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Synopsis

Plant-herbivore-parasitoid systems include over half of all known species. These
interactions are often chemically mediated and can be used to understand complex
biotic communities. Increasing temperatures over the next century are predicted to
disrupt plant-insect interactions. Existing studies have shown variable effects of
increasing temperature on tri-trophic interactions, especially upon the higher trophic

levels.

This thesis addresses the challenge of understanding how species interactions are
affected by temperature by utilising a set of intimately interacting species: galling
insects, their host plants and their parasitoid predators. I investigated a set of three co-
occuring host plants Solanum inaequilaterum, Rubus moorei and Rubus nebulosus; their
galling insects Cecidomyiidae sp. 1 and Dasineura sp. (Diptera); and their guild of nine
species of parasitoids. I have quantified the interactions among these three trophic levels
along an elevational gradient at five locations within eastern Australian subtropical
rainforest. I use a combination of observational and experimental methods to determine
the pathways through which temperature affects host plant chemistry, general

herbivory, galling insects and their parasitoids.

Galling insects have the unique ability to actively manipulate plant secondary
metabolites for their own benefit. We conducted a meta-analysis across 30 studies and
found that the concentration of tannins and phenolics was significantly higher in galled
compared to non-galled plant tissue. Host plant chemistry is expected to be important
given the specificity of the interaction between the gall maker and host plant. As such,
galling insects are ideal natural systems with which to study the relative effects of

climate and plant defence chemicals in multitrophic interactions.

We found opposing trends in gall density with elevation between the two Rubus species,
yet no clear trend in herbivory rates. However, we did find evidence for interguild
competition between leaf chewers and galling insects, and also intraspecific competition
among gallers leading to smaller adult body size. Galling insects may exhibit
preferences for host plants with specific chemical profiles, leading to optimal plants
with high densities of galling insects. We found differences in the chemistry between

the two Rubus host species in response to galling and temperature. In particular, galled
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Rubus leaves corresponded to triterpene signals in the '"H NMR spectra. While Solanum

galled leaves corresponded to phenol amide signals.

One of the most notable results of our study was the increase in parasitoid species
richness on more chemically diverse plants. We found that overall higher temperatures
lead to increased phytochemical diversity. However, these results were observational in
nature so to test this we experimentally warmed host plants using plastic enclosures
along the elevational gradient. Experimentally warmed plants had reduced galling
density, increased general herbivory, and increased phytochemical diversity. In contrast
to our elevational gradient results, the experimentally induced increase in

phytochemical diversity had a negative effect on parasitoids.

Through the combination of observational data and experimental manipulation we have
shown that increased temperatures have significant bottom-up effects on food chains
through changes in host plant chemistry. Such changes disproportionately affected
parasitoids compared to their hosts, indicating that they are particularly vulnerable to
changes in temperature. The results from this thesis have addressed a major gap in our
understanding of the multiple and indirect effects of climate change on chemically-

mediated mutlitrophic interactions.
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This work has not previously been submitted for a degree or diploma in any university.
To the best of my knowledge and belief, the thesis contains no material previously
published or written by another person except where due reference is made in the thesis
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Chapter 1

Introduction and thesis outline

1.1 Introduction

Effects of temperature on tri-trophic interactions

Increasing temperatures over the next century are predicted to disrupt plant-insect
interactions, potentially altering the structure and functioning of terrestrial ecosystems
(Harrington et al. 1999; Tylianakis et al. 2008). Although there are an increasing number of
studies on the effects of climate change on interacting species (Dyer et al. 2013; Gilman et al
2010), most climate change predictions are still focused on the distributions of individual
species (Tylianakis et al. 2008). In order to make accurate predictions about ecosystem-level
impacts, climate change research needs to incorporate trophic interactions. The
overwhelming number and complexity of potential interactions makes this a challenging task
(Harrington et al. 1999; Tylianakis et al. 2008; Woodward et al. 2010). One solution is to
study community modules: small numbers of species (e.g. three to six) which are linked by a
specific interaction structure, such as tri-trophic food chains (Holt 1997). These modules can
be used, separately or in conjunction with other such modeules, to understand how species

interactions will be affected by climate change (Gilman et al. 2010).

Existing studies have shown variable effects of increasing temperature on tri-trophic
interactions, especially upon the higher trophic levels (Voigt et al. 2003). High temperatures
have been shown to have direct negative effects on the survival, development and
performance of parasitoids (Gillespie et al. 2012; Hance et al. 2007). In contrast, many
studies predict increases in herbivore biomass and survival under warmer temperatures (Bale
et al. 2002; Zvereva and Kozlov 2006). This potential mismatch between herbivore and
parasitoid responses could result in herbivore outbreaks and consequent reduced plant

biomass (de Sassi and Tylianakis 2012).

Increased temperature can also have significant effects on plant secondary metabolites
(Bidart-Bouzat and Imeh-Nathaniel 2008). Changes in plant defence chemistry can have
variable bottom-up effects on higher trophic levels (Kollberg et al. 2015; Dyer et al. 2013).
Studies have shown both positive (Richards et al. 2015; Bukovinszky et al. 2008) and
negative (Harvey et al. 2010; Ode 2006) effects of plant defence chemistry on parasitoids.



Despite the importance of phytochemistry in structuring plant-insect-parasitoid interactions,
very few studies have included plant secondary metabolites when studying the effects of

climate change on tri-trophic interactions.

Effect of temperature on plant defence chemistry

Plants have evolved an extensive array of secondary metabolites that are used in defence
against herbivore and pathogen attack (Ehrlich and Raven 1964). These compounds are
important mediators of plant-insect interactions. The effect of elevated temperature on the
expression of plant secondary defence compounds seems to be specific to the type of
compound and the plant species involved. The ‘growth-differentiation balance’ hypothesis
states that plant defences are a result of a trade-off between growth and differentiation-related
processes (Herms and Mattson 1992). Thus warming should decrease levels of carbon-based
secondary compounds due to greater allocation to growth rather than defence, if resources are
limited (Jamieson et al. 2012). A review by Bidart-Bouzat and Imeh-Nathaniel (2008) found
carbon-based compounds including phenolics and condensed tannins, tend to decrease with
increased temperatures. In contrast, hydrolyzable tannins, terpenes and volatile organic
compounds have been shown to increase in concentration with warming (Hansen et al. 2006;
Loreto et al. 2006; Sallas et al. 2003). Nitrogen containing compounds show variable
responses to increased temperatures. Alkaloids may increase (Salminen et al. 2005), whereas
glucosinolates may decrease or increase (Bidart-Bouzat and Imeh-Nathaniel 2008). The
limited number of studies and variable responses among similar compounds, make it difficult

predict how plant secondary defence compounds will respond to future climate warming.

Secondary metabolites are not only involved in defences against herbivores but also in
generating tolerance to stressful abiotic conditions (Haugen et al. 2008). Siemens et al.
(2009) suggest that evolution for tolerance of environmental stressors compromises the
ability of a plant to produce chemical defences due to interference among plant hormone
signalling pathways. This has important implications for how plants may adapt to climate
change, as temperature-stressed plants may be more vulnerable to herbivores due to
antagonistic interactions between stress hormone and chemical defence pathways (Siemens et

al. 2012).



Galling insects

Plant galls involve active differentiation and growth of plant tissues in response to stimuli
induced by the galling agent (Shorthouse and Rohfritsch 1992). The galling life-habit has
arisen several times within the Insecta, including in the Thysanoptera, Hemiptera, Coleoptera,
Diptera, Lepidoptera and Hymenoptera (Shorthouse and Rohfritsch 1992). Insect gallers are
highly tissue and host-specific. Carneiro et al. (2009), for example, found 92% of recorded
leaf-galling insect species in Brazil were monophagous, and only 2% induced galls on more

than one genus of host plant.

Galling insects are ideal natural systems with which to study the relative effects of climate
and plant defence chemicals in multitrophic interactions. Galling insects are especially
vulnerable to environmental changes in temperature as their life cycles are intimately tied to
the phenology of their host plant (Sumerford et al. 2000). Host plant chemistry is expected to
be important given the specificity of the interaction between the gall maker and host plant
(Abrahamson et al. 2003). Some galling insects can manipulate host plant chemistry, for
example, high levels of tannins and other defensive chemicals are known to accumulate in the
exterior of galls (discussed further in Chapter 2). In the past, oak galls were used for textile
dyeing due to their high tannin content (Redfern 2011). Galled plants may be more
susceptible to temperature stress due to trade-offs between secondary metabolites involved in

stress tolerance and those induced by insect galls.

Elevation and climate change research

Elevation and other natural temperature gradients can be used as a space-for-time substitution
for investigating how complex communities respond to changes in climate (Pickett 1989).
Abiotic factors that change with elevation, however, are generally inter-correlated, making it
hard to identify drivers of species distributions (Rahbek 2005). One solution is to use
experimental manipulations, these, however, may be misleading as such short-term ‘shocks’
may not reflect the more gradual process of climate change (Barton 2011). Elevational
gradients combined with experimental manipulation may overcome many of the limitations

of using either method alone (Woodward et al. 2010, Dunne et al. 2004). In addition, using a



natural temperature gradient incorporates phenotypic plasticity and evolutionary responses of

species to their local environment (Barton 2011).

1.2 Thesis outline

This thesis addresses the challenge of understanding how species interactions are affected by
temperature by utilising a set of intimately interacting species: galling insects, their host
plants and their parasitoid predators. I have quantified the interactions among these three
trophic levels along an elevational gradient at five locations within eastern Australian
subtropical rainforest. I use a combination of observational and experimental methods to
determine the pathways through which temperature affects host plant chemistry, general

herbivory, galling insects and their parasitoids (Figure 1.1, Table 1.1).

Temperature:
Elevation/warming experiment

Galling and

Phytochemistry general herbivory

Parasitoids

Figure 1.1 A diagram of the pathways addressed in this thesis through which temperature can
affect phytochemistry, herbivory and parasitoids.

Apart from Chapter 1 and Chapter 8, this thesis is organised as a series of published and
unpublished manuscripts. Chapter 2 is a meta-analysis that summarises existing data
examining the effects of galling by insects on concentrations of host plant defence chemistry.
Chapter 3 focuses on how galling and general herbivory interact over a temperature gradient
on two closely related host plant species. Chapter 4 examines how the species richness of gall
parasitoids, parasitism rates and their relationships changes across a temperature gradient.
Chapter 5 compares the gall-induced phytochemical changes in the three host plants across a
temperature gradient. Chapter 6 uses path models to investigate how local temperature affects
higher trophic levels through spatial differences in phytochemistry in two related host plant

species. Chapter 7 describes a field-based warming experiment to assess the effect of



increased temperature on phytochemistry, herbivory and parasitoids on one host plant species

along a natural temperature gradient. Chapter 8 concludes the thesis by providing a general

discussion of the findings and directions for future research.

Table 1.1 Data included in each results chapter of this thesis.

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Meta
analysis

Elevation
gradient

Warming
experiment

Host plant
species

39 species

Rubus

Rubus,
Solanum

Rubus,
Solanum

Rubus

Solanum

Phyto-
chemistry

Level of
defence

"H NMR,
2D NMR

"H NMR,
Diversity

"H NMR,
Diversity

Galling

Presence/
absence

Density,
body size

Presence/
absence

Presence/
absence

Abundance

Herbivory

Rate
(leaf area)

Rate
(leaf area)

Parasitoids

Richness,
parasitism

Richness

Density

The results chapters are in the form of manuscripts prepared for submission to peer reviewed

journals in accordance with Griffith University policy on PhD theses as published and

unpublished papers (Griffith University 2015). Relevant supplementary material is provided

following each chapter. To avoid duplication a combined reference list is provided at the end

of the thesis.



Chapter 2

In this chapter we use meta-analytic techniques to summarise the effect that galling insects
have on concentrations of host plant chemical defences across a range of plant species and

habitat types.
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Chapter 2

The effect of insect galls on host plant chemical defence: a meta-analysis

Casey R. Hall"", Anthony R. Carroll' and Roger L. Kitching'
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*Corresponding author: casey.hall@griffithuni.edu.au

2.1 Abstract

The idea that galling insects actively manipulate host plant chemistry for their own benefit
has been previously documented but has not been quantified across a range of galling and
host plant taxa. We present the first meta-analysis that assesses quantitatively the effect of
insect galling on levels of chemical defences in host plants across 39 gall-host plant species
combinations. We use these data to investigate whether the ability to manipulate host plant
chemistry is dependent on the galling insect taxa, the type of chemical and the climatic zone
of the study location. Our results show that galling insects are able to induce increases in
levels of phenolics and tannins in host plant tissue but appear to have little to no effect on
volatiles. Hymenopteran galls increased host plant defence chemistry significantly, while
Diptera and Hemiptera also increased levels but not significantly, whereas Lepidoptera galls
had no effect. Galls from tropical forest, boreal forest and Mediterranean climatic zones
significantly increased host-plant defence chemistry, whereas those from temperate forests
showed no change. Galling insects exert considerable control over host plant defence
chemistry for their own benefit by either increasing constitutive defences or minimising
volatiles, although this is moderated by the type of chemical defence and insect taxa

involved.



2.2 Introduction

Plants have evolved an impressive array of secondary metabolites which are used in defence
against herbivore and pathogen attack (Ehrlich and Raven 1964, Feeny 1976, Fiirstenberg-
Higg et al. 2013). These antifeedant compounds can directly, through toxic effects from
ingestion, or indirectly, through attraction of natural enemies, affect herbivorous insects (War
et al. 2012). Of all herbivores, insect gallers are one of the few guilds that are able to control
both the physical and chemical aspects of their host plants; this is not surprising given the
intimate nature of the relationship (Cornell 1983, Hartley 1998). Several studies have shown
that gall tissue is often higher in phenolics and tannins compared to normal plant tissue
(Taper and Case 1987, Abrahamson et al. 1991). It has been proposed that the accumulation
of these compounds in gall tissue protects the galling insect against predators, other
herbivores and pathogens (Cornell 1983; Hartley and Lawton 1992). In addition to direct
chemical defences, galling insects can influence indirect plant defences, such as the emission
of volatiles in response to herbivory (Turlings et al. 1990; Tooker and De Moraes 2007). For
example, Tooker et al. (2008) found that galled Solidago altissima plants emitted
significantly fewer volatiles compared to non-galled plants in response to subsequent
herbivory. As parasitoids and other natural enemies use volatile cues to locate prey, the
suppression of these chemicals is expected to benefit the gall maker (Turlings et al. 1990;

Tooker et al. 2008).

Galling is clearly a successful strategy for providing organisms with both nutrition and
protection as it has evolved multiple times in at least seven different insect orders (Roskam
1992) as well as in mites, nematodes, fungi and bacteria (Redfern 2011). With over 6000
species, the Cecidomyiidae (Diptera) is by far the most speciose group of galling insects, and
occurs across a wide range of host plant taxa (Carneiro et al. 2009; Gagné and Jaschhof
2014). It is has been suggested that the galling habit in cecidomyiids resulted from a shift
from precursor mycetophages that already possessed some prerequisites (such as extra-
intestinal digestion) for the induction of galls (Roskam 1992). Once the galling habit was
established, it radiated along with the host plants, with evidence of direct co-speciation in
some cases (Roskam 1985). Galls produced by hymenopteran cynipids are structurally
complex, and occur on very restricted groups of host plants. For example, approximately
87% of all North American cynipid galls occur exclusively on oak trees (Fagaceae: Quercus

sp.) (Abrahamson et al. 2003). It is thought that they were able to radiate into enemy-free



space (in the sense of Atsatt 1981) after evolving mechanisms to cope with the high levels of
tannins in oaks, which deter many other non-galling herbivores (Feeny 1970; Taper and Case

1987; Schultz 1988; Roskam 1992).

In general, the type and level of chemical defence differs greatly among plant species and in
relation to abiotic factors (Endara and Coley 2011). Coley et al. (1985) argued that slower
growing species would invest in more chemical defences than fast growing species; the so-
called resource availability hypothesis (RAH). Thus in harsh climates and less fertile habitats,
plants would be expected to be slow growing and produce longer-lived and more chemically
defended leaves. Concurrently, Price et al. (1987) proposed the harsh environment hypothesis
(HEH) to explain high galling diversity in Mediterranean-habitats, cerrado and rainforest
canopies. These habitats share a common factor: longer-lived leaves under high amounts of
hygrothermal stress (Julido et al. 2014). According to the RAH, plants in these habitats
should be better defended chemically. The galling niche may have diversified in these

habitats as a way to circumvent and subsequently utilise the plant’s own chemical defences.

However, linking these two hypotheses leaves several key questions unanswered. Is the
ability to manipulate host plant chemistry a universal trait among galling insects, or is it
dependent on the insect taxa? In addition, is this ability restricted to certain classes of
chemical compounds? Finally, is the influence of galling insects on host plant chemistry
related to habitat type, i.e. greater influence in harsh and thus more chemically defended
habitats? The idea that galling insects actively manipulate host plant defence chemistry has
been previously documented but has not been quantified across a range of galling taxa and
host plant habitats. To address these and related questions we have used meta-analytical
techniques to assess the effect of galling on host plant chemistry in relation to: (1) the type of
chemical (phenolics, tannins or volatiles); (2) galling insect taxa, (Hymenoptera, Diptera,
Hemiptera or Lepidoptera); and (3) climatic zone (Mediterranean, tropical, temperate forest

or boreal forest).

2.3 Methods

We carried out an extensive literature search in the ISI Web of Knowledge database from
1950 to 2015 using the following keywords: insect and gall* and (plant or parasit* or
herbivor* or host or leaf) and (*chemi* or defen?e) and (resistance or metabolit™ or

secondary or induced or VOC* or volatile* or phenolic* or tannin* or terpen* or glucosin*)



in the topic field. We only considered further studies which quantified concentrations of plant
chemical defences in relation to insect gall abundance, presence/absence or between galled

and non-galled plant tissue.

When two different host plant species and their galling insects were analysed in the same
paper, each galling and host plant species interaction was considered an independent record
(cf Gurevitch and Hedges 1999; Aguilar et al. 2006). In addition, when more than one
compound type was analysed, each was recorded separately. However, when an interaction
was studied repeatedly over time, we used only the data for the first season and from mature

leaves.

Data analysis

Mean and standard deviations of concentrations of defence chemicals in galled and ungalled
plant tissue were extracted from tables and graphs of the selected studies. Some studies only
provided Student’s t, Fisher’s F and correlation coefficients, these were used in further
calculations. In some studies, mean and standard deviations were extracted from digitized
graphs using WebPlotDigitizer v. 3.8 (Rohatgi 2015). To estimate effect sizes, we calculated
Hedges’ d (an unbiased standardized mean difference; Hedges and Olkin 1985; Gurevitch
and Hedges 1999) from the original data using appropriate data transformations (see
Supplemental S1 for the list of transformations used). The analyses were conducted using R
statistical software (ver. 3.1.2; R Development Core Team 2014), using the metafor package

(Viechtbauer 2010).

Mean effect sizes were calculated using random effects models, which assume that studies
differ not only in sampling error (as fixed-effects models do) but also by a random
component in effect sizes (Gurevitch and Hedges 1999). Random effects models are
preferable in ecological data syntheses because their assumptions are more likely to be
satisfied (Gurevitch and Hedges 1999). An effect was considered significant if the 95%
confidence intervals (CI) of the effect size did not overlap zero. Positive effect sizes indicated
that galling increased levels of defence chemicals in host plants. We analysed whether the
following moderator (or predictor) variables influenced effect sizes: chemical type (phenolic,
tannin or volatile), galling insect order (Hymenoptera, Hemiptera, Diptera or Lepidoptera)
and climatic zone (Mediterranean, tropical, temperate forest and boreal forest). While tannins

are a type of phenolic compound, we chose to examine them separately as the selected
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studies generally measured tannins in terms of protein binding capacity and phenolics as total
reducing capacity (by phenolic antioxidants) (Mole and Waterman 1987). While these
methods are non-specific (i.e. any reducing agent is included in the phenolics analysis),
different types of phenolic compounds are estimated based on the reference standard used
(e.g. phenolic acids, anthocyanin, catechin, flavonoid glycosides) (Martin and Martin 1982).
From an ecological perspective it makes sense to investigate tannins and phenolics separately
as each has different effects, e.g. many tannins, especially larger molecular weight
compounds, act as antifeedants by decreasing protein absorption efficiency while some
phenolics exhibit direct toxicity against herbivores (War et al. 2012). Volatiles can show
large variation in chemical classes, however the identified volatiles in our analysis were

mainly terpenes.

To examine the heterogeneity of effect sizes, we used Q statistics, which are weighted sums
of squares that follow an asymptotic chi-square distribution. We examined the P-values
associated with Qperween categories, which describe the variation in effect sizes that can be

attributed to differences among the categories (Cooper et al. 2009).

Publication bias

An intrinsic problem when conducting quantitative reviews of published studies is the
potential of publication bias; i.e. studies showing significant results having a greater
possibility of publication than those showing non-significant results. We explored potential
publication bias using both funnel plots, and by calculating a weighted fail-safe number
(Rosenberg 2005). The funnel plot is a scatter plot of effect size vs. sample size, if no
publication bias exists, the resulting plot is shaped like a funnel with the large ‘opening’ at
the smallest sample sizes; i.e. the variation around the cumulative effect size should decrease
as sample size increases (Palmer 1999). We used the fail-safe number calculator (Rosenberg
2005; http://www.rosenberglab.net/software.html#FailSafe) to estimate the number of non-
significant, unpublished or missing studies that would need to be added to a meta-analysis to
nullify its overall effect size. If the fail-safe number is larger than 5n+10, where n is the

number of studies, then the results are robust regardless of any potential publication bias

(Rosenberg 2005).
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2.4 Results

We found 30 papers, published from 1982 to 2013, which evaluated changes in plant defence
chemistry in relation to insect galling (S2). These studies yielded 60 data points from 39
unique gall-host plant interactions (Table S2.1). A summary of the number of gall species
(and host plants) within each of the categories is summarised in Figure 2.1. Most gall species
were related to either phenolics or tannins, whereas volatiles were measured in only 10
species (Figure 2.1a). The majority of galling species belonged to the Hymenoptera and
Diptera, with both the Hemiptera and Lepidoptera accounting for less than 10 species
together (Figure 2.1b). Tropical climatic zones contributed the most galling species, although
numbers were fairly evenly spread among climate types (Figure 2.1c).
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Figure 2.1 Summary of the number of pair-wise galling-host plant species examined in the
meta-analysis within each category: (a) the type of chemical defence; (b) the orders that each

of the galling insects belong to and (c) the climatic zones examined.

However, the numbers of plant families galled by each order in each habitat show that
tropical climates have the highest number of galled plant families, followed by temperate
(Figure 2.2). This is driven largely by dipteran gall makers, which account for most of the
tropical galls, but are absent from boreal climatic zones. The Hemiptera and Hymenoptera are
more evenly distributed across climatic zones, although the latter are absent from tropical
climates. In contrast to the high diversity of plant families, when looking at the main class of

defence compound for each host plant species, most of the studied gall-plant interactions
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occur on host plants dominated by flavonoid defences (Figure 2.3). This pattern is driven
largely by the Hymenoptera, which gall plants from three chemical classes. In contrast,

dipteran galls occur across a range of chemically different host plants (Figure 2.3).
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Figure 2.2 The number of plant families galled in each habitat type (see Table S2.1 for plant
families). Colours represent the four orders of galling insect included in the analysis.
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Figure 2.3 The number of gall-plant interactions in each of the major secondary metabolite
classes from each host plant species (see Table S2.1 for chemical classes).
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The overall mean effect size of galling on concentrations of host plant secondary chemistry
was positive (d = 0.97) and significantly different from zero (Figure 2.4a, Figure S2.1). The
overall heterogeneity of effect sizes was large and significant (Qota1 = 541.26, n = 60, P <
0.001), indicating that the positive effect of galling on plant secondary chemistry differed
among the galling species and chemical classes. We then evaluated categorical variables in

order to explain the observed heterogeneity.
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Figure 2.4 Mean effect sizes (d) and 95% confidence intervals for the effect of insect galling
on the concentration of secondary metabolites (a) overall (d = 0.97, Qotal = 541.26, P <
0.001). Categorical variables include: (b) tannins, phenolics and volatiles (Qpetween = 10.16, P
= 0.006); (c) Hymenoptera, Diptera, Hemiptera and Lepidoptera (Qpetween = 10.56, P =0.01);
and (d) climatic zones: boreal forest, tropical, Mediterranean and temperate.
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Among the categorical variables, the chemical class explained the highest proportion of
variation among galling species (Qpetween = 10.16, P = 0.006). Concentrations of both tannins
and phenolics increased significantly in response to galling, whereas the effect on the
concentration of volatile compounds was not significant (Figure 2.4b). When galling species
were categorized by insect Order, there were also significant differences in their mean effect
sizes (Qvetween = 10.56, P = 0.01). Hymenoptera significantly increased levels of secondary
chemistry in host plants: Diptera and Hemiptera also increased levels but the effect was not
significant (Figure 2.4c¢). In contrast, lepidopteran galls had no effect on plant secondary
chemistry (Figure 2.4c). The heterogeneity of effect sizes of galls from different climatic
zones was not significant (Qpetween = 5.34, P = 0.15). All habitat types showed positive mean
effect sizes, although for temperate climates this positive effect was not significantly different

from zero (Figure 2.4d).

Funnel plots of effect size vs. sample size and sample variance showed no evidence of
significant publication bias (Figure 2.5). A Spearman rank correlation test between Hedges’ d
and effect sizes was non-significant (r = 0.018, df =59, P = 0.89) and sample variance (r = -
0.19, df =59, P =0.15). In addition, the calculated Rosenberg fail-safe number was much

larger than the critical value (2377 > 310) supporting the robustness of our results.
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Figure 2.5 Funnel plot of: (a) sample size vs. effect size (Hedges’ d) values (r =0.018, df =
59, P=0.89) and (b) sample variance vs. effect size (r =-0.19, df =59, P =0.15), based on
60 data points from 39 gall-host plant interactions.
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2.5 Discussion

This is the first study to assess quantitatively the effect of galling on plant defence chemistry
based on empirical evidence across different chemical groups from a wide range of species
and climatic zones. Our results suggest that galling insects increase concentrations of defence
chemicals in their host plants. Effect sizes differed significantly depending on the chemical
class and Order of the galling insects examined. In contrast, climatic zone did not explain

significant differences in effect sizes.

We found that levels of both tannins and phenolics significantly increased in galled plants,
whereas volatiles show no change. This may be due to the differing roles of these chemicals
in plant defence. For example, tannins and phenolics are usually found in higher
concentrations and act directly against chewing herbivores, whereas volatiles are usually an
induced response to herbivore feeding which may be attractive to the herbivores’ natural
enemies (Turlings et al. 1990). Galling insects exert considerable control over their host
plants and might be expected to minimise any defensive responses in the host-plants that
render them more vulnerable to natural enemies (Tooker et al. 2008). By increasing levels of
constitutive defence chemicals in some host plant species and supressing volatile emissions
in others, galling insects may be able to not only reducing their risk of predation due to
herbivory, but also reduce their risk of parasitism. While McKinnon et al. (1999) showed that
galling aphids can manipulate both volatiles and phenolics simultaneously; it is unclear if this

is widespread across galling taxa.

Across the examined insect Orders, Hymenoptera had the largest positive effect on
concentrations of plant chemical defences. This result, however, should be interpreted with
caution as just over half of the Hymenopteran data points come from a single study (Nyman
and Julkunen-Tiitto 2000), with mostly positive effect sizes. With this in mind,
Hymenopteran galls do have some characteristics that may explain the positive result. They
are highly evolved with the ability to induce diverse and complex galls, but are generally
restricted to just a few genera of host plants (Ronquist et al. 2015). In contrast,
Cecidomyiidae (Diptera) and Hemiptera (principally psyllids and various Sternorryncha)
induce galls across a wide range of unrelated plant taxa (Roskam 1992; Carneiro et al. 2009;
Butterill and Novotny 2015). For example, in the results reviewed in this paper, 14 species of

Hymenoptera induced galls across just four plant genera, while eleven Diptera and seven

16



Hemiptera species induced galls on eleven and seven plant genera, respectively. This may be
why both Orders show more variation in the degree to which they increase host plant defence
chemistry, as host plant genera vary widely with regard to their defence strategies and may
use different compounds to the ones studied. Lepidopteran galls appear to produce no change
in defence chemistry, although our sample size is small and shows large variation. This may
reflect the rarity of the galling habit within the Lepidoptera compared with the major galling
families found within the Diptera and Hymenoptera (Roskam 1992). In addition, lepidopteran
herbivores commonly use host plant alkaloids, which were not included in this review due to

a lack of data (Boppré 1990).

According to the RAH, slow growing plants contain greater amounts of defence chemicals,
perhaps explaining why we found the greatest gall-induced increase in chemical defence in
data from boreal climates. In addition, a meta-analysis by Moles et al. (2011) found higher
concentrations of plant resins and oils at higher latitudes. On the other hand, the same study
found no latitudinal pattern in phenolics or tannins, although we note most of the studies
were restricted to temperate latitudes. This may explain why we found that only galls from
temperate climates showed no significant increase in defence chemicals. Galls from tropical
forest and Mediterranean-like climatic zones also showed increases in defence chemistry.
Both of these climatic zones also have long lived, and thus more chemically defended leaves
(Julido et al. 2014). This supports the idea that the galling niche may have diversified in these

climates as a way to both avoid and utilise the plant’s own chemical defences.

Conclusions

Meta-analyses offer several advantages, namely that different studies are more readily
comparable due to the use of standardised effect sizes, and we can investigate causes of
heterogeneity among effect sizes (Palmer 1999). However, by their very nature meta-analyses
are limited by publication bias and sample size. Although we found no evidence of
publication bias, some categories had much smaller sample sizes than would have been ideal,
thus limiting the statistical power in the analyses of their effects. Furthermore, the vast
majority of the studies included in the meta-analysis are from the Americas and Europe.
While this reflects a lack of studies in other continents, it is not clear whether the same
patterns would have been found in Asia, Africa and Australia where the galling and plant

species differ considerably from those in North America and Europe. Nevertheless, we show
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strong effects from the available studies, which should provide stimulus for further work,

especially in less studied regions of the world.

Galling insects, by either increasing constitutive defences or minimising volatiles, exert
considerable control over host plant defence chemistry for their own benefit, although this is
moderated by the type of chemical defence and insect taxa involved. However, only small
subset of defensive chemicals have been thus far investigated, for example only one study
looked at alkaloids, which constitutes some of the highest diversity of plant secondary
compounds (Fiirstenberg-Hégg et al. 2013). Future studies should include compounds from
these neglected chemical classes in order to find out if our conclusions are more generally
applicable across a range of secondary compounds. Also, any changes to host plant chemical
defences would be expected to influence community-level dynamics associated with galled
plants. Future studies should examine gall-induced chemical changes in a wider ecological
context by incorporating other interacting species across a wider range of habitats. In
addition, experimental manipulations that induce changes in plant chemistry (e.g. through
manipulation of soil fertility or temperature) could be used to empirically investigate the role

of defence chemistry in host plant selection by galling insects.
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S2 Supplementary material

S1 Transformations used to calculate effect sizes for different statistics provided in the
sampled studies:
Group means to Cohen’s d:
X1—X;
S Dwithin
where X, and X,= group means
and SDyiin = the estimated common standard deviation of the two groups:

— 1)SD? + (n, — 1)SD?
ny+tn, — 2

— \/’(nl

SDwithin

where n; and n,= the sample sizes for groups X; and X, respectively and

SD; and SD,= standard deviations for groups X; and X, respectively.

Student’s t and Fisher’s F to Cohen’s d:

g 2t
Vldferror
r to Cohen’s d:
J= 2r
V1—r?
The variance of d (converted from r) is:
- 4V
(1—-1r2)3
Cohen’s d to Hedge’s g:
d
9= T
df

Hedge’s g to Hedge’s d:

3
=g(1-
d g( 4(n1+n2—2)—1)
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Table S2.1 References, categories and effect sizes extracted from articles analysing effects of insect galling on host plant defence chemistry

Study Chemical Gall species Insect Order Host plant species Hos.t Plant Main.secondary Climatic zone N Ef fect

Class family chemistry class size d
[1] Phenolics  Cecidomyiidae Diptera Ruprechtia fusca Polygoniaceaec  flavanoids Tropical forest 50 0.9
[2] Phenolics  Andricus petiolicolus Hymenoptera Quercus prinus Fagaceae flavanoids, tannins Temperate forest 28 0.87
[2] Tannins  Andricus petiolicolus Hymenoptera Quercus prinus Fagaceae flavanoids, tannins Temperate forest 28 1.78
[3] Tannins  Adelges abietis Hemiptera Picea glauca Pinaceae terpenes Boreal forest 30 1.42
[3] Volatiles  Adelges abietis Hemiptera Picea glauca Pinaceae terpenes Boreal forest 30 -0.9
[4] Phenolics  Asteralobia soyogo Diptera llex pedunculosa Aquifoliaceae Temperate forest 12 -1.24
[5] Phenolics  Eurosta solidaginis Diptera Solidago altissima Asteraceae terpenes, flavanoids Temperate forest 20 1.89
[6] Phenolics  Diplolepis sp. Hymenoptera Rosa canina Rosaceae flavanoids, tannins Mediterranean 20 -0.65
[7] Tannins  Slavum wertheimae Hemiptera Pistacia atlantica Anacardiaceae  alkyl resorcinols Mediterranean 12 4.79
[7] Volatiles  Psyllidae sp. Hemiptera Schinus polygamus Anacardiaceae  alkyl resorcinols Mediterranean 10 4.45
[7] Tannins  Pemphigus betae Hemiptera Populus angustifolia Salicaceae flavanoids Temperate forest 11 0.93
[7] Phenolics Pemphigus betae Hemiptera Populus angustifolia Salicaceae flavanoids Temperate forest 4 -4.69
[8] Phenolics  Tanaostigmodes sp. Hymenoptera Calliandra brevipes Fabaceae flavanoids and isoflavanoids ~ Mediterranean 60 7.65
[9] Phenolics Cecidomyiidae sp. Diptera Aspidosperma spruceanum Apocynaceae  alkaloids, terpenes Tropical forest 60 3.27
[10]  Tannins Callirhytis cornigera Hymenoptera Quercus palustris Fabaceae flavanoids and isoflavanoids ~ Temperate forest 60 -0.15
[11T  Volatiles Gnorimgsch?ma Lepidoptera  Solidago altissima Asteraceae terpenes, flavanoids Temperate forest 40 0.24

gallesolidaginis

[11]  Phenolics Lepidoptera Lepidoptera  Tibouchina pulchra Melastomaceae tannins Tropical forest 6 1.04
[12]  Tannins  Lepidoptera Lepidoptera  T. pulchra Melastomaceae tannins Tropical forest 20 0.88
[12]  Tannins  Ectoedemia populella Lepidoptera  Populus granidentata Salicaceae flavanoids Temperate forest 30 -0.36
[13]  Phenolics Unknown Unknown Qualea parviflora Vochysiaceae  triterpenes, phenols Mediterranean 30 0.15
[13] Tannins Unknown Unknown Qualea parviflora Vochysiaceae  triterpenes, phenols Mediterranean 30 0.75
[14]  Phenolics Austrothrips cochinchinensis Thysanoptera Calycopteris floribundus ~ Combretaceae  tannins Tropical forest 50 1.51
[14]  Phenolics Phorainothrips loranthi Thysanoptera Loranthus elasticus Loranthaceae terpenes, xanthones Tropical forest 50 1.31
[14]  Phenolics Liothrips viticola Thysanoptera Vitis lanceolaria Vitaceae Flavonoids, tannins Tropical forest 50 0.92
[15]  Volatiles  Eurosta solidaginis Diptera Solidago altissima Asteraceae Terpenes, flavanoids Temperate forest 40 0.16
[16]  Phenolics Pontania proxima Hymenoptera Salix alba x fragilis Salicaceae flavanoids Temperate forest 76 1.28
[16] Tannins  P. triandrae Hymenoptera Salix triandra Salicaceae flavanoids Boreal forest 36 1.48
[17]  Phenolics Pontania arcticornis Hymenoptera Salix phylicifolia Salicaceae flavanoids Boreal forest 20 -1.64
[18]  Phenolics Hormaphis hamamelidis Hemiptera Hamamelis virginiana Hamamelidaceae Flavonoids, tannins Tropical forest 6 0.61
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[18]
[18]
[19]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(20]
(21]
(21]
(21]
(21]
(21]
[22]
[22]
(23]
(24]
[25]
(26]
(27]
(27]
(28]
[29]
[30]

Tannins
Volatiles
Tannins
Tannins
Phenolics
Tannins
Phenolics
Tannins
Phenolics
Tannins
Phenolics
Tannins
Phenolics
Tannins
Phenolics
Phenolics
Phenolics
Volatiles
Tannins
Phenolics
Volatiles
Volatiles
Phenolics
Phenolics
Tannins
Tannins
Phenolics
Tannins
Volatiles
Volatiles
Phenolics

H. hamamelidis
Trioza anceps
Ectoedemia populella
Pontania aestiva
Pontania nivalis
Pontania nivalis
Pontania samolad
Pontania samolad
Pontania myrsiniticola
Pontania myrsiniticola
Euura amerinae
Pontania arcticornis
Pontania reticulatae
Pontania reticulatae
Pontania triandrae
Cecidomyiidae sp.
Cecidomyiidae sp.
Clusiamyia nitida
Contarinia sp.
Cecidomyiidae sp.
Psyllidae sp.
Psyllidae sp.
Adelges abietis
Pontania aestiva
Contarinia sp.
Cynipidae sp.
Cecidomyiidae sp.
Lepidoptera
Psyllidae sp.
Cecydomyiidae sp.
Pemphigus betae

Hemiptera
Hemiptera
Lepidoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Diptera
Diptera
Diptera
Diptera
Diptera
Hemiptera
Hemiptera
Hemiptera
Hymenoptera
Diptera
Hymenoptera
Diptera
Lepidoptera
Hemiptera
Diptera
Hemiptera

Hamamelis virginiana
Persea americana
Populus tremuloides
Salix borealis

Salix glauca

Salix glauca

Salix lapponum

Salix lapponum

Salix myrsinities
Salix myrsinities
Salix pentandra
Salix phylicifolia
Salix reticulata

Salix reticulata

Salix triandra
Achatocarpus gracilis
Cordia alliodora
Clusia lanceolata
Bauhinia brevipes
Guapira macrocarpa
Schinus polygamus
Baccharis spicata
Picea glauca

Salix borealis
Bauhinia brevipes
Quercus sp.
Guettarda elliptica
Tibouchina pulchra
Baccharis spicata
Mintosthachys mollis
Populus angustifolia

Hamamelidaceae Flavonoids, tannins

Lauraceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae

Achatocarpacea

Boraginaceae
Clusiaceae
Fabaceae
Nyctaginaceae
Anacardiaceae
Asteraceae
Pinaceae
Salicaceae
Fabaceae
Fagaceae
Rubiaceae
Melastomaceae
Asteraceae
Lamiaceae

Salicaceae

alkaloids

flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids
flavanoids

flavanoids
?

terpenes and naphthoquinones
beta triketones and xanthones
flavanoids and isoflavanoids

flavanoids

alkyl resorcinols
terpenes , flavanoids
terpenes

flavanoids

flavanoids and isoflavanoids

flavanoids, tannins
tannins, alkaloids
tannins

terpenes, flavanoids
terpenes

flavanoids

Tropical forest 6
Tropical forest 291
Temperate forest 30

Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 21
Boreal forest 20
Boreal forest 20
Boreal forest 20
Boreal forest 36

Tropical forest 50
Tropical forest 50
Tropical forest 70
Mediterranean 170
Tropical forest 50

Mediterranean 10
Mediterranean 10
Boreal forest 30
Boreal forest 20
Mediterranean 50

Temperate forest 11
Tropical forest 50

Tropical forest 6
Mediterranean 10
Mediterranean 28

Temperate forest 11

1.37
0.39
-1.4
5.64
-1.79
3.47
-1.28
1.77
0.13
3.56
3.13
6.88
2.25
3.73
1.48
0.93
0.92
0

0.2

0
-0.69
2.04
1.01
-0.08
0.2
2.67
1.37
0.45
-2.76
-1.02
-0.2
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Figure S2.1 Forest plot depicting the variation in effect sizes for each of the 60 data
points (unique gall-host plant interactions for each chemical type) extracted from the
studies included in the meta-analysis of the effect of insect galls on host plant defence

chemistry.
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Chapter 3

In the previous chapter we found that many galling species increase concentrations of
tannins and phenolics in galled host plant tissue. Such changes in phytochemistry could
potentially affect other herbivores sharing the host plant. In this chapter we specifically
examine the intra- and inter-specific interactions between galling insects and general

herbivory on two closely related host plants.
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Chapter 3

Interactions between galling insects and general herbivory along an
elevational gradient in Australian subtropical rainforest

Casey R. Hall'" and Roger L. Kitching'

'Environmental Futures Research Institute (EFRI), Griffith School of Environment,
Griffith University, 170 Kessels Road 4111

*Corresponding author: casey.hall@griffithuni.edu.au

3.1 Abstract

Plant species can potentially mediate the competition between guilds of herbivorous
insects. Along with competitive interactions, abiotic factors can influence herbivorous
insect functioning and development. In this study we use data from field-collected galls
from two Rubus species to investigate the effect of elevation on leaf chewing herbivory,
galling density and galler body size, and the interactions between gallers and leaf
chewing herbivores. We found that gall density on R. moorei decreases with increasing
elevation, while gall density on R. nebulosus peaks at a higher elevation. Reared galler
body size was largest at mid elevations and decreased at both low and high elevations.
There was a strong negative relationship between gall abundance and herbivory rate on
R. moorei, yet a weak positive one for R. nebulosus and an overall negative relationship
between gall abundance and galler body size. The relationship between leaf chewers
and gallers appears to depend on gall abundance. The two guilds appear to compete on
R. moorei, yet not on R. nebulosus, possibly due to the former having a higher overall
abundance of galls. Both galling density and galler fitness are highest in the centre of
host plant range, suggesting that several fitness related factors, such as optimal
oviposition sites, are optimal within this range. Sites with high gall abundance also had
reduced galler fitness, suggesting a strong effect of intraspecific competition among the

galling insects.
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3.2 Introduction

Competitive interactions between insect herbivores can play an important role in plant-
insect interactions (Denno et al. 1995). Different guilds of herbivorous insects on a
shared host plant may compete directly with each other for plant resources or indirectly
through feeding-induced changes in host plant quality (Kaplan and Denno 2007). In
addition, intra-specific competitive interactions may arise if optimal feeding sites are a
limiting factor, as this leads to high population densities, potentially reducing plant
quality and availability (Whitham 1978; Fisher et al. 2000). The gall-forming habit
provides a useful ecological model for investigating such interactions as insect galls are
sessile, often host specific, and can manipulate plant secondary compounds (Cornell
1983, Foss and Rieske 2004). This can indirectly affect other herbivorous guilds
through the manipulation of shared host plant quality (Hartley and Lawton 1987). Leaf-
chewers, in contrast, are generally mobile, cause actual loss of plant material, and are
thus more likely to compete directly with other herbivores for resources (Hartley and

Lawton 1987).

Galling insects, in general, have been shown to increase levels of plant secondary
metabolites in galled plant material, which may confer some resistance against other
herbivores on the same host plant (Taper and Case 1987, Abrahamsom et al. 1991).
Pascual-Alvarado et al. (2008), for example, found that galled leaves not only had
greater phenol concentrations but also significantly less folivore damage. In addition,
Helms et al. (2013) found that exposure of host plants to the volatile emissions from
adult galling insects was enough to deter subsequent leaf chewing herbivory. In
contrast, several studies have found a positive effect of galling on leaf chewers (Cooper
and Rieske 2009; Nakamura et al. 2003, Kunkler et al. 2013). The relationship,
however, is a reciprocal one as the feeding of other herbivores may modify the quality
of resources available to gallers and alter their fitness. For example, Crutsinger et al.

(2013) found removal of other herbivores increased gall density and size.

Due to their sessile nature, galling insects may be more likely to encounter intraspecific
competition, particularly if suitable feeding sites are limited. This can lead to localised
patches of high gall density and ultimately decreases in leaf quality and availability of
oviposition sites. For example, Wool and Manheim (1988) found that as gall density

increased, gall size and success rate decreased. As galling insect body size, and
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subsequently fitness, is positively related to gall size, this suggests that high gall density
can lead to reduced fitness of the adult insects due to intra-specific competition (Stille
1984; McGinley 1989). Parasitoids are often responsible for high rates of mortality in
galling insects (Price et al. 1987). They are important drivers of not just gall size (Price
and Clancy 1986), but also host plant switching and speciation (Nyman et al. 2007).
Host plant switches and changes in gall morphology (such as increased size) leads to
fewer parasitoid species attacking a galling species, this “enemy-free space” could

accelerate galling insect diversification (Nyman et al. 2007).

Along with competitive interactions, abiotic factors can influence herbivorous insect
functioning and development. The variation in climate experienced along an elevation
gradient exerts strong selection pressures on insect diversity and fitness (Hodkinson
2005). Insect herbivores can also be affected by elevation through the corresponding
changes in host plant quality and productivity. In general, the intensity of herbivory has
been shown to decline with elevation (Garibaldi et al. 2011; Rasman et al. 2013;
Scheidel et al. 2003). Specialist herbivores, however, are less affected by climate than
generalists (Scheidel et al. 2003). For example, Ribeiro et al. (2014) found increasing
gall density with elevation, while Damken et al. (2012) found increased survivorship of
a galling cecidomyiid with increasing elevation, due to increased habitat suitability.
Insect gallers are more protected compared with free living herbivores and as such may

not be responding directly to climate, but rather to host plant availability.

Both competition between herbivores and elevational changes in climate are important
factors shaping insect herbivory. However, the combined effects of both elevation and
competition on herbivory is largely unknown. In this study we investigated the
interaction between galling by Cecidomyiidae sp.1 and leaf chewing herbivory on two
closely related Rubus species along an elevational gradient in Australian subtropical
rainforest. We use data from field-collected galls to investigate the following questions:
(1) does leaf chewing herbivory, galling density and galling insect fitness (measured as
body size) decrease with increasing elevation; (2) do chewing herbivores avoid leaves

with galls; and, (3) is galling insect fitness correlated with gall abundance?
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3.3 Methods
Study site

We sampled leaf galls at 15 sites within Lamington and Border Ranges National Parks
in the Macpherson Ranges that span the Queensland/New South Wales border (Figure
3.1; see Chapter 4 for GPS coordinates). These parks contain a 36 519 ha expanse of
continuous rainforest, ranging from approximately 250 m to 1200 m in elevation. The
area is dominated by highly diverse and structurally complex subtropical rainforest and
is described in further detail by Laidlaw et al. (2011). The moist subtropical climate is
characterized by dominant summer rainfall, which peaks in January. The climate of the

study area is described by McDonald (2010) and Strong et al. (2011).
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Figure 3.1 Map of the sampling sites used in this study. Three sites, each separated by
approximately 150 m in elevation were established at each of five locations: Binna
Burra (diamonds), Lamington (triangles), Brindle creek (squares), Tweed road (inverse
triangles) and Bar Mountain (circles). Grey shared areas indicate forest cover with
rainforest cover shown in dark grey.
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Study system

We studied the relationships between general leaf chewing herbivory and galling insect
density and their effects on galling insect body size in two Rubus species (Rosaceae)
along an elevational gradient. Galling insects use chemical stimuli to induce physical
and metabolic changes in host plant tissue (Cornell 1983). They are usually
monophagous and can often be assigned to morphospecies based on host plants and gall
type. The galling species targeted is Cecidomyiidae sp. 1 (Diptera) and is currently
being described by Peter Kolesik. Cecidomyiidae sp. 1 is a new genus and the first
record of a cecidomyiid gall on native Rubus in Australia (personal communication).
The vast majority of galls occurred on leaves, showing clumped distributions. Each
species has multiple generations each year with peak gall abundance occurring in spring
and autumn. Both gall types have overall similar morphological characteristics
including soft tissue, a diameter of less than 1 cm, a spherical or ovoid shape with a
small opening when mature, and a covering of trichomes (Figure S3.1). Each gall

contains one cavity with a single fly larvae.

The two host plants sampled were Rubus moorei (F. Muell.) and Rubus nebulosus (A.R.
Bean). Both plant species are native to Australia and have restricted distributions
generally at higher altitudes (above 700 m asl) within subtropical rainforest, commonly
in disturbed areas and light gaps. Rubus nebulosus is an evergreen climber found in
moister rainforest along coastal areas north of Batemans Bay, NSW. Rubus moorei is
similar to R. nebulosus but is restricted to subtropical rainforest in northern NSW and
south-east Queensland (Harden et al. 2006). The two host plants were chosen as they
often occur in close proximity to each other, are galled by the same species, the galls
can be reared successfully and are linked through their shared parasitoids. They also

gave us the opportunity to compare two closely related Rubus species with each other.

Experimental design and sampling

To generate a climatic gradient, we used an elevational gradient as a ‘space for time
substitution’ (Pickett 1989; Hodkinson 2005). The use of frequently sampled plots
distributed along a continuous elevation gradient is a commonly used approach to study
insect variation along temperature gradients (see de Sassi et al. 2012; Reymond ef al.

2013). We established five transects, with three sites each at approximately 150 m
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intervals of elevation. Sites ranged from 762 m to 1145 m asl, a total elevation range of
383 m (see Chapter 4, Table 4.1). This provided a total median temperature difference
of 3.5°C between the lowest and highest sites. All sites are located on north to north-

west facing slopes to minimize temperature variation due to insolation.

At each site we sought three individuals of each plant species within a restricted 50 m*
area in order to maintain a standard plot size and to decrease between-plant differences
in abiotic conditions. Rubus moorei and R. nebulosus were rare at high and low
elevations respectively, and as such not all sites contained both species. Accordingly, to
standardize samples, gall density was calculated as number of galls/per gram of biomass
sampled. Each site was sampled 6 times over a 1-year period with two months between
each sampling occasion to allow adequate time for regrowth and for galls to re-
establish. Each sampling occasion ranged from 1 to 2 weeks. Galls were sampled by
closely inspecting each plant and removing all galled leaves. For consistency, all galls
were collected, regardless of their development stage. Galled leaves were placed into
sealed plastic boxes containing moistened tissue and checked every 3 days for two
months for the emergence of adult insects. Reared adult cecidomyiids were preserved in
ethanol. Adult cecidomyiid body length was measured from thorax to end of abdomen

in ocular piece units and converted to mm.

Herbivory damage (missing leaf area) was calculated on both galled and non-galled
leaves (collected for chemical analysis, see chapter 5) using the software package Image
J (Rasband 2015). Leaves were arranged and photographed on a plain white background
with a ruler. Each image was converted to grayscale and total existing leaf area (cm?)
measured in ImagelJ and exported to Excel. Then for each image the missing leaf area
due to herbivory was drawn in and calculated in image J. To calculate herbivory we

divided missing leaf area by total leaf area (the sum of existing and missing leaf area).

To estimate plant biomass without destructive sampling, we estimated the total volume
of each sampled plant. We measured height and crown diameter, and then calculated the
cylindrical volume within which the above ground parts of the plant occurred. To
convert plant volume to biomass, we measured the volume of 10 plants from each
species following the same procedure as above. We then cut them at ground level and
dried the leaf material in a drying cabinet for 48 h. We used linear regression to test

how well volume approximated dry weight and found a significant relationship for both
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plant species (Rubus nebulosus F1 g =22.18, P=0.002, R* = 0.73; Rubus moorei F g =
5.91, P=0.041, R* = 0.42).

Analysis

All statistical analyses were carried out using R statistical software (R Development
Core Team 2014). We used both linear and polynomial regression to assess the
relationships between elevation, gall density, gall insect body length and herbivory
rates. Gall density was used in analysis with elevation as it accounts for differences in
host plant biomass. Gall abundance was used in herbivory comparisons as both were
measured from the same sample size, thus controlling for plant biomass. Body length
and gall abundance were In(x+1) transformed prior to analysis to approximate a normal
distribution. Gall abundance, herbivory rate and body length were averaged across the
six sampling occasions for each site for the analysis of the relationship between gall

abundance and herbivory rate as well as between gall abundance and body length.

3.4 Results

A total of 7068 galls, 4768 from R. moorei and 2300 from R. nebulosus, were collected
across the 15 sampling sites and six occasions. Mean gall density was 3 and 1.7 galls/g,
while herbivory rate was 0.05 and 0.04 for R. moorei and R. nebulosus respectively.
Rubus nebulosus gall density peaked in the middle of its elevational range (R*=0.13, P
=0.02), while R. moorei gall density decreased with elevation (R*=0.11, P = 0.02)
(Figure 3.2a). In contrast, herbivory rates showed no significant relationship with

elevation for either Rubus species (Figure 3.2b, Table S3.1).

Rearing success rate of Cecidomyiidae sp 1. was low across all samples due to high
rates of parasitism (see Chapter 4). Of the 113 reared Cecidomyiidae sp. 1 specimens
that were able to be measured, only 18 were from R. moorei. Individuals from both
Rubus species were not significantly different and were combined for all body length
analyses. Both male and female Cecidomyiidae sp.1 show significant mid-elevation
peaks in body size (R*=0.48; P <0.001 and R*=0.14; P =0.01 for males and females
respectively) (Figure 3.3). Females, on average, were consistently larger than males

across all elevations (Figure 3.3).
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Figure 3.2 Gall density (a) and herbivory rates (b) (mean per site and sampling
occasion). Rubus moorei is represented by open circles and R. nebulosus by filled
circles. Regression lines (dashed for R. moorei and solid for R. nebulosus) are shown
when significant (P<0.05).
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Figure 3.3 Body length of Cecidomyiidae sp. 1 reared from both Rubus species at
different elevations. Closed circles represent females with solid regression line, open
circles males with dashed regression line.
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Figure 3.4 The relationship between mean gall abundance and (a) mean herbivory rate
for R. moorei (n=13) and R. nebulosus (n=10) and (b) mean body length per site (n=16).
Rubus moorei open circles, R. nebulosus filled circles, significant regression lines (P <
0.05).

Herbivory rate decreased significantly with increasing gall abundance (R*=0.41, P =
0.02) for R. moorei. Rubus nebulosus, however, showed the opposite trend, although
this was not significant (Figure 3.4a). Mean body length significantly decreased with
increasing gall abundance (R*=0.31, P = 0.02) across Cecidomyiidae sp. 1 reared from

both Rubus species (Figure 3.4b).

3.5 Discussion

The relationships among galling, general herbivory and elevation are complex and host
plant dependent. We have demonstrated that two different guilds of insect herbivores
respond differently to elevation, yet they also show evidence of interguild competition.

The nature of the interaction, however, is contrasted on two closely related host plants.
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In addition, we find evidence that intraspecific competition may significantly reduce

adult fitness in galling insects.

Gall densities are to some extent partitioned between the two Rubus species along the
elevational gradient. Gall density on R. moorei decreases with increasing elevation. In
contrast, gall density on R. nebulosus peaks at a higher elevation. Previous studies have
shown variable responses of galling to elevation and suggested that gallers are
responding to factors other than elevation, such as host plant availability (Damken et al.
2012; Ribeiro et al. 2014). This seems to be the case in our system as the pattern of
galling density was not only different between the two related host plants but also

occurred where each host plant was more common.

In contrast to previous studies, we found no elevational pattern in herbivory rates,
despite reduced gall density at higher elevations. Free living herbivores previously
found on the host plants include a sawfly, Philomastix glabra from R. nebulosus
(personal observation) and a beetle, Aaaba fossicollis, from R. moorei (Bruzzese 1980).
Studies have found that lower temperatures at higher elevations reduces herbivore
abundance through constraints on insect development (Rasman et al. 2013). Conversely,
other studies have suggested that the effects of low temperature at high elevations may
be obscured by positive effects due to escape from natural enemies (Koptur 1985;
Hodkinson 2005). Maunsell et al. (2014), for example, found that leaf miners at high
elevations escaped parasitism. In addition, it may be that in our study system, cooler
temperatures at the highest elevations are not a limiting factor for free living insect
herbivores due to the relatively mild subtropical climate. The vast majority of studies
reporting declines in herbivory with increasing elevation are from temperate and alpine
habitats which have extreme conditions at high elevations, whereas the continuously
forested gradient used in this study may support a more constant abundance of
herbivores. In addition, the small elevational range used in this study may not have been

enough to detect climate driven patterns in herbivory.

Despite differences in elevational patterns of gall density between the two Rubus
species, we found that overall, body size of reared gallers was largest at mid elevations
and decreased at both low and high elevations. A similar mid-elevation peak was found
for wing size of a Costa Rican butterfly (Hawkins and de Vries 1996). Often there is a

general decrease in in the mean size of individual species within communities with
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increasing elevation (Janzen et al. 1976). However, within species patterns show
inconsistent and opposing trends even between closely related species (Hodkinson
2005). Gutierrez and Menendez (1997) found that body size was correlated with
regional distribution for carabid beetles. These mid-elevation peaks may also be due to
mid-range effects, where species are often best adapted to the central part of their range
(Hochberg and Ives 1999). In our study system the percentage of forested area is
greatest at mid to high elevations (Hall et al. 2015a), supporting the idea that body size
may be related to the availability and suitability of habitat area. In addition,
Cecidomyiidae sp. 1 hosts a guild of parasitoids across both Rubus species (Hall et al.
2015). Parasitoids have been found to be a strong selecting force on gall size as they are
more successful at attacking small galls, thus selecting for larger gall size and thus
larger adult galling insects (Price and Clancy 1986; Stille 1984; Laszlo6 et al. 2014). The
shared parasitoids may select for larger gall size, and thus body size at mid elevations
where both Rubus plant distibutions overlap due to a kind of intraspecific apparent

competition between the two cecidomyiid populations from different Rubus host plants.

The relationship between gall abundance and herbivory rate showed opposing patterns
on the two Rubus species, although this was only significant for R. moorei. Competitive
interactions that are mediated via the host plant may be stronger on certain host plant
species than on others - a phenomenon that has been termed interaction modification
(sensu Wootton 1994). This may explain why there was a strong negative relationship
between gall abundance and herbivory rate on R. moorei, yet a weak positive one for R.
nebulosus. In addition, the lower gall abundance on R. nebulosus may mean that the
gall’s density is not high enough to cause significant changes in host plant quality. In
contrast, the higher gall abundance on R. moorei may lead to more frequent competitive
interactions with other feeding guilds. This may also be true for intraspecific
interactions; most of the negative relationship between gall abundance and body size
was driven by R. moorei. This species may have fewer optimal galling sites, leading to
overcrowding and reduced fitness of the galling insects, whereas gall abundance on R.

nebulosus was generally lower, leading to reduced intraspecific competition.

Conclusions

In this study, we found opposing trends in gall density with elevation between the two

Rubus species, yet no clear trend in herbivory rates. However, we did find evidence for
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competition between leaf chewers and galling insects, and also intraspecific competition
among gallers. Competitive interactions both between and within herbivorous insect
species can be both direct, as with interference competition, or indirect, such as those
mediated by a shared resource. The relationship between leaf chewers and gallers
appears to depend on gall abundance. The two guilds only compete on R. moorei, not R.
nebulosus, possibly due to the former having a higher overall abundance of galls. Both
galling density and galler fitness are highest in the centre of host plant elevational range,
suggesting that several fitness related factors are optimal in this range. Sites with high
gall abundance also had reduced galler fitness, suggesting a strong effect of intraspecific

competition among the galling insects.

This study provides evidence for the modification of competitive interactions (sensu
Wootton 1994) between herbivores by their host plants, driven by differing abundances
of galling insects between the two host plant species. It is evident that there is a great
deal of variation in the mechanisms governing within and between guild competition.
As such future studies need to focus on experimental manipulation to determine the

mechanisms that modify competitive interactions along environmental gradients.
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S3 Supplementary Material

Figure S3.1 Photos of R. moorei galls (top), R. nebulosus galls and Cecidomyiidae sp.

1 (bottom) and maps of host plant distributions. Photos by C. Hall and maps provided
by Peter Kolesik.

Host: Rubus nebulosus Cecidomyiidae sp. 1 (Diptera)
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Table S3.1 Linear regressions between elevation, gall density, herbivory rate and body
length calculated separately for R. moorei and R. nebulosus and male and female
galling insects. Coefficients of determination (R?) and F statistics with degrees of
freedom are shown; significant relationships are in bold (P<0.05). Signs indicate the
direction of the relationship.

Model F (d.f) R’ P

R. moorei gall density ~ elevation + elevation” 4.16 (2,67) 0.11 0.02
R. nebulosus gall density ~ elevation + elevation” 4.07 (2,56) -0.13 0.02
R. moorei herbivory rate ~ elevation 0.23 (1,68) -0.003 0.63
R. nebulosus herbivory rate ~ elevation 0.04 (1,57) 0.001 0.83
Female In(body length+1) ~ elevation + elevation” 5.29 (2,64) -0.14 0.01
Male In(body length +1) ~ elevation + elevation® 19.75 (2,42) -0.48 >0.01
R. moorei herbivory rate ~ In(gall abundance+1) 7.71 (1,11) -0.41 0.02
R. nebulosus herbivory rate ~ In(gall abundance+1) 2.31 (L,8) 0.22 0.17
In(gall abundance +1) ~ body length 6.36 (1,14) -0.31 0.02
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Chapter 4

The previous chapter provided evidence for strong inter- and intra-guild competition
between galling insects and general herbivory. This galling species (Cecidomyiidae
sp.1) and Dasineura sp. from Solanum inaequilaterum are both host to a guild of shared
parasitoid species. This chapter focuses on this guild of gall parasitoids and examines
the effect of temperature on the relationship between parasitoid richness and parasitism
rates. Corrigendum: After publication of the following manuscript we discovered that
Cecidomyiidae sp 2 and sp 3 reared from R. nebulosus and R. moorei are the same
species (Chapter 3). This corrigendum will be included in the subsequent formal species

description in collaboration with Peter Kolesik.
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Abstract Parasitoids play an important role in ecosystem functioning through their influence on herbivorous
insect populations. Theoretical and experimental evidence suggest that increased species richness can enhance and
stabilize ecosystem function. It is important to understand how richness-driven functional relationships change
across environmental gradients. We investigated how temperature affected the relationship between parasitoid
richness and parasitism rate in a guild of gall-parasitoids along an elevational gradient. We collected galls at 15 sites
along five elevational gradients (between 762 m and 1145 m asl) on six occasions over a year. A total of 1902
insects, including 1593 parasitoids, were reared from 12 402 galls. Parasitism rate increased significantly with
temperature on all sampling occasions, except December and February. We found a significant, positive richness—
parasitism relationship. This relationship, however, was weaker at higher elevations which may be linked to
decreased functional efficiency of parasitoids at lower temperatures. Temporal variability in parasitism rate and
parasitoid richness were significantly related, regardless of temperature. A stable functional guild of this kind may

provide a more reliable ecosystem service under environmental changes.

Key words: Cecidomyiidae, elevation gradients, parasitism, rainforest, trophic interactions.

INTRODUCTION

Environmental gradients, by selecting for certain func-
tional traits, affect species in a non-random manner
and can determine how species interact with each
other (Hodkinson 2005). Elevational gradients, in
particular, create pronounced patterns in species dis-
tributions due to the contrasting environmental con-
ditions found over short geographical distances
(Korner 2007). In general, decreasing temperatures
with increasing elevation may constrain insect traits,
such as thermal tolerance and phenology, leading to
reduced species richness, turnover and functional
diversity (Hodkinson 2005). Usually studies of
elevational patterns in insect richness and assemblage
turnover focus on a single taxon or trophic level (e.g.
moths, Ashton ez al. 2011; ants, Burwell & Nakamura
2011; dung beetles, Escobar eral. 2005), and
elevational effects on species interactions are seldom
taken into account (but see Maunsell ez al. 2014).
Parasitoids provide an interesting case study as they
play significant roles in ecosystem functioning (LaSalle
& Gauld 1993), yet are constrained in their responses
to environmental gradients by changes in host traits.
Few studies have looked explicitly at how elevation

*Corresponding author.
Accepted for publication May 2015.

© 2015 Ecological Society of Australia

affects host—parasitoid interactions. Those that have,
have found that the decrease in parasitism rates with
increasing elevation is disproportionately greater than
that of their host populations (Virtanen & Neuvonen
1999; Maunsell eral. 2014). Such asymmetrical
responses may explain why most studies report a
decline in parasitism rates with increasing elevation
(Hodkinson 2005; Péré ez al. 2013). In some cases,
parasitism rates reach zero before the upper elevational
limits of the host species, thereby creating high eleva-
tion refuges from parasitism (Randall 1982; Maunsell
et al. 2014). Even when present, the efficacy of
parasitoids may be reduced at higher elevations. This is
supported by laboratory experiments demonstrating
decreased parasitoid functional efficiency at lower
temperatures (Enkegaard 1994; Menon ez al. 2002).
Other factors, however, may also be important
determinants of parasitism rates. Complementary use
of host resources by a guild of parasitoids may lead to
increased rates of parasitism (Snyder ez al. 2008). Dif-
ferent parasitoid species may be both temporally (e.g.
egg vs. larval parasitoids) and spatially (e.g. ecto- ws.
endoparasitoids) separated on the same host species
(Bonsall ez al. 2002; Hackett-Jones et al. 2009).
In addition, the relative abundances of different
parasitoids change seasonally (Sorribas ez al. 2010).
Such complementary host use may lead to a positive
relationship between parasitoid richness and host

doi:10.1111/aec.12283

41



2 C. R. HALL ET AL.

parasitism rates. The opposite may occur when

parasitoid species overlap in host resource use, leading

to intraguild competition and the occurrence of

so-called ‘redundant’ species (Harvey er al. 2013).

This may create a situation where an increase in rich-

ness does nor lead to an increase in the associated

ecological function (Straub ez al. 2008). Such ‘redun-
dant’ species, however, may become more important
as environmental conditions change. In this way, diver-
sity can act as a buffer, maintaining ecosystem func-
tion against changing conditions (Thébault & Loreau

2005). In addition, different responses among species

to environmental fluctuations should lead to decreased

temporal variability with increasing species richness

(Lehman & Tilman 2000). Understanding how

species richness maintains functional stability under

environmental change is becoming increasingly impor-
tant (Hooper ez al. 2005). Field-based studies of
stability in richness-parasitism relationships along
environmental gradients are few, particularly in forests

(Loreau et al. 2001).

In this paper we address this lack of field-based
studies by examining a guild of interacting parasitoid
species from three galling hosts across an elevational
gradient in subtropical rainforest. We use data from
field-collected galls and their reared parasitoids to
investigate the following hypotheses:

1. Parasitism rate and parasitoid species richness will
decline with decreasing temperature: The decrease
in temperature associated with increasing eleva-
tion may reduce parasitoid development and func-
tional efficiency (Menon ez al. 2002), thus limiting
their attack rate and species survival at cooler
temperatures.

2. Parasitism rates will be positively related to
parasitoid richness across the temperature gradi-

ent: Higher parasitoid richness may allow for
greater complementarity in host use and satura-
tion of niche space (Hooper ez al. 2005), leading
to increased rates of parasitism with increasing
temperature.

3. Temporal variability in parasitism rate will be
negatively related to parasitoid richness and posi-
tively related to temporal variability in richness:
Related to the parasitism-richness hypothesis,
increased parasitoid richness and decreased vari-
ability in richness may lead to greater temporal
niche partitioning, leading to lower temporal vari-
ability in parasitism rates at higher temperatures
(Lehman & Tilman 2000).

METHODS

Study area

We sampled leaf galls at 15 sites within Lamington and
Border Ranges National Parks in the Macpherson Ranges
that span the Queensland/New South Wales border (see
Table 1 for GPS coordinates). These parks contain a
36 519 ha expanse of continuous rainforest, ranging from
approximately 250 m to 1200 m in elevation. The area is
dominated by highly diverse and structurally complex sub-
tropical rainforest and is described in further detail by
Laidlaw ez al. (2011). The moist subtropical climate is char-
acterized by dominant summer rainfall, which peaks in
January. The climate of the study area is described in further
detail by McDonald (2010).

The study system

We studied differences in the richness, function and variabil-
ity in a guild of parasitoids (Hymenoptera) reared from three

Table 1. Site information including latitude and longitude coordinates, elevation, median temperature and total number of

reared insects (gallers + parasitoids)

Elevation Median Total

Transect Latitude Longitude (m asl) temperature (°C) abundance
Binna Burra —28.1994 153.1923 803 13.5 64
—28.2061 153.1911 952 12 117
—-28.2559 153.2031 1083 10.5 173
Lamington —28.2284 153.1372 829 11.5 77
—28.2400 153.1490 944 12 100
—28.2620 153.1700 1140 10 169
Brindle Creek —28.3786 153.0669 762 11.5 54
—28.3883 153.0670 947 10.5 58
—-28.3755 153.0960 1059 11 339
Tweed Road —28.4370 153.1420 860 11.5 38
—28.4333 153.1278 964 11 84
—28.4281 153.1256 1098 10.5 265
Bar Mountain -28.4818 153.1439 890 12 188
—28.4708 153.1410 994 11 46
—28.4592 153.1324 1145 10.5 130
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Pteromalidae
sp1 Platygastrinae

- sp1
Tetrastichinae sp2

Platygastrinae

: Pteromalidae
: sp2

Cecidomyiidae sp1

Solanum
inaequilatrum

Fig. 1.
species, line types represent host species.

species of galling insects (Cecidomyiidae) across a tempera-
ture gradient, generated by elevational differences in our
study sites. Galling insects use chemical stimuli to induce
physical and metabolic changes in host plant tissue (Cornell
1983). They are usually monophagous and can often be
assigned to morphospecies based on host plants and gall
type. The three galling species targeted belong to the dipteran
family Cecidomyiidae (the gall midges). The vast majority of
galls occurred on leaves, showing clumped distributions.
Each species has multiple generations each year with peak
gall abundance occurring in spring and autumn. All three gall
types have overall similar morphological characteristics
including soft tissue, less than 1 cm diameter, spherical or
ovoid shape with a small opening when mature, and covered
in trichomes (see Appendix S1 for photographs).

The three host plants sampled were Rubus moorei
(F. Muell.), Rubus nebulosus (A. R. Bean) and Solanum
inaequilaterum  (Domin), each hosting a different
morphospecies of galling Cecidomyiidae. All three plant
species have restricted distributions and are found at higher
altitudes (above 700 m asl) within subtropical rainforest,
commonly in disturbed areas and light gaps. Solanum
inaequilaterum is a perennial shrub, up to 2 m, that occurs in
higher rainfall areas of southeast Queensland and northern
New South Wales, in disturbed rainforest sites and margins
(Bean 2004). Rubus nebulosus is an evergreen climber found
in moister rainforest along coastal areas north of Batemans
Bay, NSW. Rubus moorei is similar to R. nebulosus but is
restricted to subtropical rainforest in northern NSW and
south-east Queensland (Harden er al. 2006). The three host
plants were chosen as they often occur in close proximity to
each other, the galls can be reared successfully and are linked
through their shared parasitoids. They also gave us the oppor-
tunity to compare two closely related Rubus species with each
other and these, in turn, with a third more distantly related
host species (Solanum inaequilaterum).

In total, nine species of parasitic Hymenoptera were reared
from the three galling cecidomyiid species. Two species had
total abundances less than 10 and were excluded from analy-
sis. The seven most common species were identified to family
and assigned to morphospecies. Three morphospecies were
identified as Platygasteridae: Platygasterinae, two belonged
to the Pteromalidae and two to the Eulophidae. The two
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Diagram of the study system, showing interactions among all species. Lines indicate a direct relationship between two

eulophid species were identified as Tetrastichinae sp. and
Zaommomyiella sp. by C]B. Platygastrinae sp. 2, Tetrastichinae
and Pteromalidae sp. 1 were reared only from Solanum galls
(Fig. 1). Pteromalidae sp. 2 was reared from all three hosts and
Platygastrinae sp. 1 from both R. nebulosus and Solanum.
Platygastrinae sp. 3 was reared from both species of Rubus, and
Zaommomyiella sp. from R. moorei only (Fig. 1).

Experimental design and sampling

To generate a climatic gradient, we used an elevational
gradient as a ‘space for time substitution’ (Pickett 1989;
Hodkinson 2005). The use of frequently sampled plots dis-
tributed along a continuous elevation gradient is a commonly
used approach to study insect variation along temperature
gradients (see de Sassi ez al. 2012; Reymond ez al. 2013). We
established five transects, with three sites each at approxi-
mately 150 m intervals of elevation (Table 1).

Sites ranged from 762 m to 1145 m asl, a total elevation
range of 383 m. This provided a total median temperature
difference of 3.5°C between the lowest and highest sites.
All sites are located on north to north-west facing slopes
to minimize temperature variation due to insolation.
Local topography, however, may still create significant
microclimatic variation, in addition to the general tempera-
ture gradient (Weiss ez al. 1988).To account for such natural
variation, temperature was recorded at each site, every 3 h
from June 2013 to September 2014, using temperature
loggers (DS21 Thermochron iButton, Dallas Semiconductor/
Maxim, CA, USA), suspended approximately 1.5 m above
ground level. This allowed us to test the effects of temperature
separately from the effects of other environmental variables
that co-vary with elevation (such as humidity and radiation)
(de Sassi et al. 2012). To overcome occasional data gaps, we
have used median site temperature from March to September
2014 in all analyses, which included the peak galling seasons.

At each site we sought three individuals of each plant
species within a restricted 50 m? area in order to maintain a
standard plot size and to decrease between-plant differences
in abiotic conditions. Rubus moorei and R. nebulosus were rare
at high and low elevations, respectively as such not all sites
contained all three species. Accordingly, to standardize
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samples, gall density was calculated as number of galls/per
gram of biomass sampled, and relative abundances of each
species reared from galls were used in analyses. Each site was
sampled 6 times over a 1-year period with 2 months between
each sampling occasion to allow adequate time for regrowth
and for galls to re-establish. Each sampling occasion ranged
from 1 to 2 weeks; for clarity we refer to the month that
sampling occurred in (i.e. March 2013, June 2013, October
2013, December 2013, February 2014 and May 2014). Galls
were sampled by closely inspecting each plant and removing
all galled leaves. For consistency, all galls were collected,
regardless of their development stage. This may have led to
an underestimate of parasitism (Stireman ez al. 2005) but any
bias should be consistent across all sites. Galled leaves were
placed into sealed plastic boxes containing moistened tissue
and checked every 3 days for two months for the emergence
of adult insects. Reared adult insects were counted, preserved
in ethanol and sorted to morphospecies by CH, with assis-
tance from CJB for parasitoids. Insects were identified with
varying degrees of taxonomic resolution, but morphospecies
were used in all analyses. It was not possible to distinguish
between parasitoids and hyper-parasitoids.

To estimate plant biomass without destructive sampling,
we estimated the total volume of each sampled plant. We
measured height and crown diameter, and then calculated
the cylindrical volume within which the above-ground parts
of the plant occurred. To convert plant volume to biomass,
we measured the volume of 10 plants from each species
following the same procedure as above. We then cut them at
ground level and dried the leaf material in a drying cabinet
for 48 h. We used linear regression to test how well volume
approximated dry weight and found a significant relationship
for each plant species (Solanum F,s=137.5, P<0.001,
R? = 0.95; Rubus nebulosus F, s = 22.18, P = 0.002, R* = 0.73;
Rubus moorei F,g=5.91, P=0.041, R*> = 0.42).

Analysis

All statistical analyses were carried out using R statistical
software (R Development Core Team 2014), using the LME4
package (Bates ez al. 2013). All three host gall species were
combined for analysis as we were interested in the parasitoid
guild as a whole and some parasitoid species were shared
across the three hosts (Fig. 1). In addition, we found no
significant effect of plant host species on parasitoid richness
(x? =5.03,P =0.08,d.f. = 2) or parasitism rates, corrected for
overdispersion (x> =4.16, P=10.12, d.f. = 2) (see Appendix
S2 for insect abundance from each host plant species). Para-
sitism rate (as a proportion) was calculated as the number
of parasitoids divided by total reared insects (gallers +
parasitoids) for each site by time combination. To test how
parasitoid richness and parasitism rate varied across sampling
occasions, and how this was related to median temperature,
we used generalized linear mixed effects models (GLMM:s)
with Poisson (for count data) or binomial (for proportional
parasitism rate data) error distributions. We included site as a
random effect, to allow for non-independence of multiple
samples per site, and sampling occasion as a categorical fixed
predictor. To account for any effects of abundance on
parasitoid richness and parasitism rate, we included the log of
total reared insect abundance (gallers + parasitoids) as a
covariate. We compared random intercept models to random
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intercept and slope models that also allowed for variation in
the slope of the response, by calculating corrected Akaike
(AICc) information statistics (Hurvich & Tsai 1989). In all
cases, AICc values were lower for the random intercept model.
Accordingly, this simpler model was used in further analyses.
The fit of maximal models with either elevation or median
temperature as fixed effects was also compared using AICc. In
all cases, AICc values were lower for temperature, which was
then used in all further analyses. Previous studies have shown
that temperature is the main driver of insect assemblage
patterns along elevational gradients (Hodkinson 2005; Hall
et al. 2014). In this paper, we use ‘temperature’ hereafter
as it is the elevation-related environmental variable which
explained the greatest amount of variation. Model simplifica-
tion was carried out to obtain the most parsimonious model
for each dependent variable using likelihood ratio tests and
calculated P-values from a chi-square distribution using the
ANOVA function. We tested for overdispersion in GLMMs
and for any obvious deviations from homoscedasticity and
normality in all models. Models that were significantly
overdispersed were fitted with an observation level random
effect (OLRE) and retested.

To determine the effect of parasitoid richness and variabil-
ity on variability in parasitism rate, we used two general linear
models (GLMs) with backward stepwise elimination. The
response variable was the coefficient of variation (CV) in
parasitism rates (arcsine square root transformed to approxi-
mate assumptions of normality), with temperature as a fixed
factor. The CV was calculated by dividing the standard devia-
tion by the mean for each site. Interaction effects between
temperature and covariables were included in the models.
The first model used the mean species richness of parasitoids
per elevation as a covariable. The second model used the
variability (CV) in parasitoid species richness across months
as a covariable, to determine whether stability in richness
promotes stability in parasitism rate.

RESULTS

The effect of temperature on richness and
parasitism

A total of 1902 insects, including 1593 parasitoids,
were reared from 12 402 galls collected across the 15
sampling sites and six occasions. Average total rearing
success rate across all sites was 14%, ranging between
6 and 28%, and was not correlated with elevation
(Pearson’s correlation coefficient = 0.18).

Mean parasitoid species richness (per sampling
occasion) did not change significantly with median
temperature (Table 2a). In contrast, parasitism rate
showed significant variation with temperature, and
this was not consistent across sampling occasions (i.e.
there was a time X temperature interaction effect)
(Appendix S3). Parasitism rate was positively related
to temperature on four of the six sampling occasions
(Fig. 2). The results for December showed the oppo-
site pattern, and there was no change in parasitism
rates during February (Fig. 2).
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Table 2. Results for GLMMs for field observations on the relationships between median temperature, parasitoid richness and
parasitism rate (a), and between richness and parasitism (b). P-values obtained from likelihood ratio tests comparing the
minimum model to a null model. Sampling occasion is represented by the time variable in each model.

Response variable Minimum model d.f. v P
(a) Temperature X time

Richness Temperature + log (insect abundance) + (1 |site) 1 0.077 0.781

Parasitism rate’ Temperature X time + (1 |site) + (1| OLRE) 11 26.896 0.005
(b) Parasitism~richness

Parasitism ratet Temperature X richness + (1 |site) + (1| OLRE) 3 8.035 0.045

tObservation level random effect (OLRE) added to account for overdispersion. Bold terms indicate a significant effect of

temperature (P < 0.05).
GLMM, generalized linear mixed effects model.
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Fig. 2. Median temperature at each site versus parasitism rate for March 2013 (a), June 2013 (b), October 2013 (c), December

2013 (d), February 2014 (e) and May 2014 (f). Open circles represent fitted values from the GLMM of the parasitism—
temperature relationship for each site. Lines represent the linear relationship between median temperature at each site and fitted
values for parasitism rate for each sampling occasion. # = 15 for each sampling occasion except March 2013, December 2013 and

February 2014, where n = 14, 13 and 12, respectively.
Parasitism-richness relationship

There was a significant relationship between parasit-
ism rate per month and mean parasitoid richness
(Table 2b). However, the relationship had a significant
interaction with temperature (Table 2b), such that the
parasitism-richness relationship changed from being
positive at higher temperatures, to negative at lower
temperature sites (Fig. 3).

© 2015 Ecological Society of Australia

Temporal variability in the
parasitism-richness relationship

Variability in parasitism rate showed a negative
relationship with mean parasitoid richness, such
that sites with high mean parasitoid richness
showed less variability (i.e. a lower CV) in parasitism
rate (Fig. 4a). However, the final model, which
included temperature, was not significant (Table 3a).
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Analyses, however, treated temperature as a continuous variable. Black lines represent fitted values from linear models of the
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Table 3. Results from general linear models testing effects of (a) mean parasitoid richness per site and (b) temporal variability
(CV) in parasitoid richness on the temporal variability (CV) in parasitism rate. NS indicates non-significant interactions removed
from the models during backward stepwise elimination. Final models are shown with F and adjusted R? values. Bold terms
indicate a significant effect of the predictor variable (P < 0.05).

Predictor variable d.f. t P R?
(a) CV parasitism ~ Mean richness

Temperature 1 -1.397 0.188

Mean richness 1 -2.196 0.048

Temperature X richness NS
Final model: Temperature + mean richness 12 F=3.01 0.087 0.22
(b) CV parasitism ~ CV richness

Temperature 1 -1.319 0.211

CV Richness 1 3.816 0.002

Temperature x CV richness NS
Final model: Temperature + CV richness 12 F=8.23 0.006 0.51

In contrast, variability in parasitism rate was positively
correlated with variability (CV) in parasitoid richness
(Table 3b, Fig. 4b), such that sites with greater vari-
ability in parasitoid richness also had a more variable
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parasitism rate. In both models temperature and its
interaction with the main effect were not significant;
however, temperature was still included in final

models.
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DISCUSSION

We found either partial or full support for our three
hypotheses. Elevation driven differences in tempera-
ture had a significant effect on parasitism rate, but this
changed through time. Our results provide rare field-
based evidence that temperature affects richness/
functional relationships significantly. However, the
positive relationship between temporal variability in
parasitism rate and variability in parasitoid richness
remained unaffected by temperature. Despite collect-
ing a large number of galls, we observed a low rearing
success rate. Similarly, Ribeiro and Basset (2007)
found that only 5.4 and 15.6% of galls contained live
larvae in consecutive years.

The effect of temperature on parasitoid
richness and parasitism rate

We found a significant decrease in parasitism with
decreasing temperatures at high elevations, but not
parasitoid richness. In contrast to our results, a recent
meta-analysis found a significant decline in both
parasitoid species richness and parasitism rates with
increasing elevation (Péré eral. 2013). Linear
decreases in parasitism rate with increasing elevation
have also been found in the same study area in both
leaf-miners (Maunsell ez al. 2014) and cavity nesting
Hymenoptera (Morris er al. 2014). These authors
found that parasitism rates reached zero above 1000 m
in elevation. In contrast, parasitism rate remained
relatively high in our study, possibly due to the number
of endoparasitoids in our system. Endoparasitoids
develop within the host’s body and, as such, may
be better protected from cooler temperatures com-
pared with ectoparasitoids (Quicke 1997). Among
the parasitoids encountered, the three species of
Platygasterinae belong to a known endoparasitic group
(Austin et al. 2005; CSIRO Australia 2005). In addi-
tion, the Zaommomiella species, which had previously
unknown biology, is also suspected to be endoparasitic
(Boucek 1988). Péré et al. (2013) found that among a
variety of parasitoid lifestyles, only endoparasitoids on
endophagous hosts did not show a decline in species
richness with elevation. In addition, it is possible that
ectoparasitoids, which are typically more generalist
compared to endoparasitoids, are more affected by
possible absence of alternative host species at higher
elevations (Gaston & Williams 1996).

We found significant temporal variation in parasit-
ism rates, with December showing the opposite
pattern compared with the other sampling occasions.
Short-term seasonal differences in parasitoid assem-
blage turnover have also been recorded from the same
study area (Hall ez al. 2014). Tylianakis ez al. (2006)
found significant temporal variation in parasitism rates
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of cavity nesting Hymenoptera across a habitat
gradient. This highlights the importance of examining
host—parasitoid relationships across temporal scales, as
pooling data neglect the importance of temporal
turnover (Tylianakis er al. 2006).

Parasitism ~ richness relationship

We found support for our second hypothesis of a sig-
nificant relationship between parasitoid richness and
parasitism rate (an ecosystem function). Such a rela-
tionship has also been found in assemblages of cavity-
nesting Hymenoptera across habitat types (Tylianakis
et al. 2006) and in coffee agro-forests (Veddeler et al.
2010). Positive relationships between species richness
and measures of ecosystem function are thought to be
a result of the effects of multiple species increasing
functional diversity (Tylianakis ez al. 2006). In this way
a more species-rich and functionally diverse guild of
parasitoids may lead to increased parasitism rates
through increased and complementary use of host
niche space (Tylianakis ez al. 2006). In contrast, both
Macfadyen ez al. (2011) and Rodriguez and Hawkins
(2000) found no relationship between species richness
and parasitism rates. However, the latter two studies
pooled long-term data, neglecting the importance of
temporal turnover in parasitoid species (Tylianakis
et al. 20006).

Perhaps of more importance, we found that the
richness—parasitism relationship was dependent on
temperature, such that, on average, the relationship
shifted from being positive at warmer temperatures to
increasingly negative at cooler temperatures. Theoreti-
cal modelling has shown that there may be no general
diversity—functional relationship as the ecosystem ser-
vices provided by each species depends on the envi-
ronmental context (Cardinale ez al. 2000). These
authors found that spatial heterogeneity strengthened
the richness—ecosystem functioning relationship due
to greater complementary habitat use by different
species. Habitat complexity generally decreases with
elevation (Diamond 1988; Vazquez-Garcia & Givnish
1998), which may explain our observed decrease in the
slope of the richness—parasitism relationship at cooler,
high elevation sites.

Temporal variability in the
parasitism-richness relationship

We found only partial support for the third hypothesis
of relationship between temporal variability in species
richness and temporal variability in parasitism. Tem-
poral variability of parasitism rate decreased with
increasing species richness but not significantly. We
did, however, find a positive relationship between tem-
poral variability in parasitoid species richness and tem-
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poral variability in parasitism rates as did Tylianakis
et al. (2006) and Veddeler ez al. (2010). A more tem-
porally consistent functional guild is more likely to
provide a constant ecosystem service (Veddeler et al.
2010). In addition, a more functionally diverse guild
may act as biological insurance for ecosystem services
through an increased ability to compensate for indi-
vidual species fluctuations (Thébault & Loreau 2005).

Surprisingly, and in contrast to the richness—
parasitism relationship, the relationship between
temporal variability of both species richness and para-
sitism rate was constant across the temperature
gradient. In an analogous result, Tylianakis ez al.
(2006) found that habitat type had no effect on the
relationship between temporal stability in richness and
parasitism. In contrast, Macfadyen ez al. (2011) found
significantly less temporal variation in parasitism rate
on organic compared with conventional farms.

CONCLUSIONS

We have demonstrated that the positive richness—
function relationship in a multi-trophic system is sig-
nificantly affected by changes in temperature along an
elevation gradient. The temporal stability of the rela-
tionship, however, is less affected. It is an important
observation that stability in species richness is able
to maintain ecosystem stability despite changes in
temperature. Parasitoid richness and the ecosystem
functions it supports may vary across temperature gra-
dients and through time. Understanding of the pro-
cesses affecting these relationships is essential for
conservation and management (Loreau er al. 2003).
Future changes in climatic conditions may signifi-
cantly change the richness—parasitism relationship.
The temporal stability in the ecosystem services pro-
vided by parasitoids, however, may be more resilient to
change. The extent to which our results can be gener-
alized to fit other diversity/functional relationships
remains unclear as parasitoids are very host-specific
compared with other guilds of predators. Only further
field-based experimental studies under different cli-
matic conditions will throw light on such relationships.
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S4 Supplementary material

Figure S4.1 (a) dissected Rubus nebulosus containing a cecidomyiid pupa, and (b)
dissected Solanum inaequilaterum gall with cecidomyiidae pupa extracted from pupal
chamber. Photos by C Hall.

Table S4.1 Full coefficient table for model of changes in parasitism rate through time at
different temperatures with binomial error distribution. A colon between two variables
indicates an interaction effect. Asterisks indicate significant effects (P<0.05).

Estimate Std. error z value P(>|z))
(Intercept) 11.58 5.438 2.129 0.03323 *
temp -9.403 5.359 -1.755 0.07932
Feb-14 -10.105 8.222 -1.229 0.21906
Jun-13 -18.599 7.645 -2.433 0.01498 *
Mar-13 -21.504 6.953 -3.093 0.00198 *
May-14 -14.727 7.439 -1.98 0.04773 *
Oct-13 -14.257 6.548 -2.177 0.02945 *
temp:Feb-14 10.266 8.321 1.234 0.21728
temp:Jun-13 19.286 7.687 2.509 0.01212 *
temp:Mar-13 20.684 6.952 2.975 0.00293 *
temp:May-14 14.719 7.48 1.968 0.04909 *
temp:Oct-13 14.336 6.523 2.198 0.02797 *
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Table S4.2 Total gall, parasitoid and cecidomyiid abundance for each host plant species
at each site. Location refers to transect name: Brindle Creek (BC), Bar Mountain (BM),
Lamington (LM), Tweed Road (TR) and Binna Burra (BB).

Location Elevation Plant host Gall Parasitoid  Cecidomyiid
(m asl) species abundance  abundance abundance
BC 947 R. nebulosus 13 1 0
BC 1059 R. nebulosus 751 197 59
BM 890 R. nebulosus 326 121 20
BM 994 R. nebulosus 44 7 3
BM 1145 R. nebulosus 155 49 2
LM 944 R. nebulosus 26 5 0
LM 1140 R. nebulosus 440 63 20
TR 964 R. nebulosus 128 25 9
TR 1098 R. nebulosus 299 85 22
BB 1083 R. nebulosus 118 5 0
BC 762 R. moorei 681 12 2
BC 947 R. moorei 330 7 0
BC 1059 R. moorei 40 3 0
BM 890 R. moorei 622 22 1
BM 994 R. moorei 248 25 0
BM 1145 R. moorei 259 0 4
LM 829 R. moorei 546 53 4
LM 944 R. moorei 95 19 1
TR 860 R. moorei 254 2 1
TR 964 R. moorei 192 5 1
TR 1098 R. moorei 749 67 5
BB 803 R. moorei 172 14 0
BB 952 R. moorei 470 30 5
BB 1083 R. moorei 110 5 6
BC 762 Solanum 194 31 9
BC 947 Solanum 261 41 9
BC 1059 Solanum 434 75 5
BM 890 Solanum 225 24 0
BM 994 Solanum 135 11 0
BM 1145 Solanum 422 62 14
LM 829 Solanum 229 16 4
LM 944 Solanum 613 65 10
LM 1140 Solanum 595 70 16
TR 860 Solanum 172 30 5
TR 964 Solanum 204 33 11
TR 1098 Solanum 389 55 31
BB 803 Solanum 231 47 3
BB 952 Solanum 429 76 6
BB 1083 Solanum 801 135 22
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Chapter 5

In the previous chapter we found that the positive relationship between parasitoid
richness and parasitism rate was dependent on temperature. There is increasing
evidence to suggest that temperature also has strong bottom-up effects on herbivores
and their parasitoids through changes in host plant chemistry. In this chapter we
examine the spatial differences in phytochemistry in galled and non-galled leaves along
a temperature gradient. We also isolate and identify several defence compounds from

the host plant species.
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Chapter 5
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5.1 Abstract

Plant populations exhibit phenotypic variation in secondary metabolites over their
geographical ranges. The amount and spatial distribution of this variation in secondary
metabolites can influence interactions with herbivores. In this study we investigate
galling induced differences in phytochemistry of three rainforest understory species;
Solanum inaquilaterum, Rubus moorei and Rubus nebulosus, over a temperature
gradient. We used 'H NMR to characterize plant chemical profiles and HPLC and 2D
NMR to separate and identify compounds of interest. Galled leaves of both Rubus
nebulosus and Solanum inaequilaterum showed distinct variation in their chemical
profile based on site temperature. We isolated four known triterpenes (maslinic acid, 2-
oxopolomic acid and cis- and trans-p-coumaroyltormentic acid) from R. nebulosus, and
two known compounds (N',N*-bis(dihydrocaffeoyl) spermidine and N-methyl nicotinic
acid) from S. inaequilaterum. "H NMR signals from these compounds were found to be
indicative of the observed differences in the phytochemistry of galled leaves. In this
study, we have shown that gall induced changes in the phytochemical profile of three
rainforest plants is mediated by site temperature. Our results have led us to identify
several secondary metabolites that may be responding to both abiotic and biotic
pressures in each plant species. This may lead to new insights into the roles of these

compounds in plant defence and environmental adaptation.
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5.2 Introduction

Plants produce a wide array of secondary metabolites and this diversity is thought to be
the result of their coevolution with natural enemies such as pathogens and herbivores
(Ehrlich and Raven 1964). Plants express both inter and intra-specific differences in
mixtures of the secondary metabolites they produce, and also show differences in total
and relative concentrations of individual compounds (Moore et al. 2014). As a result,
individuals within plant populations exhibit phenotypic variation in secondary
metabolites over their geographical ranges (Brenes-Arguedas and Coley 2005). The
amount and spatial distribution of this variation in secondary metabolites can influence
interactions with herbivores (Richards et al. 2015; Lankau and Strauss 2008), and
accordingly can have an ecologically significant effect on community composition
(Dyer et al. 2014). In this study we investigate the spatial differences in secondary
metabolites of three co-occurring rainforest understory species, Solanum inaquilaterum,

Rubus moorei (F. Muell.) and Rubus nebulosus (A.R. Bean).

Rubus is a large genus within the Rosaceae, containing around 700 species (Alice and
Campbell 1999). The genus has a long history of traditional uses, not only as a food but
also as medicines (Patel et al. 2004), and several species are grown commercially. As
such the phytochemistry of the genus is relatively well documented (see Patel et al.
2004 for a review). Most species investigated contain a diverse mix of secondary
metabolites. Rubus leaves have been found to be especially rich in tannins (ellagic acid),
flavanoid derivatives of kaempferol and quercetin and phenolic acids. They are also
rich in terpenoid compounds, including monoterpenes (a-pinene, f-myrcene and
limonene), several diterpene glycosides (rubusoside and labdane- and kauren-type) and
ursane type triterpenes (Patel et al. 2004). Solanum is a large genus in the Solanaceae
with approximately 1700 species (Weese and Bohs 2007). Several species in this genus
have a long history of traditional medicinal use while others are important food species
(Amir and Kumar 2004). Various chemical constituents have been reported from this
genus such as alkaloids (solasidine), phenolics, flavonoids (scopoletin), sterols,

saponins and their glycosides (see Amir and Kumar 2004 for a review).

Many of these compounds potentially play a role in plant defence. Many terpenoids, for

example, are specifically induced in response to herbivore damage (Cheng et al. 2007).
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Other compound classes also show potent anti herbivore effects, although these
compounds can also be used as host plant cues by specialist herbivores. For example,
the unique glycoalkaloid profile found in some Solanum species is used as cues by
specialist herbivores which have evolved adaptations to these otherwise toxic
compounds (Altesor et al. 2014). Galling insects are a unique guild of specialist
herbivores that are known to actively manipulate plant secondary compounds (Chapter
2). This varies, however, depending on the species involved and the type of chemical
defence. Galling insects for example, generally increase concentrations of phenolics and

tannins while having no effect on volatile compounds (Chapter 2).

The specific aims in this study were to characterise galling-induced differences in
phytochemistry of three plant species over a temperature gradient. The three plant
species are galled by two species of Cecidomyiidae (Diptera). They co-occur in the
understory of subtropical rainforest in south-east Queensland and northern New South
Wales. Investigation of two closely related and one different plant species allowed us to
look at similarities and differences both among and between genera. Leaf chemistry is
used here as an indicator of possible changes to plant-insect interactions over a

temperature gradient.

The ecological study of secondary metabolites has traditionally been limited to either
broad classes of compounds, such as phenolics, or the identification of single well
known compounds (Moore et al. 2013). However, it is likely that more than one
compound is involved in any specific plant-insect interaction. Nuclear magnetic
resonance spectroscopy (NMR) was the analytical method of choice to study the
chemical profile of the plants because of its discriminating power to differentiate
functional groups within different molecules, identify the structures of specific
compounds and the proportion of different molecules present within a mixture. 'H
NMR measures the specific electron environment surrounding each proton in a
compound while the intensity of individual proton signals relative to each other in a
spectrum allows one to identify and quantify mixtures of compounds in an extract
(Figure S5.1). As such '"H NMR spectra can be compared across a range of samples and
this can be useful to detect small changes across the entire plant metabolome (Krishnan
et al. 2004). NMR enables quantification of metabolites through integrations of their

corresponding '"H NMR signals. This method can determine the composition of plant
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chemical constituents in a crude extract without the need for separation techniques or
the use of standards for each compound. This method is also useful to highlight regions
of the spectra correlating to potential compounds of interest. Further 2D NMR

techniques can be used to identify these compounds.
5.3 Methods

Study system

Galled and non-galled leaves from the three target plant species were sampled during
April and October 2013 at 15 sites within Lamington and Border Ranges National Parks
in the Macpherson Ranges. These national parks span the Queensland/New South
Wales border (see Chapter 3 for a map of study sites). The three focal plant species;
Solanum inaequilaterum, Rubus moorei and Rubus nebulosus co occur in the understory
of subtropical rainforest. Both Rubus species are galled by Cecidomyiidae sp. 1 and S.
inaequilaterum is galled by Dasineura sp. These and the host plants are described in

further detail in Chapters 3 and 4.
Chemical analysis of crude extract

For chemical analysis both galled and non-galled leaves were collected from each plant
across two sampling occasions (March and October 2013). The samples were dried with
silica and transported to Griffith University, Gold Coast campus. Leaf samples were
ground to a fine powder. Approximately 0.1 g was transferred to a test tube and
combined with 10 mL MeOH. The samples were sonicated for 15 minutes and the
supernatant was transferred into a separate test tube. This step was repeated twice more
and the supernatants combined and evaporated. The dried extract from each leaf sample
was then dissolved in 600 uL of deuterated dimethyl sulfoxide (DMSO) and transferred
to an NMR tube. The "H NMR spectra were obtained at 25°C on a 600 MHz Varian
NMR spectrometer. The parameters used were 16 scans and a spectral width of 15 ppm

(from &y 0-15 ppm).
Statistical analysis of crude extract

Data from both sampling occasions were combined for all further analyses. The NMR

spectroscopic data were processed using MestReNova software (version 10.0.2-15465,
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Mestrelab Research S.L. 2015). NMR spectra were processed using common
metabolomics methods (Kim et al. 2010). The chemical shift and integration values of
the peaks observed in the spectra were used to create a multivariate data set that was
subsequently analysed using principle component analysis (PCA). This method has two
functions; it groups the most similar samples and identifies regions of the spectra that
are contributing most to differences among the groups (Wishart 2008). Signals in
different regions of the '"H NMR spectra can be related to different types of compounds
(see Figure S5.1). This data can then be used as a guide to find compounds within the
mixture that are responsible for the similarities and difference within groups. These
compounds can then be isolated using separation techniques, such as HPLC and their
molecular structures identified using 2D NMR techniques. Spectra were aligned using
the solvent peak (DMSO), base-line corrected, phase corrected, normalized to a total
area of 100 and integrated into 0.04 ppm bins corresponding to the region of &y 0.0-12.5
for the two Rubus species and oy 0.0-10.0 for the Solanum species. The regions between
On 3.0-4.0 and Oy 2.48-2.52 were excluded from the analysis because of the residual
signal of water and DMSO. Binning reduces the number of variables from potentially
30 000 to approximately 200 and reduces differences in signal fluctuations among
samples (Kim et al. 2010). The data for each sample were exported and combined into
one dataset for analysis. Principle component analysis (PCA) was performed in R with

Pareto scaling (R development team 2015).
HPLC separation and compound identification

To separate individual compounds, HPLC separations were performed on crude leaf
extracts. Bulk dry leaf material; 39.25 g of R. nebulosus, 38.3 g of R. moorei and 31.77
g of S. inaequilaterum was extracted by repeated sonication in MeOH (4 x 200mL). The
MeOH extracts for each plant were combined, evaporated and 1 g of the extract
obtained from each species was adsorbed onto Ci3 silica gel. The extract impregnated
gel was placed in a HPLC pre-column cartridge (10 mm x 20 mm), connected in series
to a Cjs—bonded silica HPLC column (21 mm x 150 mm) and eluted with a gradient
from 100% H,0/0.1% TFA (trifluoroacetic acid) to 100% MeOH/0.1% TFA over 60
minutes at a flow rate of 9mL/min. Seventy fractions were collected, evaporated and
every second fraction was further analysed by '"H NMR spectroscopy. Data was
acquired using a Bruker 500MHz NMR with 16 scans at 25°C. Fraction 24 from S.
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inaequilaterum was semi-pure and analysed further using 2D NMR spectroscopy ('H,
COSY, HSQC, HMBC). Both Rubus species had similar compounds that were not
separated fully using reverse phase HPLC. To further separate these compounds normal
phase HPLC was undertaken on two fractions. These were obtained by combining
fractions 28 to 38 and 40 to 62 from the C;g separation of the extract from R. nebulosus
as the compounds of interest were more concentrated in this species. This second HPLC
separation involved a gradient from 100% Hexane to DCM (dichloromethane) to 20%
MeOH in diol bonded silica gel (21mm x 150 mm). 'H NMR analysis of fractions
obtained from this separation indicated that fraction 36 was pure and that fraction 48
contained a mixture of two isomers of two different compounds. Both of these fractions

were analysed by 2D NMR (‘H, COSY, HSQC, HMBC).

5.4 Results

Phytochemical profile

A total of 173 samples, 76 from March and 97 from October, were analysed using 'H
NMR. Overall 58 were from galled and 115 from non-galled leaves. Analysis using
PCA was used to identify any groupings or trends in the dataset. Results from the PCA
scores plot for non-galled leaves from R. nebulosus show no clear groupings in
chemical profile based on site temperature (Figure 5.1a). The regions of the spectra
correlating with the PC axes are shown as a loadings graph (Figure 5.1a). For galled
leaves the PCA shows some clustering based on site temperature (Figure 5.1b). The
loadings correlating with PC2 show the greatest difference between galled and non-

galled leaves, particularly in the regions dy 4-5 and 6-7ppm (Figure 5.1a,b).
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Figure 5.1 PCA and loading plots for Rubus nebulosus (a) non galled and (b) galled

leaves. Colours on PCA plots represent mean site temperatures (pink = 10°C, green =
10.5°C, blue = 11°C and purple = 12°C), loading correlations are represented by pink
lines for PC1 and blue for PC2.

Results from the PCA scores plots for both galled and non-galled leaves from R. moorei

show no clear groupings in chemical profile based on site temperature (Figure 5.2a,b).

There are, however, changes in the loadings correlated with both PC1 and PC2 showing

fewer correlations in the dy 0-1.5ppm region, and more in the g 2-3ppm region of the

sprectra (Figure 5.2b). The downfield signals, in the oy 6-8ppm region, correlating with

PC1 in galled leaves are mostly associated with the cinnamate ester region of the p-

coumaroyltormentic acid compounds we identified (Figure 5.4).

59



(a) 105 02

. PC1
e S —PC2
37 > e - 115 3 0.1
® ]
° 12 5
2 . 8
=9 : : | \‘\/ ! W
~ Y ° _.g
8 . [ ] ’ [} @
o 3 ° §-0.1
- Y
() (@]
5-0.2
N g
-5 0 5 0.3
PC1 (49%)
(b) 02
5.0- —
2
‘ 8 0.1
* =
s : n M
g s T\ A
~ 0.0- ’ s
a 0 .0.1
a . 8
[ ]
o5 . $-0.2
: 5
. 3
= .03
O 0 O T ANOOTNONVMOITITNO OO T N
T OSTOTOITOTOTOM®OM®DANN NN
-5 0 SO ~~aaYTIIBIBOGONNDBDBDH B
PC1 (32%) 5 1H (ppm)

Figure 5.2 PCA and loading plots for Rubus moorei (a) non galled and (b) galled
leaves. Colours on PCA plots represent mean site temperatures (pink = 10°C, green =
10.5°C, blue = 11°C and purple = 12°C), loading correlations are respresented by pink
lines for PC1 and blue for PC2.

Results from the plot os PCA scores for non-galled leaf phytochemistry for S.
inaequilaterum show no clear groupings in chemical profile based on site temperature
(Figure 5.3a). For galled leaves, however, the PCA shows some clustering based on site
temperature (Figure 5.3b). The loadings graph shows increased correlations with PC1 in
the oy 7-8 ppm region and PC2 in the 6y 0.5-2 ppm region of the spectra for galled
leaves compared to non galled (Figure 5.3a,b). The correlations with PC2 in both galled
and non galled leaves at 6y 6.5 ppm are directly related to the caffeoyl spermidine

compound identified (Figure 5.5).
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Figure 5.3 PCA and loading plots for Solanum inaequilaterum (a) non galled and (b)
galled leaves. Colours on PCA plots represent mean site temperatures (pink = 10°C,
green = 10.5°C, blue = 11°C and purple = 12°C), loading correlations are represented
by pink lines for PC1 and blue for PC2.

Compound identification

The PCA analyses visually showed some differences in phytochemical profiles based on
galling and site temperature. With this in mind the main secondary metabolites from
both Rubus species and S. inaequilaterum were purified and structurally identified in
order to assess their contribution to the observed differences. The "H NMR spectrum for
compound 1 exhibited signals of a double bond proton (dy 5.17), a carboxylic acid
group (On 12, C28a), six methyl singlets and a methyl doublet in the upfield region and
these signals were characteristic of an ursolic acid-type triterpenoid (Table 5.1). Protons
at oy 4.60 and 3.79 and a downfield carbon at 6¢ 210 (C2) are characteristic of two
hydroxyl groups and a ketone respectively (Table 5.1, Figure 5.4). HMBC showed
correlations from the methyl groups at C23 and C24 (6 0.61, 1.09) into each other and
into carbons at C3, 4 and 10. This indicated that both methyl groups were attached to
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the same quaternary carbon at 5¢ 44.9 (C4). The methyl doublet at 5y 0.85 (8¢ 16.1,
C29, J = 6.4Hz) showed HMBC correlations into carbons at d¢ 25.9, 41.2 and 71.4.
While the methyl singlet at g 1.07 (8¢ 26.0, C30) showed HMBC correlations into
carbons at dc 41.2, 71.4 and 53.0. The downfield quaternary carbon at ¢ 71.4 indicated
the presence of an attached hydroxyl group, along with the methyl at 6 1.07. This was
also supported by the adjacent carbon at dc 53.0 with a downfield proton at & 2.38. The
compound was identified as 3,19-dihydroxy-2-oxo-urs-12-en-28-oic acid (2-
oxopomolic acid) based on 2D NMR (Figure S5.1) and comparisons with published
data (Kim et al. 2012; Jia et al. 1993).

Compounds 2, 3 and 4 were obtained as a mixture. The 'H NMR spectrum indicated the
presence of cis- and trans-coumaroyl moieties as revealed by the respective signals
(Table 5.2). The 'H NMR data indicated the presence of a phenol with proton doublets
at Oy 7.55 and 6.8 with a hydroxyl group associated with the carbon signal at d¢ 159.5
(C4’) (Table 5.2, Figure 5.4). Downfield carbons at 6¢ 144 and 115.3 with HMBC
correlations into oy 7.55 indicated the presence of a double bond. The attached proton
doublets at dy 7.53 and 6.39 had a coupling constant of 16Hz indicating a trans double
bond. Similar signals shifted upfield with half the intensity and a coupling constant of
12Hz indicated the presence of a cis isomer at half the concentration of the trans isomer.
Besides these signals, proton signals of the triterpene residue, similar to compound 1
were observed. The only difference between structure 1 and the triterpene residue of
structure 2 was the replacement of the ketone at carbon 2 with a hydroxyl group,
indicated by the presence of a downfield proton at 6y 3.7 attached to a carbon at 6¢ 64.6
(C2). The two isomers were identified as 3-O-trans-p-coumaroyltormentic acid and 3-
O-cis-p-coumaroyltormentic acid based on 2D NMR analysis and subsequent

comparison to published data (Figure S5.2) (Taniguchi et al. 2002; Numata et al. 1989).
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trans-p-courmaroyl cis-p-courmaroyl . P Y

Figure 5.4 Compounds isolated from leaves of Rubus nebulosus.

The "H NMR spectrum also showed a H-3 signal at 8y 2.75, which was shifted upfield
from that of the corresponding signals in 3 and 4, indicating the presence of another
triterpene without the coumaroyl group. In addition, H-12 was oy 5.15, also shifted
upfield from that of compounds 3 and 4, indicating the presence of compound 2 (Table
5.1). The distinguishing features of structure 2 is the presence of two hydroxyl groups at
carbons 2 and 3, indicated by proton and carbon chemical shifts of oy 3.42, 2.75 and oc¢
67.2 and 82.5 respectively. In addition the methyl groups at 6; 0.91 and 0.93 both
showed HMBC correlations into ¢ 45.1 and 32.6 and into each others carbons,
indicating that both were attached to the same quaternary carbon at d¢ 30.0 (C20). This
compound was identified as 2,3-dihydroxyolean-12-en-28-oic acid (maslinic acid)
based on 2D NMR analysis and subsequent comparison to published data (Figure S5.2)
(Ikuta et al. 1995).

63



Table 5.1 NMR spectral data of compounds 1 and 2.

compound 1 compound 2
Position 8C OH (mult, JHz) HMBC (C no.) oC oH
1 52.7 2.15,2.27 (d, J= 12Hz) 3,5,10 46.7 0.78, 1.79
2 210 67.2 3.42
3 81.9 3.92 (m) 23,24 82.5 2.75
3a 4.60 (d,J=4.4Hz)
4 44.9 39.1
5 53.6 1.53 (m) 54.8 0.75
6 18.3 1.55,1.42 (m) 5,8, 10 18 1.29,1.52
7 32.1 1.58, 1.30 (m) 58 33.4 1.24,1.48
8 41.0 39.3
9 45.8 1.96 (m) 8,10, 11, 25,26 46.8 1.5
10 43.9 37.5
11 22.8 1.85,1.95 (m) 9,12,13 23.4 1.93, 1.96
12 126.1  5.17 (m) 9,14, 18 124 5.15
13 138.7 138
14 40.5 41.6
15 28.0 0.94, 1.70 (m) 8,13,14,17,27 27.1 1.0, 1.8
16 25.0 1.39,2.50 (m) 15,17 23.4 1.55,1.93
17 47.0 46.5
18 53.0 2.38 (s) 12,13, 14, 17 52.5 2.11
19 71.4 45.1 1.06, 1.64
19a 3.79 (s)
20 41.2 1.26 (m) 19, 21 30
21 25.9 1.15,1.63 (m) 20, 22 32.6 1.13,1.62
22 36.9 1.50, 1.59 (m) 17,20, 21 37 1.5, 1.59
23 16.7 0.61 (s) 3H 3,4,5,24 16.8 0.71
24 28.7 1.09 (s) 3H 3,4,5,23 28.9 0.92
25 15.7 0.79 (s) 3H 1,2,5,9,10 16.2 0.97
26 16.0 0.69 (s) 3H 7,8,9, 14 16.2 0.9
27 23.7 1.35 (s) 3H 8,13,14, 15 23.2 1.07
28 179 178
28a 12.0 (s)
29 16.1 0.85(d,J=6.4 Hz) 3H 18, 19,20 21.1 0.91
30 26.0 1.07 (s) 3H 19, 20, 21 28.9 0.93
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Table 5.2 NMR spectral data of compounds 3 and 4.

compound 3 (trans)

compound 4 (cis)

Position oC OH (mult, JHz) oC OH (mult, JHz)

1 47.7 0.95, 1.88 47.7 0.95, 1.88

2 64.6 3.7 64.6 3.7

3 83.7 4.5 83.7 4.47

3a

4 38.8 38.8

5 54.6 0.92 54.6 0.92

6 18 1.3,1.49 18 1.3,1.49

7 32.8 1.25,1.47 32.8 1.25,1.47

8 39.5 39.5

9 46.9 1.55 46.9 1.55

10 43 43

11 23.09 1.88, 1.89 23.09 1.88,1.89

12 126.9 5.17 126.9 5.17

13 138 138

14 41.8 41.8

15 28 0.88, 1.68 28 0.88, 1.68

16 25 1.38,2.5 25 1.38,2.5

17 47 47

18 53.25 2.37 53.25 2.37

19 71.6 71.6
19a

20 38.3 1.3 38.3 1.3

21 259 1.14, 1.6 259 1.14, 1.6

22 36.7 1.52,1.58 36.7 1.52,1.58

23 17.8 0.85 17.8 0.85

24 28.5 0.8 28.5 0.8

25 17 0.75 17 0.75

26 17 0.7 17 0.7

27 239 1.29 239 1.29

28 179 179
28a

29 16.8 0.84 16.8 0.84

30 26.3 1.08 26.3 1.08

I' 125.3 125.5

2' 130 7.55 (d, J=8Hz) 132.7 7.68 (d, J=8Hz)
3 116 6.8 (d, J=8Hz) 114.5 6.73 (d, /= 8Hz)
4 159.5 158.5

4'a 10 9.85

5 116 6.8 (d, J=8Hz) 114.5 6.73 (d, /= 8Hz)
6' 130 7.55 (d, J=8Hz) 132.7 7.68 (d, J=8Hz)
7 144 7.53 (d, J=16Hz) 142 6.85 (d, J=12Hz)
8 115.3 6.39 (d, /= 16Hz) 116.5 5.82 (d, J=12Hz)
9 166.7 166.2
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Fraction 24 from the C;g separation of S. inaequilaterum was deduced from analysis of
2D NMR data to be the spermine alkaloid 1(Figure 5.5). The "H NMR data indicated
the presence of a tri-substituted benzene ring with proton signals at oy 6.43, 6.56 and oy
6.6 with two hydroxyl groups associated with proton signals at oy 8.72 (CS5, o¢ 145) and
On 8.64 (C6, o¢ 145) (Table 5.3, Figure 5.5). A downfield carbon at 6¢ 172 and HMBC
correlations into an upfield proton at 6y 2.25 (C2’ & 37.5) indicated the presence of a
propanamide group (Table 5.3, Figure S5.3). These signals indicate that structure 1
contained a 3,4-dihydroxyphenyl-N-propanamide. The remaining signals were observed
at 0 3.01 (2 x CH2), 1.50, 1.45, 1.28 and 3.18 (2x CH;). COSY correlations from oy
1.50 to 3.01 and 3.18 and between oy 3.01 and 1.45, 1.45 and 1.28 and from 6y 1.28 to
3.18, indicated that the molecule contained butyl and propyl groups. The 13C chemical
shift of the carbons attached directly to the protons resonances at 6y 3.01 and 3.18 (6¢
38.7,37.4,45.8, 44.7) suggested that nitrogen atoms substituted these four carbons. The
intensity of the aromatic signals relative to the upfield signal suggested that the
molecule contained two 3,4-dihydroxyphenyl propanamide groups and these partial
structures could be most logically joined to form structure 1. Structure 1 was identified
as N',N®-bis(dihydrocaffeoyl) spermidine and has been isolated previously from
Solanum (Gancel et al. 2008). The 'H NMR spectrum also possessed signals associated
with a long chain fatty acid. This partial structure (2) was characterised by the presence
of methylene protons, which showed COSY correlations to each other and HMBC
correlations into a carboxylic acid carbonyl carbon suggesting a carbon chain of
unknown length (Figure 5.5). This fatty acid is likely to be a counter-ion to the
spermine alkaloid. Structure 3 is N-methyl nicotinic acid which eluted in many of the
early fractions and is associated with the downfield signals in the PCA, along with

structure 1 (Figure S5.5).
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Figure 5.5 Structures isolated from leaves of Solanum inaequilaterum. X denotes an

unknown number of methylene groups.

Table 5.3 NMR spectroscopic data from structure 1 from Solanum inaequilaterum.

Position o6C oH HMBC
1 38.3 3.01
2 25.2 1.54
3 45.8 3.18
4 44.7 3.17
5 26.1 1.45
6 27.9 1.29
7 37.4 3.01
I' 132 2,67
2! 115 6.56 1', 6
3 145 8.64 5
4' 143 8.72 2',6'
5 115 6.6 (dd) 6'
6' 118 6.43 (dd) 12,5
7' 31.1 2.62 12,6
8 38.2 2.25 I'
9 172 7
" 132 2" 6", 7"
2" 115 6.56 1", 6"
3" 145 8.64 5"
4" 143 8.72 2", 6"
5" 115 6.6 (dd) 6"
6" 118 6.43 (dd) ", 2", 5"
7" 31.1 2.62 ", 2" 6"
8" 38.2 2.25 "
9" 172 7"
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5.5 Discussion

To date most studies of changes in phytochemistry related to insect herbivory have
focused on a limited number of compounds and compound classes. Knowledge of the
effects of herbivory on the whole secondary metabolite profile can provide insight into
the complex chemical changes that occur from specific ecological interactions. Here we
have applied NMR techniques to characterise how the phytochemical profile of three
species of rainforest understory plants responds to galling herbivory and local
temperature differences. Our results have led us to identify several secondary
metabolites that may be responding to both abiotic and biotic pressures in each plant
species. This may lead to new insights into the roles of these compounds in plant

defence and environmental adaptation.

Galling in general has been shown to induce chemical changes in host plants (Chapter
2), the results in this chapter, however, highlight the role of specific compounds in
galler-plant interactions. Both Rubus species contained several different triterpenoid
compounds, similar to those previously found in this genus (Patel et al. 2004). This is,
however, the first chemical investigation of R. nebulosus and R. moorei. The PCA of
galled R. nebulosus leaves showed regions in the "H NMR spectra corresponding to
peaks from the triterpene coumaroyltormentic acid compounds that we isolated. This
suggests that galling may be changing the concentrations of these compounds. Galled R.
moorei leaves showed chemical differences mainly in the upfield region, indicating
changes in the expression of the triterpenes, maslinic and oxopomolic acid. Gall-
induced changes in triterpene compounds may protect the galling insect from predation
and other forms of herbivory. For example, the increased triterpenes produced from
aphid galls on pistachio trees deters mammalian herbivory (Rostas et al. 2013). Both
Rubus species are galled by a single species, Cecidomyiidae sp.1, so differences in the
phytochemical responses of the two Rubus species may have different consequences for
galler fitness and their parasitiods. In Chapter 3 we found that competition between
general herbivory and galling was only apparent on R. moorei. This chapter provides
evidence that the modification of competitive interactions between herbivores by their

host plants may be chemically mediated (Wootton 1994).
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The increase in downfield signals correlating with PC1 in galled S. inaequilaterum
leaves could be indicative of increased concentrations of spermine alkaloids.
Phenolamides such as spermine and its derivatives play an important role in plant
development and defence against natural enemies (Bassard et al. 2010). Insect herbivory
has been shown to induce increased levels of phenolamides in wild tobacco (Nicotiana
attenuate), resulting from changes in several metabolic pathways (Gaquerel et al. 2014).
Similar compounds have been found to be deterrent against leaf miners (Tebayashi et al.
2007) and reduce the performance of specialist and generalist caterpillars (Kaur et al.
2010). Amides from Piper plants have been found to be deterrent to both specialist and
generalist herbivores and work synergistically in defence, causing total mortality of

caterpillars when multiple amides were present (Dyer et al. 2003).

Along with biotic interactions, abiotic factors can influence phytochemical profiles. For
example, terpene chemotypes of aphid galls on pistachio trees vary considerably across
their geographic range (Sifi et al. 2015). This indicates that these compounds induced
by the gall maker also respond to environmental factors, although at this scale it is
likely that genetic differences may also play a role. Polyamides also play a role in plant
adaptation to abiotic stressors such as UV, salinity and temperature (Bassard et al.
2010). Polyamides have been shown to accumulate in bean plant tissue in response to
heat shock (Edreva et al. 1998). The dual roles of many plant secondary metabolites in
defence against both abiotic stress and natural enemies may constrain a plants ability to
adapt to particular stessors (Siemens et al. 2012). For example, Siemens et al. (2009)
found that Boechera stricta plants with higher glucosinolate defence compounds were
less tolerant to abiotic stress. This may be due to anatagonistic crosstalk between
signalling pathways. In Solananceae, for example, production of the defence compound
caffeoylputrescine is controlled by the jasmonate signalling pathway (Tebayashi et al.
2007). However, jasmonate is anatagonistic to the abscisic acid signalling pathway,

which plays an important role in plant response to abiotic stress (Fujita et al. 2006).

The strength of NMR over other approaches lies in its ability to identify unknown
compounds in a complex mixture. The metabolomics approach is limited due to
overlapping peaks in crude 'H NMR spectra, thus requiring separation and further 2D
NMR to isolate specific compounds. One potential solution is to use 2D NMR

techniques such as HMBC on crude extracts, which would generate peaks with both
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carbon and proton chemical shifts, thus significantly reducing peak overlap (Mahrous
and Farag 2015). Farag et al. (2013) used this technique to distinguish hop cultivar
metabolite fingerprints while also identifying major secondary metabolites.
Nevertheless, we found distinct changes in '"H NMR phytochemical profiles within

species related to galling herbivory and site temperature.

The combination of NMR-based metabolic profiling and multivariate data analysis
enables more insight into chemically mediated interactions than would be gained by
targeting only specific metabolites or broad chemical classes such as condensed tannins.
Sutter and Miiller (2011), for example, found that different types of herbivory and
damage lead to significant changes in plant metabolomes that were not detected when
looking at single metabolites. The metabolomics approach is preferable for determining
the response of plants to multiple challenges in a complex environment. In this study,
we have shown that gall induced changes in the phytochemical profile of three
rainforest plants is mediated by site temperature. This provides insight into how plants
may respond to simultaneous abiotic and biotic stressors. The combined effects of
increased herbivory and extreme weather events predicted under climate change may
affect plant secondary metabolites in ways not predicted by looking at either stress in

i1solation.
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Chapter 6

In the previous chapters we have found that temperature has a significant effect on
parasitoids and also on host plant chemistry of galled leaves. In this chapter we use path
models to assess the hypothesis that these temperature related differences in

phytochemistry have significant indirect effects on higher trophic levels.
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Chapter 6
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6.1 Abstract

It is generally thought that plants maintain diverse chemical mixtures to defend against
a variety of natural enemies. Environmental variables, such as temperature, drive
intraspecific variation in phytochemistry over relatively small geographic scales. Recent
studies have shown that changes in plant chemistry can have strong bottom-up effects
on parasitoid functioning and development. Temperature and plant secondary
metabolites can affect tritrophic interactions through a number of direct and indirect
pathways. We use field collected data from a tritrophic system consisting of Rubus host
plants, their galling insect and parasitoids over an elevational gradient to investigate the
relative strengths of the bottom up phytochemically-mediated effect of temperature on
parasitoids and the direct top down effect of temperature of parasitoids. We found a
significant indirect effect of temperature on parasitoids. Changes in the phytochemical
profile of galled leaves at higher temperatures resulted in a strong positive effect on
parasitoid species richness. Our results demonstrate that increased chemical structural
diversity may attract a higher number of parasitoid species, potentially benefiting the
plants due to reduced herbivore damage. The results are also consistent with the safe
haven hypothesis, i.e. chemically defended herbivores deter other general predators, but

are safe hosts for parasitoids.
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6.2 Introduction

Plants have evolved a wide array of secondary metabolites used in defence against
natural enemies (Feeny 1970, Fiirstenberg-Hégg et al. 2013). Natural plant populations
can exhibit considerable variation in overall concentration of secondary metabolites and
also in their phytochemical diversity, defined as the richness and abundance of
individual compounds (Hilker 2014; Moore et al. 2013). In general, phytochemical
diversity is thought to benefit plants due to the increased chance that one or a
combination of compounds are active against specific enemies (Berenbaum and Zangerl
1996). Phytochemical defence, particularly against specialist herbivores, is usually
linked to specific compounds, which make up only a small fraction of all available

compounds in a plant (Adler et al. 1995).

Secondary metabolites can reduce insect herbivory directly, through toxic and deterrent
properties, and/or indirectly through the attraction of natural enemies of the herbivore
(War et al. 2012). Terpenes, for example, have a direct toxic effect on herbivores but
also act as volatile cues to attract parasitoids (Fiirstenberg-Hégg et al. 2013). Several
herbivore-induced volatile plant compounds are known to be used by parasitoids during
host location (Kessler and Bladwin 2001; Arimura et al. 2009). Insect host derived
chemicals are used generally for host identification by parasitoids at close range
(Quicke 1997). Endophytic hosts such as galling insects, however, present greater
challenges to searching parasitoids as they do not have direct access to the herbivore.
Parasitoids use leaf chemistry as a proxy for insect host selection and are very sensitive
to changes in leaf chemistry. They can accurately assess plant chemistry, as this is a
good predictor of the insect host performance, which is directly linked to parasitoid
performance (Harvey 2005). As a result parasitoids are able to distinguish even slight

differences in plant quality based on chemical cues (Gols et al. 2009).

Galling insects use chemical stimuli to induce physical and metabolic changes in host
plant tissue (Cornell 1983). They can actively manipulate host plant chemical defences
for their own benefit. Studies have shown increased concentrations of tannins and
phenolics (Chapter 2; Hartley 1998) and suppressed herbivore-induced plant volatile
emissions in galled plant tissues (Tooker et al. 2008). Recent studies have shown that

changes in plant chemistry can have strong bottom-up effects on parasitoid functioning
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and development (Bukovinszky et al. 2008; Harvey et al. 2010; Richards et al. 2015).
Phytochemical defences can have variable effects on parasitoid performance. For
example, herbivores feeding on more chemically defended plants may have decreased
fitness leading to lowered immune defences against parasitoids (Smilanich et al. 2009).
Conversely, some studies have shown the opposite, where herbivores that sequester
plant compounds have reduced parasitoid performance (Miiller et al. 2001). These
studies not only illustrate the importance of phytochemical diversity in plant-insect
interactions, but also the potential cascading effect of phytochemical diversity on higher

trophic levels.

In natural populations there is often considerable variation in phytochemistry across
different local and geographic scales due to a variety of selection pressures (Harvey et
al. 2010; Moles et al. 2011). Climatic conditions such as water availability and
temperature can have particularly strong effects on phytochemistry (Gutbrodt et al.
2011; Hallam and Read 2006). Elevational gradients, such as those described in this
work, provide a ‘natural experiment’ where localised changes in temperature drive
intraspecific variation in phytochemistry over relatively small geographic scales

(Salmore and Hunter 2001; Pellissier et al. 2014; Zidorn 2010).

In addition to phytochemically mediated effects, temperature also has direct effects on
parasitoid functioning and efficiency, potentially causing top-down changes in tritrophic
interactions (Hall et al. 2015; Romo and Tylianakis 2013). It is clear that temperature
and phytochemical diversity can affect tritrophic interactions through a number of direct
and indirect pathways, but little is known about how the interaction between galling and
temperature affect phytochemical diversity. Does temperature have stronger bottom-up
effects on higher trophic levels through changes in phytochemical diversity? Does
temperature have a greater direct top down effects on parasitoids? Or is the effect of
temperature on parasitoids due to host density mediated effects rather than

phytochemical diversity?

In this study we used field collected insect data from a tritrophic plant-gall-parasitoid
system. We construct a path model based on existing literature (Table 6.1, Figure 6.1) to
address the questions about how different temperatures and insect galling interact to
affect phytochemical diversity and gall-parasitoids. Path analysis is an extension of

multiple regression where causal modelling among variables allows for the analysis of
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both direct and indirect relationships (Streiner 2005). Traditional chemical methods
have restricted our understanding of phytochemistry to either broad classes of
compounds, such as phenolics, or to a few well known compounds (Moore et al. 2013).
In this study we used '"H NMR spectroscopy to quantify phytochemical diversity (see
Richards et al. 2015). The chemical structure information that can be derived from
analysis of "H NMR spectra is such that it provides a snapshot of the plant metabolome
and can be used to provide a measure of intra- and intermolecular complexity, both have
been shown to be important components of chemical diversity and have an important

effect on biological function (Richards et al. 2015).

Table 6.1 Hypothesised effects of temperature on phytochemistry mediated tritrophic
interactions based on previous studies (paths from Figure 6.1).

Path  Hypothesis

Temperature has a direct effect on phytochemistry, higher temperatures leading to

A : o ..
increases in phytochemical diversity (Dyer et al. 2013; Pellisier et al. 2014).

B Parasitoids are positively affected by phytochemical diversity of host plants
(Bukovinsky et al. 2008; Richards et al. 2015).

C Phytochemical difference between galled and non-galled leaves is positively
correlated with phytochemical diversity (Richards et al. 2015).

D Similar to phytochemical diversity, phytochemical difference between galled and
non-galled leaves affects parasitoids.

E Higher temperatures can have direct effects on parasitoid function and survival (Hall

et al. 2015; Romo and Tylianakis 2013).

Parasitoids
[
E :§
B
D
o
Temperature A o, ) C )
oc —, Lot
Phytochemical Phytochemical
diversity difference

Figure 6.1 Path diagram summarising direct and indirect effects of increased
temperature on phytochemical diversity and gall parasitoids. The letters included as
path coefficients correspond to direct effects (Table 6.1).
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6.3 Methods

Study System

We studied the relationships between host plant phytochemical diversity, galling insects
and their parasitoids in two naturally occurring Rubus species along an elevational
gradient. The two host plants sampled were Rubus moorei (F. Muell.) and Rubus
nebulosus (A.R. Bean), both hosting Cecidomyiidae sp. 1 (see Chapter 3). Both plant
species have restricted distributions and are only found at higher altitudes (above 700 m
asl) within subtropical rainforest. The host plants and galling cecidomyiidae are
described in further detail in Chapter 3. From these two galls we reared four species of
parasitoid: these were assigned to the following morphospecies; Platygasteridae sp 1,
Platygasteridae sp 3, Pteromalidae sp 2 and Zaommomyiella sp. and checked by Chris
Burwell from the Queensland Museum. The two host plants were chosen as they often
occur in close proximity to each other. The galls can be reared successfully and are
linked through their shared parasitoids. They also gave us the opportunity to compare

two closely related Rubus species with each other.

Study Site

We sampled leaf galls at 15 sites within Lamington and Border Ranges National Parks
in the Macpherson Ranges that span the Queensland/New South Wales border (see
Chapters 3 and 4 for a description of the study sites). The area is dominated by highly
diverse and structurally complex subtropical rainforest and is described in detail by

(Laidlaw et al. 2011). The climate of the study area is described by McDonald (2010).

Experimental design and sampling

To generate a climatic gradient, we used an elevational gradient as a ‘space for time
substitution’ (Pickett 1989, Hodkinson 2005). At each site we sought three individuals
of each plant species within a restricted 50 m” area in order to maintain a standard plot
size and to decrease between-plant differences due to abiotic conditions. Each site was
sampled 6 times over a 1-year period with 2 months between each sampling occasion to
allow adequate time for regrowth and for galls to re-establish. The experimental design

and sampling protocol is described in Chapter 4.
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Chemical data

Galled and non-galled leaf material from each sampled plant were collected. The

chemical analysis of crude plant extract is described in Chapter 5.

Analysis

The NMR spectral data were processed using MestReNova software (version 10.0.2-
15465, Mestrelab Research S.L. 2015). NMR spectra were processed using common
metabolomics methods (Kim et al. 2010). Spectra were aligned using the solvent peak
(DMSO), base-line corrected, phase corrected, normalized to a total area of 100 and
integrated into 0.04 ppm bins along the width of the spectra. Binning reduces the
number of variables from potentially 30 000 to approximately 200 and reduces
differences in signal fluctuations among samples (Kim et al. 2010). The data for each

sample were exported and combined into one dataset for analysis.

We used 'H NMR peak diversity (richness and abundance) as a measure of chemical
structural composition (as per Richrads et al. 2015). The benefits of "H NMR have been
described in Chapter 5. There are, however, some limitations to this method. Namely
that there are multiple peaks per compound in an '"H NMR spectrum (see Chapter 5
Supplementary material) and the number of compounds in a crude extract mean that
many signals will overlap, reducing the spectral resolution. As such, the diversity of 'H
NMR signals may not necessarily correlate with chemical diversity, but could be
indicative of an increase in only one or two structurally different compounds.
Nevertheless, NMR has the potential to rapidly an accurately quantify chemical
diversity across many samples. Here we use 'H NMR peak diversity as an
approximation of inter and intra-molecular complexity and structural diversity.

Throughout this study we refer to this measure as phytochemical diversity.

We calculated the diversity index (1-D; where D =}’ % , n is the integral at a specific

binned frequency range, and N is the total number of binned frequency ranges) for each
sample (Richards et al. 2015). The raw diversity values (D) were multiplied by one
hundred before analysis. We calculated phytochemical diversity from 6y 0-12.5 ppm,
excluding the solvent peak at 8y 2.5 ppm and the region from 6y 3-4 ppm which

contained a broad water signal and overlapping peaks.
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All statistical analyses were carried out using R statistical software (R core development
team 2015). Phytochemical diversity data was calculated on samples collected across
two sampling occasions. This resulted in 32 galled and 61 non galled chemical diversity
data points. One extreme outlier was removed from phytochemical diversity data to
improve the normality of the distribution. Welch’s t-tests, which accounts for un-equal
variance, were used to test for significant differences in phytochemical diversity
between galled and non-galled leaves for both Rubus species. Gall and parasitoid
density were square root transformed to meet assumptions of normality. Linear
regression was used to assess the relationship between elevation and temperature and
phytochemical diversity of galled and non-galled leaves separately. Phytochemical
diversity was not significantly related to elevation (R* = 0.037, F, 3; =1.20, P = 0.28), so
temperature was used for all further analysis. The difference in phytochemical diversity
between galled and non-galled leaves was calculated by subtracting mean
phytochemical diversity of non-galled leaves from galled leaves for each site, for
convenience we will refer to this measure as ‘phytochemical difference’. The
phytochemical difference gives an estimate of the magnitude of the chemical response

of plants to galling at each site.

We examined direct and indirect effects of temperature on phytochemical diversity and
parasitoids with path analysis using the Lavaan package in R (Rosseel 2012). Gall and
parasitoid data from the six sampling occasions were averaged for each site, this
resulted in 12 and 10 data points for R. moorei and R. nebulosus respectively. Methods
of calculating gall density are described in Chapter 3. Mean site temperature, gall
density, parasitoid species richness, phytochemical diversity and phytochemical
difference for each Rubus species at each site were used. All variables were
standardised before path analysis. We proposed a model based on causal directional
relationships between variables from our hypotheses and compared the model fit with a
null model consisting of unresolved causal relationships among variables. Models were
assessed using P values from chi-square tests, where the P values close to 1 indicate a
good fit. The chi square tests the difference between the expected and observed
covariance matrices, thus a chi-square closer to zero (and thus a P value closer to 1)
indicates that the model fits the data. We used an alpha level of 0.05 for all statistical

tests.
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6.4 Results

A total of 7068 galls, 4768 from R. moorei and 2300 from R. nebulosus, were collected
across the 15 sampling sites and six occasions. We reared a total of 29 Cecidomyiidae
individuals and 264 parasitoid individuals of four species from the collected R. moorei
galls (Table S6.1). From R. nebulosus galls we reared 135 Cecidomyiidae and 558
parasitoids of three species (Table S6.1). Phytochemical diversity was not significantly
different between galled and non-galled leaves for either Rubus moorei (t = 0.87, df =
43, P=0.39) or R. nebulosus (t =-1.58, df = 20, P = 0.13) (Figure 6.2). There was no
significant difference in non galled phytochemical diversity between the two Rubus
species (t = 0.12, df = 60, P = 0.91). Rubus nebulosus, however, had significantly lower
galled leaf phytochemical diversity compared with Rubus moorei (t =2.21, df =22, P
=0.038) (Figure 6.2).
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Figure 6.2 Boxplots of phytochemical diversity of galled (pink) and non galled (blue)
leaves for Rubus moorei and Rubus nebulosus.

Phytochemical diversity of galled leaves was significantly related to site temperature
(R*=0.18, F 31 = 6.81, P = 0.014). Phytochemical diversity of non galled leaves,
however, was not significant (R* = 0.00, F ¢ = 0.05, P = 0.82). Parasitoid species
richness was significantly positively correlated with phytochemical diversity of galled

leaves (R* = 0.30, F 0 = 8.39, P = 0.009) (Figure 6.4).
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Figure 6.3 Phytochemical diversity of a) galled leaves and b) non galled leaves. Rubus
nebulosus is represented by filled circles and R. moorei by open circles, significant
linear regression is represented by the solid line.
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Figure 6.4 The relationship between mean site parasitoid species richness and
phytochemical diversity of galled leaves (R. moorei n =12, R. nebulosus n = 10).
Significant linear regression shown by solid line.

Our initial path model, which included the top-down effect of temperature on
parasitoids, fit the data (P = 0.621, df = 1, y* = 0.245; null P = 0.032) (Figure 6.5a).
Average site temperature was positively associated with host phytochemical diversity,
which subsequently predicted parasitoid species richness. Temperature had a weak
direct negative effect on parasitoid species richness, however, this path was not

significant (Figure 6.5a).
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A refined model was tested, removing the non significant top down pathway of
temperature on parasitoid richness. This refined model showed an improved fit (P =
0.874, df=2, y*=0.268; null P = 0.08) (Figure 6.5b). Again, temperature was positively
associated with phytochemical diversity and this positively predicted parasitoid
richness. To test if the observed relationships were related to general plant chemistry
rather than gall induced plant chemistry we ran the model with phytochemical diversity

of non-galled leaves. This model did not fit the data (P = 0.02).

In line with previous studies (Bukovinszky 2008), it could be that the effect of

temperature on higher trophic levels is mediated by changes in resource density. To test
this alternative hypothesis, we specified a model with gall density and parasitoid density
predicting parasitoid species richness in place of both phytochemical diversity variables
(Figure 6.5¢). This alternative model was a poorer fit and was not significantly different

from the null model (P = 0.58, df =2, ¥* = 1.09; null P = 0.64) (Figure 6.5c).
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Figure 6.5 Path models tested a) initial model includes direct effect of temperature on
parasitoids; b) refined model; and c) alternate model of density mediated effects.
Standardised path coefficients are included next to each path. Significant paths are
shown by solid lines and non significant by broken lines. Blue arrows indicate positive
effects and red circles negative effects.
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6. 5 Discussion

The most notable result of the study was the indirect effect of temperature, which
caused increased phytochemical diversity of galled leaves, resulting in a strong positive
effect on parasitoid species richness. Despite there being no significant difference in
phytochemical diversity between galled and non-galled leaves, only galled leaves
showed a relationship with temperature. This indicates an interaction among galling,
temperature and phytochemical diversity, possibly due to trade-offs in plant secondary
metabolites reflecting the relative impacts of biotic and abiotic factors (Siemens et al.

2009).

Galling insects have been shown to manipulate host plant chemistry (Chapter 2). In this
study only galled leaves show a positive relationship between phytochemical diversity
and site temperature. This indicates that the compounds present in galled leaves are not
only different to non-galled leaves but these compounds are either sensitive to, or are
used by, the plant to cope with increased temperature. Most of the identified compounds
from both Rubus species are triterpenoids (see Chapter 5). These are common surface-
active plant compounds that play an important role in plant ecology (Harborne 1997).
The quantity and quality of triterpenoids is influenced by biotic stress, including
herbivory (Dutton et al. 2002), and also abiotic stress factors such as humidity and
temperature (Liu et al. 2015; Moses et al. 2014). Both Rubus species are restricted to
higher elevations, which may be due to trade-offs between chemical defence and stress
tolerance. For example, Siemens et al. (2009) have shown that the evolution of
tolerance to abiotic stress across a range boundary is constrained by allocation to
chemical defence. In our study, galling and high temperatures may have an additive
effect on plant defence chemistry, ultimately leading to a reduction in available plant

resources, potentially restricting their distribution to cooler, higher elevations.

It is generally thought that plants maintain diverse chemical mixtures to defend against
a variety of natural enemies (Kursar et al. 2009). Our results demonstrate that more
chemically diverse galled leaves have a higher number of parasitoid species, potentially
benefiting the plants due to reduced herbivore damage. The results are also consistent
with the safe haven hypothesis, i.e. chemically defended herbivores deter other general

predators, but are safe hosts for parasitoids (Gentry and Dyer 2002). The hypothesis
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predicts that plant chemical defence will indirectly benefit parasitoids by providing
enemy-free space in the form of chemically defended hosts. Similar positive effects of
host plant chemistry on parasitoids have been found in a number of studies
(Bukovinszky 2008; Richards et al. 2015; Gentry and Dyer 2002), although see Ode

(2006) for a review of negative effects of phytochemistry on parasitoids.

Parasitoids are able to distinguish even slight differences in host plant quality based on
chemical cues (Gols et al. 2009). For parasitoids, it is essential to asses host plant
chemistry, as this can be a predictor of host performance which is linked to parasitoid
performance (Harvey 2005). Triterpenoids, in particular, are often found in leaf cuticle
and are thus part of the first chemical contact between searching parasitoids and the host
plant. Dutton et al. (2002), for example, show that parasitoids of apple leaf miners
respond to squalene, a triterpenoid present only in mined leaves. Parasitoids have been
shown to respond to altered chemical composition of leaf cuticle waxes (Rostés et al.
2008). Although stressed plants may have qualitatively different chemistry, parasitoids

are not impaired in their ability to locate host plants (Mumm and Dicke 2010).

Plant-herbivore-parasitoid interactions are affected by a combination of abiotic factors,
natural enemies, and plant quality. Temperature has direct effects on host plant quality
via changes in phytochemistry but as shown in our observational study, indirect effects
can significantly modify herbivore-parasitoid interactions. Looking at only direct effects
does not uncover important indirect mechanisms, such as trade-offs in plant chemical
defence between herbivory and abiotic stress. Studies on simple tritrophic systems that
include host plant chemical response to abiotic factors allows insight into how changes
in temperature will affect parasitism, herbivores, and ecosystem services. This is
particularly important as warmer temperatures are predicted to disrupt herbivore-

parasitoid interactions, potentially leading to herbivore outbreaks.

Our results are to be interpreted with caution as the use of "H NMR peak diversity as a
measure of chemical diversity has not been thoroughly verified (although see Richards
et al. 2015 for justification). It may be that rather than measuring changes in chemical
diversity, we are just measuring changes in the concentration of one or two metabolites.
The limitations and potential solutions using 2D NMR have been discussed in Chapter
5. Nevertheless, in this study we have found that changes across the whole

phytochemical profile may be important for higher trophic levels. The use of NMR
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based metabolite profiling provides greater insight into chemically mediated ecological

interactions when compared to targeting only a few specific metabolites.

Our results are limited to observational data only. We did not manipulate temperature
but used elevation as a proxy. However, tritrophic studies on field-based natural
communities are rare, and thus our study provides relevant insight into chemically
mediated trophic interactions in a realistic ecological setting. The effects arising from
multiple compounds, while rarely studied, suggest that phytochemical diversity may be
a key functional trait in its own right (Richards et al. 2010, Raguso et al. 2015).
Understanding the role of phytochemical diversity in driving biodiversity and
ecosystem processes is particularly important in complex and threatened habitats such

as rainforest.
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S6 Supplementary Material

Table S6.1 Total reared insect abundances from both Rubus species at each site.

Transect Elevation  Cecidomyiid Platy sp1 Platy sp3 Pter sp2 Zaom  Total

Rubus moorei

Binna Burra 803 3 11 14
952 5 16 10 4 35
1083 6 5 11
Brindle Creek 762 2 3 2 7 14
947 3 2 2 7
1059 2 1 3
Bar Mountain 890 1 2 10 5 5 23
994 1 8 9 7 25
1145 3 3
Lamington 829 4 2 23 24 4 57
944 1 16 3 20
Tweed Road 860 1 1 1 3
964 1 2 3 6
1098 5 8 34 19 72
Sub total 29 11 78 123 52 293

Rubus nebulosus

Binna Burra 1083 5 5
Brindle Creek 947 1 1
1059 59 39 70 88 256
Bar Mountain 890 20 10 66 45 141
994 3 6 1 10
1145 2 2 47 51
Lamington 944 2 1 2 5
1140 20 8 20 35 83
Tweed Road 964 9 1 24 34
1098 22 4 32 49 107
Sub total 135 69 198 291 693
Grand Total 164 80 276 414 52 986
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Chapter 7

In the previous chapters we found that temperature had a significant indirect effect on
parasitoids through changes in phytochemical diversity. Previous chapters used
observations from an elevational gradient. It can be difficult, however, to tease apart the
effects of individual environmental variables as they are often highly inter-correlated
with elevation. In this chapter we use in-field warming enclosures to experimentally
increase temperatures around the focal plant species Solanum inaequilaterum. We use
these experiments to investigate the effect of increased temperature on phytochemical

diversity, general herbivory, galling herbivores and their parasitoids.
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Chapter 7

The effect of experimental warming on phytochemistry and gall-

parasitoid interactions in subtropical rainforest
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7.1 Abstract

Simulating climate change by using field-based warming experiments allows for greatly
improved understanding of highly complex systems and offers the opportunity to test
theories developed using observational and laboratory studies. We ran warming
experiments along an elevational gradient in subtropical rainforest for 14 consecutive
months. We set up passive warming enclosures around our focal plant species, Solanum
inaequilaterum at six sites along an elevational gradient in subtropical rainforest. Using
this tritrophic system we investigated the direct and indirect effects of increased
temperature on phytochemical diversity, general herbivory, galling herbivores and their
parasitoids. We effectively increased average daytime temperatures by 0.9°C around
individual plants, although the effect of the warming varied from -0.1°C to 2.2°C. We
found that warming above 0.8°C led to warmed plants having higher phytochemical
diversity compared with controls. Experimental warming significantly decreased gall
abundance and increased general herbivory. Neither galling nor general herbivory,
however, were affected by plant chemistry. In contrast we found significant negative
effects of increased phytochemical diversity on gall parasitoids. These results provide
the first field-based experimental evidence for the phytochemically mediated effects of
increased temperature on tritrophic interactions in a rainforest system. The effects of
increased temperatures acting through different direct or indirect pathways could cancel
each other out or lead to changes not predicted in mesocosm experiments or

observational studies.
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7.2 Introduction

The ecological effects of climate change are gradual, requiring long-term observations.
These types of studies are rarely possible. Instead, ecologists use natural environmental
gradients, such as elevation, as a powerful tool for investigating ecological responses to
climate (Korner 2007). The change in climatic variables along elevational gradients can
be used as a ‘space for time’ substitution for making predictions about the impacts of
future climate warming (Pickett 1989). It can be difficult, however, to tease apart single
environmental variables, as they are often highly inter-correlated with elevation.
Ecologists also use laboratory experiments on simplified systems to test specific factors
while controlling for other variables (Lawton 1995). Laboratory experiments, however,
are unable to capture the complexity of real world species interactions and even at best

are a highly simplified version of ‘real’ ecological communities (Carpenter 1996).

One solution is to use in-situ manipulative experiments. Field-based experiments allow
for greatly improved representations of highly complex systems and offer the
opportunity to test theories developed using observational and laboratory studies. Field-
based warming experiments rely on either passive or active warming. Actively warmed
experiments use buried heating coils (e.g. de Sassi et al. 2012) or above ground
radiators (Barton and Schmitz 2009), while passively warmed experiments use plastic
enclosures, simulating a miniature ‘greenhouse effect’ by trapping warm air (Kharouba
et al. 2015; Scherber et al. 2013). The majority of in-situ warming experiments are from
grassland and temperate forest ecosystems: to date only two warming experiments have
been set up in rainforest (Cavaleri et al. 2014; Slot et al. 2014). This lack of studies
reflects the logistic (e.g. remote locations) and environmental challenges (e.g. high
biodiversity and complexity) inherent when working in rainforest ecosystems (Cavaleri

et al. 2014).

Manipulative experiments have also been criticised as they often inflict only short-term,
high stress conditions that do not reflect the gradual long-term effects of climate
change. Short term, spatially confined experiments, for example, have been found to
chronically overestimate net ecosystem responses to perturbation (Leuzinger et al.
2011). In addition, generalising the effects of gradual climate change from short-term

‘shock’ experiments may be misleading as they do not take into account local
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adaptation and evolutionary responses (Barton 2011). This can lead to seemingly
contradictory results from observational studies compared to manipulation experiments.
Most observational studies, for example, report declines in parasitism with increasing
elevation and decreasing temperatures (Hall et al. 2015; Maunsell et al. 2014; Péré et al.
2013), suggesting that parasitoids benefit from warmer temperatures. In contrast,
warming experiments show that parasitoids are significantly negatively affected by
increased temperatures (de Sassi et al. 2012; Gillespie et al. 2011; Dyer et al. 2013). A
solution is to combine environmental gradients with experimental manipulations, thus

incorporating local adaptation into an ecological relevant study system.

In previous studies we investigated gall-parasitoid interactions along an elevational
gradient in subtropical rainforest (Chapters 4 and 6). We found that parasitism rate
increased at elevations with higher temperatures leading to stronger relationships
between parasitism and parasitoid species richness (Hall et al. 2015). This implies that
warmer temperatures improve parasitoid functioning. Furthermore, we found that
parasitoids respond strongly to the chemical diversity of their host plants (Chapter 6),
and that changes in phytochemistry are influenced by local temperatures (Chapter 5).
The strong response of parastoids to both temperature and phytochemistry implies that
increased temperatures may benefit parasitoids not only through increased functioning
but also through enhanced host location and/or protection through changes in host plant

chemistry.

Using these results we asked the following questions: (1) Does increased temperature
lead to increased phytochemical diversity? (2) Does specialist (galling) and generalist
herbivory respond differently to increased temperatures and changes in phytochemistry?
(3) Are parasitoids positively affected by temperature related changes in host plant
phytochemical diversity? To investigate these questions we ran warming experiments
along an elevational gradient in subtropical rainforest for 14 consecutive months,
incorporating both spatial and seasonal variation. By combining both an elevational (i.e.
climatic) gradient and experimental manipulation, we can start to tease apart the effects
of temperature from other variables while accounting for local adaptation within a

natural ecosystem.
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7.3 Methods

Study sites

We set up the experiment at six sites in subtropical rainforest in Border Ranges National
Park, Northern New South Wales. These sites had originally been established for our
observational study of leaf gallers and their parasitoids (Chapter 4). The six sites were
from the Brindle Creek and Bar Mountain transects, ranging from 762m asl to 1145m

asl. Detailed site descriptions are provided elsewhere (Chapters 3, 4, 5 and 6).

Warming experiments

Based on our observational surveys, we selected Solanum inaequilaterum as the focal
species for the experiments as it is evenly distributed along the gradient, sufficiently
abundant to enable experimental manipulations and grows upright so that making it

possible to build enclosures around the plants.

At each site we sought ten individuals of S. inaequilaterum within a restricted 50 m*
area in order to maintain a standard plot size and to decrease variation in abiotic
conditions and genetic differences among control and experiment plants. Plants were
selected with height varying between 1m and 1.5m, so controlling for plant age and
size. Five of these plants were designated controls and five had warming enclosures
built around them. Warming enclosures consisted of three plastic coated steel rods
hammered into the soil at equal intervals around the plant. A double layer of clear
polythene plastic (100um thick) was wrapped around the steel rods and secured with
duct tape and cable ties (Figure 7.1). Temperature was recorded within warming
enclosures and at a control plant at each site using temperature data loggers (DS21
Thermochron, iButton, Dallas Semiconductor/Maxim, CA, USA). These recorded the

temperature every three hours from July 2014 to September 2015.

Enclosures were constructed so most of the top part of the plant was exposed in order to
prevent the plastic acting as a barrier to insect access to the plants. In addition, three
open mesh control plants (Figure 7.1c) were added at each site in January 2015 to
control for the plastic enclosures potentially acting as a barrier. Due to fewer sampling

occasions and several tree falls destroying many of the mesh controls, there was not

98



enough data to use for comparisons. Consequently, all analyses in this paper are on the

original control plants (i.e. no mesh enclosure).

Figure 7.1 a) Plastic warming enclosure, b) early trial plastic enclosure (ibutton visible)
built using bamboo and c) control plant with fine nylon mesh as a barrier control with
experiment plant in the background.

Three humidity ibuttons were set up to test whether the warming enclosures also had an
effect on humidity. These sensors did not work properly in the rainforest and
consistently recorded 100% humidity due to saturation of the sensors. Conditions above
60% relative humidity can offset the humidity readings for a prolonged period of time
(Cavlier 2012). Kharouba et al. (2015) used plastic bags as warming enclosures on tree
branches and found no significant difference in humidity between control and
experiments. In addition, Godftree et al. (2011) found only minimal differences in

relative humidity using open top warming chambers.

Galled and non-galled leaves from control and experiment plants were sampled on four
separate occasions; September 2014, January 2015, May 2015 and August 2015. Each

sampling occasion was separated by three months to allow for regrowth. Galls were
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sampled by closely inspecting each plant and removing all galled leaves. For
consistency, all galls were collected, regardless of their stage of development.
Approximately 15 non-galled leaves were randomly sampled from each plant for
herbivory and chemical analyses. Galled leaves were placed into sealed plastic boxes
containing moistened tissue and checked every 3 days for two months for the
emergence of adult insects. Reared adult insects were preserved in ethanol. Both galled
and non-galled leaves were assessed for herbivory damage using the methods detailed
in Chapter 3. Each gall contains one cavity with a single fly larvae, but often multiple

parasitoids.

Chemical analysis

The non-galled leaves from control and experiment plants 1, 2 and 3 from each site
were collected for a total of six chemical samples for each site. These were stored in
silica gel and dried in a drying cabinet in preparation for chemical analysis. Dried leaves
were ground and 0.1g (dry weight) was extracted in methanol and evaporated for 'H

NMR analysis. NMR methods are detailed in Chapters 5 and 6.

Data analysis

Temperature data were averaged across the 14 months for each plant. As warming was
only effective during the day, diurnal temperature variation was calculated for each
plant as the difference between average 12AM and 12PM temperatures to account for
microclimatic differences among the plants within each site. The effect of the warming
experiments at each site was calculated as the difference in diurnal variation between

treatment and control plants.

The NMR spectroscopic data were processed in MestReNova software (version 10.0.2-
15465, Mestrelab Research S.L. 2015) using common metabolics methods detailed in
Chapters 5 and 6 (Kim et al. 2010). Phytochemical diversity was calculated using
methods detailed in Chapter 6. The limitations of using 'H NMR peak diversity as a
measure of chemical diversity are discussed in Chapter 6. All statistical analyses were
carried out using R statistical software (R core development team 2015). A two way
ANOVA was used to test the effect of experimental warming and elevation on
phytochemical diversity. Post-hoc analysis was used to test for significant differences

among elevations. Walch t tests were used to test for differences between control and
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experiments for herbivory, gall abundance and parasitoid density. A Principle
Component Analysis (PCA) was conducted using binned NMR data to visualise any
groupings of samples and to identify significant signals in the NMR spectra. Linear
models were used to test for significant relationships between: the effect size of the
warming experiments and the difference between experiment and control plant
phytochemical diversity; gall abundance and herbivory; and parasitoid density and

phytochemical diversity of control and experiment plants.

7.4 Results

Warming experiments

The warming experiments increased daytime temperatures by 0.9°C on average,
although this varied from 2.2°C to -0.1°C (Table 7.1). Maximum temperature was on
average 3.0°C higher for warmed plants, again this varied across the sites, ranging from
9.8°C to -0.8°C. Overall there was no significant difference in phytochemical diversity
between experiment and control plants (df = 1, F = 1.09, P =0.31). There was a
significant effect of elevation (df = 5, F =4.22, P = 0.006), however, post-hoc tests
show that this was due to the 947 m site having significantly lower phytochemical

diversity compared to all other sites except the site at 890 m asl (Table S7.1).
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Figure 7.2 Boxplots showing average phytochemical diversity of warmed and control
plants at each elevation (m asl). Experiments are shown in red and controls in blue.
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Table 7.1 The difference between day (12 PM) and night (12 AM) average and
maximum temperatures ('C) for control and treatment plants at each site. The effect of
treatments at each site was calculated as the difference in diurnal variation between
treatment and control plants.

Average temperature (°C) Maximum temperature (°C)

Elevation Time  Experiment Control Difference  Experiment Control Difference

Brindle Creek

762 12 PM 15 143 34 33
12 AM 12.25 122 215 22
Diurnal 2.75 2.1 0.65 125 11 1.5
variation
947 12 PM 15.5 13.6 31.3 24
12 AM 12.1 12.4 21 23.5
Diurnal 3.4 1.2 2.2 10.3 0.5 9.8
variation
1059 12 PM 15.4 14.7 312 275
12 AM 11.6 12 23.5 23.5
Diurnal 3.8 2.7 1.1 7.7 4 3.7
variation
Bar Mountain
890 12 PM 147 13.1 275 26
12 AM 12.4 123 212 22
Diurnal 2.3 0.8 1.2 6.3 4 2.3
variation
994 12 PM 153 14.8 29.8 28
12 AM 12.1 11.9 224 225
Diurnal 3.2 2.9 0.3 7.4 5.5 1.9
variation
1145 12 PM 14.1 14.6 272 28
12 AM 11.1 115 22 22
Diurnal 3 3.1 0.1 5.2 6 0.8
variation

Phytochemical diversity

There was a significant relationship between the effect size of the warming experiments
and the difference in phytochemical diversity between warmed and control plants (R*=
0.42, F114=10.2, P=0.006) (Figure 7.2). Figure 7.2 shows that most plants warmed by
greater than 0.8°C had higher phytochemical diversity compared with control plants,

and this was reversed for those plants were the effect of warming was less than 0.8°C.
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Figure 7.3 Relationship between the effect size of the warming experiment and the
difference between experiment and control phytochemical diversity (R*=0.42, F; 14 =
10.2, P =0.006). Three control and experiment pairs were sampled at each site, n=16
due to two missing values. The solid line indicates a significant correlation. The broken
lines show the intersection of 0.8°C warming and the change from negative to positive
phytochemical difference.

The PCA shows two clear groupings (Figure 7.4), reflecting the 0.8°C warming
threshold seen in Figure 7.3. The plants from more effectively warmed sites had a
greater spread and distance between warmed and control plants, while plants from the
less warmed sites show a clumped distribution with both warmed and control plants
together. Figure 7.5 shows that several areas in the upfield (6x 0.8-1,2 ppm) region and
around oy 6.5 ppm of the NMR spectra correlate with both PC1 and PC3. While the
region oy 7.0 to 7.5 ppm shows negative correlations with PC3. Protons in this region
are usually associated with aromatic rings, such as the phenol amide identified from S.
inaequilaterum in Chapter 5. This region (y 7-7.5ppm) is strongly associated with the
separation of sites based on the 0.8°C warming threshold (Figure 7.4).
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Figure 7.4 PC1 vs PC3 of NMR from experiment and control plants at each site. The
colours represent different sites and are based on the effect size of the warming. Filled

circles represent control plants and triangles treatment plants. The ellipses show

groupings of sites warmed above (blue) and below (green) 0.8°C.
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Herbivory

A total of 844 galls were collected across the six sites and four sampling occasions.
From these we reared a total 43 Dasineura sp individuals. Mean herbivory, measured as
percentage of leaf area missing, was significantly higher on warmed plants (t = -5.1, df
=10, P=0.001), particularly at low elevations (Figure 7.5a). Mean gall abundance
showed the opposite response to herbivory and was significantly lower on warmed
plants (t = 2.7, df = 6, P = 0.04), and this was strongest at high elevations (Figure 7.5b).
Gall abundance significantly decreased with increasing herbivory (R* = 0.67, Fy.;o =
19.9, P =0.001) (Figure 7.5c). Both gall abundance and herbivory were not

significantly related to warming effect size or phytochemical diversity.
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Figure 7.6 a) Mean herbivory (leaf loss) and b) mean gall abundance for experiment
and control plants from low (762 and 890), mid (947 and 994) and high (1059 and
1145) elevation sites; c) relationship between mean gall abundance and mean herbivory,
significant regression shown by a solid line.

Parasitism

A total of 124 parasitoids were reared belonging to two morphospecies, 34
Tetrastichinae sp. and 90 Platygasteridae sp. 1. Only 19 parasitoids were reared from
experimental plants compared with 105 from controls. Parasitoid density, which takes

into account the significantly lower gall abundance on experimental plants, was not
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significantly different between control and experiment plants (t = 1.58, df =38, P =
0.12). Mean parasitoid density decreased significantly with increasing phytochemical
diversity for experimental plants (R* = 0.32, F1 ;= 5.06, P = 0.046) (Figure 7.7). A
similar trend was seen in control plants, although this was not significant (R* = 0.03,

F1’14= 04, P= 05) (Figure 77)
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Figure 7.7 Mean parasitoid density and phytochemical diversity. Filled circles represent
experiments and open circles control plants. Significant regression indicated by solid
line (R*=0.32, F111 = 5.06, P = 0.046).

7.5 Discussion

Field based manipulation experiments are a valuable tool which can be used to detect
potential effects of climate change that may not be apparent using observational studies
alone (Cavaleri et al. 2015; Luo et al. 2011). In rainforests, however, field-based
manipulation experiments remain rare. Using passive warming enclosures we
effectively increased average daytime temperatures by 0.9°C on average around
individual plants along an elevational gradient in subtropical rainforest. We found
overall no difference in photochemical diversity between control and warmed plants.
We did find, however, that warming above 0.8°C led to warmed plants having higher
phytochemical diversity compared with controls. We found that experimental warming
caused contrasting responses in specialist (galling) compared to generalist (chewing)
herbivory. Neither galling nor general herbivory was affected by plant chemistry. In

contrast we found significant negative effects of phytochemical diversity on gall
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parasitoids. These results provide the first field-based experimental evidence for the
phytochemical mediated effects of increased temperature on tritrophic interactions in a

rainforest system.

We found no difference in phytochemical diversity between control and warmed plants
due to overall low overall variation in diversity and large within-site variation. One site
(947) had lower chemical diversity compared to all other sites. This result may be due
to low genetic diversity at this particular site. We did find what appeared to be a
threshold of warming, where experimental plants warmed above 0.8°C on average had
higher phytochemical diversity compared with control plants. This is supported by our
previous study (Chapter 6) where we found increased phytochemical diversity at higher
temperatures along an elevational gradient in Rubus species. This pattern, however, was
only significant in galled leaves, indicating that phytochemical diversity is likely driven
by complex interactions between temperature and galling (Chapter 6). Both observation
gradient studies and manipulation experiments have found positive relationships
between temperature and chemical defence. For example, phenolics and iridoid
glycosides along elevational gradients (Pellisier et al. 2014; Zidorn 2010), phenolics and
tannins along a latitudinal gradient (Hallam and Read 2006) and saponins in mesocosm
experiments (Dyer et al. 2013) have all shown increased concentration or production
due to higher temperatures. Increased production of secondary metabolites with
increasing temperatures may function as protection against heat stress induced oxidative

damage, UV damage and help prevent water loss (Bita and Gerats 2013).

The temperature induced production of secondary metabolites may have unpredictable
effects on insect herbivores. Surprisingly we did not find any relationship between host
plant chemical diversity and herbivory rates. This is in contrast to previous studies,
which found that the negative effects of plant defence compounds on herbivores are
exacerbated by increased temperatures (Rodriguez-Casteneda 2013; Kollberg et al.
2015). In line with our previous results (Chapter 3), we found that increased leaf
herbivory significantly decreased gall abundance, suggesting that strong inter-guild
competition may be masking the responses of herbivory to plant chemistry. Increased
herbivory by general leaf chewing herbivores can potentially have negative affects on
sessile herbivores such as gallers due to direct resource competition (Crutsinger et al.

2013). The relationship, however, is a reciprocal one, as galling insects have been
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shown to increase concentrations of chemical defences, deterring subsequent leaf
chewing herbivory. Pascual-Alvarado ef al. (2008), for example, found that galled
leaves not only had greater phenol concentrations but also significantly less folivore

damage.

Interestingly, we found contrasting responses to experimental warming between galling
and general herbivores. Galling significantly decreased and herbivory increased
significantly on experimental plants. Increased temperatures are predicted to benefit
insect herbivores due to faster development times and increased fitness (Hillebrand et
al. 2009). While the response of herbivores to increased temperatures is highly variable
(Lemoine et al. 2014), studies generally show positive effects (de Sassi and Tylianakis
2012; Dyer et al. 2013; see Bale et al. 2002 for a review). In this study, however, we
cannot determine if the reduced galling is due to direct effects of increased temperature
or resource competition due to increased herbivory or both. Nevertheless, our results
suggest that generalist herbivores may perform better than specialists under future

climate warming.

We found no significant difference in parasitoid density on warmed compared to control
plants. This suggests that the warming experiments significantly negatively affected the
galling fly but not its parasitoids. Parasitoids were, however, significantly negatively
related to phytochemical diversity of warmed plants. Our results, however, should be
interpreted with caution due to the low numbers of insects reared from experiment
plants. A number of previous studies have found that the negative effects of plant
defence chemistry on parasitoids is mediated through changes in the host insect (Dyer et
al. 2013; Gols et al 2008; Harvey 2005; Ode 2006). One caveat is that these studies (and
ours) all used simplified tritrophic systems with only one or two host-parasitoid
relationships. These results contrast to our previous results (Chapter 6) and several
previous studies (Bukovinszky 2008; Richards et al. 2015; Gentry and Dyer 2002),
which found that parasitoids benefited from increased host plant chemical defence. The
main differences are that these studies looked at community level responses rather than
single tritrophic food chains. This suggests that results found using simplified systems
may not accurately reflect community level responses, highlighting the need for

manipulative experiments at the community level (de Sassi and Tylianakis 2012).
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Our results are limited as the experiments raised only daytime temperatures. The
asymmetric increases in night temperatures predicted under future climate change may
negatively affect insects (Zhao et al. 2014). For passive experiments like ours in remote
areas, night temperature could be increased with the addition of thermal mass (Godfree
et al. 2011). We chose not to include this due to the large amount of thermal mass
needed to have a significant effect in our study design. Nevertheless, our experiments
successfully increased average day temperatures along with average maximum
temperatures, both of which are predicted to increase under future climate change
scenarios (IPCC 2007). In addition we found large variation in the effectiveness of the
treatments across the sites and a negative effect on phytochemical diversity below
warming of 0.8°C. This was possibly due to varying amounts of sunlight, wind and
other climatic variables across the gradient altering the treatment effect size. This
allowed us, however, to look at the effects of the intensity of warming, rather than just a
single temperature increase. Some of our results could have been influenced by
treatment effects, that is, the artificial conditions created inside the warming enclosures.
However, the size of the enclosures and amount of plant material left exposed would
have had minimal impacts on insect movement. We set up mesh controls to account for
this potential artefact, however we did not get enough data for comparison (see
methods). Despite these drawbacks, our passive warming experiments, the first to be
used in rainforest, successfully raised ambient daytime air temperatures across an

elevational gradient.

The responses of biotic interactions to climate change are complex. The effects of
increased temperatures acting through different direct or indirect pathways could cancel
each other out or lead to changes not predicted in mesocosm experiments or
observational studies. Predicted increases in plant biomass due to temperature may be
counteracted by changes in herbivory, parasitism and increases in secondary
metabolites, such that the overall effect of temperature is negative. It is clear that
complex interactions must be examined in order to produce realistic predictions for

future impacts of climate change at the community level.
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S7 Supplementary Material

Table S7.1 Tukey post-hoc comparisons of means, 95% family-wise confidence level

for phytochemical diversity at each elevation. Significant differences are in bold

(P<0.05).
Elevation Difference Lower Upper P
890-762 -0.0031 -0.052 0.046 0.99
947-762 -0.052 -0.098 -0.005 0.02
994-762 0.0072 -0.0395 0.054 0.99
1059-762 -0.0048 -0.0514 0.04192 0.99
1145-762 0.0068 -0.0399 0.05353 0.99
947-890 -0.0486 -0.0976 0.00032 0.05
994-890 0.0103 -0.0387 0.059 0.98
1059-890 -0.0016 -0.051 0.047 0.99
1145-890 0.00996 -0.039 0.0589 0.98
994-947 0.0589 0.012 0.1056 0.01
1059-947 0.047 0.0003 0.0937 0.04
1145-947 0.059 0.012 0.105 0.01
1059-994 -0.012 -0.059 0.0348 0.97
1145-994 -0.00031 -0.047 0.046 1.0
1145-1059 0.012 -0.035 0.058 0.97
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Chapter 8

General discussion and conclusions

8.1 Discussion

Plant-herbivore-parasitoid systems involve most known insect species (La Salle 1993).
These complex and diverse interactions are often chemically mediated (Dyer et al.
2014). Increasing temperatures over the next century are predicted to disrupt these
interactions, altering terrestrial ecosystems (Tylianakis et al. 2008). This has prompted
the call for research that incorporates complex interactions into climate change research
(Harrington et al. 1999; Woodward et al. 2010). The aim of this thesis has been to
determine the pathways through which temperature mediates the interactions among

host plant chemistry, galling herbivores and their parasitoids.
In this thesis we have shown that:

* galling insects lead to increased levels of defence chemicals in host plants,
although this varies depending on the type of compound and the galling insect
taxa (Chapter 2);

* high gall density leads to both inter- and intra-specific competition among leaf
gallers and general herbivory and that these competitive interactions are stronger
than the effect of elevation on herbivory (Chapter 3);

* there are strong effects of site temperature on parasitism rates and on the
relationship between parasitoid richness and parasitism rates (Chapter 4);

* site temperatures have a greater effect on the phytochemistry of galled leaves
compared with non-galled leaves (Chapter 5);

* higher site temperatures have an indirect, positive effect on parasitoid species
richness through increases in phytochemical diversity (Chapter 6); and

* experimental warming decreased galling, increased general herbivory and
increased phytochemical diversity, negatively affecting parasitoid density

(Chapter 7).

We found that galling insects are able to induce increased levels of defence chemicals in

host plants (Chapter 2). There is, however, variation in this response depending on the
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type of compound and the galling insect taxon. Galled plants in boreal and
Mediterranean habitats showed increased chemical defences, supporting the idea that
the galling niche is successful in these habitats due to the plant community as a whole
being more chemically defended, as predicted by the harsh environment hypothesis
(Price et al. 1987). Galling insects, however, are also under significant selection
pressure from parasitoids (Csoka et al. 2005; Stone and Schonrogge 2003). The
radiation of galling insects, particularly the ability to increase secondary metabolities on
certain host plant taxa, may be a response to both environmental factors and their
natural enemies. Finding evidence for a unified theory on galling insect distributions
and plant chemical defence is likely to be difficult. More studies are needed linking

plant chemistry, galling insects, and their parasitoids at the community level.

In an ecological landscape where concentrations of plant secondary metabolites differ
both in amount and in composition, there may be a preference by galling insects for
plants with specific chemical profiles. This may lead to optimal plants (from the galling
insect’s point-of-view) with high densities of galling insects. In Chapter 3 we found that
high densities of galling insects on R. moorei lead to decreased adult gall fly body size.
We also found that high gall density was correlated with decreased general herbivory.
The subsequent discovery in Chapter 3 that only one morphospecies galls two different
host plants has interesting implications in terms of host plant chemistry and differences
in the parasitoid guild. Further molecular analysis could determine if this
morphospecies is undergoing speciation driven by host plant switching, and whether
this has resulted in ‘enemy-free space’ for the galling fly (Nyman et al. 2007). Gall-
induced increases in defence compounds have been shown to negatively affect
herbivores sharing the galled host plant (Helms et al. 2013; Pascual-Alvarado et al.
2008). We found differences in the chemistry between the two Rubus host species in
response to galling and temperature (Chapter 5). In particular, galled R. moorei leaves
corresponded to triterpene signals in the 'H NMR spectra. Triterpenes have many
ecological roles in plants and can be influenced by both temperature and herbivory
(Moses et al. 2014). Aphid galls on pistachio trees, for example, increase production of
terpenes, resulting in a defensive role against mammalian herbivory (Rostés et al. 2013).
It is possible that the galling-induced changes in host plant secondary metabolites act as
a deterrent against general herbivory. Confirming these effects, however, will require

further experimentation using herbivore exclusion.
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Triterpenes can also affect higher trophic levels. Parasitoids, for example, have been
shown to respond to specific triterpenes (Dutton et al. 2002). Parasitoids are tied to their
hosts’ development which in turn can be affected by plant chemistry. At the community
level, parasitoids have been shown to be attracted to plants with increased chemical
diversity (Richards et al. 2015). One of the most notable results of our study was the
increase in parasitoid species richness on more chemically diverse plants (Chapter 6).
We found that overall higher temperatures lead to increased phytochemical diversity (as
defined in Chapter 6) in both the elevational gradient and the experimental study
(Chapters 6 and 7). We found, however, that this had opposing effects on parasitoids
between the two studies. Existing studies have shown variable effects of increased
temperature on higher trophic levels, highlighting the uncertainty surrounding the
predicted effects of climate change on natural enemies (Voigt et al. 2003). Gillespie et
al. (2012), for example, found opposing effects of warming experiments on two species
of parasitoids on a shared aphid host. While warming experiments have shown negative
effects of temperature on parasitoids (Dyer et al. 2013; de Sassi and Tylianakis 2012),
observational studies show that parasitoids benefit from warmer temperatures (Maunsell
et al. 2014; Péré et al. 2013). In chapter 4, for example, we found that parasitism rates
increased with increasing temperature and that higher temperatures led to a stronger
richness-parasitism relationship. A more functionally diverse guild may act as
biological insurance through an increased ability to compensate for individual species
fluctuations. While experiments show negative effects of temperature on a single
parasitoid species, the overall impact at the community level is less clear. It is difficult
to scale up the effects of temperature at the individual level to effects on even a simple

community, let alone a complex naturally occurring one (Gillespie et al. 2012).

As is the case with temperature effects, studies linking phytochemistry and parasitoid
performance, show varying results. Most, again, have examined only simplified crop
systems and single compounds. Many previous studies have taken what may be
considered an oversimplified approach to plant chemistry by looking at single classes of
compounds. These studies tend to find negative effects of chemical defence on
parasitoids mediated through negative changes upon host insects (Gols et al. 2007; Ode
2006). In the same way that community responses cannot be determined by looking at
single species alone, the synergistic effects of high phytochemical diversity cannot be

extrapolated from looking at single compound types. We used '"H NMR to examine
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phytochemical diversity and, while it is an extremely powerful tool, it does, however,
have some limitations. "H NMR spectra from crude plant extracts often have multiple
overlapping peaks and many peaks may correspond to a single compound. As such, 'H
NMR based diversity is more a measure of peak diversity, which may not necessarily
correlate with compound diversity. One solution for future consideration may be to use
2D NMR, such as heteronuclear single quantum correlation (HSQC), as a
phytochemical fingerprint. HSQC gives data on both the 'H and C chemical shifts of

protons within the sample, providing higher resolution (Pierens et al. 2009).

As I have shown in Chapter 7, manipulative experiments produce insights not clearly
available from pattern analyses. In trying to overcome the limitations of using either
elevation or experiments alone, we combined the two methods for looking at the effects
of increased temperature on tritrophic interactions. The experiments I used, however,
have limitations which need to be addressed in future work. We relied on passive
warming only in our experiments. Further, the experiments were limited to single plants
and daytime warming only, producing inconsistent warming along the gradient. A
viable solution will be to use large scale active warming. Published results of such
experiments so far only exist for grasslands and temperate forests. One is currently
underway in tropical rainforest in Costa Rica (Cavaleri et al. 2015) and it will be

valuable to replicate this in other rainforest types and locations.
8.2 Conclusions and future directions

In natural communities there is a geographic mosaic of chemically mediated plant-
herbivore-parasitoid interactions (Dyer et al. 2014). In addition, the responses of these
interactions to increased temperatures are complex. The effects can act on multiple
different pathways such that the responses of pairs of interacting species may be
countered or damped by the large number and complexity of interactions within a
community. As such it will be difficult to predict how communities will respond to
increasing temperatures. More studies are needed that include multitrophic interactions
with coincident measures of phytochemical diversity. Our understanding of the effects
of secondary metabolites on multiple trophic levels is still at a basic level, however this
area is particularly important if we are to understand the multiple effects of warmer

temperatures on communities. This thesis adds significantly to our understanding of this
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area, for example, we found that the effect of temperature on parasitoids is mediated by
changes in phytochemical diversity. The results from this thesis provide many avenues
for future studies. In addition to the experimental approaches discussed above, one
obvious next step is to expand the study to include more plant and insect species. In so
doing we could asses the effects of climate warming on plants with varying levels of
phytochemical diversity and how this will affect different guilds of herbivores and their
parasitoids at the community level. Increase in our understanding of these areas,
particularly in the unexplored area of how chemical diversity affects interaction and
thus species diversity, is needed to accurately assess the relationship between climate

change, diversity and ecosystem function.
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