized additive models (GAM) of selected habitat predictors along the Mangahuia
Stream (881 m – 1170 m elevation; data hollow vermilion circles, GAM solid vermilion line, 95%
confidence interval dashed vermilion lines) and within the Western Tongariro NP (656 m – 1259 m
elevation; data black crosses, GAM solid black line, 95% confidence intervals black dashed lines);
Mangahuia Stream n = 252 (nNitrogen = 244), Tongariro National Park n = 102 (no data available for
nitrogen).
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3.3.2. Resource requirements of T. obscura and the cecidomyiid
Twenty seven (10.7%) of the 252 sampled patches were occupied in 2010 and 2011 by T.
obscura. Extinctions exceeded (re)colonisations over this period (Figure 3-3). Cecidomyiids
were found on 150 (59.5%) patches in both years while around 20% of all patches
experienced either extinctions or colonisations. A brief synthesis of key findings of how
patch characteristics affect patch suitability as well as colonisation chances and extinction
risks is provided in Table 3-6.

300
250
200

49

64

150
100

38
15

213
188

208

150

50
0

12

39

27

Cecidomyiid

T. obscura

Cecidomyiid
2010
occupied

5

T. obscura

2011

newly colonised

recently extinct

empty

Figure 3-3 Patch occupancy 2010 (left two bars) and 2011 (right two bars) for T. obscura and the
cecidomyiid at Mangahuia Stream; left two bars include local population turnover events; y-axis=
number of patches (n = 252 patches).
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Habitat models for T. obscura
Habitat area was the best predictor of T. obscura occurrence (best predictor “V. stricta area”;
odds ratio 1.13; CI 1.07 to 1.20); (Table 3-1). Habitat quality in the form of plant shading
negatively influenced T. obscura (odds ratio 0.97; CI 0.94 to 0.99), while habitat isolation did
not explain patch occupancy. Four of 15 multiple habitat models were in the 95% cumulative
Akaike weights interval (Table 3-2). The best supported model (ωi = 40.8%) contained plant
shade (i.e., habitat quality), patch length (habitat area) and total V. stricta volume (habitat
area). An almost equally well supported model (ωi = 35.0%) consisted of plant shade and
total V. stricta area. Plant shade (i.e., habitat quality) was the single most important predictor
of T. obscura occurrence (ωi = 40.0%); (Figure 3-4, Table 3-2). A number of correlated
proxies for habitat area also predicted T. obscura occurrence, with total V. stricta volume
being the most important (ωi = 24.8%).
Habitat models of the gall forming cecidomyiid
Cecidomyiid presence/absence in 2011 was best explained by habitat area parameters (best
predictor: “number large V. stricta“; odds ratio 1.24; CI 1.10 to 1.40); (Table 3-1). Habitat
fragmentation had no effect, whereas a component of habitat quality increased patch
suitability (“flower number 2011”; odds ratio 1.01; CI 1.003 to 1.02). Furthermore, patch
occupancy was positively related to increasing elevation (odds ratio 1.0057; CI 1.002 to
1.009). Five of 31 multiple habitat models were in the pooled (summed ωi ≥ 0.95) model set
(Table 3-3), with a model consisting of altitude, flower number, and number of large V.
stricta in 2010 (ω = 56.2%) best-supported. In the averaged model, altitude and flower
number were almost equally important, followed by number of large V. stricta (Figure 3-5,
Table 3-3). Patch length and total host area were less important.
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Figure 3-4 Averaged multiple habitat occupancy model for T. obscura 2011; habitat parameters that
are not displayed are set on fixed (median) values: intercept -1.85; patch length (4.6 m), total area
covered by V. stricta (5.24 m2); surface represent prediction; hollow circles at bottom (z-axis = 0) of
cube = Veronica stricta patches without T. obscura; hollow circles at top (z-axis = 1) of cube:
Veronica stricta patches with observed T. obscura populations; n = 252 V. stricta patches.
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Figure 3-5 Averaged multiple habitat occupancy model for the gall midge 2011; habitat parameters
that are not displayed are set on fixed (median) values: intercept 4.4; Number of inflorescences on
sampled plant 2011(15), patch length (4.6 m), total area covered by large and small V. stricta plants
(5.5 m2)]; surface represent prediction; hollow circles at bottom (z-axis = 0) of cube = Veronica
stricta patches without gall midges; hollow circles at top (z-axis = 1) of cube: Veronica stricta
patches with observed gall midge populations; n = 252 V. stricta patches.
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Table 3-1 Univariate habitat suitability models for T. obscura (n = 32 populations) and the
cecidomyiid (n = 165 populations) in 2011.
Variable (unit)

Habitat
altitude

Elevation
(m a.s.l.)

min-med-max
(TNP 2011)

0.5-10.1-721
(0.6-14-3000)

Patch length
2011 (m)

0.9-4.6-78
(0.9-6.8-150)

Abundance large
V. stricta 2010

0-2-102
(1-3-200)

V. stricta 2010

0-0-43
(0-0-80)

T. obscura
Cecidomyiid
T. obscura
Cecidomyiid
T. obscura
Cecidomyiid
Cecidomyiid

T. obscura
Total volume all
0.29-9.67-683
V. stricta 2010
(0.4-11.95-998)
(m³)
Cecidomyiid
Total area large
V. stricta 2010
(m²)
Total area all
V. stricta 2010
(m²)
Inflorescences
Habitat V. stricta 2011
Shading V.
quality
stricta 2011(%)

Intercept
± SE

881-1000-1170
-5.10
Cecidomyiid
(656-985-1259)
± 1.78

Patch area
2011 (m²)

Habitat
area Abundance small

Insect
species

Coeff
± SE

R²N

***

AUC
(AUCTNP) LRT

0.006
±0.002

0.06

0.63
(0.42*)

91.1

-2.673
± 0.263

0.012****
±0.002

0.29

0.82
(0.85****)

100

0.334
± 0.158
-3.00
± 0.31
-0.017
± 0.199
-2.794
± 0.285
-0.033 ±
0.203
0.452
± 0.145
-3.080
± 0.318
0.350
± 0.166

0.011****
±0.004
0.087****
±0.017
0.099****
±0.028
0.125****
±0.028
0.216****
±0.063
0.140***
±0.061
0.033****
±0.007
0.015***
±0.006

0.08
0.29
0.13
0.30
0.14
0.06
0.39
0.06

0.69
(0.75)
0.79
(0.84*)
0.70
(0.70)
0.81
(0.84*)
0.69
(0.67)
0.62
(0.51)
0.83
(0.82*)
0.68
(0.74)

98.1
100
100
100
100
95.2
100
93.5

0.40-5.2-277
(0.63-6.1-525)

T. obscura

-3.174
± 0.329

0.076****
±0.015

0.41

0.84
(0.84**)

100

0.48-5.5-284
(0.63-6.8-533)

Cecidomyiid

0.087
± 0.191

0.066****
±0.021

0.12

0.71
(0.71)

100

0.312
± 0.165
-0.402
± 0.481

0.009***
±0.003
-0.04***
±0.013

0-15-500
(0-30-400)
10-40-90
(0-30-90)

Cecidomyiid
T. obscura

0.06
0.08

0.64
(0.56)
0.67
(0.73)

94.6
91.1

Notes: Data array Mangahuia Stream (data array Tongariro National Park = TNP); Nagelkerke R2N;
AUCTNP: external validation by means of bootstrapping [x = 2000] for TNP data; p-value of
difference to AUCcrit= 0.7); LRT: percentage of models passed the bootstrapping [x = 1000] LR-test;
level of p-values **** p <0.0001; *** p < 0.001; ** p <0.01; * p <0.05; environmental parameter not
significant at p = 0.05 are not displayed here and in the following tables, n = 252 V. stricta patches.
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Table 3-2 Multiple habitat suitability model candidates for T. obscura 2011 (32 populations) included
in the 95% ωt interval; model coefficients; ΔAICc to best model; ωt: Akaike weight; Abbreviations
and level of p-values as per Table 3-1, TNP = Tongariro National Park; n = 252 patches.

Model No.
T. obscura

Shading
sampled Patch
V. stricta, length
Intercept 2011 (%) 2011 (m)

Model 1

-1.845

-0.037

Model 2

-1.826

-0.035

Model 3

-1.666

-0.036

Model 4

-3.174

Averaged model
(relative Akaike
weight%)

-1.85

†

0.038

Total
volume
V. stricta,
2010 (m³)

Total area
V. stricta
(large),
2010 (m²)

0.025
0.075
0.033
0.076

-0.0334
(40.0%)

0.0155
(17.6%)

0.0157
(24.8%)

ΔAICc

ωt

R2
AUC
N (AUCTNP)

0†

0.408 0.45

0.74
(0.86****)

0.3039

0.350 0.44

0.67
(0.87****)

1.7896

0.167 0.43

0.72
(0.86****)

3.9586

0.056 0.41

0.84
(0.84**)

0.0306
(17.6%)

AICc = 130.65

Table 3-3 Multiple habitat suitability model candidates for the gall forming cecidomyiid (165
populations) included in the 95% ωt interval; Abbreviations and level of p-values as per Table 3-1, n
= 252 patches.
Model No.
Cecidomyiid

Flowers Patch Number Total area
sampled length V. stricta V. stricta
Altitude V. stricta, 2011 (large),
(all),
2010
2010 (m²) ΔAICc
Intercept
(m)
2011
(m)

Model 1

-4.78

0.005

0.009

Model 2

-5.136

0.005

0.008

Model 3

-6.348

0.006

0.006

Model 4

-0.31

Model 5

-6.193

Averaged model
(relative Akaike
weight%)
†
AICc = 290.36

-4.40

0.178
0.083
0.054

0.008

0.21

0.006

0.066

0.00444 0.00780 0.0142 0.120
(31.4%) (33.9%) (6.22%) (23.9%)
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0.00723
(4.68%)

ωt

AUC
R2N (AUCTNP)

0†

0.562 0.22

2.38

0.171 0.20

3.38

0.104 0.20

3.58

0.094 0.19

6.26

0.025 0.18

0.69
(0.59)
0.69
(0.57)
0.70
(0.60)
0.68
(0.66)
0.67
(0.61)
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Population dynamics of T. obscura
Five colonisations of previously empty patches by T. obscura were detected in 2011. These
infrequent colonisations could be predicted on the basis of individual plant parameters in
2011 (“width”, “size”, and “volume”) and quantity of all plants in 2010 (“total area”, “total
volume”). However, the apparent importance of habitat area parameters is strongly
influenced by a single colonisation event recorded for an exceptionally large plant, for which
a false negative recording in 2010 cannot be ruled out (plant volume 115 m³; mean/median of
all sampled plants 2011: 4.5 m³ / 7.8 m³) Consequently, no model passed the LR-test (best
model: “total area V. stricta”; odds ratio 1.098; CI 1.028 to 1.17; intercept/SE = -4.76 ± 0.696
; coefficient/SE = 0.093 ± 0.033; p = 0.004; R2N = 0.196; AUC = 0.72; bootstrapping LR-test
= 69%, n= 213 patches).
Twelve of 39 local T. obscura populations disappeared after autumn 2010. Extinctions were
strongly linked to observed population sizes (odds ratio 0.68; CI 0.50 to 0.92), with small
populations most vulnerable (Figure 3-6; Table 3-4). Habitat quality also affected
survivorship: smaller plants increased the extinction risk (odds ratio 0.28; CI 0.10 to 0.82), as
did decreasing leaf N content (odds ratio 0.07; CI 0.0 to 0.15), and a higher C: N ratio (odds
ratio 1.31; CI 1.07 to 1.60). High elevation populations went extinct more often than those at
lower elevations (odds ratio 1.01; CI 1.003 to 1.02). Finally, low vegetation (0.5 – 1 m)
around the patch increased the extinction risk (odds ratio 1.04; CI 1.01 to 1.07), although
such vegetation occurred predominantly at higher elevations. Again, I did not attempt to build
multiple models based on only 12 observations.
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Figure 3-6 Univariate patch extinction probability models for T. obscura in 2011; solid line predicted
extinction risk; dotted line 95% confidence interval; lower right panel: size of solid points symbolise
number of patches (small point: one patch; larger point: two patches); n = 39 populations.

Population dynamics of the gall forming cecidomyiid
Fifteen of 64 (23.4%) patches that have been empty in 2010 were newly colonised in 2011.
GLMs with low explanatory power (R2N > 0.1 and p < 0.1, but all failing the bootstrapped
LR-test) indicated that lower leaf carbon content and closer proximity to gall populations of
2009 affected the colonisation probability. Inspection of distances to the nearest patch and
gall population of 2010 revealed that short distance dispersals were dominant. Of 15 observed
colonisations, 14 were less than 19 m away from the nearest patch, and 13 of those were less
than 19 m away from a 2010 cecidomyiid population. On the unverified supposition that the
two remaining colonisations (45 m; 88 m) were due to a false absence in 2010 and not longdistance dispersal events, and so excluding them from the analysis, distance to the nearest
cecidomyiid population of 2010 had a weak, but significant, influence on gall midge
colonisation in 2011 (intercept/SE = -0.129 ± 0.628; coefficient/SE= -0.086 ± 0.051; p =
0.007; R2N = 0.172; AUC = 0.70; bootstrapping LR-test = 87.4%, n = 62 patches).
50

Chapter 3
Thirty-eight of 188 (20.2%) local populations suffered extinction between 2010 and 2011.
Observed gall number and, to a lesser extent, number of large V. stricta, predicted extinction
risk, both having a positive effect on survivorship. Additionally, patches at lower elevations
and patches with sparsely flowering plants showed a slightly increased extinction risk in 2010
(Table 3-4). However, the variation explained by altitude and plant quality was small
compared to the former two predictors. Four of 14 multiple models were within the 95% ωi
interval; a combination of numbers of flowers (i.e., habitat quality), large V. stricta (habitat
area), and number of observed galls in 2010 had the best supported model (ωi = 70.9%);
(Table 3-3). The averaged model for local cecidomyiid extinctions was almost equally driven
by the three parameters included in the best multiple model (Figure 3-7, Table 3-3), while
patch altitude had only weak explanatory power with populations at higher elevations
showing a reduced extinction probability.
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Table 3-4 Univariate models for local patch extinctions of the psyllid T. obscura (12 of 38
populations) and the gall-forming cecidomyiid (38 of 188 populations) along the Mangahuia Stream
in 2010; Abbreviations and level of p-values as per Table 3-1.
Variable (unit)

Insect
species

min-median-max

Intercept
± SE
Coeff ±SE R²N AUC LRT

-12.3
0.011**
0.28 0.82 87.7
± 4.58
± 0.004
Elevation (m a.s.l.)
5.437
-0.007**
0.07 0.65 82.7
881-1013-1171 Cecidomyiid
± 2.48
± 0.002
Number large V. stricta
-0.763 -0.169****
1-2-102
Cecidomyiid
0.10 0.67 98.9
2010†
± 0.268
± 0.073
Abundance psyllids
1.98
-0.384***
0-10-223
T. obscura
0.64 0.91 100
(count), 2010‡
± 0.882
± 0.155
1.57
-0.996****
Habitat Average psyllid number
0.62 0.90 100
0-2.8-32.5
T. obscura
± 0.771
± 0.421
(per plant), 2010‡
area
Abundance psyllids
1.29
-0.140****
0-16.5-1428
T. obscura
0.58 0.88 100
(total estimate) 2010‡
± 0.71
± 0.066
Abundance galls (count)
-0.243 -0.459****
1-2-30
Cecidomyiid
0.16 0.73 99.6
2010
± 0.33
± 0.141
9.28
-6.54 ****
Leaf nitrogen, 2011(%)
0.87-1.58-2.30
T. obscura
0.44 0.86 99.0
± 3.56
± 2.35
-8.88
0.267***
Carbon nitrogen ratio
0.36 0.83 96.7
19.6-28.6-52.8
T. obscura
± 3.17
± 0.103
leaves, 2011
-0.9
-0.014***
Flowers sampled
0.08 0.62 93.1
0-20-500
Cecidomyiid
± 0.23
± 0.006
V. stricta, 2011
3.40
-2.71***
Average V. stricta
Habitat
0.32 0.81 92.8
0.9-1.6-4.0
T. obscura
± 1.57
± 1.04
length 2010 (m)
quality
Average V. stricta
1.76
-1.26***
0.72-2.14-12
T. obscura
0.33 0.77 95.5
size 2010 (m2)
± 1.03
± 0.541
1.16
-0.542***
Average V. stricta
0.34 0.78 97.8
0.97-3.47-36
T. obscura
± 0.844
± 0.263
volume 2010 (m3)
-1.75
0.042****
Land cover shrubs
0.39 0.79 93.3
0-0-100
T. obscura
± 0.519
± 0.015
0.5-1 m, 2010 (%)
†
the following multicollinear predictors with significant but inferior models for the cecidomyiid are not
displayed here: “patch length”, “area covered by V. stricta 2010 (large; all plants)”;
‡
one occupied patch was missed in 2010.
881-1000-1170

Habit
altitude

T. obscura

Table 3-5 Multiple extinction risk models for the cecidomyiid (38 extinctions) in 2010; Abbreviations
and level of p-values as per Table 3-1; n = 188 populations.

Model

Altitude
Intercept
(m)

Model 1

0.518

Model 2

0.249

Model 3

5.368

Model 4

0.1

Averaged model
(relative Akaike
weight%)
†
AICc = 163.25

1.07

Flowers
sampled
V. stricta,
2011

Number
V. stricta
(large),
2010

-0.011
-0.005
-0.000625
(4.41%)

Number
galls (count)
2010
ΔAICc
†

R2N

AUC

0.709 0.26

0.69

ωt

-0.143

-0.415

0

-0.147

-0.446

3.39

0.130 0.22

0.77

-0.012

-0.424

3.47

0.125 0.24

0.71

-0.012

-0.444

5.99

0.036 0.21

0.65

-0.00973
(30.7%)

-0.121
(29.6%)
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Figure 3-7 Averaged extinction risk model for the gall midge 2011; model parameters that are not
displayed are set on fixed (median) values: intercept 1.07; elevation (1013 m); number of large V.
stricta plants (2); surface represent prediction; hollow circles at bottom (z-axis = 0) of cube =
Veronica stricta patches with gall midge populations in 2010 and 2011; hollow circles at top (z-axis =
1) of cube: Veronica stricta patches with observed gall midge extinctions in 2011; data for zero
inflorescences omitted from display; n = 188 gall midge populations.
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3.3.3. Transferability of habitat models in space and time
All univariate habitat models developed for T. obscura using the Mangahuia Stream data
adequately predicted patch occupancy in the independent Tongariro National Park (TNP)
data (Table 3-1). All but one bootstrapped mean AUCTNP were significantly higher than
AUCcrit = 0.7, and exceeded AUC values of the Mangahuia data. Only plant shading (2011)
had an AUCTNP not different from 0.7. Regarding patch occupancy of the cecidomyiid, all but
one predictor showed AUCTNP values similar to the Mangahuia AUC, but not significantly
better than AUCcrit = 0.7 (Table 3-1). Interestingly, the AUCTNP of altitude was significantly
lower than AUCcrit = 0.7, inferior even to a prediction by chance. All multiple models for T.
obscura predicted patch occupancy for the Tongariro sites with AUCTNP values ≥ 0.84 (Table
3-2). By contrast, none of the multiple habitat models satisfactorily predicted cecidomyiid
occurrence (Table 3-3).

Table 3-6 Main effects of altitude and patch characteristics on patch suitability and
colonisation/extinction probabilities on the gall midge and the psyllid T. obscura. The symbols denote
the magnitude and direction of an increase in a patch parameter on patch suitability and the
probabilities of local colonisations/extinctions: ++ strong increase, + increase, ○ no effect, - decrease,
- - strong decrease, - - - very strong decrease. As an example of interpretation: an increase in habitat
fragmentation reduced the colonisation probability of the gall midge and increased the extinction risk
of local populations. Larger population sizes mean a greatly reduced extinction risks for the gall
midge and an even stronger reduction of the extinction risk for T. obscura.
Gall midge (Cecidomyiid)
Psyllid Trioza obscura
Variable
Patch
Colonisation Extinction
Patch Colonisation Extinction
suitability
chance
risk
suitability
chance
risk
Altitude
+
○
○
○
++
Habitat area
+
○
++
+
○
Population size
Habitat quality
Plant shade
Plant mass†
Plant leaf N
Habitat
fragmentation
†

NA

NA

--

NA

NA

---

○
+
○

○
○
○

○
○

-○
○

○
+
○

○
---

○

-

+

○

○

○

“plant mass” summarizes size, volume and/or number of flowers of sampled V. stricta in 2011.
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3.4. Discussion
3.4.1. Trends in habitat area, quality and fragmentation along an elevational
gradient
Spatial change in V. stricta patches was negligible across two consecutive field seasons. I
observed a decrease in the average size of V. stricta plants with altitude, which reduces one
component of habitat quality and, in the case of single plant patches, habitat area. However,
my results for the Mangahuia Stream showed that V. stricta plants growing above the forest
line benefited from lower surrounding vegetation and terrain as reflected by a change in one
proxy for habitat quality, patch shading. This lower vegetation increased the patch area in
terms of total host plant cover while patch isolation decreased upstream. Thus I did not see
the previously reported elevational pattern (Hodkinson 2005, Grabherr and Nagy 2009) of
habitat area generally decreasing and fragmentation generally increasing along the elevational
gradient. For the Tongariro National Park data, I observed a reduction in average patch area
over the entire gradient, but at the plant species upper distribution the rate of decrease in
patch area was minimal. Habitat fragmentation fluctuated over the entire elevational gradient.
These observations can be explained by the fact that I mapped some high elevation patches in
favourable microclimates, and so those patches did not necessarily reflect the broad-scale
abiotic covariates of a specific altitude but were more similar in some ways to the conditions
occurring in sites further downhill. Similarly, temperature measurements along the 500 m
altitudinal gradient of the Mangahuia Stream showed that mean daytime temperature was
more influenced by local microclimatic conditions than by elevation per se. Differences in
temperature for the daytime period between sun-exposed locations and sites under canopy
were greater than differences between low- and high altitude sites. Only night-time
temperature showed a weak linear relationship with elevation. Microclimatic settings impose
variability on trends of abiotic conditions along elevational gradients, which, in turn, has
implications for predictions of species distributions if predicted changes in mean annual
temperature are simply linked to digital elevation models on a regional scale and do not
consider local landscape context. Overall, this study revealed that the increase in elevation of
V. stricta patches along the Mangahuia Stream is mirrored by a monotonic trend in the
underlying drivers of patch suitability and population dynamics for the specialist herbivores
only in terms of habitat quality parameters based on plant intrinsic features. In contrast,
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habitat area and fragmentation are more affected by the landscape matrix and show a
complex pattern along the elevational gradients.
3.4.2. Effects of habitat area, quality and fragmentation on insect occurrence and
population dynamics
Both invertebrate species occur as spatially structured populations. Although the precise
configuration of population structure remains unknown (Fronhofer et al. 2012), it seems to
follow a mainland-island or classical (Levin) metapopulation for the psyllid T. obscura and a
patchy population for the cecidomyiid – I have clearly demonstrated that the two habitat
specialists respond differently to habitat area, quality, and fragmentation (see Table 3-6 for a
brief synopsis), as reported for habitat specialists in other systems (Gutierrez et al. 2001,
Biedermann 2004).
Effects of habitat area on insect occurrence and population dynamics
Habitat area was the key predictor of patch suitability for both the cecidomyiid and the
psyllid. The importance of habitat area has been documented for many habitat specialists
(Hodkinson et al. 2001, Biedermann 2004, Bauerfeind et al. 2009). Increased habitat area also
significantly reduced patch-level extinction risks. Accordingly, population size for both
species was the best predictor of survival probabilities. Trioza obscura showed a much
stronger correlation between population size and extinction risk. The psyllid may be more
severely affected by opportunistic predation or stochasticity in small patches (Hodkinson
1974), compared to the gall midge, which has up to 70 fly larvae protected by the gall tissue
(I observed less than one percent of galls to be physically damaged). However, the
cecidomyiid larvae were also attacked by an undescribed parasitic wasp (Hymenoptera:
Pteromalidae: Gastrancistrus sp.). Galls reared in the lab released between 0% and 100%
parasitoids, with a total ratio of released gall midges/parasitoids of around 50% (C. Damken,
unpublished data, reported in the thesis in Chapter 5.3.5).
This study contributes to the understanding of area effects on extinction by showing that
relevant habitat area depends on the specific needs of a species (Lindenmayer and Fischer
2007, Didham et al. 2012). Although my conceptualization of patch area as a rectangle
bounded by nearby plants adequately predicted patch occupancy, both insect species showed
stronger responses to the total size, volume and number of individual host plants within a
patch unit than to patch area itself. Therefore, the findings question the widespread sampling
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design of defining ‘patch area’ as a distinct unit in space and measuring relative host cover as
a habitat quality proxy. Certainly for species such as butterflies with monophagous
caterpillars and imagines visiting a wider range of flowering plants, and where emigration
rates are driven by adult population densities, it is natural to consider areas of discrete habitat
as the patch area itself with cover of host plants as a quality parameter (cf. Ockinger et al.
2010). However, for many host-restricted and less mobile species, common sampling designs
may confuse patch area with patch quality. For the two species, both of which feed on V.
stricta shoots, counting shoots would provide the best estimate for ‘patch area’ (Klapwijk and
Lewis 2011).
Effects of habitat quality on insect occurrence and population dynamics
Compared to habitat area, I found habitat quality to be less important for patch suitability and
population dynamics, although shading had a strong negative impact on T. obscura. A
number of large open patches were located at the lower Mangahuia Stream and patches at the
upper Mangahuia Stream were not shaded by surrounding trees. Shading was highest at mid
elevations, causing a U-shaped response of the psyllid (GLM: R²N = 0.137, p < 0.0001). At
fine scales, the cecidomyiid probably chooses individual branches for its gall based on
microclimate, whereas for T. obscura plant shading determines if an individual host plant is
suitable. Low leaf nitrogen content, which decreased linearly with elevation, negatively
affected T. obscura, but the directionality of the correlation between absolute psyllid numbers
and nitrogen content of individual plants warrants further study. In addition, smaller plants
showed reduced survival probabilities of psyllid populations; plant size has previously been
shown to be an important driver of population densities in other psyllid species (Hodkinson et
al. 2001). In regards to the negative effect of elevation – more specifically its associated
covariates (cf. Koerner 2007) – on T. obscura survival, I suggest that reduced habitat quality
at high elevation makes small populations vulnerable to environmental and demographic
stochasticity, such as mortality during hibernation or periods of unfavourable weather
conditions during critical life stages (Boggs and Inouye 2012).
Effects of habitat fragmentation on insect occurrence and population dynamics
In Tongariro National Park, V. stricta populations occur along riverbanks in elongated
patches. With a moderate lifespan and shade-tolerance, V. stricta is a typical ecotone species.
Therefore, the linear setting of my study system is not as negatively influenced by edge
effects as other studies may be (cf. Ewers and Didham 2006). Round, less elongated patches
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might benefit the weak disperser T. obscura, but I found no significant effect of patch shape
for either species. Furthermore, larger but more compact patches had similar light conditions
over the entire patch, while above the forest line V. stricta individuals rarely emerge from the
surrounding (low) vegetation with no obvious microclimatic differences inside and outside
the patches. By contrast, all cecidomyiid colonisations between 2010 and 2011 occurred in
patches with plants on average 1-3 m away from the river. As V. stricta often overhangs the
riverbank and displays its prominent white inflorescences above the water body, the stream
may facilitate directed dispersal between host plants within the sheltered stream valley. Based
on only five psyllid colonisations and 12 extinctions during my study, I could not detect any
significant patch isolation effects. Despite finding fewer colonisations and more extinctions
of cecidomyiid populations beyond a 20 m distance threshold, I conclude that the presumably
patchy population of the cecidomyiid along the Mangahuia Stream is only moderately
affected by habitat fragmentation, as nearly 85% of patches are less than 20 m away from
other patches. However, in the context of the longer-term persistence of this species, the
spatial distribution of V. stricta differs along other streams in the Tongariro National Park
and regional V. stricta distribution might therefore be driven by environmental factors not
captured in this study.
3.4.3. Transferability of model results
Habitat models for T. obscura built using the Mangahuia data were transferable in space and
time and made accurate patch occupancy predictions of the Tongariro National Park data.
The parameter coefficients identified as driving T. obscura distribution were valid beyond the
intensely sampled Mangahuia Stream. By contrast, the evaluation of habitat models for the
cecidomyiid revealed that no model was significantly better than the AUCcrit. However,
predictions in both datasets with regards to patch area were equally poor, suggesting that
either undetected ecological parameters drive the distribution of the cecidomyiid (such as top
down control by parasitoids) or that the patch concept was inappropriate for predicting patch
occupancy. In terms of the poor performance of altitude per se in predicting Tongariro
National Park patch occupancy, I need to highlight that the TNP data exceeded the
Mangahuia gradient both up – and downwards. Accordingly, the linear effect observed along
the Mangahuia is only a segment of the relationship with limiting abiotic/biotic conditions at
both ends of the host plant distribution. Overall, the strict process of parameter selection by
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bootstrapping followed by model averaging was supported by the general transferability of
the models.
3.4.4. Implications of landscape context and resource requirements for spatial and
temporal bottlenecks during range shifts under climate change
The cecidomyiid utilized large V. stricta plants across the entire investigated elevational
gradient of 600 m, a range covered in similar studies (Randall 1982, Gonzalez-Megias et al.
2005, McGeoch and Price 2005). As the cecidomyiid can infest host plants of a certain size
both in open areas and under closed canopy, I conclude that the cecidomyiid can survive
within the range of future climate change scenarios predicted for NZ (Ministry for the
Environment 2008, Walker and McGlone 2011). An increase in heavy rainfall events across
the western Tongariro National Park (Ministry for the Environment 2008) might boost V.
stricta patch turnover following erosion on flat riverbanks further downstream, but the effects
of changes in precipitation will probably be minor for the distribution of the cecidomyiid at
mid- and high-elevations, based on comparable small stream catchments in an already
dynamic landscape. Buffering a potential increase of erosion-caused patch turnover, currently
exposed patches in higher elevations could become more sheltered by an enhanced tree- and
shrub growth (Walker and McGlone 2011), shifting patches into colder, but more suitable
microclimate conditions. Currently, elevational covariates have a positive effect on the
cecidomyiid distribution, but any potential reduction of this effect following climate change
will be offset, if not exceeded by, the likely future landscape context of suitable V. stricta
patches. In conclusion, there is sufficient suitable habitat at higher elevations well connected
to lower elevational habitats to allow for potential herbivore range shifts in response to
climate change.
By contrast, T. obscura has many fewer local populations and (apparently) has more specific
resource requirements, in particular large unshaded patches. Trioza obscura populations are
centred at both ends of the Mangahuia Stream, at altitudes around 900 m and 1100 m,
respectively. Almost all occupied patches smaller than 50 m² were found at the lower end of
my main study area. I predict that these small patches will be affected by climate change for
two reasons. First, enhanced growth of other vegetation following climate change might
overgrow V. stricta plants, reducing patch quality (shading) below a critical threshold.
Secondly, recruitment of V. stricta at the lower reach is likely to be suppressed by invasive
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plant species. In particular, nitrogen-fixing pioneer species like broom (Cytisus scoparius)
and yellow tree lupin (Lupinus arboreus), well established outside Tongariro National Park
along all streams, are expected to move upwards under climate change (Potter et al. 2009),
competing with V. stricta for sites and therefore potentially reducing suitable habitat for T.
obscura. I assume that reduced habitat quality in smaller patches could remove important
stepping stones for future migrations between the lower and upper population centres. If T.
obscura occurs as a metapopulation, climate-change intensified stochastic events such as
periods of bad weather may cause regionally synchronized extinctions. Empty patches,
despite still being of sufficient area and quality, would then remain abandoned if they are
beyond the species’ maximum dispersal capacity. This type of dynamic can ultimately lead to
a drop in population numbers below a critical minimum viable metapopulation size (cf.
Biedermann 2000, Hanski and Ovaskainen 2000).

3.5. Conclusion
I found that habitat area, quality and fragmentation affect both patch suitability for and local
population dynamics of the gall forming cecidomyiid and the psyllid T. obscura. For both
species, habitat area had the largest positive influence on patch suitability and survivorship.
Patch quality (i.e., shading) was more important for T. obscura, making small to medium area
patches located in the forested mid-elevation less suitable. Habitat models and predictions of
population dynamics for the cecidomyiid were of reduced predictive accuracy compared to
the well performing habitat models for T. obscura, suggesting that either the spatial
resolution of my study was suboptimal or that unmeasured processes influence the spatial
dynamics of the cecidomyiid populations.
Ultimately, habitat area, quality and fragmentation are limiting factors for any monophagous
species at the upper margin of its host plant distribution. This study revealed, however, that
habitat patches do not necessarily become monotonically smaller, less suitable and more
fragmented along elevational gradients. Rather I found that altitude-induced changes in the
landscape matrix, such as decreasing vegetation density above the forest line, can positively
affect habitat area and fragmentation, which in turn offset monotonic decreases in habitat
quality parameters such as host plant size and plant nitrogen. I suggest that species
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distribution models need to incorporate these complex patterns instead of predicting species
range shifts solely based on regional climate data and digital elevation models.
In conclusion, the results shed light on how vulnerability towards climate change effects in a
fragmented landscape may depend on the specific resource requirements of a species. Both
insect species inhabit patches across the entire investigated elevational distribution of the host
plant. The cecidomyiid can utilize patches spanning a range of sizes and qualities, making
habitat fragmentation less important in a dense network of suitable patches. Climate change
effects are, therefore, unlikely to cause any significant spatial or temporal problems for this
species. In contrast, the psyllid T. obscura relies on large patches of a certain quality. Thus,
habitat fragmentation is likely to cause a spatial bottleneck if future dispersal between
populations is limited due to a negative impact of climate change on patch quality along the
linear habitat system investigated in this study.
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Chapter 4. Effects of host plant parameters on the presence and
abundance of a specialised phloem-feeder across different
spatial scales and under elevated temperature and CO2
regimes.

In Preparation as
Damken, C., J. R. Beggs & G. L. W. Perry: Effects of host plant parameters on presence and abundance of a
specialised phloem-feeder across different spatial scales and under elevated temperature and CO2 regimes.
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Abstract
The distribution and survival of specialised insect herbivores in fragmented landscapes is
strongly dependent upon resource requirements regarding habitat area and habitat quality. At
the local (patch) level, herbivore abundance can substantially vary between individual plants.
Combining field observations with controlled growth chamber experiments, I evaluated
whether plant parameters linked to herbivore abundance and host selection are likely to be
affected by predicted increases in temperature and CO2 under future climate conditions.
Where the resource requirements regarding habitat area and quality (i.e., large unshaded
patches) were met, plant-level abundance of the specialist herbivore Trioza obscura was
strongly linked to total leaf carbon concentration. Initial host selection at the level of
individual plants was only weakly affected by parameters such as plant height and total leaf
carbon/nitrogen. I did not detect a short-term effect of T. obscura activity on these plant
parameters following initial herbivore infestation. Controlled short-term growth chamber
experiments indicated that increased temperature in combination with elevated CO2 will
affect plant performance (advanced internodes growth), but the effect of climate change on
herbivore-plant interactions warrants further research to quantify potential changes in
herbivore performance and population dynamics in response to altered plant quality.
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4.1. Introduction
For most insect specialist herbivores, natural and human-altered landscapes can be
conceptualised as a system of more or less suitable habitats – areas where the appropriate
host plant occurs – embedded in a matrix of unsuitable environments, with habitat area,
quality and fragmentation driving local herbivore occurrence and regional population
persistence (Hanski 1999). At the scale of a single plant or a cluster of host plants (a patch),
herbivore abundance can substantially differ between individual plants (Egan and Ott 2007).
The mechanisms used by specialist herbivores to select host plants for feeding and/or
oviposition are complex (Hodkinson 1974, Awmack and Leather 2002, Fernandez and Hilker
2007, Hare 2011), but plant chemicals and plant habitus are considered to be two important
factors in fine-scale host selection. The relationship between plant habitus and herbivore
performance and abundance are manifold (Jaenike 1990, Gripenberg et al. 2010) and range
from herbivore preferences for grouped and/or vigorous plants, providing a maximum of
resources, to preferences for weak and/or isolated plants, for reasons such as reduced
phytochemical defence mechanisms or avoidance of competitors or parasitoids. Likewise,
host plant detection by visual or chemical clues has frequently been reported to influence
herbivore presence on individual plants or plant clusters (Floater and Zalucki 2000, McNair
et al. 2000, Dulaurent et al. 2012, Giffard et al. 2012). Host plant selection is particularly
important for sessile species such as gall inducers, where the location of oviposition defines
the future access of larvae to vital resources (Price et al. 1987, Stone and Schonrogge 2003).
Under predicted climate change scenarios of increased temperature and elevated CO2 levels,
interactions between insect herbivores and their hosts are likely to be affected as plants alter
their phenology and plant chemistry (Korner 2003, Singer and Parmesan 2010, Zavala and
DeLucia 2013), and through multiple herbivore responses such as changes in larval
development or population dynamics (Bezemer and Jones 1998, Bale et al. 2002, Zvereva
and Kozlov 2006, Stiling and Cornelissen 2007).
Here I examine the relationship between a specialist phloem-feeder, Trioza obscura
(Hemiptera, Triozidae) and its host plant, Veronica stricta (Benth.) L. B. Moore
(Plantaginaceae), in their natural environment in a mountainous landscape in New Zealand
and within an experimental setting. I address four questions:
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I.

Which environmental habitat parameters best predict T. obscura abundance at the
plant level?

II.

Do host plants recently infested by the herbivore T. obscura differ in these
parameters from nearby uninfested plants?

III.

Does the feeding activity of the herbivore increase these differences over time?

IV.

Are the plant parameters considered to be important determinants of T. obscura
abundance and host selection likely to be affected by climate change?

This study aims to contribute to our understanding of whether climate change-induced
changes in those plant parameters that influence fine-scale herbivore abundance can have an
effect on plant-insect interactions, in particular herbivore performance and insect population
dynamics, at and beyond the patch scale.

4.2. Methods
4.2.1. Study system: specialist herbivore: Trioza obscura Tuthill, 1952 (Hemiptera:
Triozidae)
The endemic psyllid or jumping plant lice Trioza obscura is a morphologically variable
species showing body colour and wing size adaptations to different elevations. The species is
found on a number of Veronica species at higher elevations across New Zealand (Dale 1985),
with V. stricta being the dominant host in the North Island. The nymphs and adults are
phloem feeders on young shoots, the former causing a distinctive shoot distortion with
miniaturized leaves (Figure 4-1, inset). Distorted branchlets often die-back during
autumn/winter and newly infested branchlets start to show the first signs of T. obscura
activity in late spring around November. The approximately 3 mm long imago has limited
active dispersal ability and appears to form a long-term relationship with individual host
plants (Dale 1985).
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Figure 4-1
4 Gravel bank at Manggahuia Stream
m (880 m a.s.l.), Veronicca stricta sapplings in front, white
flowerinng mature V. stricta in the
t back (maarked with white
w
arrowss); inset: Verronica strictta branch
with disttorted shoot on the right,, caused by T.
T obscura feeeding; blackk square size 4 cm².

4..2.2. Samplling design and statisttical analyssis
Plant preferences
p
s of Trioza obscura
o
in situ
s
To inveestigate plannt preferencces of T. obbscura with
hin V. strictta clusters in situ, I co
ompared
neighboouring psylllid-free andd psyllid-inffested V. strricta saplinggs of the sam
me age coho
ort from
a groupp of saplingss/seedlings growing onn a ca. 40 × 15 m largee gravel bannk at 880 m a.s.l. at
the Maangahuia Sttream (lat/llong S39°10’54”; E17
75°28’15”),, Tongariroo National Park in
Januaryy 2011. Thee site was adjacent
a
to a group off mature V. stricta plaants hosting
g a large
populattion of T. obscura (F
Figure 4-1). Trioza ob
bscura wass almost allways abseent from
isolatedd or small plants
p
alongg the entire Mangahuiaa Stream (aapproximateely 600 plan
nts were
investiggated) and none
n
of the several hunndred V. striicta seedlinngs/saplings on the grav
vel bank
showedd any signss of T. obsscura feedinng in summ
mer 2010. Therefore, I believe that the
infestation of the saplings is caused by a spill-over of
o adult psylllids from thhe adjacent infested
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cluster onto the open gravel bank, where they laid eggs and nymphs caused feeding signs in
the following spring. I randomly selected 10 recently infested plants, which had no signs of T.
obscura activity in the previous year, and 10 saplings of similar size without any signs of T.
obscura feeding in either year. I observed no obvious spatial pattern in the distribution of
infested plants across the gravel bank and the infested and insect-free plants selected for this
study grew interspersed across the entire gravel bank and were all similarly free from shading
by surrounding vegetation. Trioza obscura nymphs are very weak dispersers so I assumed
that they feed on the individual on which the female laid eggs in the previous summer. All 20
plants were individually marked with metal tags. I recorded plant height as the length of the
longest shoot and sampled 5-10 young leaf pairs of non-flowering undistorted shoots for leaf
carbon/nitrogen analysis. The samples were kept in resealable plastic bags and stored at 4 °C.
After drying at 45 °C for 92 hours, I measured total leaf nitrogen and carbon content using a
LECO TRUSPEC© (LECO Corporation, St. Joseph, Michigan 49085, USA). The
investigation of plant volatiles that might have affected the host selection of the female or
mating locations (Hodkinson 2009) was beyond the scope of this study. As an indirect
indicator of herbivore abundance, I counted the number of shoots distorted by T. obscura.
To evaluate whether there are differences in the distribution of plant parameters between
groups of V. stricta plants (psyllid-free vs. psyllid-infested plants in the field and V. stricta
saplings in different experimental treatments in the lab), I conducted bootstrapped
Kolmogorov-Smirnov tests (KS-test (following Sekhon 2011). All statistical analyses were
conducted in R 2.12.1 (R Development Core Team 2010).

Effect of Trioza obscura infestation on host plants in situ
I revisited the gravel bank at the Mangahuia stream after approximately 2.5 months (April
2011) and repeated all measurements. I applied KS-tests to test whether psyllid-free and
psyllid-infested plants differed in their relative height growth rates and in changes in leaf
carbon/nitrogen content. Finally, plant height and psyllid infestation were remeasured one
year after the first visit (January 2012). Again, I used KS-tests to detect differences in plant
growth between uninfested psyllid-free and psyllid-infested plants. This time, to incorporate
any changes in the insect distribution across individual plants during the period of this study,
plants were grouped based on psyllid occupancy in January 2012.
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To evaluate the pattern observed during the relatively short period covered by my study, I
also recorded the infestation of V. stricta plants by T. obscura at a regional scale. I mapped
all V. stricta plants with a crown area larger than 0.5 m² along the main distributary of the
Mangahuia stream, between 880 and 1180 m a.s.l. For each plant patch (individual plants or
cluster of neighbouring plants less than 5 m apart; n = 252 patches), I recorded a set of
environmental parameters with the potential to influence the occurrence of T. obscura at the
patch level, namely patch elevation, patch area, total number and size/volume of V. stricta per
patch, intrinsic plant features (plant volume, abundance of inflorescences, leaf
carbon/nitrogen, proportion of dead branches, number of shoots distorted by T. obscura),
vegetation type and height around the patch, patch shading by surrounding vegetation and
distance to the nearest patch and the nearest T. obscura population [see Damken et al. (2012);
Appendix I this thesis]. I calculated habitat suitability (i.e., the probability of a patch being
occupied by T. obscura) with generalised linear models, applying multi-model inference via
an information theoretic approach (Burnham and Anderson 2002).
For the current study, the T. obscura count data revealed that most patches were unoccupied
and abundance data for occupied patches were overdispersed. Hence, I used a zero-altered
negative binomial model (ZANB model) to identify those environmental parameters which
best predict psyllid abundance (Zeileis et al. 2008, Zuur et al. 2009). Based on the results of
the previous habitat suitability modelling (Damken et al. 2012; Chapter 3 in this thesis), I
specified “plant shading (%)” and “patch area covered by V. stricta (m²)” without their
interaction term as predictors in the logistic component of the ZABN model, which predicts
the probability that a patch is occupied by T. obscura. Patch area had a strong positive effect
on the occurrence of T. obscura and psyllids were found more often on the most sun-exposed
V. stricta branches on unshaded patches. For the count data component of the ZANB model, I
tested those environmental parameters from the same data set likely to influence T. obscura
abundance at the plant level for all occupied patches (e.g. patch altitude, plant volume,
number of inflorescences, leaf C/N, and plant shading by surrounding vegetation). I
compared AICc values and likelihood ratio tests for each parameter, dropped all insignificant
parameters from the model and calculated coefficients for the remaining parameters (Zuur et
al. 2009), to select the zero-altered habitat model which would best describe the relationship
between plant characteristics and T. obscura abundance under the condition of patch
occupancy to be predicted using total host plant area per patch as well as patch shading.
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Effects of increased temperature and CO2 levels on Veronica stricta saplings
I conducted a growth chamber experiment to compare plant-herbivore performance under
three different growing conditions: a) ambient temperate and ambient CO2; b) increased
temperature and ambient CO2; c) increased temperature and increased CO2 (Table 4-1). For
the ambient growing conditions, I used the long-term mean daily minimum and mean daily
maximum temperature in December at the climate station closest to the gravel bank from
where I collected live psyllids (Climate station Mt Ruapehu, Chateau EWS, lat 39.198; long
175.545; elevation: 1097 m a.s.l.). To represent increased conditions I chose temperature and
CO2 values at the upper range of predicted climate scenarios for New Zealand for the next 50
years to maximise the plant response during my experiment (Table 4-1); (Walker and
McGlone 2011).
I placed a total of 36 V. stricta cuttings, with an average length of 35 cm, under specific
growing conditions – 12 plants per treatment – in three growth chambers (Contherm CAT
610 RHS, Contherm Scientific Limited, New Zealand; inner space 63.5 × 51 × 63 cm, ground
tray reducing effective height to 50 cm) for a period of 69 days between November 2010 and
January 2011. Cuttings were obtained from plants sourced in the central North Island (Native
Plant Nursery, Taupo, New Zealand) and were potted prior to the experiment from small
root-trainers into round 1.5 litre plastic containers using a commercial potting mix (Debco
Potpower®, Tui Products Ltd, Mount Maunganui, New Zealand). All plants were placed in
the growth chambers under the same conditions for one week prior to the experiment to
buffer potting and translocation stress (see Table 4-1 for chamber settings).
I measured both the length of the longest shoot and the number of shoot internodes at the start
and the end of the 69 day experiment. I expected the increase in shoot internodes during my
experiment to be less affected by the artificial conditions in the growth chambers (light
sources not directly above the plants, limited space, and interference with the insect sleeves)
than increases in plant height. Before and after the experiment, I collected between one and
six pairs of the penultimate enfolded pair of leaves for carbon/nitrogen analysis. I assume that
the youngest leaves best reflect current growing conditions. I did not use specific leaf area
and leaf size as a plant parameter because V. stricta leaves show high variability in leaf
length and the infestation by T. obscura causes a substantial shrinkage in leaf size. Also, the
fresh and dry weight of V. stricta leaves varies substantially, therefore I needed to resample
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each plant one week after the trial began to obtain sufficient dry matter for the
carbon/nitrogen analysis, but I assume that the short period the three plant groups were
exposed to different growing conditions did not affect the carbon/nitrogen content
significantly. I measured only total leaf carbon/nitrogen content, since the analysis of the
exact chemical composition of the phloem sap was beyond the scope of this study (but see
Hodkinson 2009).
Six of the 12 plants per chamber were exposed to six adult T. obscura psyllids each, collected
in November 2010 near the gravel bank at the Mangahuia Stream site. To isolate the plants
from each other, all individuals were fitted into separate insect rearing sleeves (white nylon;
dimensions: length 71 cm; width 48 cm; 104 × 94 mesh/square inch; MegaView Science Co.
Ltd.; Taichung 40762, Taiwan), held in an upright position by small bamboo sticks. All V.
stricta which received insects at the start of the experiments received a few more psyllids
(adults and nymphs) as they became available, but difficulties in collecting adults and
nymphs in the field and transferring them onto the plants did not allow for the addition of
more than 12 insects per plant. Insect numbers, both dead and alive, were counted at the end
of the experiment.
Since only three growth chambers were available and for a limited time, I was neither able to
apply a Latin Square design for the four possible combinations of ambient/increased
CO2/temperature nor to repeat the experiments to account for potential chamber effects. To
minimise the location effect inside each chamber, the position of all V. stricta cuttings was
rearranged twice a week within each chamber. Each plant was grown in a separate pot inside
a rearing sleeve. Therefore, I consider the 12 plants per growth chamber as replicates and the
chamber influence to be ecologically negligible. However, I treat the results of this trial with
caution given the potential for pseudoreplication (Hurlbert 1984).
I conducted bootstrapped KS-tests between the three pairs of treatments: (ambient
temperature vs. increased temperature (both with ambient CO2); ambient CO2 vs. increased
CO2 (both with increased temperature); ambient temperature and ambient CO2 vs. increased
temperature and increased CO2); (Table 4-1). I compared relative changes in leaf
carbon/nitrogen, absolute changes in C/N ratio, and differences in plant growth rates (relative
changes in plant height and absolute changes in internode numbers).
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Table 4-1 Climate chamber environmental settings.
Treatment

1

2

3

Temperature scenario
ambient
CO2 scenario
ambient
Modus
Day
Night
Photoperiod (h)
14
10
Temperature setting (°C)
15
5
Median temperature (°C) /
15.0 ± 0.15 5.1 ± 0.15
Medium Absolute Deviation
CO2 setting (ppm)
450
450
Median CO2 /MAD (ppm)
470 ± 28.2 479 ± 16.3

increased
ambient
Day
Night
14
10
20
10
20.0 ± 0.15 10.0 ± 0.15

increased
increased
Day
Night
14
10
20
10
20.0 ± 0.15 10.1 ± 0.30

450
463 ± 14.8

450
468 ± 14.8

750
761 ± 14.8

750
762 ± 16.3

Rel. air humidity setting (%)
70
Median rel. air humidity /
70.8 ± 1.19
MAD (%)

70
69.9 ± 1.19

90
89.7 ± 1.33

70
69.9 ± 0.59

90
89.4 ± 1.63

90
89.4 ±1.78

Notes: chamber settings were internally recorded every 10 minutes. Start 17.11.2010; End 24.1.2011

Figure 4-2 T. obscura populations along the Mangahuia Stream; small black solid circles represent
patches without psyllids; grey hollow circles on the x-y grid show area and shade settings for all
patches; size of white-filled circles and numbers represent number of distorted shoots on sampled V.
stricta in 2011, vertical lines represent habitat parameter settings of V. stricta patches with psyllid
populations,; horizontal axes (area/shade) used for presence/absence part of the ZANB model (Figure
4-4), vertical axis (carbon) used for count part of ZANB model Figure 4-3; n=242 patches.
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4.3. Results
4.3.1. Host selection by T. obscura
I found no differences in plant height and leaf carbon between psyllid-free and recently
infested plants (Appendix IV). Psyllid-free plants had less leaf nitrogen and a higher carbonnitrogen ratio (psyllid-free plants: median nitrogen = 1.12%, median absolute deviation MAD
= 0.150; psyllid-infested plants: nitrogen median = 0.865%, MAD = 0.106; KS-test statistic D
= 0.589, p = 0.045; psyllid-free plants: median carbon-nitrogen ratio = 51.8, MAD = 7.28;
psyllid-infested plants: median carbon-nitrogen ratio = 39.3, MAD = 8.76; D = 0.589, p =
0.0446); (Appendix IV). Overall, leaf nitrogen of the 20 investigated saplings growing on the
gravel bank was lower (median = 0.987%, = MAD 0.24) than that of the 244 V. stricta plants
of different sizes and ages, sampled along the Mangahuia stream (median = 1.63%, MAD =
0.28) and considerably lower compared to the cuttings used for the growth chamber
experiments (median = 2.87%, MAD = 0.88).
4.3.2. Effect of T. obscura infestation intensity on host V. stricta
After 2.5 months, psyllid abundances on each plant individual were very similar to those at
the first visit (mean January 2011 = 12.4 distorted shoots per infested plant; mean April 2012
= 12.3), with no changes in psyllid presence/absence. I detected no statistically significant
differences between psyllid-free and infested plants in the relative changes of nitrogen,
carbon, and plant height or in the absolute change in the C/N ratio (Appendix IV). Similarly,
I found no linear relationships between the plant parameters I considered and the number of
psyllid infested shoots per plant.
One year after the first measurement, psyllid abundance and plant infestation status had
changed only moderately. Three formerly psyllid-free plants had become infested, and mean
psyllid numbers of the 10 previously infested plants had increased slightly (mean January
2011= 12.4; mean January 2012 = 16.2). No differences were found in the size or growth
rates between the two groups of plants (Appendix IV). However, if plants were grouped by
the infestation status of January 2012, and not by their original infestation status during
January 2011, then those plants infested over the period were significantly larger (median
length infested plants = 75 cm, MAD = 10.3, [n = 13]; median length psyllid-free plants = 56
cm, MAD = 7.41, [n = 7]; D = 0.70, p = 0.0222; not displayed in Appendix IV).
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4.3.3.

ZANB model for herbivore abundance at the plant level

At the local scale of the Mangahuia stream, I found a strong positive relationship between
total leaf carbon concentration and T. obscura abundance on psyllid-infested plants (Table
4-2, Figure 4-2, Figure 4-3). While carbon predicted the psyllid abundance successfully, the
logistic part of the ZANB consisting of total area of V. stricta plants and shading of the
sampled plant was able to predict psyllid presence/absence at the patch level (Table 4-2,
Figure 4-2, Figure 4-4). An assessment of spatial auto-correlation did not reveal any
significant patterns in patch occupancy along the Mangahuia stream (Appendix V).

Figure 4-3 Count component of the ZANB model; black solid circles observed abundance of T.
obscura on randomly selected plants in occupied patches; black solid line predicted abundance of
psyllids at the plant level; dashed lines 95% confidence interval.
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Figure 4-4 Presence/absence component of ZANB model; see Figure 4-2 and Figure 3–4 for T.
obscura population data; n = 242 V. stricta patches.
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Table 4-2 Zero-altered negative binomial (ZANB) model abundance T. obscura along Mangahuia
stream; bold parameters included in final model; n = 242 V. stricta patches.
Count model coefficients (truncated negative binomial with log link)
Coefficient
X² if term
(SE), if
p, if term
added to
parameter is added to AICc, if term
final
min-median- added to final
final
added to final
model
Variable (unit)
max
model
model
model
-35.2
8.15e-11
(Intercept)
NA
NA
NA
± 5.41
Altitude (m)
881-1000-1170
-0.00209 ±
0.295
318.64
1.66
0.00200
4.12e-12 Final model:
Leaf Carbon (%) 42.8 -45.1- 49.4
0.803
NA
± 0.116
318.20
Leaf Nitrogen (%) 0.87-1.58-2.30
0.615
0.274
319.12
1.18
± 0.563
Leaf C-N ratio
19.6-28.6-52.8
-0.0305
0.379
319.54
0.764
±0.0347
Inflorescences
0-20-500
-0.00248
0.350
319.46
0.843
V. stricta
± 0.00266
Veronica stricta
0-4.71-115
-0.00346
0.679
320.14
0.0161
volume (m³)
± 0.00835
Shading sampled
10-40-90
-0.00641
0.527
319.91
0.391
V. stricta 2011 (%)
± 0.0101
NA
NA
Log(theta)
NA
0.707
0.0849
± 0.410

df

p

NA

NA

1

0.197

NA

NA

1

0.277

1

0.382

1

0.359

1

0.689

1

0.532

NA

NA

Zero-altered model coefficients (binomial with logit link)

Variable (unit)
(Intercept)

Total area V.
stricta 2010 (m²)
Shading sampled
V. stricta 2011(%)

min-medianmax
NA

X² if term
AICc, if
dropped
dropped from from final
model
df
final model
NA
NA
NA

p
NA

Coeff (SE)
-2.00
± 0.641

p
0.00180

0.4-5.2-277

0.0762
± 0.0152

5.53e-7

372.32

56.2

1

6.53e-14

10-40-90

-0.0309
± 0.0154

0.0448

320.59

4.48

1

0.0343

Theta: count = 2.0274; Number of iterations in BFGS optimization: 16 ; Log-likelihood: -153 on 6 df
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4.3.4. Effects of climate change on T. obscura influencing plant parameters
I found significant differences in the increase of shoot internodes between ambient
temperature/CO2 and increased temperature/CO2 with accelerated leaf development in the
latter (ambient stetting: median increase in internode numbers = 4, MAD = 1.48; increased
temperature/ CO2 median = 6, MAD = 1.48; D = 0.5833, p = 0.0337), but no differences in
absolute plant height changes between the treatments (Appendix IV). From 12 leaf samples
taken per chamber at the end of the experiment, one sample per chamber was not suitable for
the chemical analysis and excluded from the test. Overall, the three groups did not differ in
relative changes in carbon or nitrogen, but I observed significant differences in absolute
changes in the carbon-nitrogen ratio between the ambient temperature/CO2 treatment and the
increased temperature/ ambient CO2 treatment (ambient temperature/CO2 setting median
change in carbon-nitrogen ratio = -8.70, MAD = 2.00; increased temperature/ ambient CO2
setting median change in carbon-nitrogen ratio = -3.15, = MAD 2.59, D = 0.667, p < 0.001)
with the chamber with lower temperature showing a greater reduction in the C/N ratio
(Appendix IV).
Survivorship of T. obscura was very low. Out of 169 imagines and nymphs, only four (2.4%)
were still alive after two months; 58 dead psyllids were found, with the remaining 107
psyllids missing. No plant showed typical feeding damage. Therefore, the “psyllid
infestation” factor was dropped from the analysis. Unidentified aphids which were
presumably delivered with the plant material, reproduced well, making any observations of
the psyllids difficult. As each plant was housed inside a rearing sleeve, manual removal of
aphids during the trial was impossible. Apart from two aphid-free pots, all plants had between
25 and 100% of shoots heavily infested by aphids. Aphid infestation was significantly lower
in the ambient temperature chamber compared to the two warmer chambers (ambient
temperature and ambient CO2 vs. increased temperature and increased CO2: D = 0.583, p =
0.0337).
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4.4. Discussion
4.4.1. Host selection of T. obscura and insect effects on host V. stricta
I found that those V. stricta saplings growing on the gravel bank and that had been recently
infested by T. obscura from adjacent mature plants contained more leaf nitrogen than psyllidfree saplings, but these differences diminished over the summer period and no general
relationship was found between insect abundance and leaf nitrogen. Changes in leaf carbon
during the early period of a T. obscura infestation were statistically insignificant.
With all other parameters similar between plant individuals, total nitrogen content might have
influenced initial host selection and insect performance at a very fine scale, in particular in
the case of the relatively low nitrogen content of the saplings growing on the gravel bank
compared to larger plants along the Mangahuia Stream. For sap-feeding psyllids an increased
availability of soluble nitrogen, such as amino acids, enhances both nymph development and
imago reproduction (Hodkinson 1974, Hodkinson 2009). Trioza obscura feeding causes
distinct shoot distortion which presumably improves nutrient availability for the nymphs
(Hodkinson 2009). To allow for meaningful comparisons between uninfested and infested V.
stricta plants rather than between branches at the plant level, I only sampled uninfested
shoots, and the exact nutritional benefits of the shoot distortion for T. obscura warrants
further study. However, I assume that the small differences found in leaf nitrogen content
were unlikely to be solely responsible for the herbivore infestations at the gravel bank site.
Similarly, I consider total leaf carbon to be irrelevant for host choice of T. obscura at the
level of within patch selection between small saplings.
Despite leaf nitrogen concentration failing to predict T. obscura abundance on V. stricta
plants at a regional scale, I previously observed reduced survivorship of T. obscura
populations in patches with decreased leaf nitrogen (Damken et al. 2012; Chapter 3.3.2 this
thesis), indicating the importance of sufficient nutrient supply for performance and local
survival of this specialist herbivore beyond the early infestation period.
In contrast to nitrogen, I found a strong relationship between leaf carbon and psyllid
abundance along the entire Mangahuia Stream. If the overall patch suitability exceeded a
certain threshold – psyllid populations were mostly found in large and unshaded patches –
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then leaf carbon was the best predictor of psyllid abundance on infested plants. Psyllids, like
other phloem-feeders, often have associations with endosymbionts to cope with a
nutritionally unbalanced carbohydrate-rich diet and receive essential amino acids synthesised
by their endosymbionts (Spaulding and von Dohlen 1998, Awmack and Leather 2002,
Nachappa et al. 2011), so I suggest that carbon-rich plants are likely to provide enhanced
nutrient supply.
Plant height and growth rates over the first summer of the psyllid infestation did not affect the
preference for individual hosts. I suspect that all saplings on the gravel bank received T.
obscura adults from the adjunct mature V. stricta shrubs. The gravel bank can be considered
either as a low quality extension of the neighbouring patch or as a population sink, limiting
the implications that can be drawn from the observed pattern. Given the low active flight
capacity and the small size of the investigated V. stricta saplings, it seems rather unlikely that
the observed plant occupancies were solely caused by a target effect where larger plants were
more likely to be encountered actively or passively by dispersing insects. Also, as larger
saplings with more branches can naturally have a higher absolute number of distorted shoots,
any conclusions about preferences for bigger plants after one year of this study need to be
treated with caution. However, in a previous study, I found average V. stricta volume to be
positively correlated with increased survivorship of T. obscura populations at the patch-level
(Damken et al. 2012; Chapter 3.3.2 this thesis). There, I found no evidence that T. obscura
prefers younger, and therefore potentially more nutrient rich, plants over mature, less suitable
plants. Plants where more than 50% of the branches were dead hosted more and larger T.
obscura populations compared to plants with no or little signs of ageing. As the feeding signs
of T. obscura are predominantly caused by the nymphs damaging the young shoots, I assume
that the correlation between absolute psyllid numbers and plant health is partly caused by the
long-term relationship of the herbivore with individual plants and induced dieback of shoots
over several seasons.
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4.4.2. Climate change effects on plant- herbivore system
The minimal survival of T. obscura during the short duration of the growth chamber
experiments allows me to draw only tentative inferences about the herbivores’ performance
relative to predicted climate change scenarios for New Zealand (Ministry for the
Environment 2008, Walker and McGlone 2011). The use of short-term experiments with
altered CO2 or temperature levels to make inferences about (potential) long-term changes in
mature plant-insect systems has previously been criticised (Norby et al. 1986). While I did
not observe any effects of T. obscura feeding activity, mostly due to the low numbers of
nymphs available during the period of my study, I observed increased aphid activity under an
elevated temperature and CO2 regime, as reported from similar studies (Bezemer and Jones
1998). Aphids are able to reproduce via parthenogenesis, and I expect the effects of increased
temperatures and CO2 levels on aphid population growth to be substantially larger (Sun and
Ge 2011) when compared to the univoltine, sexual reproducing psyllids (but see Miles et al.
1997, Hodkinson 2009).
Increases in CO2 levels are likely to cause a reduction of relative nitrogen concentrations in
plant tissues (Cotrufo et al. 1998, Korner 2003, Zvereva and Kozlov 2006, Stiling and
Cornelissen 2007, Zavala and DeLucia 2013). However, I consider this effect as negligible
for the phloem-feeder compared to the potential benefits of increased carbohydrate
availability, resulting from the ability of T. obscura to modify its host by inducing plant
tissue changes and from the herbivores internal endosymbionts supplying amino acids
synthesised from phloem sugar (Awmack and Leather 2002).
While absolute plant size growth did not differ between the three temperature/CO2
treatments, elevated temperatures and CO2 levels did accelerate leaf formation in V. stricta. If
synchronisation mechanisms between V. stricta vernal leaf flush and T. obscura nymph
feeding activity are controlled by photoperiod rather than by temperature-related cues, a
potential temporal bottleneck for optimal nymph performance under predicted climate change
scenarios might occur (Bale et al. 2002, Hodkinson 2009). However, I consider the herbivore
on its evergreen host to be less vulnerable to phenological mismatches than are herbivores of
deciduous plants in temperate climates (Hodkinson et al. 2001, Eber 2004).
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To make ecologically meaningful inferences about the outcomes of predicted rises in both
temperature and CO2 levels over the next decades in my model system, it is important not
only to consider potential changes in phenology or chemical composition of V. stricta alone,
but also interactions at multiple scales (Tylianakis et al. 2008, Walther 2010). While
enhanced carbohydrate supply in individual host plants might benefit the psyllid, the spatial
distribution and regeneration of V. stricta patches, and therefore the regional availability of
suitable host plant patches, is also likely to be affected by climate change. For example, host
plant populations at the lower margin of the psyllid’s distribution range will presumably face
increasing competition with thermophile plant species, in particular nitrogen-fixing species
such as broom (Cytisus scoparius) and yellow tree lupin (Lupinus arboreus), currently
restricted to lower elevations (Potter et al. 2009). By contrast, host plant populations at the
upper margin of the psyllid’s range might increase their growth rates or carbon content, but
these are simultaneously affected by altered growth rates of the surrounding vegetation.
Resulting increases in plant shading, one of the key drivers of general patch suitability for T.
obscura, might offset increased plant quality of individual plants (Damken et al. 2012;
Chapter 3.3.2 this thesis).
In hindsight, investigating the effects of elevated temperatures and CO2 on T. obscura in an
controlled environment required growing potted insect-free V. stricta saplings in two insect
enclosures in the field for several months and then collecting a large number of adult psyllids
during the mating period and keeping them in one enclosure over winter. In the following
spring, plants with nymph feeding signs could be separated into individual insect sleeves and
used in different temperature/CO2 treatments, and plants from the insect-free enclosure could
have been used as control groups. Including early psyllid instars in the treatments would have
also allowed comparing development times among treatments. Unfortunately, the remote
location within the Tongariro National Park and the risk of flooding of the gravel bank did
not permit the installation of large enclosures in the field. Additionally, neither V. stricta nor
the herbivore are particularly suitable organisms for ongoing laboratory experiments, limiting
the investigation of climate change effects on long-term population dynamics.
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4.5. Conclusion
I found the specialist herbivore Trioza obscura to prefer V. stricta saplings with increased
nitrogen content during the early infestation stage at the levels of individual plants. However,
these differences diminished over the summer season. Carbon content explained the
abundance of T. obscura on larger plants at a patch-level scale. I consider the phloem-feeding
psyllid will be able to select and utilise host plants with higher carbohydrate supply. Under
predicted climate change scenarios, I expect the plant-herbivore system to be at the very most
moderately affected. Future studies of T. obscura nymph development and nutritional
changes in elevated CO2 and temperature regimes will provide insights in host-herbivore
interactions.
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Chapter 5. Multiple hypothesis testing reveals complex effects of
habitat area, quality and fragmentation on an insect herbivore
–parasitoid system along elevational gradients.

In preparation
Damken, C., J. R. Beggs, R. Biedermann, and G. L. W. Perry: Multiple hypothesis testing reveals complex
effects of habitat area, quality and fragmentation on an insect herbivore–parasitoid system along elevational
gradients.
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Abstract
The effects of habitat area, quality and fragmentation on insect herbivores and their
parasitoids are often complex. Additional, and often latent, ecological parameters acting at
different spatial scales complicate the investigation of seemingly simple tritrophic systems.
Here, I applied multiple hypotheses tests to investigate the effect of habitat parameters on a
tritrophic system.
I collected bud galls induced by a gall midge (Cecidomyiidae) from a riparian shrub,
Veronica stricta (Benth.) L. B. Moore (Plantaginaceae), at local (one stream; 252 V. stricta
patches; 300 m elevational gradient) and regional scales (several stream; 102 patches; 600 m
gradient) in the Tongariro National Park, New Zealand. I evaluated how habitat parameters,
acting at different spatial scales (gall, plant, patch, stream), affect herbivore and parasitoid
numbers per gall, using generalized linear models and multi-model inference.
At the local scale, the herbivore-parasitoid system was strongly affected by patch elevation,
V. stricta size and the height of the vegetation surrounding the patch. Importantly, I detected
significant interactions between each pair of these habitat parameters: galls on smaller plants
had less parasitoids only when the plant grew at higher elevations or was surrounded by lowgrowing vegetation. Likewise, the negative effect of elevation on the parasitoid was present
only at patches embedded in low-growing vegetation or if galls were collected from smaller
plants. In contrast, the herbivore-parasitoid system was independent of gall volume, gall
abundance, patch area and habitat fragmentation. However, none of the habitat models
proved transferable from the local to the regional scale.
I assume that the dominant parasitoid (Gastrancistrus sp., Pteromalidae) in this system
benefits from the microclimatic conditions that larger plants and plants embedded in tallgrowing vegetation provide and not from V. stricta size per se, and that galls at higher
elevations escape the parasitoid under current climate conditions. I suggest that
simultaneously addressing multiple hypotheses, including their interactions, provides more
ecologically meaningful insights into tritrophic systems than testing individual hypotheses
separately does.
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5.1. Introduction
Set against considerable abiotic and biotic variability, the many possible biological
interactions make even the study of seemingly simple tritrophic systems consisting of a single
plant species, a specialist herbivore and a specialised parasitoid a challenge (Price et al. 1980,
Tscharntke and Brandl 2004). To persist in fragmented landscapes, local sub-populations of
the herbivore must meet their specific resource requirements by utilising spatially or
functionally separated habitats (i.e., host plant clusters), varying in area and quality (Hanski
1999). Habitat area and quality determine the detectability and carrying capacity of the patch,
thereby regulating the herbivore’s local population sizes and thus the risk of local extinctions.
Habitat fragmentation influences the rate of (re)colonisation of unoccupied patches and
mediates many inter-specific interactions (Hanski and Zhang 1993, Roland and Taylor 1995,
Kruess 2003, van Nouhuys 2005), in particular herbivore-parasitoid interactions. Likewise,
the parasitoid needs to meet its resource requirements, which again are species-specific
regarding habitat area, quality and fragmentation. Additionally, ‘herbivore population size’,
relevant for the trophic level of the parasitoid (Holt et al. 1999), can fluctuate across several
spatial and temporal scales, due to host plant mediated bottom-up effects (Price and Hunter
2005), environmental stochasticity and top-down effects of the parasitoid itself (van Nouhuys
and Tay 2001, Tscharntke and Brandl 2004, Gripenberg and Roslin 2007, Rand et al. 2012).
In such a complex system, investigating the effect of just one habitat parameter or studying
the system at a single spatial scale runs the risk of not detecting ecologically important
interactions between habitat parameters at the same scale (Matter et al. 2009) or changes of
parameter effects across different scales (Guisan and Zimmermann 2000). With these
problems in mind, I ask two seemingly ‘simple’ ecological questions:
I.

What are the effects of habitat parameters – patch area and patch quality – on the
distributions and population dynamics of an insect specialist herbivore and its
parasitoid in a naturally fragmented landscape? And,

II. Are these effects consistent in their size and direction across different spatial scales?
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I conducted this study along elevational gradients in the Tongariro National Park, New
Zealand. I chose a naturally patchy distributed shrub species, a monophagous gall midge
(Diptera: Cecidomyiidae; hereafter the herbivore) and an associated parasitic wasp
(Hymenoptera: Pteromalidae; hereafter the parasitoid) as a model system. In a previous study,
I investigated which habitat parameters best predict patch occupancy and local population
dynamics of the herbivore by mapping the patch-level distribution of the herbivore (Damken
et al. 2012; Chapter 3 within this thesis). Patch occupancy and population survivorship were
positively correlated with habitat area (abundance and total size of all host plants) and habitat
quality (number of inflorescences of V. stricta). Survivorship of gall populations increased at
higher elevations. The previous study focused only on the distribution of the galls, without
dealing with the gall inhabitants itself. Each multilocular (multi-chambered) gall can harbour
up to 70 individuals (Figure 2-6). Therefore, I considered the absolute number of herbivores
in respect to the absolute number of parasitoids per galls as the most ecologically meaningful
descriptor of this tritrophic system (hereafter herbivore-parasitoid ‘dual’), which is not the
same as the relative ratio of the two species. I expected several habitat parameters to be
relevant for the herbivore-parasitoid dual based on empirical findings from similar studies
and tested the following seven hypotheses (synthesised in Table 5-1):
I.

The elevational ranges of the two gall inhabitants will be different. The herbivore
should benefit from a parasitoid-free refuge at the upper margin of its distribution
(Preszler and Boecklen 1996, Hodkinson 2005). I expect the proportional abundance
of the herbivore to increase with elevation.

II.

Patch area and, more directly, gall abundance during the previous season will affect
the parasitism rate in the following season. Patches with more galls are expected to
experience fewer stochastic patch-level extinctions of the gall-inducing herbivore.
Consequently, the parasitoid might also benefit from an increased carrying capacity
and/or an increased detectability of its host population (Holt et al. 1999, van
Nouhuys and Tay 2001), and so I predict an increase in relative parasitoid proportion
in larger patches and gall populations, respectively (Lei and Hanski 1997, Elzinga et
al. 2005, de Queiroz and Garcia 2009, With and Pavuk 2011). In the context of
herbivore population size, it is important to acknowledge that herbivore-density
effects can cause variation in the response of the parasitoid (Hassell et al. 1991,
Cappuccino and Price 1995).
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III.

Patch quality parameters, such as plant nutrient levels or vegetation structure,
determine the herbivore carrying capacity of the patch and host plant detectability
and therefore influence the herbivore-parasitoid dual, with high quality patches
expected to be well exploited by parasitoids (Shaw 2006, Cornelissen et al. 2008,
Heisswolf et al. 2009, Choutt et al. 2011).

IV.

If the herbivore has an equal or better dispersal capacity than the parasitoid, then
patch isolation might allow the herbivore to escape its parasitoid. I expect isolated
patches and patches recently colonised by the herbivore to have relatively fewer
parasitoids (Roland and Taylor 1995, Anton et al. 2007, Menendez et al. 2008).

V.

The herbivore-parasitoid dual will be affected by sub-local (gall-level) parameters,
in particular gall volume. I investigate the two alternative hypotheses that parasitism
rates are reduced in (i) smaller galls (gall size insufficient for parasitoid survival) vs.
(ii) larger galls (herbivore protected by gall tissue through parasitoid ovipositor
length); (Van Hezewijk and Roland 2003, Marchosky and Craig 2004, Bailey et al.
2009, Joseph et al. 2011).

VI.

If the parasitoid has a strong top-down effect on the herbivore, then I expect that
those habitat parameters considered to increase the relative abundance of the
parasitoids will also increase the patch-level extinction risk of the “gall population”
itself (Holt et al. 1999), if a rescue effect of immigrating herbivores from
neighbouring sites is low (Hanski et al. 1996, Cronin and Reeve 2005, Shaw 2006).
In other words, local parasitoid populations in highly suitable patches should trigger
a negative feedback mechanism via depletion of the local herbivore population and
thus, remove the resource required for the parasitoids’ local population to persist
into the following season. Thus, the investigation of such a stacked tritrophic system
within the simple metapopulation framework (Levins 1969) is unlikely to provide
realistic insights into the system, because habitat patches are neither equal in area,
quality nor isolation and local population persistence of the parasitoid might be
linked to intrinsic patch-level population sizes in a complex manner (i.e., stochastic
extinction at very low densities and deterministic extinctions via host eradication at
very high densities). To address this hypothesis, I test whether the landscape context
of patches with recently extinct gall populations differ from patches where galls
were present across both years of my study. Patches of recently extinct gall
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populations are expected to be characterised by habitat parameter settings that would
favour the parasitoid, if galls were still present.
VII.

If any of these relationships between a habitat parameter and the herbivoreparasitoid dual are scale- or landscape-dependent then I would expect the spatial
transferability of a statistical model describing the relationship between the
particular habitat parameter and the herbivore-parasitoid dual to be limited (Guisan
and Zimmermann 2000, McGeoch and Price 2005, Dormann et al. 2007).

Simultaneously testing different hypotheses about ecological processes affecting a tritrophic
system will help not only to quantify the relevance of each environmental parameter
independently, but also to shed light on potential confounded interactions between these
habitat parameters across different landscapes and spatial scales in the wider context of
species survival in fragmented landscapes (Matter et al. 2009).
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Table 5-1 Hypotheses and predictions of habitat parameter effects on the herbivore-parasitoid dual (H-P Ratio).

Elevation
(patch)

Hypothesis

I.

Upper range limits of
herbivore exceeds
upper limit of parasitoid

Prediction

Methods
(see text and
Table 5-2 for details)

low
low

Habitat quality
(patch/plant)

Larger patches and/or a
larger
herbivore
population
increases
resilience of parasitoid
against
stochastic
extinctions

III.

High quality patches
which
host
larger
herbivore populations
benefit the parasitoid

Selected references addressing
similar hypotheses

high

high

H‐P Ratio

Herbivore
population size
(patch)

II.

Elevation

low
large
small
Patch area
Gall population

Quasi-binomial GLMs of herbivore- Table 5-3
parasitoid dual and:
a) patch area;
b) area covered by V. stricta;
c) gall abundance;
d) gall abundance in previous season

Quasi-binomial GLMs of herbivoreparasitoid dual and:
a) plant size/volume;
b) plant carbon/nitrogen;
c) patch/plant shading;
d) vegetation type/height around patch

high
H‐P Ratio

Habitat area

Key
outcomes

Quasi-binomial GLM of herbivore- Table 5-3; Preszler and Boecklen (1996);
parasitoid dual and patch elevation
Table 5-4; Hodkinson (2005, 2009)
Figure 5-2;
Figure 5-5;
Figure 5-4;
Figure 5-5

high
H‐P Ratio

Parameter
(Scale)

low
high
low
Patch quality
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Table 5-3;
Table 5-4;
Figure 5-2;
Figure 5-5;
Figure 5-4;
Figure 5-5

Lei and Hanski (1997);
Elzinga et al (2005);
de Queiroz and Garcia (2009);
With and Pavuk (2011)

Shaw (2006);
Quiring et al. (2006);
Cornelissen et al. (2008);
Heisswolf et al. (2009);
Blake et al. (2010);
Choutt et al. (2011).
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Gall volume (gall)

IV.

Dispersal capacities of
the two gall inhabitants
determine
if
the
herbivore can escape its
parasitoid in space or
time

V.

Gall suitability for the
parasitoid depends on
gall volume

Prediction

Methods
(see text and
Table 5-2 for details)

Quasi-binomial GLMs of herbivoreparasitoid dual and distance to a)
nearest patch; b) nearest gall population
of current season; c) nearest gall
population of previous season;
low
Kolmogorov-Smirnovhigh/old Bootstrapped
low/young
Habitat fragmentation test to detect differences in herbivoreAge of herbivore population
parasitoid duals between patches
recently colonised by the herbivore and
patches occupied during two seasons.

high

Key
outcomes
See text

H‐P Ratio

Habitat
fragmentation
(patch)

Hypothesis

Selected references addressing
similar hypotheses
Briggs and Latto (2000);
Elzinga et al. (2005);
Anton et al. (2007);
Menendez et al. (2008)

Quasi-binomial GLMs of herbivore- Table 5-3; Price et al. (1987);
Figure 5-6; Stone and Schonrogge (2003);
parasitoid dual and gall volume;
GAMs to describe relationships Figure 5-2 van Hezewijk and Roland (2003);
Marchosky and Craig (2004);
between gall volume and a) elevation,
Bailey et al. (2009);
b) plant size, c) plant carbon/nitrogen,
Joseph et al. (2011).
d) plant shading.

high

H‐P Ratio

Parameter
(Scale)

low
large
small
Gall volume

high

Extinction risk

VI.
Top-down control
Top-down control by
of parasitoid
(patch)
the parasitoid increases
extinction
risk
of
herbivore, mitigated by
rescue effect

low
high

low
H‐P Ratio

bootstrapped
Kolmogorov-Smirnov
tests to test whether patches with
recently extinct gall populations are
characterised by habitat settings
predicting a higher proportional
abundance of parasitoids (included in
analyses of hypotheses I-V)
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See text

Hanski et al. (1996);
Cronin and Reeve (2005);
Shaw (2006);
Gripenberg and Santos (2008)
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Parameter
(Scale)

Hypothesis

Prediction

Methods
(see text and
Table 5-2 for details)

Key
outcomes

Selected references addressing
similar hypotheses

Transferability

Comparison of predicted herbivore- See text Guisan and Zimmermann (2000);
VII.
high
McGeoch and Price (2005);
parasitoid duals of local data GLMs
Spatial transferability of
Dormann et al. (2007)
with observed species duals from
a
statistical
model
regional data using mean absolute error
describing
the
and normalized root mean square error
relationship
between
(included in analyses of hypotheses Ithe particular habitat low
high V)
low
parameter
and
the
Scale dependency of
herbivore-parasitoid
Habitat parameter effect
dual are scale- or
landscape-dependent
Notes: high H-P ratio = patch has a high proportional abundance of the herbivore; low H-P ratio = patch has a high proportional abundance of parasitoids;
predictions are derived from previous studies of other tritrophic systems.
Landscapedependency of
habitat
parameter effects
on herbivoreparasitoid dual
(stream)
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5.2. Methods
5.2.1. Study area and model species
The study was conducted in the western parts of the Tongariro National Park (TNP), New
Zealand (lat 39.18 °S, long 175.47 °E). As an example of a patchy distributed specialist
herbivore and an associated parasitoid I chose an undescribed gall midge (Diptera:
Cecidomyiidae), causing terminal bud galls exclusively on the endemic perennial shrub
Veronica stricta (Plantaginaceae); (Martin 2012). The herbivore is heavily parasitized by an
undescribed wasp of the genus Gastrancistrus Westwood (Hymenoptera: Pteromalidae),
which are known to be parasites of gall midges (Bouček 1988, Buhl et al. 2008). Both the
herbivore and the parasitoid emerged from the galls around the same time in laboratory
rearing boxes. Herbivore-parasitoid dual ranged between 0/1, 25/25 and 0/70, and likewise,
herbivore-parasitoid ratios ranged between zero and one with, both indicating that the
parasitoid plays an important role in the population ecology of its host. I mapped the spatial
distribution of the host plant along the approximately 9.5 km long main distributary of the
Mangahuia Stream between c. 880 m and 1170 m a.s.l. (Figure 5-1); (see Chapter 2 for a
detailed description of the study area and model system).
5.2.2. Sampling design
Measurement of environmental parameters assumed to affect herbivore-parasitoid dual
In a previous study I investigated the effect of habitat area, quality and fragmentation on the
distribution of the galls and population dynamics, analyzing patch-level occupancy data over
two consecutive seasons (Chapter 3; Damken et al. 2012). In 2010, all V. stricta plants with
crown area greater than 0.5 m2 were mapped along the main distributary of the Mangahuia
Stream. Neighbouring plants separated by less than five meters (distance between outermost
branches) were defined as a patch. For each patch, I measured patch area, average size and
gall infestation of stratified-randomly selected plants, abundance and area covered by all V.
stricta, patch shading, height and percentage cover of vegetation around the patch, as well as
total number of fresh and old galls. In 2011, I recorded changes in the presence and absence
of galls at the patch level. In particular, I rechecked the 2010 data to account for imperfect
detectability by comparing recorded numbers of galls with observations of old galls in the
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following season [see Chapter 3, Table 5-2 and Damken et al. (2012) for details on field
methodology].
To evaluate the effects of habitat parameters on the herbivore-parasitoid dual, I revisited all
patches in 2011 and recorded additional habitat parameters corresponding to the seven
hypotheses and collected gall samples from all gall populations (Table 5-1; see
Table 5-2 for details). For each gall-occupied patch I randomly selected one gall infested V.
stricta individual and measured plant height/length/width, number of inflorescences,
proportion of dead branches, number of fresh and old galls, and shading by surrounding
vegetation and terrain. I also collected leaf samples for carbon/nitrogen analysis. Based on
the field data, I calculated habitat fragmentation in my predominantly linear system as
Euclidean distance between patch edges (Moilanen and Nieminen 2002) for each V. stricta
patch to the nearest patch as well as to the nearest gall population of 2010 and 2011 using
GIS software (ESRI 2010).
To test whether galls from the same plant host similar numbers of insects, from some
haphazardly chosen patches I collected multiple galls (number patches/number of collected
galls: 111 patches/one gall, 29/2, 9/3, 2/5, 1/6, 2/7 galls). Galls were collected between March
and April 2011. Insect emergence in the lab started just after the collection was completed.
Over four weeks, emerged insects were collected into 70% ethanol. After the majority of
insects had emerged, all galls were dissected, gall size was recorded and all remaining adult
insects (dead or alive) were collected.
To evaluate the transferability of the models for the species abundances and the herbivoreparasitoid dual, I sampled, via random stratification, a further 102 V. stricta patches along
streams across the western TNP in 2011, covering gradients in altitude and patch area (Figure
5-1). A second data set allows inferences to be drawn about the distribution of the herbivore
and its parasitoid across different spatial scales (Hypothesis VII, see Table 5-2 for details);
(Randin et al. 2006).
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Mangahuia Stream patches

93

Chapter 5
Table 5-2 Habitat data recorded for hypotheses I-VII; local data Mangahuia Stream 2010/2011 (n =
252 patches, 161 gall populations; unless stated otherwise); regional data Tongariro National Park
2011 (n =102 patches).
Hypothesis I: Elevational effects on herbivore-parasitoid dual; 2010/2011 data
• Altitude of patch (meter a.s.l.) derived from a GPS device, adjusted by the mean value of two
altimeters (Thommen Classic TX-22) to correct for poor GPS accuracy in rough and dissected
terrain. Diurnal atmospheric pressure changes were taken into account by adjusting the
altimeter at known altitudes.
Hypothesis II: Effect of habitat area and herbivore population size on herbivore-parasitoid
dual; 2010 data, for missed and newly emerged patches data of 2011.
• Patch length (m), width (m), size (m²)
• Number of large (> 0.5 m² crown area) and small V. stricta plants
• Average length/width/height (m), size (m²), and volume (m³) of large V. stricta
• Total area covered by V. stricta (m2) based on:
a) large plants only; b) large plants + 0.25m² per small plant; c) large plants + 0.1 m² per small plant
• Total volume of all large V. stricta (m3)
• Total plant size (m2) and volume (m3) of all large V. stricta , modified by health classes 1/2/3/4
to account for dead branches: a) reduction of size/volume by a) 0/30/75/95%; b) 0/20/60/95%
• Mapped and estimated total number of galls / old galls (2010)
• Number of galls and old galls on sampled V. stricta (2011)
Hypothesis III: Effects of habitat quality on herbivore-parasitoid dual (2011), measured on the
first encountered plant with galls.
• Length/width/height (m), size (m²), volume (m³) of sampled plant
• Number of inflorescences, presence of flower remnants of previous season
• Plant size (m2) and volume (m3), modified by health class 1/2/3/4 to account for dead branches:
a) reduction by 0/30/75/95%; b) 0/20/60/95%
• Health class (proportion of dead branches):
o class 1: < 10% ; class 2: 10-50% ; class 3: > 50% ; class 4: expected to die back
within the current season
• C/N ratio of leaves: 5-10 young leave pairs of the most sun exposed, non flowering branches.
Leaves were dried at 45 °C for 92 hours and total carbon and nitrogen analysed using a LECO
TRUSPEC© CN analyzer; n = 244
• Shading of sampled V. stricta by other vegetation/terrain (%), estimated using compass
• Shading of patch by other vegetation/terrain (%)
• Cover of vegetation types within 5 m around the patch (%):
o riverbed/bare ground ( not used until stream became 2nd order)
o cover low-growing < 2 m tall and cover tall-growing vegetation >2m height
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(Table 5-2 continued)
Hypothesis IV: Habitat fragmentation and herbivore escape in space and time
(2010 data, for newly emerged patched 2011 records).
• Euclidean distance (edge-to-edge) to nearest plant patch (m)
• Euclidean distance to nearest patch occupied by galls in 2010 (m)
• Euclidean distance to nearest patch occupied by galls in 2011 (m)
• Colonisation events for gall midge 2010 (galls absent 2010, but present in 2011)
Hypothesis V: Gall volume effects on herbivore-parasitoid dual (2010/2011).
• Average gall volume (mm³), calculated as 4π/3 × gall length × 0.5 gall width²
Hypothesis VI: Top-down effect of parasitoid (2010/2011).
• Extinction gall populations in 2010 ( galls present in 2010, but absent in 2011)
Hypothesis VII: Landscape-dependency of habitat parameter effects on herbivore-parasitoid
dual (2011 data; 102 V. stricta patches across Tongariro National Park; for each patch, I recorded also
patch area, V. stricta abundance and gall occurrence of the nearest patch.
• Hypothesis I: altitude of patch (2011)
• Hypothesis II: patch area, abundance large/small V. stricta; number of galls / old galls on
sampled plant
• Hypothesis III: Veronica stricta height/width/length/size/volume; plant shading; patch shading;
leaf carbon/nitrogen; plant inflorescences; cover of vegetation types within 5 m around the
patch (%)
• Hypothesis IV: Euclidean distance to nearest patch (m); colonisation events for gall midge
2010 (galls absent 2010, but present in 2011)
• Hypothesis V: average gall volume (mm³), calculated as 4π/3 × gall length × 0.5 gall width²
• Hypothesis VI: extinctions gall populations in 2010 ( galls present in 2010, but absent in 2011)
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5.2.3. Statistical analysis
Univariate abundance models and herbivore-parasitoid-dual models
Because the most appropriate way to deal with overdispersed count data is still the subject of
debate (White and Bennetts 1996, Ver Hoef and Boveng 2007, O'Hara and Kotze 2010), I
decided to use generalized linear models (GLMs) with two different probability distributions
to analyse the abundances of the herbivore and the parasitoid inside galls at the patch-level.:
(i) a quasi-GLM with Poisson distribution with corrected standard errors, where the variance
is given by φ × μ, where μ is the mean and φ the dispersion parameter, and (ii) a negative
binomial distribution for each of the two species (Zuur et al. 2009) (see Table 5-2 for habitat
parameters tested). For the analysis of the average herbivore and parasitoid abundance inside
galls at the patch-level, I applied GLMs combining the average number of herbivores and the
average number of parasitoids per gall into a herbivore-parasitoid ‘dual’: an ordered list of
elements with length 2two (i.e., a tuple containing the abundance of herbivores and the
abundance of parasitoids using the cbind command in R). For this analysis, I assumed that the
insects inside a gall, g, are independent and all have the same probability πg of being a
herbivore, and applied a quasi-GLM with binomial distribution, again accounting for
overdispersion (Zuur et al. 2009). By doing so, I am treating the herbivore-parasitoid dual as
a binary response with a Bernoulli distribution counting the absolute number of ‘successes’
(insect mg is a herbivore) versus the absolute number of ‘fails’ (insect mg is a parasitoid)
(Zuur et al. 2009), and not as the relative ratio, since a gall with only one herbivore and one
parasitoid would yield the same relative ratio as a gall with 30 individuals of each species,
while the ecological implications are different. Additionally, analysing the herbivoreparasitoid system as a dual consisting of the average abundances of herbivores and
parasitoids per gall and not of the total abundances of herbivores and parasitoids of all galls
collected at a patch also mitigates against the statistical influence of the few intensively
sampled patches (from five patches I collected 5-7 galls per patch, while one or two galls
were collected from 140 patches).
The predictive power of the univariate abundance GLMs and the herbivore-parasitoid dual
models were assessed with Nagelkerke’s R2N and on the basis of a bootstrapped (n = 1000)
likelihood-ratio test on the deviance reduction of each GLM (henceforth referred to as LRT)
in which I recorded the proportion of resampled models with a significant deviance reduction
(p ≤ 0.05) (Strauss and Biedermann 2006, Lewis et al. 2011) to exclude spurious parameters
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from the multiple model building process (Burnham and Anderson 2002, Gerrodette 2011). I
detected no significant quadratic terms (response curve with a maximum in medium
parameter values) and so did not include any in the models. Likewise, I , tested for influential
outliers and patterns in the model residuals (following the approach described by Zuur et al.
2010).. Because galls with considerably more herbivores or parasitoids were of particular
ecological interest for this study, I included all records in the analysis. I reanalysed all
univariate models of the herbivore-parasitoid dual using the total abundance of insects per
patch instead of the gall average, but found no substantial differences in the model
coefficients and so I continued only with the average values for the multiple model analysis.
All analyses were performed in R 2.12.1 (R Development Core Team 2010).
Multiple parameter models for the herbivore-parasitoid proportion
For my gall system I expected that the total number of insects would be limited by gall
volume and that within galls there is a strong reciprocal relationship between the abundances
of both species. Consequently, a multiple parameter model for the abundance of one species
would ‘lose’ most of the explained variance to gall volume (positive effect) and abundance of
the other species (negative effect). Therefore, I persisted with multiple GLMs only for the
herbivore-parasitoid dual and constructed all possible combinations, including interactions of
those parameters considered to have a strong effect on the species-dual (Table 5-3). To
address model uncertainty I used multi-model inference and calculated relative Akaike
weights based on the quasi-AICc value for each of the multiple models (Burnham and
Anderson 2002, Richards 2008, Burnham et al. 2011). The relative importance of parameters
in the multiple model set was assessed by looking at all models that were in the 95%
cumulative Akaike weight interval (Burnham and Anderson 2002). Despite difficulties
arising from model averaging in the presence of interaction terms (Dochtermann and Jenkins
2011, Grueber et al. 2011), I paid special attention to models with significant interaction
terms because ecological interactions between environmental parameters can be an important
source of the overdispersion often observed in biological count data (Hilbe 2011).
Multicollinearity between elevation, plant length and low vegetation cover was moderate
(Spearman rank-correlation index: elevation vs. plant length = -0.22; elevation vs. low
vegetation cover = 0.46; plant length vs. low vegetation cover = -0.31) and not influential in
the models (variance inflation factors: elevation 1.53, plant length 1.12, low vegetation cover
1.51).
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Population dynamics of the herbivore-parasitoid system
I conducted bootstrapped Kolmogorov-Smirnov (KS) tests to detect differences in the
herbivore-parasitoid dual between recently colonised and constantly occupied V. stricta
patches. I also used bootstrapped KS tests to compare recently extinct and constantly
occupied patches in regards to those environmental parameters that affect the herbivoreparasitoid dual. I applied generalized additive models (GAMs) to detect potential
relationships between gall volume and the habitat parameters elevation, plant size, plant
carbon-nitrogen ratio, and plant shading.
Model evaluation
I tested the herbivore-parasitoid-proportion GLMs of the local Mangahuia Stream for spatial
and temporal transferability and compared predicted and observed herbivore-parasitoid duals
in 102 independently recorded patches from other streams across the western Tongariro
National Park using the mean absolute error and normalized root mean square error.
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5.3. Results
Galls were found in 150 (59.5%) of 252 patches in both years, while 15 (23.4%) patches were
newly colonised in 2011 and 38 (20.2%) populations of 2010 went extinct. In 2011, I was
able to rear insects from a total of 231 galls coming from 161 gall populations along the
Mangahuia Stream and from 50 galls of 41 (40%) gall populations of 102 V. stricta patches
across the Tongariro National Park. In the following paragraphs, each of the result sections
dealing with the hypotheses I-V also includes the findings regarding hypotheses VI and VII
for the corresponding ecological parameter (e.g., elevational changes in top-down control of
parasitoid [hypothesis VI] and model transferability of elevation-GLM [hypothesis VII] are
described as subsections under Hypothesis I: effects of elevation); (see Table 5-1).
Overall, the univariate GLMs predicting abundance of the herbivore alone and the parasitoid
alone showed similar model coefficients for the quasi-Poisson and the negative binomial
probability distribution (Table 5-1). Only the herbivore abundance based on plant length had
no significant GLM when applying the negative binomial error distribution. As mentioned in
the introduction (Chapter 5.1), the relative abundance of both the herbivore and the parasitoid
together are of greater interest than the absolute abundance of either of the two species alone.
Therefore, the following sections focus on the GLMs for the relative herbivore-parasitoid
abundance, i.e. the herbivore-parasitoid dual.
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5.3.1. Hypothesis I (VI+VII): Elevational pattern of the herbivore and its
parasitoid
The gall-inducing herbivore and its parasitoid have an almost equal upper distribution limit
along the Mangahuia Stream (herbivore: 1170 m; parasitoid: 1150 m), overlapping with the
upper limit of large V. stricta plants (1170 m), marginally lower than the highest location a
small V. stricta plant was found at (1217 m altitude; approximately 600 m upstream of the
last large plant). Patches in each elevational quartile numbered (lowest to highest) 84, 69, 45,
51, respectively. Regionally, I recorded similar upper distribution limits with 14 patches
found above 1200 m a.s.l.; galls were present at only two of them (patch A: 1235 m, one V.
stricta plant, nine herbivores, no parasitoids; patch B: 1202 m, 75 V. stricta plants, two
herbivores, no parasitoids).
While absolute differences in the upper range limits were small, I found a strong elevational
effect on both the absolute and relative abundances of the two species (Table 5-3, Figure
5-2). The abundance and proportion of herbivores per gall increased significantly with
elevation along the Mangahuia Stream, while the parasitoid abundance and proportion
decreased. Together with plant length and percent cover of low vegetation around the patch,
elevation performed well in the model averaging for the herbivore-parasitoid models (Table
5-3, Figure 5-5), and I detected significant interactions between elevation and plant length
and vegetation cover (Figure 5-5).
Hypothesis VI: The extinction risk of the gall population decreased with elevation: patches
which gall populations went extinct during the study period were at significantly lower
altitudes than those with persistent gall populations (extinct populations: median ± median
absolute deviation [MAD] = 955 ± 56 m a.s.l.; constant populations = 1040 ± 89 m a.s.l.; D =
0.377, p < 0.0002; n = 13 extinction events, 148 persistent gall populations).
Hypothesis VII: The elevational patterns observed along the Mangahuia Stream were not
seen across the Tongariro National Park. The Mangahuia Stream GLM failed to adequately
predict the observed insect proportions of the regional Tongariro data (mean absolute error:
0.411 [herbivore-parasitoid dual], normalized root mean square error 120.4%). A GLM for
the herbivore-parasitoid proportion based on the Tongariro data itself was neither significant
nor ecologically meaningful.
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Table 5-3 Univariate GLM habitat models for the average abundances of herbivores and parasitoids
and the average herbivore-parasitoid dual (H-P dual) per gall at the patch level (n = 161 V. stricta
patches with gall populations.
HypoVariable
thesis (min-med-max)

Model
Herbivore

I

Patch elevation
H-P dual
(m a.s.l.)
(881-1040-1171)
Parasitoid

Dist Intercept (±SE)
NB

-0.960 (1.41)

Coeff (± SE)p-level

R²N

Odds ratio LRT
(95% CI) (%)

0.00297 (0.00137)*

0.050

NA

66.3

**

0.47

NA

74.6

QP

-1.64 (1.44)

QB

-7.40*** (1.64)

0.00732 (0.00161)****

0.73

NB

6.86*** (1.44)

-0.00477 (0.00141)***

0.081

NA

88.4

**

0.51

NA

92.7

QP

5.95

***

(1.19)

0.00363 (0.00138)

-0.00387 (0.00120)

1.007
98.7
(1.004-1.011)

Number of old
II galls on plant 2011 Parasitoid QP
(0-4-30)

1.90*** (0.131)

0.0329 (0.0171)0.0556

0.22

NA

40.8

Herbivore QP

2.55*** (0.277)

-0.231 (0.137)0.0943

0.23

NA

43.6

QB

1.47*** (0.376)

-0.684 (0.171)****

0.66

NB

0.773* (0.303)

0.594 (0.139)****

0.12

NA

98.0

Plant length† 2011 H-P dual
III
(m); (0.5-2-5)
Parasitoid

QP 1.172

***

(0.263)

***

Cover of low‡ Herbivore NB 1.84 (0.145)
QP 1.83*** (0.151)
growing vegetation
(<2m tall; 5m
III
H-P dual QB -0.445** (0.168)
radius) around
patch (%);
NB 2.28*** (0.149)
Parasitoid
(0-20-100)
QP 2.26*** (0.118)

Abundance
herbivore
(0-4-64)

Parasitoid

Herbivore
V

Gall volume
(mm³);
(2-209-1774)

H-P dual
Parasitoid

0.60

NA

97.7

*

0.054

NA

70.6

**

0.47

NA

75.5

0.00810 (0.00344)
0.00845 (0.00301)

0.0179 (0.00422)****

1.02
0.68
96.8
(1.01-1.03)

-0.00993 (0.00364)**

0.056

NA

74.9

*

80.6

0.40

NA

-0.00906 (0.00352)
-0.0340 (0.0117)

**

0.068

NA

84.6

-0.0353 (0.0135)

**

0.47

NA

85.5

-0.0323 (0.0110)

**

0.064

NA

82.2

2.32

***

2.33

***

NB

2.27

***

QP

2.26*** (0.116)

-0.0310 (0.0121)*

0.43

NA

85.2

NB

1.25*** (0.153)

0.00254 (0.000397)****

0.23

NA

99.9

****

0.86

NA

99.8

NB
Abundance
Herbivore
parasitoid (0-4-60)
QP
(VI)

0.409 (0.107)

***

0.51
95.7
(0.36 -0.70)

QP

1.63

***

(0.138)
(0.121)
(0.141)

(0.130)

0.00139 (0.000218)

QB -0.0633 (0.209) 0.000263 (0.000406)0.517 0.027
NB
QP

1.26*** (0.161)
1.65

***

(0.122)

1.000
34.3
(0.999-1.001)

0.00244 (0.000419)****

0.18

NA

98.9

****

0.75

NA

97.4

0.00123 (0.000217)

Notes: Dist = assumed probability distribution of the GLMs: negative-binomial (NB), quasi-Poisson
(QP) and quasi-binomial (QB); level p-values of model terms: **** p <0.0001; *** p < 0.001; ** p
<0.01; * p <0.05; (0.0943) p-value if above 0.05; Nagelkerke’s R²N; LRT= percentage of significant
bootstrapped likelihood-ratio tests (1000 replicates).
†
not shown: Plant width 2011 (m); plant size 2011 (m²); plant volume 2011 (m³); average plant length
2010 (m); average plant width 2010 (m); average plant height 2010 (m); average plant size 2010 (m²);
average plant volume 2010 (m³).
‡
not shown: Cover high vegetation (>2 m) in 5 m radius around patch (%).
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5.3.2. Hypothesis II: Effects of patch area and gall abundance on the herbivoreparasitoid dual
Habitat area, whether measured as patch area or total size/number of V. stricta plants, had no
significant effect on either average abundance or the relative proportion of the two species at
the patch level. Likewise, I found no effect of the current or previous season’s gall abundance
on the herbivore-parasitoid dual. I detected a weak positive relationship between the number
of old galls on the sampled plant in 2011 and the average number of parasitoids using a
quasi-Poisson GLM (Table 5-3). However, plants with more than five galls were rarely
observed either in the more detailed data of 2010 [six out of 607 (0.98%) mapped plants
mapped had 10 or more galls, and 14 plants (2.31%) had 10 or more old galls] or in the 2011
data (five plants with 10 or more galls; 13 plants with 10 or more old galls).
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Figure 5-2 Univariate herbivore-parasitoid-dual models based on the Mangahuia Stream data; circles
represent observed average herbivore-parasitoid dual per patch; circle size proportional to log-scaled
total number of insects per gall; legend for circle sizes as labelled grey circles in lower left panel (data
array: 1-67 insects); black solid line predicted herbivore-parasitoid dual; black dashed lines 95%
confidence intervals; n = 161 V. stricta patches with gall populations.
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5.3.3. Hypothesis III (VI+VII): Effects of patch quality on the herbivore-parasitoid
dual
I found a significant response to two patch quality parameters in the herbivore-parasitoid
system. First, parameters representing the size of the sampled V. stricta plant (i.e., plant
height, length, width, size, volume) showed a positive relationship with the abundance and
relative proportion of parasitoids, with plant length having the strongest effect (Table 5-3,
Figure 5-2) with more parasitoids found in galls on long (large) plants. Secondly, the height
of the vegetation surrounding the patch also influenced the herbivore-parasitoid dual. I found
a significant negative relationship between low vegetation cover and the per-gall abundance
and proportional abundance of parasitoids (Figure 5-2). Accordingly, plant length and the
percentage of low vegetation cover were the two most important drivers of the herbivoreparasitoid dual identified in the model averaging (Table 5-4). Furthermore, significant
interactions between plant length, elevation and low vegetation cover revealed that the
predicted proportion of parasitoids in galls growing on large V. stricta was considerably
higher if these large plants grew at high elevations or in very open terrain, respectively
(Figure 5-5; Figure 5-4; Figure 5-5). At low elevations or when surrounded by taller
vegetation, the effect size of plant length on the herbivore-parasitoid dual was inconclusive
(Figure 5-5; Figure 5-4; Figure 5-5).
Hypothesis VI: I found no differences in plant length or low vegetation cover between
recently extinct and constantly occupied patches (plant length: extinct populations median ±
MAD: 1.8 ± 0.667 m; constant populations 2.0 ± 0.741 m; D = 0.162, p = 0.360; percentage
cover of low vegetation: extinct populations: 20 ± 29%; constant populations: 20 ± 29%; D =
0.0709, p = 0.997).
Hypothesis VII: Similar to the parameter elevation, the local Mangahuia Stream models did
not successfully transfer to the regional level, and predictions of the insect dual based on
plant length or vegetation cover were poor (plant length models: mean absolute error 0.40
[herbivore-parasitoid dual], normalized root mean square error 109.2%; percentage low
vegetation cover models: mean absolute error 0.360 (herbivore-parasitoid dual), normalized
root mean square error 101.6%).
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Figure 5-3 Multiple habitat model for the herbivore-parasitoid dual (including interaction term); black
dots at bottom of the cube show the observed habitat parameter data; n = 161 V. stricta patches with
gall populations.
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Figure 5-4 Multiple habitat model for the herbivore-parasitoid dual (including interaction term); black
dots at bottom of the cube show the observed habitat parameter data; n = 161 V. stricta patches with
gall populations.
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Figure 5-5 Multiple habitat model for the herbivore-parasitoid dual (including interaction term); black
dots at bottom of the cube show the observed habitat parameter data; n = 161 V. stricta patches with
gall populations.
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Table 5-4 Relative Akaike weights ωt for the herbivore-parasitoid-dual model; the 95% interval of the
Akaike weights contains the upper three single-parameter models (see Table 5-3 for
parameterisations).
Hypothesis

†
‡

Model parameter

ΔqAICc ωt
0†

0.445

Cover Vegetation

0.538

0.340

I

Elevation

1.90

0.172

I×III

Elevation + Cover Vegetation

6.08

0.0213

III

Plant Length 2011 + Cover Vegetation

7.36

0.0112

I×III

Elevation + Plant Length 2011

8.16

0.00753

I×III

Elevation × Cover Vegetation

11.6

0.00133

I×III

Elevation × Plant Length 2011

13.3

0.000589

III

Plant Length 2011 × Cover Vegetation

15.0

0.000249

I×III

Elevation × Cover Vegetation + Plant Length 2011

16.8

0.000102

III

Plant Length 2011

III

‡

qAICc =107.1 (quasi Akaike Information Criterion with a correction for small sample sizes)
Vegetation cover of low growing (< 2 m tall) vegetation in a 5 m radius around patch.

5.3.4. Hypothesis IV: Patch isolation, patch (re)colonisation and herbivore refuges
in space and time
I detected no differences in the herbivore-parasitoid dual between recently colonised and
persistent gall populations (colonised patches median herbivore-parasitoid dual (± MAD) =
0.54 ± 0.62; persistent gall populations = 0.40 ± 0.56; D = 0.170, p = 0.967). Distance to the
nearest patch, as well as to the nearest gall population of 2010 or 2011, had no effect on the
herbivore-parasitoid dual of newly colonised patches in 2011. Of 15 newly colonised patches,
only one colonisation occurred at a site more than 20 m away from the nearest gall
population, and this patch was parasitoid-free (gall had 10 herbivores; distance to nearest gall
population of 2010 = 88 m).

107

Chapter 5
5.3.5. Hypothesis V: Effect of gall volume on the herbivore-parasitoid dual
Total herbivore and parasitoid numbers were approximately equal for galls collected along
the Mangahuia Stream and across the western Tongariro National Park in 2011 (Mangahuia
Stream: 231 galls collected in 161 patches yielded 1933 herbivores and 1867 parasitoids;
total number of herbivores and parasitoids based on average insect numbers of 196 patches
from both datasets: 1549 gall midges, 1508 wasps).
I detected a strong positive relationship between gall volume and the total number of
individuals (herbivore + parasitoid) found inside the gall, but gall volume did not affect the
actual herbivore-parasitoid dual (Table 5-3, Figure 5-2). Generalised additive models
indicated that gall volume was largely independent of elevation, plant length, plant shading or
carbon-nitrogen ratio of the host plant (Figure 5-6).
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Figure 5-6 Generalised additive models for effect of elevation and plant parameters on gall volume;
model data span = 50%; dashed lines = 95% confidence interval; n = 157 V. stricta patches with gall
populations.
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5.4. Discussion
The multi-hypothesis tests applied in the case study consisting of the host plant V. stricta, the
herbivorous gall midge and the specialised parasitoid Gastrancistrus sp. contribute to our
understanding of interactive habitat effects in seemingly simple tritrophic systems. I clearly
demonstrated that habitat parameters interact to drive the performance/abundance of species
and that the ecological relevancy for the interacting species is mediated by both the spatial
scale and the landscape context. I showed that considering multiple hypotheses
simultaneously conceptually strengthens the analysis of tritrophic systems by providing
empirical evidence for confounded habitat parameter effects.
To my knowledge, this study is one of the first to report such complex interactions between
habitat parameters on herbivore-parasitoid duals across different spatial scales. While studies
of tritrophic systems are numerous and often include species interactions across trophic
levels, investigations of interactions between continuous environmental predictors have
frequently been omitted, either unintentionally or due to computational limitations, or were
restricted to interactions of factorial predictors such as species identities, locations/times or
types of treatment (but see Elzinga et al. 2005, Matter et al. 2009, Klapwijk and Lewis 2011,
With and Pavuk 2011).

5.4.1. Hypothesis I: Parasitism ratios along elevational gradients
Despite the host plant, the herbivore and the parasitoid sharing similar upper range limits I
found that the herbivore benefits from a nearly enemy-free space at high elevations,
supporting hypothesis I (Table 5-1). Galls at high elevations had significantly fewer
parasitoids and local gall population survival was improved, corresponding with reports from
other systems (Preszler and Boecklen 1996, Virtanen and Neuvonen 1999, Hodkinson 2005).
I believe that the reduced extinction risk at high(er) elevations can be attributed to a lower
parasitoid pressure because host plant quality (plant size and nitrogen concentration)
decreased with elevation, suggesting reduced quality of V. stricta patches at high(er)
elevations for the herbivore.
While the low abundance of galls per plant suggests that the herbivore’s effect on its host is
small, a future increase in temperature following climate change might diminish the
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suitability of high elevation patches to support viable herbivore source populations if the
Gastrancistrus parasitoid extends its upper range limit into currently parasitoid free patches
(Virtanen and Neuvonen 1999, Jeffs and Lewis 2013). Likewise, high(er) elevation patches
might currently act as sink populations for the parasitoid but become source populations in a
warmer climate.

5.4.2. Hypothesis II: Effects of habitat area and size of the herbivore population
Habitat quantity, whether expressed as patch area, total size/volume of host plants or, more
directly, number of observed galls, did not influence the herbivore-parasitoid dual at the
individual gall level, although patches with many galls in 2010 showed a marginally
increased absolute abundance of wasps in 2011. Thus, this study did not support hypothesis II
of a positive link between herbivore population size and top-down control by antagonists
(Woodcock and Vanbergen 2008, Fenoglio et al. 2010, Klapwijk and Lewis 2011) (Holt et al.
1999). Although I have previously found that a higher gall abundance per patch increased
survival probabilities of the herbivore population, the positive relationship between patch
area and gall population size was not strong (Chapter 3, Damken et al. 2012), which, in turn,
might have weakened the expected positive effect of increasing habitat area on the higher
trophic level (i.e., the parasitoid) (Holt et al. 1999). On this basis I assume that gall
abundance is positively linked to successful autochthonous herbivore recruitment within the
patch, but that the herbivore-parasitoid dual in individual galls appears to be independent of
the overall number of galls per patch.
In this context, the observed herbivore-parasitoid dual could have been influenced not only
by the number of old galls – a proxy for the population size during the previous season – but
also by the number of galls during the current season, which can be considered as a proxy for
herbivore density. Studies of other systems have found positive, negative as well as more
complex relationships between herbivore density and the rate of parasitoid attacks (Hassell
1982, Cappuccino and Price 1995 and references therein, Bonsall and Eber 2001). However,
for the current study it was not possible to record the exact number of galls per patch during
the gall collection trips, because this would have required collecting as many galls as possible
to account for an overall low abundance of galls compared to the large number of herbivores
per gall. Without a quantification of herbivore-density per plant/patch, it is not possible to
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investigate the relationship between the parasitoid ratio and the herbivore population density
at a spatial level other than the individual gall. Furthermore, to shed light on potential
herbivore density effects on the parasitoid, it is vital but not trivial to analyse the gall
inhabitants in terms of how many female gall midges and female parasitoids contributed to
the herbivore-parasitoid dual of each individual gall. Larger galls could have attracted more
female parasitoids, but this question warrants further genetic studies.

5.4.3. Hypothesis III: Effects of patch quality on the herbivore-parasitoid dual
The patch quality parameter plant size, in particular when expressed as plant length, and the
area covered by low-growing vegetation around the patch had a strong impact on the
herbivore-parasitoid dual at the patch-level. Cover by low-growing vegetation reduced the
proportion of parasitoids per gall. Large V. stricta had a higher proportion of parasitoids per
gall and the effect size of this relationship increased with vegetation cover and with patch
elevation.
Host plant selection by herbivores and associated parasitoids has been widely investigated,
and recent evidence suggests that habitat quality parameters, in particular overall vegetation
structure and host plant status, are a major driver of these complex selection mechanisms
(Heisswolf et al. 2009, Randlkofer et al. 2009, Gripenberg et al. 2010).
Regarding the habitat quality parameter host plant size, two related, but opposing, hypotheses
have been developed to explain how herbivores respond to the individual host plant status:
the ‘plant vigour hypothesis’ and the ‘plant stress hypothesis’ (Price 1991). The plant vigour
hypothesis suggests that herbivores, in particular gall formers, prefer large or vigorous plants
to secure resources for themselves or their offspring (Price 1991). The plant stress hypothesis
on the other hand suggests that herbivores may focus on small, stunted plants, either to
overcome chemical defences or to benefit from improved nitrogen availability (Price 1991).
A large body of literature suggests that these two hypotheses represent the ends of a
continuous spectrum of herbivore preferences (Price 1991, Cornelissen et al. 2008,
Gripenberg et al. 2010, Santos et al. 2010). The observed patterns of gall induction on V.
stricta gall are complex and fall outside a simple plant size gradient.
In addition, the status or size of an individual host plant embedded in the surrounding
vegetation must be seen in the context of host plant localisation when assessing its suitability
for and infestation by insect herbivores (Barbosa et al. 2009). Host plant localisation by
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herbivores has frequently been reported to be dependent on the density and diversity of the
surrounding vegetation (Fernandez and Hilker 2007, Wu and Baldwin 2010, Hare 2011), as
very dense or plant species-rich vegetation can lower visual or chemical cues of the host plant
and, thereby, reducing its detectability (Meiners and Obermaier 2004, Fernandez and Hilker
2007, Reudler Talsma et al. 2008, Castagneyrol et al. 2013). An intriguing example of a plant
species reducing its visual susceptibility to an insect herbivore is the tall goldenrod Solidago
altissima L. (Asteraceae), where temporally nodding “candy-cane” stems avoid potential
apical bud gall forming herbivores (Wise et al. 2010).
Likewise, the parasitoid might also be affected by vegetation structure and host plant size
(Barbosa et al. 2009, Bezemer et al. 2010). A large body of literature highlights the
importance of herbivore-induced plant volatiles for the insect host localisation by parasitoids
(Hilker and Meiners 2010, Wu and Baldwin 2010, Hare 2011). Veronica stricta plants
entirely surrounded by tall vegetation had significantly fewer parasitoids compared to plants
emerging from low-growing vegetation, and this effect increased with increasing V. stricta
plant size. Accordingly, this indicates that galls induced on prominent exposed plants might
have been easier for the parasitoid to locate, but this observation warrants further experiments
to identify the exact nature of potential cues for the parasitoid.

This study provided evidence for landscape-context induced changes in the importance of
plant quality for herbivore performance. The performance of the herbivore needs to be seen
as a two-stage process. In the first stage, the potential abundance of offspring is driven by gall
abundance. Second, the proportion of successfully emerged offspring – strongly regulated by
the parasitoid – reflects the total performance of the herbivore. Regarding the first step, there
is a (weak) positive relationship between plant size (expressed as abundance of
inflorescences) and gall abundance (Damken et al. 2012; Chapter 3 this thesis), indicating
that the herbivore either favours vigorous plants, as observed in many other study systems
(Prado and Vieira 1999, Quiring et al. 2006, Heard and Cox 2009) or that larger plants simple
have more shoots suitable for gall induction. Having said that, the overall low levels of
abundance of galls on individual host plants appeared not to cause major resource limitations
through interspecific competition, as has been reported from other system involving higher
gall abundances (Price et al. 1995).With respect to the second stage, I have demonstrated that
increasing parasitoid pressure on larger plants diminishes the herbivore’s performance on
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what are otherwise suitable plants; an offset effect considered to be widespread in multitrophic systems (Gripenberg et al. 2010, Choutt et al. 2011, Schnitzler et al. 2011). However,
while the herbivore’s preference for large plants is probably fixed, I postulate that the
influence of plant quality on the parasitoid is variable and mediated by the landscape matrix.
In the presence of significant interaction terms between all three possible pairs of the
parameters elevation, plant length and low growing vegetation cover, the effect size and
direction of plant length changed along an elevational gradient and with the height of the
surrounding vegetation. At low elevations, the herbivore-parasitoid model indicated that the
effect of plant length on the proportion of parasitoids per gall was negligible, whereas at
high(er) elevations the model predicted galls on large plants to harbour substantially more
parasitoids. A similar pattern was found for the effect of low-growing vegetation cover on the
insect dual. If the V. stricta patch was surrounded entirely by tall(er) vegetation, I found that
plant length was irrelevant for the herbivore-parasitoid system, whereas when embedded in
low-growing vegetation larger plants had a much higher parasitoid proportion. Finally, patch
quality (expressed as percentage of low vegetation cover) only seemed to influence the insect
dual in favour of the herbivore when the patch was located at high elevations. Yet, the
relationship at low elevations was reversed, with patches in open vegetation having more
parasitoids. A possible explanation for the observed patterns of plant quality effects varying
in their size is that the parasitoid benefits from the microclimatic conditions large plants
provide and not from plant size per se. I suspect that larger plants reduce the airflow between
branches, which could benefit the parasitoid if it is a weak disperser and/or it might facilitate
host localisation of the wasp through an increased build-up of volatile plant defensive
chemicals (Meiners and Obermaier 2004, Tentelier and Fauvergue 2007, Hare 2011) or
alternatively through visual cues, but these hypotheses need further investigation.
Furthermore, large V. stricta plants at high elevations already occupy favourable
microclimatic conditions or provide a microclimate resembling ecological conditions at lower
elevations and the upper distribution range of the parasitoid extends into these high elevation
outposts, corresponding with hypothesis I. I found differences in day-time temperature
profiles to be more affected by site parameters such as plant shade than by elevation itself
(Damken et al. 2012; Chapter 3.1.1 this thesis), suggesting that microclimate outweighs
broader elevational covariates (Hodkinson 2005, Koerner 2007). Additionally, I found no
obvious effect of elevation, plant length, plant shading, or carbon-nitrogen ratio on the gall
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volume itself (see hypothesis V). This lack of effect suggests that interpreting the preference
of the parasitoid for large plants solely for plant fitness related reasons is unreasonable,
especially given that the effect of plant length on the herbivore-parasitoid dual becomes less
important in dense vegetation and low elevations.

5.4.4. Hypothesis IV: Fragmentation effects and herbivore refuges in space and
time
Although I mapped the spatial distribution of V. stricta along the Mangahuia Stream in a
comprehensive manner, I found no evidence for habitat fragmentation (i.e., isolation) effects
on the herbivore-parasitoid dual. Furthermore, insignificant differences in the insect dual
between recently colonised and persistent gall populations did not support the hypothesis that
the herbivore escapes its antagonist in space or time through better dispersal or, assuming
both species are equally good/weak dispersers, by chance alone. Consequently, my findings
do not represent an example of spatial or temporal escaping from enemies in fragmented
habitats, which has been reported from a number of systems (Holt and Lawton 1993, Roland
and Taylor 1995, van Nouhuys 2005, Jeffs and Lewis 2013).
Some studies previously found no effects of patch isolation on the overall diversity of
parasitoids (Elzinga et al. 2005, Fenoglio et al. 2010, Klapwijk and Lewis 2012), possibly a
result of spill-over effects of polyphagous parasitoids from other plants species – which
would question the applied measures of habitat fragmentation in these studies. In contrast,
other studies conducted on real islands found a negative relationship between habitat isolation
and observed overall parasitoid species richness (Glasser 1982, Schoener et al. 1995). In the
case of the specialised parasitoid Gastrancistrus sp., spill-over effects from other plants were
not observed during this study. In particular, terminal bud galls collected from small-leaved
Veronica species ( V. odora cf. ; V. venustula cf.) growing abundantly in the open areas
outside the stream valleys did not release any parasitoid species (C. Damken, unpublished
data). However, an assessment of spatial auto-correlation in the herbivore-parasitoid data,
both of the raw data and the Pearson residuals of the habitat models, did not reveal any
significant spatial patterns, indicating that neither the herbivore nor the parasitoid are
particularly dispersal-limited along the Mangahuia stream (Appendix V).
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Habitat fragmentation is an essential driver of many herbivore population dynamics, but the
quantitative description of habitat fragmentation is complex and should address the spatial
configuration of habitats (Moilanen and Nieminen 2002, Matter et al. 2005), the functional
similarity of the habitat and the surrounding matrix (Ewers and Didham 2006, Cronin 2007),
and the behaviour of the species of interest itself (Ross et al. 2005, Jonsen et al. 2007). In this
study of a linear stream system, I applied a simple distance threshold of five meters between
V. stricta plants to distinguish individual patches. Hence, the quantification of patch
fragmentation might have disguised spatial effects below or above this distance (Efford and
Dawson 2012). The distance between two sessile galls within very elongated patches
occasionally exceeded patch-to-patch distance to the nearest V. stricta cluster.
Measuring distances between all individual galls of the approximately 1400 V. stricta plants
along the Mangahuia Stream would have yielded quantitative insights in the spatial pattern of
the gall population, but would have required an exhaustive collection and rearing of gall
inhabitants, thus depleting the population along the Mangahuia Stream.
Nevertheless, the influence of habitat fragmentation in my system can be assessed by
investigating the distribution of V. stricta and the associated herbivore across different spatial
scales. Along the Mangahuia Stream, host plant density was moderate: more than 80% of 252
patches were less than 20 m away from the nearest patch. And 13 out of 15 new colonisations
took place less than 20 m away from a gall population. In contrast, throughout the western
Tongariro National Park, I observed complex patterns both in the distribution of the host
plant at the stream-section level as well as in the occurrence of galls along these streams.
While on some stream sections V. stricta was the dominant riparian shrub, the distribution of
V. stricta was much sparser along other streams − sometimes in close vicinity of lush
populated streams − with isolated plants growing every few hundred meters. Similarly, galls
were apparently absent from a group of otherwise suitable patches in the north-eastern parts
of my study area, supporting my hypothesis that scale- or context-dependencies regulate
effect sizes and the importance of habitat parameters (see hypothesis VII).
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5.4.5. Hypothesis V: Gall volume effects on herbivore-parasitoid dual
At fine scales, I found no effect of gall volume on the herbivore-parasitoid dual, contrary to
reports from other systems (Price et al. 1995, Marchosky and Craig 2004, Joseph et al. 2011).
If the distance of an herbivore larva to the outer gall walls determines its risk of exposure to
parasitoids, then large galls may have fewer parasitoids since the Gastrancistrus species has a
relatively short ovipositor. It is likely, therefore, that Gastrancistrus attacks its host in an
early stage of the gall growth so that the length of the ovipositor is not a limiting factor for
oviposition success (Rossi et al. 1992, Stone et al. 2002). I omitted the few parasitoid species
with long ovipositors such as Torymus cf. and Torymoides cf. reared in low numbers from the
terminal bud galls on V. stricta from my study, and consider their importance to be marginal.
I consider any potential effects of gall volume on the general survivorship of its inhabitants to
be negligible for two reasons: (i) most insects which had not left the galls before the end of
the rearing experiment were either still alive or fully developed inside the galls, indicating
that general mortality is low in the late instars, and (ii) I suspect that the few remaining dead
insect larvae died due to the removal of galls from their natural environment (e.g., mould or
gall desiccation).

5.4.6. Hypothesis VI: Top-down control by the parasitoid
The herbivorous gall midge exploits its host plant V. stricta across almost the entire length of
the investigated elevational gradients and utilizes patches spanning a wide range of areas,
qualities, and isolations. Gall abundance was low with few plants having more than five galls.
The specialised parasitoid Gastrancistrus sp. plays an important role in this plant-herbivore
system, as it can infest the entire herbivore subpopulation of a gall regardless of the gall’s
size and thus, causes a strong top-down effect on the univoltine herbivore by limiting
potential offspring. I showed that V. stricta patches with recently extinct gall populations
were located in low(er) elevations, with a predicted high proportional abundance of the
parasitoid. Hence, my study confirms the importance of parasitoids for population dynamics
of specialist herbivores as previously reported from other systems (Roland and Taylor 1995,
Gripenberg and Roslin 2008, Santos et al. 2010).
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5.4.7. Hypothesis VII: Landscape-dependency of habitat effects on herbivoreparasitoid dual
A previous habitat modelling approach using locally important patch characteristics for the
occurrence of galls at the patch level showed limited temporal and spatial transferability
(Chapter 3, Damken et al. 2012). Similarly, statistical models predicting the herbivoreparasitoid dual per gall failed to predict species duals at a regional scale. A detailed analysis
of volatile plant chemicals triggering gall formation and parasitoid attraction was beyond the
scope of this study, but plant chemistry is likely to be an important small-scale driver for the
observed variability in herbivore-parasitoid duals (Hilker and Meiners 2010, Hare 2011).
Also, the necessity to rear galls in the lab in order to obtain reliable abundance data makes the
study of year-to-year variability in this tritrophic system challenging, although long term
surveys for other systems have revealed periodic patterns in parasitoid abundances (Redfern
and Hunter 2005). Despite these two unknown factors, I suggest that the herbivore-parasitoid
dual is linked to spatial effects, namely spatial auto-correlation in and landscape-mediation of
habitat parameter effects.
Regarding spatial auto-correlation, I suspect that the herbivore might infrequently experience
extinctions spanning several patches, based on the observation that some collected galls
released substantially more parasitoids than herbivores. Assuming that the dispersal
capacities of the herbivore and its parasitoid differ, this would result in a time lag in the recolonisation of suitable patches and/or contribute to the overdispersion in the herbivoreparasitoid dual observed at different spatial scales (i.e., gall-, plant-, patch-, and streamlevel); (see hypothesis IV). Consequently, the dynamic processes causing spatial autocorrelation are likely to interfere with the model building process for the investigated
tritrophic system, imposing noise on the habitat fragmentation signal (Dormann et al. 2007)
and contribute to the low transferability of the Mangahuia Stream models to the regional
scale. Although an assessment of spatial auto-correlation for both either the distribution of the
galls and the observed herbivore-parasitoid dual per gall did not reveal any significant spatial
structure along the intensively sampled Mangahuia stream, without a comprehensive
distribution map of V. stricta, which would also allow me to link the spatial pattern of the
host plant to environmental predictors, I am unable to estimate the effect size of potential
spatial auto-correlation of the specialist herbivore and its parasitoid at a broader landscape
scale (Fahrig 2003, McGeoch and Price 2004).
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Regarding the landscape-mediated effect of habitat parameters, I hypothesize that the effect
sizes of habitat area and quality for the herbivore-parasitoid system might not be fixed but
rather depend on the degree of habitat fragmentation (With and Crist 1995, Flather and
Bevers 2002, Kruess 2003, Tscharntke et al. 2012). Along host-plant rich streams, fine-scale
habitat quality parameters such as microclimate around branches might drive the species
distribution (hypothesis III), whereas in landscapes with few scattered host plants, patch area
and connectivity can be assumed to have the greatest impact on the occurrence of the
specialist herbivore and its parasitoid (hypothesis II + IV). The Mangahuia Stream had an
intermediate density of V. stricta; I inferred effect sizes of habitat area and quality in a
moderately fragmented landscape. In a previous study using the same data sets but a different
herbivore species – a phloem-feeding psyllid (Chapter 3, Damken et al. 2012) – I found very
high model transferability between the Mangahuia Stream and the Tongariro National Park
data, which indicates that not only resource requirements of herbivores are highly speciesspecific, as reported from other systems (Gutierrez et al. 2001, Biedermann 2004), but so too
are functional interactions between habitat parameters. Furthermore, the findings question the
reliability of model transferability tests based solely on internal calibration data (e.g.,
bootstrap or cross-validation techniques), as important mechanisms acting beyond the spatial
scale of a limited study area might remain undetected (Guisan and Zimmermann 2000, Fahrig
2003) and ecological inferences drawn from these local models become questionable when
transferred to different spatial scales (Fahrig 2003).

118

Chapter 5

5.5. Conclusion
The tritrophic system consisting of V. stricta, the gall-inducing cecidomyiid and the
parasitoid Gastrancistrus sp. is strongly affected by elevation and habitat quality, while
habitat area effects are negligible for the herbivore-parasitoid dual, at least in moderately
fragmented landscapes such as the one I studied. I observed a strong top-down control of the
parasitoid, leading to an increased extinction risk of gall populations in low elevation patches
with favourable conditions for the parasitoid. The herbivore cannot escape the parasitoid in
either very small or very large galls, and my results demonstrate that patch-level escape in
space and time is not typical for the herbivore either, indicating that habitat fragmentation is
less important for this herbivore-parasitoid system.
My study highlighted that statistical models of species responses (e.g., patch occupancy,
abundance, and species duals) to the landscape context (i.e., patch area, quality and
fragmentation) benefit from transferability tests in space and time. Internal model testing
using cross-validation techniques can fail to detect patterns in the species responses and
distributions caused by mechanisms acting below or beyond the scale studies focus on. I
recommend designing data collection in such a way that unexplained overdispersion in the
data can be assessed when results indicate unexpected species patterns outside the original
scale of interest. In this study, habitat area was found to be important for local gall presence
at one intensively sampled stream and I therefore recorded habitat area for the transferability
test data across several other streams. However, it turned out that patch area had little effect
on the herbivore-parasitoid dual. Here, collecting host plant density data for the other stream
sections during the same field trips, for example, might have provided further insights into
the unexplained spatial patterns of the insect distributions.
The interactions that I observed between patch elevation, plant length and cover of low
vegetation warrants further research to reveal whether the increased parasitoid ratio in galls
growing on large plants at high elevations or surrounded by low growing vegetation is due to
an improved herbivore localisation by the parasitoid through an increased build up of plant
defence volatiles or through a microclimate resembling environmental conditions of lower
elevations. As a temperature-mediated regulation of the herbivore-parasitoid dual at the upper
range limit would indicate a higher susceptibility to climate change, I emphasize the need for
multiple ecological hypotheses testing when assessing seemingly simple tritrophic systems in
order to detect potential interactions between abiotic/biotic parameters.
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Chapter 6. Discussion
In my thesis, I showed how the landscape context in terms of habitat area, quality and
fragmentation affects the distribution and survival of habitat specialists along elevational
gradients. My thesis highlighted the complex relationships between monophagous insect
herbivores and their associated parasitoids. In this chapter, I will discuss in further detail my
key findings in the context of the overall objectives of my thesis and main hypothesis listed in
the introduction (Table 1-1). I will conclude by considering some limitations of this study and
highlight unexplored aspects for future research.

6.1. Habitat parameters along elevational gradients: trends and effects
Disentangling habitat area from habitat quality requires knowledge of what the species of
interest perceives as a habitat patch. If the species activity (e.g., movement, feeding, mating)
is confined to an area that is recognisable/recordable based on a habitat-matrix contrast in
vegetation structure, for example a forest clearing inside closed forest or a forest remnant
embedded in non-forest vegetation, then it might be appropriate to consider the abundance or
cover of host plants within the habitat patch as a proxy for habitat quality. In my case study
of Veronica stricta (Benth.) L. B. Moore (Plantaginaceae), patch delineation was less
obvious. Therefore, I applied a conservative approach and treated the abundance and area
covered by V. stricta as habitat area, whereas habitat quality was being described via intrinsic
plant features such as carbon/nitrogen, proportion of dead branches and size/volume of
individual plants as well as landscape structure related parameters such as the type/ height of
and shading by surrounding vegetation.
In contrast to findings from other studies, I found that habitat size and habitat quality did not
show a simple linear decline with elevation. While the average individual plant became
indeed smaller the higher uphill the plant grew, the average size of V. stricta patches along
the Mangahuia Stream actually increased with elevation. I revealed that elevational changes
in the landscape matrix offset the reduction of individual V. stricta size by providing more
potential habitat for the host plant. A gradual shift from dense broadleaved forest in the
colline zone to semi-dense mountain beech forest to open shrub- and tussock-dominated
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vegetation resulted in an increase in width of the ecotone riverbank habitat favoured by V.
stricta. Consequently, without being suppressed by large tree species at high(er) elevations,
V. stricta abundance and density increased with elevation. Plants could both grow closer to
each other and also further away from the stream. As a result of the change in the landscape
matrix, the average patch area increased and habitat fragmentation decreased with elevation
up to the point where the plant reached its upper distribution limit.
6.1.1. Ecological relevance of habitat area for specialist herbivores along
elevational gradients
During the investigation of the case study system of V. stricta and the two
associated insect herbivores, I identified habitat area as a key driver for the
distribution and population survival of the two herbivores, confirming
hypothesis I (Table 1-1). Similar studies have often been conducted in
human-altered landscapes, where the ecological parameter ‘habitat area’ was mainly derived
from differences in vegetation structure or plant species composition between the ‘patch’ and
the surrounding ‘matrix’, whereas the actual cover of host plants was labelled as ‘habitat
quality’ (Krauss et al. 2004, Heisswolf et al. 2009). My case study involved a
riparian/ecotone plant species and, for most patches, structural differences between ‘patch’
and ‘matrix’ were less obvious. Consequently, the habitat models for the two herbivores on
V. stricta yielded statistically more significant results when habitat area was expressed either
as the total area covered by V. stricta or as the total number of large V. stricta plants
compared to those models where habitat area was expressed as a rectangular shape drawn
around the outer edges of V. stricta clusters. The later habitat models included the space
between individual host plants – additional space of no ecological use for the herbivores.
Likewise, habitat models using host plant density –calculated as the area covered by V. stricta
divided by the total area of the rectangular shape drawn around the host plants – did not result
in ecologically meaningful models. In this context my findings that patch shape turned out to
be of no relevance for both herbivores living in this ‘edge habitat’ along the streams are
important.
Although these outcomes were not surprising, given similar findings from other studies, I
found that the effect size of habitat area was species-specific. Differences in the response to
habitat parameters such as area, quality or fragmentation – in other words differences in
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habitat resource requirements – between herbivore species sharing the same host plant have
been observed for several taxa, such as butterflies (Gutierrez et al. 2001) or hemipterans
(Biedermann 2004). While the psyllid Trioza obscura showed a strong positive response to
increased patch area, the positive relationship between habitat area and increased patch
occupancy/population survivorship for the gall midge was weaker. Even more, the expected
positive effect of habitat area – either directly measured as the area covered by V. stricta
plants or indirectly measured as the abundance of galls – was not detectable at the higher
trophic level for Gastrancistrus sp., the parasitoid of the gall midge, in contrast to the
observations in and prediction for other studies systems (Holt et al. 1999, Fenoglio et al.
2010).
However, differences in the effect of habitat area on patch occupancy and population survival
of the two species might not be due to different resource requirements of the species, but
might rather be caused by the methodological approach used in this thesis. The nymphs and
adults of T. obscura are phloem feeding on young V. stricta shoots. While the former are
relatively sessile, the adults certainly move between branches of the same plant and probably
between overlapping branches of neighbouring plants. By contrast, the gall midge is
sedentary for most of its lifecycle; the spatial proximity of neighbouring host plants might be
relevant only for a short period of the year during oviposition. Consequently, the ‘patch’
concept applied in this study – neighbouring plants closer than 5 m to each other were treated
as a patch – might have been appropriate for T. obscura populations, but not for the
‘clumped’ gall midge populations. The overall better performance of the habitat models for
the psyllid supports the idea that both species have different perceptions of a habitat patch.
Mating behaviour and dispersal distance are important factors in determining how patchy an
environment is to an animal, but we have no information on these for the gall midges. If
females and males mate in close vicinity to the gall they emerged from and subsequent
oviposition takes place on a suitable branch on the same or the nearest plant, then the 5 m
threshold would have been too high and, in an extreme case, a labour-intensive “each plant a
patch” concept might have been the best approach. On the other hand, if males and females
mate away from the original gall location, and females search for plants afterwards in a wider
radius without necessary preferring the plants they fed on as larvae, then the patch concept I
used might have been too fine-grained. Although mating was observed inside some gall
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rearing cups in the laboratory, these few observations are too anecdotal to allow me to draw
inferences about in situ mating behaviour.
To reveal, how suitable the applied patch concept was to model the spatial distribution of the
gall midge and to quantify the dispersal activity between pupae emergence and oviposition, it
would be necessary to collect population genetic data. However, there are several difficulties
associated with such an investigation. First, it would require marking the exact location of
each gall within an area in order to measure distances between galls of one season and those
of the subsequent season. Secondly, if galls contain offspring of multiple females, a
phenomenon reported from oak gallwasps (Atkinson et al. 2002) and also suspected to occur
in some gall midge species on goldenrod Solidago spp. (Dorchin et al. 2007), the
quantification of dispersal distances of individual females is not trivial. Finally, sampling of
adult females in two consecutive seasons would mean that only a small proportion of adult
galls midges from each gall should be collected in the field during the emerging period, while
the majority of adults must still be able to mate and induce new galls. Given that the host
plants grew in a remote mountainous area, this kind of study would require a semi-automatic
gall midge sampling device, which collects just enough insects for the analysis but lets the
majority of gall inhabitants escape.
6.1.2. Ecological relevance of habitat quality for specialist herbivores along
elevational gradients
I showed that some habitat quality parameters had a species-specific
effect on the two herbivores, supporting hypothesis II (Table 1-1). The
psyllid T. obscura showed a strong negative response to shading and
survivorship was lower on nitrogen-poor plants. Furthermore, I detected
a positive relationship between leaf carbon and the number of psyllids on individual plants,
so long as the patch was suitable overall in area and quality (shading). It was assumed for the
psyllid, that shade had a direct effect, rather than an indirect effect via plant growth, because
psyllids are known to be susceptible to temperature and humidity (Hodkinson 2009). In
contrast, although plant shade was not suitable for explaining the distribution of the gall
midge at the patch level, most galls were found growing on lower branches in the inner parts
of the plants in a less variable microclimate.
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Overall, habitat models and extinction risk models developed for the gall midge did not
perform well. Patches where the sampled plant in 2011 had many inflorescences had a
moderately higher patch occupancy and survival chance of the gall midge population. It is
possible that lush flowering plants might differ from none or less flowering plants in certain
plant chemistry components that benefit the gall midge during larval development, but it
might be a more simple indirect effect and V. stricta with many flowers are also on average
very large and provide more suitable plant shoots for the gall induction. Whether the
inflorescences provide any direct benefit for the gall midge, such as acting as a food source
for the imagines, warrants further studies, in particular since pollen or nectar could also
benefit the parasitoid (Kean et al. 2003) and the time of flowering and the emergence of the
insects do not overlap along the entire elevational gradient.
In contrast to the moderate influence of habitat quality on the habitat models for the galls per
se, habitat quality had a strong impact on the herbivore-parasitoid dual inside the galls. Galls
on larger plants or on plants surrounded by tall vegetation hosted a higher proportion of the
parasitic wasp Gastrancistrus sp.. Interestingly, I detected an interaction between the two
habitat quality parameters of plant size and the cover/height of surrounding vegetation. When
embedded entirely in vegetation taller than 2 m, galls showed no differences in their
inhabitants regardless of the size of the plant the gall grew on, but when in patches embedded
in low growing vegetation, galls on large plants had substantially more parasitoids (Figure
5-5). The study of the tritrophic V. stricta/gall midge/parasitoid system revealed that the
effects of habitat quality parameters should not be investigated independently, but need to be
seen in the context of other habitat parameters, as interactions between parameters can offset
or inverse effect sizes and directions.
6.1.3. Ecological relevance of habitat fragmentation for specialist herbivores along
elevational gradients
Habitat fragmentation as defined by the patch concept of this thesis was
less important for the distribution and population dynamics of my model
species. I found little support for hypothesis III (Table 1.1), that the
herbivore species or the parasitoid of the gall midge are affected by
habitat fragmentation . The question of whether the applied patch concept was appropriate to
reveal any habitat fragmentation effects to one side, the observed complex elevational trends
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in habitat area and fragmentation have a number of implications for climate change induced
range shifts of habitat specialists.
Ecotone species – species living in an edge habitat – might be less affected by the combined
effects of habitat area decrease and habitat fragmentation increase along elevational gradients
than might species requiring a more areal habitat such as closed forest (Bender et al. 1998,
Ewers et al. 2010). While the total area of such a core habitat simply decreases when the
habitat becomes smaller, the corresponding edge habitat is not reduced by the same
proportion; smaller core habitats provide more edge habitat per unit core area for ecotone
species (see Figure 6-1 for a schematic landscape with 50% habitat loss and 100% increase in
habitat fragmentation per elevational band). In contrast, increased habitat fragmentation
(without a simultaneous habitat loss) de facto increases the edge habitat area but does not
change the size of the core habitat itself (Fahrig 2003).
Species living in core habitats might not only suffer from a proportionally higher absolute
loss of habitat following habitat area decrease and/or habitat fragmentation increase
compared to edge habitat species (Bender et al. 1998). Smaller and more fragmented core
habitats are also more affected by environmental (negative) impacts of the surrounding
matrix (Ries et al. 2004, Ewers and Didham 2006, Ewers et al. 2007), whereas the ecological
condition of edge habitats are fairly independent of the area of the adjunct core habitats.
Additionally, complex responses of herbivore-parasitoid systems have been frequently
reported for core versus edge habitats (McGeoch and Gaston 2000, Elzinga et al. 2005,
Cronin 2009).
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High(er) elevation
Area-to-edge ratio = 4 :16
Distance to cooler
microhabitat: 2 units

Mid elevation
Area-to-edge ratio = 8 : 16
Distance to cooler
microhabitat: 4 units

Low(er) elevation
Area-to-edge ratio = 16 : 16
Distance to cooler
microhabitat: 8 units
Figure 6-1 Effect of habitat loss and habitat fragmentation on area-to-edge ratio and distance an edge
species must shift from a warmer to a cooler micro-habitat following climate change (e.g., a shift from
a [warm] sun facing forest edge to the cooler pole facing edge).
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High(er) elevation

Mid elevation

Low(er) elevation

Figure 6-2 Elevational trend in habitat-matrix contrast and available area for edge species;
light brown shrub symbolises edge species such as V. stricta; monochrome bar shows
ecological conditions of core habitat (forest: black end) and matrix habitat (non forest; white
end); grey shaded area indicates suitable ecological conditions for edge species.
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However, the distance into (the extent) and how much (the magnitude) the surrounding
matrix habitat affects the core habitat – the edge effect – is unlikely to be static along an
elevational gradient, but is rather mediated by the degree of contrast between the two adjunct
vegetation types (see Figure 6-2)(Ries et al. 2004, Ewers and Didham 2006, Kupfer et al.
2006, Ewers et al. 2010). Using V. stricta as a typical ecotone species, I could show that in
low elevations, the plants are restricted to a small strip between the streambed and the
surrounding dense forest (Figure 2-5). Moving upstream, the forest opened and became less
dense; I observed V. stricta growing further away from the stream and patches increased in
width (Figure 2-4). In other words, the extent of the edge effect increased with elevation,
while the magnitude of the edge effect decreased. Consequently, the psyllid T. obscura
benefited from these large, unshaded host plant patches in high elevations caused by the
change in the landscape matrix from dense forest to low-growing shrubs.
When differences in vegetation structure between different habitat types such as forest and
open grassland decrease with elevation, then one aspect of habitat fragmentation, namely
habitat isolation, might not be constant along elevational gradients, but also mediated by the
elevational change in the surrounding landscape matrix. At low(er) elevations, a dense forest
might act as a physical barrier for an herbivore species of the adjunct non forest habitat type.
By contrast, high(er) elevation forest is likely to grow less tall/dense and habitat specialists of
the adjunct habitat might be able to cross this forest more easily than forest in low(er)
elevations (Figure 6-2). Veronica stricta plants at the upper Mangahuia Stream grow at least
as tall as the surrounding shrubs/tussock on flat stream banks. Here it can be assumed that the
simple Euclidian distance between patches is an appropriate measure of habitat isolation,
whereas at the lower Mangahuia Stream, dense forest and steep stream banks are likely to
hinder the herbivore from linear dispersal between separate host plant patches. Looking at
climatic differences between forest and non-forest sites at different elevations and not at
vegetation height/density, Kumar and O'Donnell (2009) found that temperature differences
between forest and open habitat decreased with elevation, allowing silvicolous army ants
(Formicidae: Ecitoninae) to extend aboveground foraging into open habitats at higher
elevations, while at lower elevations, the ants were restricted to (cooler) forest habitats.
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The potential of stenotherm habitat specialists to respond to shifting climatic envelopes by
moving into favourable micro-habitats is likely to depend both on the landscape configuration
and the autecology of the habitat specialist itself (Figure 6-1)(Suggitt et al. 2012). A species
living in core habitat (e.g., inside a forest remnant) might be able to find colder microhabitats
within a large habitat island at low(er) elevations, but more fragmented and smaller habitat
islands at high(er) elevations do not always provide such colder sites within the same habitat
island. In contrast, an edge species benefits from smaller habitats in high(er) elevations, as
the distance from a warm, sun facing edge to the colder, sun-averted edge decreases with
decreasing patch area (Figure 6-1)(Thomas et al. 2001). Likewise, alpine species of open
habitats might suffer from shrinking habitat area accompanied by increasing habitat
fragmentation if climate warming triggers forest encroachments at treeline ecotones (Harsch
et al. 2009, Roland and Matter 2013). Consequently, habitat fragmentation and habitat area
are likely to have different effects on the relevance of elevational shifts vs. micro-scale shifts
for edge species and core habitat species.
6.1.4. Patch occupancy of specialist herbivores along elevational gradients
In Chapter 3 I described the patterns of patch occupancy along
elevational gradients. Both herbivore species exploit V. stricta patches
along the entire elevational gradient in the Tongariro National Park. The
psyllids’ distribution was well explained by a habitat model consisting of
habitat area and quality (shading), while elevation had no effect on patch occupancy. This
study is an example of an unexpected increase in suitable habitats at both ends of an
elevational gradient, in contrast to the predictions of hypothesis IV (Table 1.1). The
elevational trend of the landscape matrix from dense forest to small shrubs allowed the
psyllid to find suitable patches at the upper ends of investigated streams, while further
downstream, the herbivore benefited from large sunny patches established on expended
gravel banks alongside the stream beds.
In contrast, the gall midge was more often found at higher elevations along the Mangahuia
Stream, again contradicting hypothesis IV (Table 1.1). Though the corresponding habitat
model failed to predict gall midge patch occupancy using the regional data, a reasonable
explanation for the positive effect of elevation on the gall distribution could be derived from
the investigation of the gall inhabitants. Galls at high(er) elevations had fewer parasitoids
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than galls from sites further downstream. As a consequence, the release from enemies at high
elevations might offset the negative impact of abiotic elevational co-factors. This pattern has
been previously reported, for example, by Preszler and Boecklen (1996) for a leaf-mining
moth; it highlights the need to consider higher tropic levels when assessing species
distributions and climate change induced range shifts (Araujo and Luoto 2007, Van der
Putten et al. 2010).
6.1.5. Population dynamics of specialist herbivores along elevational gradients
Although both herbivores found suitable V. stricta patches at the upper
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Mangahuia Stream, the effect of elevation on the population dynamics
differs between T. obscura and the gall midge. At high elevations, T.
obscura populations were more prone to extinction than those occurring

at the lower end of the investigated elevational gradient, in line with hypothesis V (Table
1.1). I assume that the higher extinction rate at the upper range limit is likely caused by
adverse abiotic conditions, although this study did not attempt to identify the specific cause
for each local extinction, in particular distinguishing predation- or weather-driven extinctions
during summer from mortality during hibernation. In particular weather-related effects have
been reported to superimpose habitat effects on population dynamics at regional scales
(Solbreck and Sillentullberg 1986).
On the other hand, the gall midge had higher survival rates at the upper end of the Mangahuia
Stream. As none of the habitat parameters considered to drive the distribution of the galls
showed a positive correlation with elevation, the most likely explanation for the observed
higher survivorship of gall populations at the upper Mangahuia Stream is reduced top-down
control by the parasitic wasp Gastrancistrus sp., since galls from the upper range limit had
significantly fewer parasitoids per gall. Accordingly, the overall hypothesis V (Table 1.1) of
higher population dynamics at the upper range limit needs to be modified by hypothesis I
from Chapter 5, predicting that high elevation patches can be (nearly) enemy-free spaces for
herbivores.
If the enemy-free space is caused by different upper elevational range limits of the two gall
inhabitants then it can be assumed that in a future warmer climate, the parasitoid will extend
its distribution to currently uninfested gall midge populations (Jeffs and Lewis 2013), but the
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herbivore, in turn, cannot equally shift its upper range limit due to a (temporary) lack of V.
stricta further upstream. Although it can be assumed that V. stricta will partially follow its
shifting climatic envelopes, ultimately the host plant will run out of (suitable) stream banks at
high elevations.

6.2. Implications of climate change and landscape
context of habitat specialists along elevational
gradients

6.2.1. Climatic changes and changing climates
Public perception of climate change often focuses on increasing (global) temperature
averages or puts the emphasis on those areas where climate change is predicted to have a high
impact on ecosystems and human populations (Hare et al. 2011, Diffenbaugh and Giorgi
2012). However, climate change is a complex phenomenon and characterised by highly
variable effects across different spatial and temporal scales (Walther et al. 2002, Ibanez et al.
2010), which in turn affect species in manifold ways beyond a simple increase in the mean
annual temperature (Matter et al. 2011, Boggs and Inouye 2012).
New Zealand as a group of islands spans a wide latitudinal range of habitats and climate
zones from warm subtropical forest in the upper North Island to cold temperate forests in the
far South; additional elevational and rainfall gradients (between a wetter West and a drier
East) call for a downscaling of predicted global warming to regional projections of climate
change scenarios. This study was conducted in the western parts of a mountainous area on the
North Island of New Zealand. Consequently, any implications of climate change effects on
insect herbivores living in fragmented habitats need to be set into a broader context. Climatic
factors will vary in their effect on habitat specialists across regional scales.
While the overall New Zealand rise in temperature was minimal over the past 30 years, a
future rise in average temperature and especially a predicted increase in climate variability
are likely to affect New Zealand’s biodiversity (IPCC 2007, Walker and McGlone 2011). A
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predicted temperature increase will affect mid and higher elevation habitats in New Zealand
differently compared to lowland habitats. Stenotherm species in the former two elevation
bands can either shift into cooler microhabitats or move further uphill. These ecological
responses can take place at spatial scales between a few meters and several hundred meters.
In contrast, lowland species often need to follow their climate envelopes at latitudinal scales
of hundreds of kilometres. Therefore, the resilience of mid to higher elevation habitats to
climate change will often be stronger compared to low(er) habitats (Scherrer and Koerner
2011). Only species already restricted to the highest elevations may obviously not be able to
follow their shifting climatic envelopes into even higher elevations and are likely to lose
substantial proportional of their current habitats (Halloy and Mark 2003, Rohan et al. 2007).
Accompanied by increasing temperatures are changes in precipitation. While the western
sides of the New Zealand mountain ranges are predicted to receive overall more precipitation
and face more extreme rainfall events, the already drier eastern areas in the rain shadow of
the mountain ranges will experience less precipitation and more droughts (Ministry for the
Environment 2008, Walker and McGlone 2011). Veronica stricta as a riparian species might
be less affected in the western parts of New Zealand, as more and stronger extreme rainfall
events may create new habitats for V. stricta along newly eroded stream banks. In contrast,
reduced stream dynamics in drier eastern areas might result in an overgrow of gravel banks
and eroded stream bank by other vegetation; pioneer riparian species like V. stricta might
lose current habitat areas. However, it can be assumed that the effects of changing
precipitation patterns, both in terms of total annual amount and temporal distribution, are
overall more important for those habitats and species already under water limitation stress
(Walker and McGlone 2011) and species resilience to increased climatic variability might be
mediated by the spatial setting of habitat patches, as Oliver et al. (2013) demonstrated in the
local population recovery of the ringlet butterfly Aphantopus hyperantus following extreme
draught events in Britain.
Higher frequencies of storms and fires following heat waves are probably less important for
species such as V. stricta and its associated herbivores. However, in the context of the
Tongariro National Park, the introduced heather Calluna vulgaris is currently rather slowly
expanding into higher areas of the National Park through seedling regeneration at disturbed
microsites, limited by reduced flowering at high elevations (Chapman and Bannister 1994).
Fire-favoured species such as C. vulgaris may not only catch up with their potential climate
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envelopes after fire, but will displace native vegetation under more frequent fire regimes
(Chapman and Bannister 1990, Chapman and Bannister 1994, Rogers and Leathwick 1996).

6.2.2. Models for habitat specialists: revisiting the FAQs (Fragmentation, Area,
Quality)
Extracting landscape parameters such as habitat area and fragmentation from satellite
imagines processed in a geographic information system and building statistical habitat
models with these parameters is an established method for assessing the relationship of
certain habitat parameters and the occurrence/abundance/density of species (Guisan and
Zimmermann 2000). Recently, it has been suggested that linking the statistical results (i.e.,
the effect size of a particular habitat parameter) with the spatial information the model results
were originally derived from provides a quantification of how much the species of interested
is affected by habitat fragmentation within the investigated landscape (Ewers et al. 2010).
This type of approach allows non-spatial statistical information (e.g., species A occurs less
frequently in smaller patches) to be translated into the biologically relevant information, i.e.
how much the spatial configuration of a particular landscape affects a species (for details and
an example see Ewers et al. 2010); (e.g., within the investigated landscape, the species A is
absent from x% [plus 95% confidence interval] of the current habitat due to habitat
fragmentation).
After determining which habitat parameters influence a species distribution and how much
the current distribution is affected by these habitat parameters in a particular landscape
context, the next step would be to apply the same methodological approach and overlay the
habitat maps with data layers describing predicted climate change scenarios. Regional climate
data and digital elevation models can be used to quantify potential habitat loss at the lower
(warmer) trailing edge of the distribution range and potential habitat gain at the upper
(colder) leading edge of the distribution range (Hill et al. 2011). The approach of
extrapolating statistical model results across a landscape can help us to gain valuable insights
into the vulnerability of habitat specialists to habitat fragmentation and climate change.
However, this seemingly simple exercise is not without intricacies.
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First, habitat area – and habitat quality – for insect specialist herbivores often cannot simply
be derived from satellite images, especially if the host plant distributions do not overlap with
recognisable landscape features such as forest remnants. Secondly, the spatial scale at which
climatic data are available might mismatch the spatial scale at which a species responds to
climatic conditions. For example, a species might compensate for increasing temperatures
with fine-scaled shifts into favourable micro-habitats instead of migrating uphill (Feder et al.
2010, Scherrer and Koerner 2011, Suggitt et al. 2012). Therefore, climatic data at a 1-km
resolution or coarser are unlikely suitable to predict elevational range shifts occurring at
spatial scales of a few hundred meters or even account for micro-shifts in mountainous areas
(Trivedi et al. 2008, Scherrer and Koerner 2011, Gillingham et al. 2012). Regarding the edge
species V. stricta, the temperature data loggers placed along the elevational gradient of the
Mangahuia Stream clearly showed that differences in microhabitats exceeded broad
elevational patterns in temperature (Section 3.3.1).
Thirdly, a habitat specialist might be absent from a certain patch not just due to unsuitable
climatic conditions or dispersal limitations in a fragmented landscape, but because of
interactions with other species such as competitors, predators or parasitoids. While the former
two issues mentioned above are inherent problems in any attempt at species distribution
modelling, leaving biotic interactions aside can severely bias the analysis, in particular as
biotic interactions are likely to be affected by climate change as well (Araujo and Luoto
2007, Araujo and Peterson 2012, Wisz et al. 2012, Gellesch et al. 2013). As described in
section 5.3.1, the parasitoid Gastrancistrus sp., currently absent from high elevation V. stricta
patches, will probably offset any potential habitat gain of the gall midge following predicted
warming.
Finally – and this was demonstrated in this thesis – elevational trends in and interactions
between habitat area, quality and fragmentation parameters can complicate the statistical
analysis and – more importantly – the ecological inferences derived from the model results.
For example, a habitat patch at the upper range limit might not host a local herbivore
population because either patch area and/or quality are insufficient or because of an increased
stochastic population dynamic in harsh abiotic conditions. Likewise, a habitat patch in
low(er) elevations might be sufficient in area and quality, but still vacant because of an
increased habitat fragmentation effect linked to adverse changes in the surrounding landscape
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matrix. Consequently, the tasks of first attributing the current distribution of habitat
specialists to climatic envelopes, habitat parameter settings and interactions between climate
and habitat, then predicting how both climatic preferences of species and habitat parameter
settings will be in a future climate, and finally extrapolating these new ecological driver
settings of the species distribution across the landscape are challenging.
My field work revealed that the riparian shrub V. stricta is not evenly distributed along
different stream sections across the Tongariro National Park. At the upper range limit,
microclimatic conditions were more important than at low(er) and mid elevations. In contrast,
the investigated patches at lower elevations are presumably more affected by habitat loss
through changes in land-use and the spread of exotic pioneer weeds into potential habitats for
the host plant. While at the upper range limit of ecotone species such as V. stricta and its
associated invertebrates, habitat management possibilities are limited to controlling
introduced plants and mammalian herbivores, the lower range limits, and a large proportion
of New Zealand’s lowland habitats in general, are also severely affected by habitat loss and
land use change. Although habitat fragmentation effects for ecotone species might be
mitigated by restoring appropriate habitats such as native forest along streams and roads, the
ecological benefits of these habitat corridors and stepping stone habitats for less mobile forest
specialists such as ground-dwelling invertebrates are likely to be marginal and – within the
New Zealand nature conservation context – might be offset by an enhanced spread of
invasive mammalian herbivores such as brushtail possum (Trichosurus vulpecula) between
newly connected forest fragments.
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Chapter 5

6.3. Where to go from here: Priorities for
future research

This thesis focused on the effects of landscape context and climate change on habitat
specialists at their upper range limits. The fieldwork was conducted in a naturally fragmented
environment within Tongariro National Park. Consequently, the logical next step would be to
take a closer look at the lower elevation range limit of the two herbivore species and, in the
case of the gall midge, also to evaluate the lower range limit of the parasitic wasp species.
This investigation would allow us to assess the entire climatic envelopes of the two herbivore
species and their susceptibility to increasing temperatures. Collecting galls from low
elevations – and preferably from different regions – might detect more elevational or regional
refugia from the parasitoid. Additionally, galls collected from across the North and South
Island would reveal whether Gastrancistrus sp. is always the key antagonist of the gall midge
or if different parasitoid species become dominant in different regions. Once the problem is
solved of how to sample the galls of the gall midge in situ without affecting the population,
genetic assessments could provide insights into yet unknown dispersal distances and the
detailed spatial structure of the two gall inhabitants.
A number of other gall-inducing insect species were accidentally collected on V. stricta
during this study. Although most of these galls are rather inconspicuous and are not
particularly suitable for a spatially explicit assessment, the species diversity of monophagous
insects on V. stricta along could reveal ecological patterns in insect diversity along the entire
elevational gradient of V. stricta of approximately 1300 m. The Veronica subgenus Hebe is a
morphologically diverse group of more than 80 species so a broader investigation of the
herbivore diversity could address ecological questions such as changes in the herbivore
community in response to plant traits such as growth form and, in particular, leaf
morphology. Outside protected areas V. stricta is affected by land use changes, in particular
the conversion of native forest to pasture and non-native forest. However, as an ecotone
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species, V. stricta has also gained new secondary habitats along roadsides and forest tracks. A
hypothesis warranting further research is whether specialised herbivores of ecotone host plant
species are less affected by human-caused habitat fragmentation than are forest species sensu
stricto because of a potential habitat gain in secondary habitats and a generally lower
susceptibility to microclimatic changes following habitat loss.
This thesis has raised the question of how habitat specialists and their host plants shift their
distribution in response to climate change. In particular, the relevance of fine-scale shifts into
favourable micro-climates versus upwards range shifts versus long-distance latitudinal range
shifts warrants further research and attention of practitioners in conservation and landscape
management. While latitudinal range shifts often require international co-operations and
holistic landscape planning programmes, it might be possible to increase the resilience of
certain habitat types to climate change at the local scale by appropriate management actions.
For example, selective planting of trees or securing space adjunct to recent habitats of
interest, but located on sun-averted slopes, might be sufficient to buffer increasing
temperature peaks in future summers and allow species to shift at fine scales. Equally
important, to allow for future distribution shifts, conservation management for habitat
specialists must include currently unoccupied sites at the leading edge – latitudinal and
altitudinal – of the species distribution range.
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Appendix I Environmental data local scale Mangahuia Stream 2010-2011; n = 252 V. stricta patches
unless stated otherwise; data regional scale Tongariro National Park, n = 102 patches.
Altitude of patch (m a.s.l., 2010) derived from a GPS device, adjusted by the mean value of two
altimeters (Thommen Classic TX-22) to account for poor GPS accuracy in rough and dissected
terrain. Diurnal atmospheric pressure changes were taken into account by adjusting the
altimeter at known altitudes.
Habitat area parameters (2010, for missed and newly emerged patches data of 2011).
•
Patch length (m), width (m), area (m²)
•
Number of large (> 0.5 m² crown area) and small V. stricta plants
•
Average length/width/height (m), size (m²), and volume (m³) of large V. stricta)
•
Total area covered by V. stricta (m2):
•
large plants; b) large plants + 0.25m² per small plant; c) large plants + 0.1 m² per small plant
•
Total volume of all large V. stricta (m3)
•
Total plant size (m2) and volume (m3), modified by health class 1/2/3/4 to account for dead
branches:
•
reduction by 0/30/75/95%; b) reduction by 0/20/60/95%
•
Density of host plants (results above 0.95 were set to 1.0), derived as total area of
o
a) large plants; b) large plants + 0.25 m² per small plant; c) large plants + 0.1 m² per small
plant divided by patch area
•
Density II : total volume (m3) of all large plants divided by patch area
Habitat quality parameters (2011), measured on the first encountered plant that was occupied by
any of the two insect species. If no insects could be found on up to 10 plants, measurements were
taken from a semi-randomly chosen empty plant.
•
Length/width/height (m), size (m²), volume (m³) of sampled plant
•
Number of V. stricta inflorescences, presence of flower remnants of previous season
•
Plant size (m2) and volume (m3), modified by health class 1/2/3/4 to account for dead branches:
•
reduction by 0/30/75/95%; b) reduction by 0/20/60/95%
•
Health class (proportion of dead branches):
•
class 1: < 10% ; class 2: 10% to 50% ; class 3: > 50% ; class 4: expected to die back soon
•
C/N ratio of leaves: 5-10 young leave pairs of the most sun exposed, non flowering branches.
Leaves were dried at 45 °C for 92 hours and total carbon and nitrogen analysed using a LECO
TRUSPEC© CN analyzer. (n = 244 patches)
•
Shading of V. stricta by other vegetation/terrain (%), estimated using compass
•
Number of galls, old galls and shoots damaged by psyllids on sampled plant
Habitat fragmentation parameters (2010 data, for newly emerged patched 2011 data).
•
Average shading of patch by other vegetation/terrain (%)
•
Distance to water body of stream (m)
•
Proportion of vegetation types within 5 m around the patch (%):
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o
riverbed/bare ground ( not used until stream became 2nd order)
o
vegetation below/above 2 m height with two subsets:
o
forest in height classes: 2-3 m, 3-5 m, 5-7 m, 7-9 m , > 9 m.
o
other vegetation (grasses, herbs, shrubs) in height classes: 0-0.5m, 0.5-1m, 1–2m, 2-3m,
3-5m
Insect population parameters (2010/2011).
•
Patch occupancy (2010/2011)
o
Occurrence of galls / old galls / psyllids (2010/2011)
o
Mapped and estimated total number of galls, old galls and shoots damaged by psyllid in
patch (2010 data psyllid, n = 234 patches)
•
Population dynamics (2011)
o
Extinctions cecidomyiid / psyllids in 2010 (present 2010, absent 2011)
o
Colonisations cecidomyiid / psyllid in 2010 (absent 2010, present 2011)
•
Spatial structure (2011)
o
Euclidean distance (edge-to-edge) to nearest plant patch (m)
o
Euclidean distance to nearest patch occupied by insects during given season (m):
o
nearest cecidomyiid / psyllid population of 2010/2011
Transferability test data (2011): Veronica stricta patches throughout the western Tongariro National
Park, n = 102.
•
Altitude of patch (2011)
•
Patch area (m²); area of nearest patch (m2)
•
Number of large and small plants; number of large and small plants of nearest patch
•
Plant parameter: methods similar to main data: plant size; health class; flower number; shading
•
Occurrence of insects in patch (0/1 data), occurrence of insects in nearest patch
•
Number of insects (if both insects were detected but not on the same plant, I recorded one
infested plant per species and split the data set accordingly)
•
Proportion of vegetation types within 5 m around the patch (%):
•
Altitude of nearest patch
•
Euclidean distance to nearest patch (m)
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Appendiix II Sampliing effort: number
n
of saampled plan
nts per patchh and total nnumber of plants per
patch, soorted by num
mber of plantts per patch (N = 250 patcches).

Notes: Patches aree sorted in ascending order first by total number
n
of pplants per patch
p
(+
Symboll; all patchees with the same numbber of plantts are conneected with ssolid black line and
labeled with numbber of plantss) and then by number of sampledd plants perr patch (○ Symbol);
S
○ locateed under soolid line inddicate patchhes where not
n all plantts were sam
mpled; x-axiis: patch
ID (genneric); y-axiis: number of
o plants per patch.
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Appendix III Spearman-rank correlation matrix and scatter plots of environmental parameters used for
the multiple-parameter habitat models explaining the occurrence of the gall-forming cecidomyiid and
the psyllid T. obscura in 2011; level of p-values *** p <0.001; ** p < 0.01; * p <0.05; in the diagonal
in parentheses name of the species the habitat parameter was used for the univariate habitat models
(see Table 3-1).
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Appendix IV Climate chamber and gravel bank data: black lines: data, longer lines represent more
than one record; bold line median of groups; treatment A: ambient temperature, ambient CO2;
treatment B: increased temperature, ambient CO2; treatment C: increased temperature, increased CO2;
records for gravel bank at Mangahuia stream shown in the four plots on the right; plant height on the
gravel bank was measured three times (January/April 2011, January 2012); plant internodes were only
measured in the growth chambers.
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Appendix V Spatial auto-correlation: patch occurrence galls in 2011; spline correlograms, with 95%
pointwise bootstrap confidence intervals
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Spatial auto-correlation: patch occurrence Trioza obscura in 2011; spline correlograms, with 95%
pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch occupancy of galls 2011 vs. patch elevation; spline
correlograms, with 95% pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch occupancy of galls 2011 vs. Veronica stricta flower
abundance; spline correlograms, with 95% pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch occupancy of galls 2011 vs. abundance of large
Veronica stricta; spline correlograms, with 95% pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch occupancy of Trioza obscura 2011 vs. plant shading;
spline correlograms, with 95% pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch occupancy of Trioza obscura 2011 vs. total volume
of all large Veronica stricta plants; spline correlograms, with 95% pointwise bootstrap confidence
intervals
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Spatial auto-correlation: multiples habitat model for patch occupancy of Trioza obscura 2011 vs. plant
shade 2011 and total volume of all large Veronica stricta plants; spline correlograms, with 95%
pointwise bootstrap confidence intervals
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Spatial auto-correlation: multiples habitat model for patch occupancy of galls 2011 vs. patch altitude
and flower abundance Veronica stricta 2011 and abundance of large V. stricta 2010; spline
correlograms, with 95% pointwise bootstrap confidence intervals
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Spatial auto-correlation: habitat model for patch extinction of Trioza obscura vs. patch altitude; spline
correlograms, with 95% pointwise bootstrap confidence interval
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Spatial auto-correlation: average herbivore-parasitoid dual per patch 2011; spline correlograms, with
95% pointwise bootstrap confidence interval
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Spatial auto-correlation: habitat model average herbivore-parasitoid dual vs. patch altitude; spline
correlograms, with 95% pointwise bootstrap confidence interval
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Spatial auto-correlation: habitat model average herbivore-parasitoid dual vs. plant length 2011; spline
correlograms, with 95% pointwise bootstrap confidence interval
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Spatial auto-correlation: habitat model average herbivore-parasitoid dual vs. cover of low-growing
vegetation; spline correlograms, with 95% pointwise bootstrap confidence interval
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Appendix VI Mangahuia Stream part 1: lower end of elevational gradient; Mangahuia Stream joins
Whakapapaiti stream approximately one kilometre further north.
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Mangahuia Stream part 2 (South of part 1).
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Mangahuia Stream part 3
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Mangahuia Stream part 4
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Mangahuia Stream part 5
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Mangahuia Stream part 6: upper end of elevational gradient; highest V. stricta at ca. 1170 m a.s.l..
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