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Abstract 

 

Climate change is predicted to increase the frequency, duration and severity of drought 

in many regions. Predicting how forest ecosystems will respond to increased drought is 

a key issue in forest planning and forest management. Invertebrates play a central role 

in forest health and diversity, yet our understanding of the impact of drought on 

invertebrate communities in forests is very poor. This PhD addresses the impacts of 

increased drought on herbivory-based insect communities in tropical rainforests.  

Most of our current knowledge on that topic consists of observations from around the 

world that outbreaks of leaf feeders and bark beetles are typically preceded with 

unusually warm, dry weather. While there have been many experimental drought 

studies on plants and insects living on them, most of them were small scale experiments 

limited to one or a few individual plants rather than a whole forest ecosystem, and often 

reported contradictory results.  A framework linking drought severity, plant defence 

production, plant nutritional quality, and insect response among different insect feeding 

guilds could help understand why different insects seem to respond differently to 

drought. 

 

After reviewing the literature, I developed a framework that might predict how insects, 

and particularly herbivorous insects, may respond to prolonged drought. The framework 

incorporates the severity and longevity of drought and captures the plant physiological 

adjustments that follow moderate and severe drought and predicts the response of (i) 

different feeding guilds; (ii) flush feeders and senescence feeders; (iii) specialist and 

generalist insect herbivores; and (iv) temperate versus tropical forest communities. 

Intermittent and moderate drought may result in increases of carbon-based and nitrogen-

based chemical defences, whereas long and severe drought events can result in 

decreases in plant secondary defence compounds. I predict that different herbivore 

feeding guilds will show different but predictable responses to drought events, with 

most feeding guilds being negatively affected by water stress, with the exception of 

wood borers and bark beetles during severe drought and sap-sucking insects and leaf 

miners during moderate and intermittent drought. Time of feeding and host specificity 

are important considerations. Some insects, regardless of feeding guild, prefer to feed 
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on younger tissues from leaf flush, whereas others are adapted to feed on senescing 

tissues of severely stressed trees. I argue that moderate water stress could benefit 

specialist insect herbivores, while generalists might prefer severe drought conditions.  

 

In this thesis, I test some of these hypotheses using an experimentally droughted 

Australian rainforest site. In particular, I examined the effects of increased drought on i) 

intensity of wood-boring attack, ii) insect abundance and diversity and insect 

community composition, iii) insect seasonality, and iv) ant diets  

 

Rainforests in far North Queensland, Australia, experience a dry period with on average 

5-6 months of less than 100mm rain per month. An experiment was established in the 

Daintree rainforest to simulate the effects of an increased and extended drought. Plastic 

panels were set up above the ground in half a hectare of rainforest to prevent rainfall 

from reaching the ground throughout the year. The experiment was implemented 

underneath the arc of a 47-m tall construction crane so that access could be made to the 

rainforest canopy for both the drought experiment and the juxtaposed area used as a 

control plot. Measurements of soil humidity from soil pits at the plots indicate that there 

was an overall reduction of soil humidity of at least 30% in the drought plot throughout 

the experiment. 

 

I carried out two full years of insect collection on the drought experiment site two years 

after experimental droughting had commenced as well as on the nearby control plot. 

Insects were collected bi-monthly by beating leaves at the top of the canopy and from 

foliage at ground level, with the aim of exploring the effect of drought on insect 

abundance, diversity and community composition. I used stable isotope techniques to 

determine if drought could cause any variation in ant diets. Finally, I established 36 line 

transects across the study site to test whether wood boring activity would be more 

prevalent in increased drought conditions. Data on weekly soil-water availability from 

eight soil pits (four at the drought plot and four at the control plot) were used to measure 

impact of drought.  
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I found evidence that insect communities were deeply impacted by increased drought. 

First, I have found that saplings were significantly more affected by wood-borers under 

increased conditions. Second, I found that every feeding guild was less abundant on 

large trees under water stress than on control trees. On saplings, however, I found that 

some feeding guilds (sap-suckers and fungivores) were significantly more abundant 

with increased drought conditions. Insect diversity and community composition was 

also impacted by the drought experiment, as beetle species richness was significantly 

lower on drought-stressed large trees, and there was a great dissimilarity in ant and 

beetle assemblages on shrubs and saplings from the drought and control plot. In 

addition, I found that leaf-chewers did not show any strong seasonal patterns or peak in 

abundance during leaf flush when living in increased drought conditions. Overall, most 

hypotheses built in the framework proved to be correct, with the exception of sap-

suckers and fungivores which were positively affected by drought on saplings, possibly 

because they might benefit from decreased levels of plant defences more than other 

feeding guilds. In addition, isotope analyses revealed that with increased drought, ants 

!15N isotopic composition increased, which could indicate a shift from a diet relying on 

plant sources (extra-floral nectar, uptake of honeydew) towards a more predatory diet. 

However, the shift observed could also be due to the increase in !15N in leaves in 

drought-stressed trees.  

 

The framework I developed and the results of the drought experiment suggest a number 

of important avenues for further research on the impact of drought on insect 

communities. These include i) further assessment of how drought-induced changes in 

various plant traits, such as secondary compound concentrations and leaf water 

potential, affect herbivores, (ii) food web implications of changes in insect feeding guild 

structure and composition and how this might affect those that feed on them, and (iii) 

interactions between the effects on insects of increasing drought and other forms of 

environmental change including rising temperatures and CO2 levels. Since this is the 

first examination of how large-scale droughting affects insect communities, there is 

clearly a need for further large, temperate and tropical forest-scale drought experiments 

to look at herbivorous insect responses and their role in tree death. 
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1! Introduction, aims and thesis outline 

 

1.1! Climate change and drought 
!

Climate change is widely recognised as one of the greatest threats to global biodiversity 

(IPCC, 2014). Understanding and predicting the impact of climate change on species and 

ecosystem processes in rainforests is a critical scientific challenge. 

While climate models generally agree on how different regions will warm, there is much 

less agreement about where and how rainfall will change (Randall et al., 2007). There are 

several basic physical processes that can explain how precipitation may respond to a 

global temperature increase. First, higher temperatures leads to greater surface 

evaporation, potentially leading to more intense and frequent drought events (Collins et 

al., 2013). Soil moisture drying is likely to affect most regions by the end of this century, 

according to the RCP8.5 baseline climate scenario (Cook et al., 2014).  Second, as air 

warms, its capacity to hold water vapour increases. According to the Clausius-Clapeyron 

equation, the air can generally hold around 7% more moisture for every 1¡C of 

temperature rise (Sugiyama et al., 2010). Such changes in atmospheric water vapour are 

predicted to increase the intensity of individual precipitations events rather than 

precipitation frequency (Collins et al., 2013). Climate models predict that the contrast 

between wet and dry seasons will increase over most of the globe as temperature 

increases. How will average precipitation vary spatially in a warmer world?  Many mid-

latitude and subtropical arid and semi-arid regions will likely experience less 

precipitation, while many moist mid-latitude regions will likely experience more 

precipitation according to the RCP8.5 scenario (Collins et al., 2013). The average of 38 

climate models shows that we may expect large decreases in precipitation in Australia, 

South Africa, and the Mediterranean basin, as well as small decreases in precipitation in 

parts of the Amazon basin (Collins et al., 2013). 
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1.2! Insects and climate change 
!

In this context of wide-spread climatic changes, insect response to global warming has 

been well documented. Temperature increase can alter insect growth rate, development, 

mortality rate, and population density (Cornelissen, 2011). With rising temperatures, 

many insect species are predicted to shift their geographical range, where possible, to 

higher latitude and altitude, as already reported for several butterfly, beetle, dragonfly and 

grasshopper species (Chen et al., 2009; Hickling et al., 2006; Moret et al., 2016; Parmesan 

et al., 1999). While we have a growing understanding of the effect of rising temperatures 

on insect physiology and population, our understanding of the effect of drought on insects 

is limited. Most of our knowledge on that topic comes from small scale experimental 

drought studies, investigating one or a few individual plants and their interaction with one 

or a few insect species (Huberty & Denno, 2004), rather than studying drought effects on 

plant-insect interactions on a forest level. As a consequence, despite many hundreds of 

publications on that matter, we are still unable to predict accurately how insects will 

respond to more frequent and severe drought. Building a comprehensive framework  that 

will investigate in greather depth how insects respond to increased drought severity is 

therefore essential. In this thesis I develop a framework linking changes in plant chemical 

defences and plant nutritional quality to herbivorous insect performance (see Chapter 2).  

I examine how different insect orders and feeding guilds respond to water stress. 

 

1.3! Study site and drought experiments around the world 
!

All field work for this PhD was carried out at the Daintree Rainforest Observatory (DRO), 

near Cape Tribulation (16¡17ÕS, 145 ¡29ÕE), Queensland, Australia. This study site is 

located in QueenslandÕs so called Wet Tropics which is renowned for its high levels of 

biodiversity and endemism and which was designated as a World Heritage Area in 1988.  

QueenslandÕs Wet Tropics was identified as one of the highly vulnerable hotspots to 

climate change in the IPCC Fourth Assessment Report (Suppiah et al., 2007). The Wet 

Tropics supports over 2,000 species of vascular plants, 30% of Australia's terrestrial 

vertebrate fauna, over 50% of Australian species of dragonflies, butterflies, dung beetles, 

and it is likely that a large proportion of species from less well-known insect groups also 

exist in this area (Yeates et al., 2002). 



 

! *)!

The 1 ha rainforest study site I used contains roughly 745 individual trees (>10m d.b.h) 

from 82 species and 34 families (Laidlaw et al., 2007). The mean annual rainfall is 

4,900 mm with a pronounced dry season with less than 100mm monthly precipitation 

usually from April/May to November. Within this hectare plot precipitation was 

funneled away from a 0.4 ha drought plot (subdivided into two 0.2 ha sub-plots) 

through the use of plastic-coated panels and drainage pipes (Tng et al., 2018). A 47-m 

tall construction crane located on the experiment plot provides access to rainforest 

canopy for both the drought experiment and a juxtaposed area used as a control site. It is 

important to be able to assess biodiversity at the canopy as well as at the ground level, 

since arthropod community structure differs greatly on a vertical gradient (Basset et al., 

2003; Fagan et al., 2006; Wardhaugh, 2014). Many insect species forage at specific 

levels above the ground to locate their preferred food resources (Basset et al., 2003; Carl 

W. Wardhaugh et al., 2012). Strict stratification of arthropods is particularly strong for 

herbivores, ants, fungal feeders and some scavengers, but is less evident for generalist 

predators (Basset et al., 2003). 

While small-scale single plant manipulation experiments can provide some useful data 

on the effects of reduced precipitation on insect communities (Hassani-Kakhki et al., 

2020; Salgado & Saastamoinen, 2019; Waser & Price, 2016), it is only large-scale 

drought experiments covering extensive areas of forest that can provide information on 

forest-scale effects (Brando et al., 2008; Davidson et al., 2004; Metcalfe et al., 2010). 

Study of a multi-year droughting experiment covering one hectare of Brazilian rainforest 

resulted in the observation that large trees were the most affected by extended drought, 

suffering from higher mortality rates than small trees (da Costa et al., 2010). Although 

there have been two other large-scale drought manipulation experiments elsewhere in the 

world ( Davidson et al., 2004; Moser et al., 2014),  the DRO experiment is the first in 

Australia and the first where a crane has provided access to all parts of trees above the 

ground. This is also the first time insect communities have been studied in a large-scale 

water stress experiment. 
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1.4! Insect herbivory 
!

Insects are the most successful and prolific animals on the planet, with an estimated 5.5 

million species (range 2.6-7.8 million) on Earth (Stork, 2018; Stork et al., 2015). As 

ecologist Robert May noted: 'To a rough approximation, and setting aside vertebrate 

chauvinism, it can be said that essentially all organisms are insects' (May 1988) . There 

are several reasons why insect-plant interactions are of crucial importance. First, there is 

the quantitative factor: the plant Kingdom and Class Insecta represent two very extensive 

taxa of living organisms, both in abundance of species and in amount of biomass. Second, 

insects have co-evolved with plants, providing them with many important services, and 

plants provide food and homes for insects. In particular, many insects are herbivorous, 

feeding on plants in different ways (leaf-chewers, sap-suckers, xylophages, root-feeders, 

granivores, fructivores) (Stork, 2018; Stork et al., 2015).  

Herbivorous insects not only make up an important part of biodiversity, they are also vital 

for maintaining forest ecosystems (Coley and Barone 1996; Ewers et al. 2015; Lowman 

and Rinkman 2004; Schowalter 2011). They play a crucial role as consumers within 

tropical ecosystems, since the majority of the herbivore damage occurring in the tropics 

is carried out by invertebrates (Coley & Barone, 1996). The loss of forest trees to insects 

is considerable and it is estimated that more than 10% of the plant production in tropical 

forests is consumed annually by herbivores (Coley et al., 1985). Herbivory rates are 

higher in tropical rainforests than temperate broad-leaved forests (Coley, 1998), despite 

the fact that tropical leaves are less nutritious and better defended (Coley, 1998). Since 

both mature and young leaves of tropical species are better defended chemically and 

physically, the higher rates of herbivory in tropical forests must reflect greater overall 

herbivore pressure (Coley, 1998). 

A final context for this thesis is the growing evidence from around the world of declines 

in insect abundance (Cardoso et al., 2020; Hallmann et al., 2017, 2020; Lister & Garcia, 

2018; Seibold et al., 2019). The suggested reasons for the declines are varied: habitat loss, 

degradation, and fragmentation, use of polluting and harmful substances, the spread of 

invasive species, global climate change, direct overexploitation, and co-extinction of 

species dependent on other species. While much of the evidence for such declines is from 

temperate studies there is some evidence that tropical forests are also threatened (Lister 
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& Garcia, 2018). One aspect that is little understood is how increasing and prolonged 

droughts affect insect communities and that is examined further in this thesis.   

1.5! Aims of research 
!

This PhD research examine how herbivorous insects respond to drought at the rainforest 

canopy and subcanopy levels.  

The aims of this PhD are to  

1)! Create a framework which outlines how different insect feeding guilds 

respond to moderate and severe drought via changes in plant defences and 

plant nutritional quality 

2)! Test some of the hypotheses developed in the framework by examining how 

experimentally increased drought affects:  

a.! the abundance and diversity of different insect orders, including ants 

and beetles, and feeding guilds 

b.!  the seasonality of insects and feeding guilds 

c.! wood boring infestation levels for small and large trees  

d.! the trophic position of ants 

 

1.6! Thesis outline 
!

This thesis is organised as a series of scientific papers, with the exception of the present 

chapter and Chapter 7 (Synthesis). 

 

Chapter 2 provides a comprehensive overview of the current state of research on the 

impact of drought on insects, particularly herbivorous insects, in tropical and temperate 

forests. It provides a framework which outlines how different insect feeding guilds 

respond to moderate and severe drought via changes in plant defences and plant 

nutritional quality. 
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The subsequent chapters are all based on empirical data collected at the Daintree 

Rainforest Observatory, Queensland, Australia. 

 

Chapter 3 is entitled ÒThe effect of drought on wood boring in tropical trees and saplingsÓ. 

It aims to determine if increased and prolonged drought leads to an increase in wood-

boring attack. 

 

Chapter 4 is entitled: ÒInsect abundance, species richness and composition in increased 

drought conditionsÓ. It investigates the effect of drought induced water stress and 

decreased sap flow on various feeding guilds. Analyses were conducted on the entire 

invertebrate community sorted into taxonomic groups (mostly orders) and feeding guilds. 

In addition, species-level diversity analyses were conducted on the beetle and ant fauna. 

Beetles and ants were chosen for closer examination due to their high species richness 

and ecological diversity, which make them ideal groups to explore patterns in abundance 

and species richness. This chapter also examines differences in responses to drought for 

canopy and ground level insects. 

 

Chapter 5 is entitled ÒSeasonal variation in tropical rainforest insect assemblages under 

increased drought conditions and responses of different feeding guilds to reduced soil 

humidityÓ. This chapter looks at two aspects. First, it examines how prolonged and 

increased drought impacts the seasonality of insects and second it looks the relationship 

between abundance of different feeding guilds and soil humidity. 

 

Chapter 6 is entitled ÒAssessing ant community responses to experimental drought in a 

tropical rainforest using stable isotopesÓ. It focuses on ant diets for the most abundant ant 

species present on the study site, and determine whether ants trophic position shifts from 

herbivory to predatory in increased drought conditions, as sap from extrafloral nectaries 

and honeydew from tended bugs decreases in drier periods. 
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Finally, Chapter 7 concludes this thesis with a general discussion of the key findings. It 

explores some of the limitations of this study and proposes suggestions for further 

research.  

 

Chapters 2-6 are presented as separate research publications and so there is some overlap 

in certain sections such as the Methods. Chapter 5 will be separated into two manuscripts 

for publication. 
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2! How do herbivorous insects respond to drought stress in 

trees? 

 

2.1! Abstract 

!

Increased frequency and severity of drought, as a result of climate change, is 

expected to drive critical changes in plantÐinsect interactions that may elevate rates of 

tree mortality. The mechanisms that link water stress in plants to insect performance are 

not well understood. Here, we build on previous reviews and develop a framework that 

incorporates the severity and longevity of drought and captures the plant physiological 

adjustments that follow moderate and severe drought. Using this framework, we 

investigate in greater depth how insect performance responds to increasing drought 

severity for: (i) different feeding guilds; (ii) flush feeders and senescence feeders; (iii) 

specialist and generalist insect herbivores; and (iv) temperate versus tropical forest 

communities. We outline how intermittent and moderate drought can result in increases 

of carbon-based and nitrogen-based chemical defences, whereas long and severe 

drought events can result in decreases in plant secondary defence compounds. We 

predict that different herbivore feeding guilds will show different but predictable 

responses to drought events, with most feeding guilds being negatively affected by 

water stress, with the exception of wood borers and bark beetles during severe drought 

and sap-sucking insects and leaf miners during moderate and intermittent drought. Time 

of feeding and host specificity are important considerations. Some insects, regardless of 

feeding guild, prefer to feed on younger tissues from leaf flush, whereas others are 

adapted to feed on senescing tissues of severely stressed trees. We argue that moderate 

water stress could benefit specialist insect herbivores, while generalists might prefer 

severe drought conditions. Current evidence suggests that insect outbreaks are shorter 

and more spatially restricted in tropical than in temperate forests. We suggest that future 

research on the impact of drought on insect communities should include (i) assessing 

how drought-induced changes in various plant traits, such as secondary compound 

concentrations and leaf water potential, affect herbivores, (ii) food web implications for 

other insects and those that feed on them, and (iii) interactions between the effects on 

insects of increasing drought and other forms of environmental change including rising 
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temperatures and CO2 levels. There is a need for larger, temperate and tropical forest-

scale drought experiments to look at herbivorous insect responses and their role in tree 

death.  

 

2.2! Introduction  

 

Insects and other terrestrial arthropods and nematodes are the most species-rich and 

abundant macro-organisms in forests (May, 1988; Nigel E. Stork et al., 2015). Insect 

herbivores comprise the largest feeding guild of arthropods and consume four to five 

times more plant material than vertebrates (Coley & Barone, 1996). Loss of insect 

herbivores, decomposers and other feeding guilds through deforestation, replacement of 

natural forests by plantations (mainly tree monocultures), selective logging and forest 

fragmentation results in considerable reductions in diversity and key ecosystem 

functions such as herbivory, seed predation, seed removal and litter decomposition 

(Ewers et al., 2015). 

Climate change is widely recognised as one of the greatest threats to biodiversity 

(Bellard et al., 2012; Thomas et al., 2004). Our understanding of the impact on insect 

communities of rising temperature (Bale et al., 2002; Deutsch et al., 2008; Jamieson et 

al., 2012; Estay, Lima & Bozinovic, 2014) and increasing atmospheric CO2 levels 

(Bazzaz, 1990; Veteli et al., 2002; Knepp et al., 2005; Valkama, Koricheva & Oksanen, 

2007; DeLucia et al., 2008) has increased substantially during the last 20 years. Direct 

effects of warmer temperatures on insect physiology include rapid insect development 

and growth and increased survival rates through winter (Bale et al., 2002). There is 

good evidence that global warming can promote insect outbreaks, but warm 

temperatures can also disrupt diapause requirements and spring development rates for 

temperate insects, leading to a decrease in outbreak severity (Pureswaran et al., 2018).  

The impact of drought on insects is also important in the context of climate change. 

Insect responses to drought have generated interest for more than 60 years (Kennedy, 

1958; T. C. R. White, 1969), particularly since impacts are largely mediated through 

physiological, physical and chemical changes in water-stressed plants. Yet, in spite of 

many hundreds of relevant publications and many formal hypotheses, we are still unable 
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to predict accurately how plantÐinsect interactions change with drought. This is of great 

concern for agricultural and natural systems since droughts are predicted to increase in 

severity with climate change (Sconiers & Eubanks, 2017). An important review 

examining how insects respond to drought (Huberty & Denno, 2004) identified that 

different feeding guilds respond differently but noted that experimental drought studies 

on plantÐinsect interactions were small scale and limited to one or a few individual 

plants rather than the forest level. Later reviews (Jactel et al., 2012; Anderegg et al., 

2015) also observed that feeding guilds respond differently to water stress with 

Anderegg et al. (2015) focussing on tree mortality and drought. In summary, research to 

date has focussed both on general aspects of drought on plantÐherbivore interactions, 

but also more specifically on particular effects or characteristics of drought on 

herbivores, including drought phenology, drought intensity and insect feeding guilds 

(Anderegg et al., 2015; Huberty & Denno, 2004; Jactel et al., 2012; Koricheva et al., 

1998). 

Despite this broad understanding of how drought affects plantÐherbivore interactions, 

the specific mechanisms driving tree responses and related insect responses to drought 

are still poorly understood. To improve our current understanding of drought effects we 

systematically reviewed the literature (using the search terms ÔdroughtÕ, Ôwater stressÕ, 

ÔrainfallÕ, Ôherbivorous insectsÕ, and Ôphytophagous insectsÕ) and identified several new 

areas of interest. These include: (i) the role of stress intensity in plant and insect 

responses; (ii) the degree of host specificity of herbivores; (iii) the different impacts of 

drought on flush feeders and senescence feeders; and (iv) contrasting effects of drought 

in temperate and tropical forests. We do not examine the direct physiological responses 

of insects to drought. While drought intensity and feeding guild responses have been 

discussed previously, we examine both of these herein in more detail. We develop a 

new multi-layered framework linking changes in plant chemical defences and plant 

nutritional quality following moderate and severe drought to herbivorous insect 

performance. We argue that the effects of drought on insects will vary not only among 

feeding guilds, but also among specialist and generalist herbivores as well as flush and 

senescence feeders. Finally, we examine how herbivorous insect responses to plant 

water stress may differ for temperate and tropical forests. 
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2.3! The relationship between plant water stress and insect feeding 

guild performance 

 

2.3.1! Drought impacts on plant defences and plant nutritional quality 

It is well known that drought affects the production of plant chemical defences and plant 

nutritional quality. For example, the growth differentiation balance hypothesis (GDBH) 

predicts that a trade-off exists between carbon allocation to defence, growth and 

reproduction (Herms & Mattson, 1992) but it is not clear how such trade-offs are 

affected by drought. Below we discuss these in the context of increasing or uncertain 

drought severity and longevity. 

 

(a) The metabolic cost of chemical defences: Ôto grow or to defendÕ 

The synthesis of chemical defences has a high metabolic cost (Jander, 2018), hence 

presenting plants with a dilemma of whether Ôto grow or to defendÕ (Herms & Mattson, 

1992). When nutrients and water are abundant, vegetative growth is usually given 

priority over the production and storage of secondary metabolites (Herms & Mattson, 

1992). However, when a plant is under stress, the question arises whether plant 

resources would better be allocated preferentially to plant growth and reproduction or to 

plant defence mechanisms, and whether these allocations will remain the same under 

different conditions of drought.  

 

(b) Effects of drought intensity on carbon and nitrogen absorption and use 

In this review we show how drought affects different plant physiological processes that 

contribute to carbon and nitrogen absorption and use, resulting in changes in plant 

defences (Fig. 2.1). Under drought conditions, plants tend to decrease both their 

absorption and their use of carbon and nitrogen (He & Dijkstra, 2014; Kolb et al., 2016; 

McDowell et al., 2008) (Fig. 2.1). However, during moderate drought, water stress 

constrains growth more than photosynthesis and root uptake of nutrients (Brunner et al., 

2015). Thus, moderate drought results in a surplus of carbohydrates (fewer 

carbohydrates are used for growth) becoming available for the synthesis of carbon-

based defences (e.g. terpenes and phenolics). During a severe drought, plant stomata 
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close more consistently to avoid water loss, greatly reducing photosynthesis and the 

production of carbohydrates therefore declines (Bartlett et al., 2016). The production of 

carbon-based defence compounds consequently decreases for plants under intense water 

stress (Farooq et al., 2009). 

It has been suggested that the nitrogen content in plants could also increase with 

moderate drought (Kolb et al., 2016; Mattson & Haack, 1987) and decrease with severe 

drought (He & Dijkstra, 2014; Rouphael et al., 2012), although this claim is 

controversial. Water-stressed plants may invest in greater root development (Farooq et 

al., 2009; He & Dijkstra, 2014) which would initially increase nitrogen content in the 

plant, but as a drought event increases in length or magnitude, increasing periods of 

stomatal closure would cause a decline in root uptake of nitrogen as the water and 

nutrient flow from the soil to the plant decreases (Rouphael et al., 2012). Some 

nitrogen-rich enzymes and precursors are involved in the production of carbon-based 

defences (Massad et al., 2012), so an increase in nitrogen availability during moderate 

drought may facilitate increased production of carbon-based defences. 

 

(c) How does drought impact plant nutritional quality? 

Drought affects not only the production of plant chemical defences but also plant 

nutritional quality (i.e. the presence of nutritional compounds required by the 

consumer), digestibility (i.e. whether plant products can be broken down and absorbed 

by consumers) and palatability (i.e. the texture, water content or taste). There is strong 

support for the hypothesis that concentrations of carbon and nitrogen compounds in 

plant tissues increase in response to moderate drought but decrease with severe drought 

(Farooq et al., 2009). While increased carbon and nitrogen content during moderate 

drought may make more nutrients available to herbivorous insects, reduced vegetative 

growth and increased production of plant defences are likely to offset potential positive 

effects on plant nutritional quality. Trees can produce a broad range of feeding 

deterrents. Some terpenoids, phenolics (e.g. tannins, flavonoids) and nitrogen 

compounds (e.g. glycosinolate) are either unpalatable or reduce digestibility for many 

generalist feeders and for several specialists on non-cruciferous plants (Caballero et al., 

2001; Endara & Coley, 2011; Van Beek & De Groot, 1986). In general, plants with a 

higher carbon-to-nitrogen ratio are less palatable to insects (Descombes et al., 2017; 

SchŠdler et al., 2003).  
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Coley (1998) argues that leaf toughness, another major plant defence, is the best 

predictor of interspecific variation in herbivory rates. Under water stress conditions, 

leaves become tougher (I. J. Wright & Westoby, 2002), thus reducing palatability and 

consumption by herbivores. Moreover, production of new leaves, which are more 

palatable and less tough (Kursar & Coley, 2003), is generally reduced under drought 

conditions (Anjum et al., 2011; Jaleel et al., 2009). 

In summary, the impact of drought on plant defences and nutritional quality may be 

non-linear, with an increase in production of chemical defences and nitrogen 

compounds early in a drought event, followed by a decrease if the drought is long and 

severe (Fig. 2.1). Although existing data generally confirm this trend, the effects of 

drought stress on chemical defence production and nutritional quality has not yet been 

tested as rigorously as the effects of temperature, nutrient availability or changing 

atmospheric CO2 levels (Roth, MacDonald & Lindroth, 1997; Dury et al., 1998).  

 

2.3.2! Impact of drought on insect performance 

!

(a) Three hypotheses on the relationship between plant water stress and insect 

performance 

It remains unclear how drought affects different measures of insect performance such as 

growth rate, fecundity, survival, or population density, but three different hypotheses 

have been proposed. (i) The plant stress hypothesis (Mattson & Haack, 1987; T. C. R. 

White, 1969) suggests that measures of insect performance should increase with plant 

stress as the level investment into chemical defences decreases. This hypothesis is 

supported by often anecdotal observations of insect outbreaks following drought events 

(Allen et al., 2010; Bakke, 1983; Thomson & Shrimpton, 1984; Van Bael et al., 2004; 

Wallner, 1987). (ii) The plant vigour hypothesis (Price, 1991) predicts that herbivorous 

insect performance will be greatest under favourable environmental conditions, when 

their plant hosts have maximal food availability. (iii) The insect performance hypothesis 

(Larsson, 1989) predicts that different insect feeding guilds will respond differently but 

predictably to the same plant responses to stress. 

While these hypotheses have been reviewed previously (Huberty & Denno, 2004; 

Koricheva et al., 1998; Waring & Cobb, 1992), here we discuss them in the context of a 
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new framework. General models fail to recognise the taxonomic constraints and 

physiology of different feeding guilds, and empirical evidence indicates that the insect 

performance hypothesis best describes insect responses to plant water stress (Fig. 2.2) 

(Huberty & Denno, 2004; Koricheva et al., 1998; Waring & Cobb, 1992). For example, 

in a severe drought, plants may produce fewer chemical defences, which would benefit 

most feeding guilds, but leaf toughness may also increase which would impact leaf-

chewing guilds of insects. The insect performance hypothesis thus allows a nuanced 

perspective on herbivorous insect responses to drought. 

In our framework (Figs 2.1Ð2.3) we predict how different insect feeding guilds (sap-

sucking, leaf-feeding and wood-boring) may be impacted by drought through variation 

in levels of plant chemical defences and nutritional quality. We build our framework 

(Fig. 2.2) under the general assumption that an increase in production of chemical 

defences would be detrimental to all of these feeding guilds, but it is important to 

recognise that some host-specific insects have evolved adaptations to high 

concentrations of chemical defences in an evolutionary Ôarms raceÕ with their host 

plants (see Section 2.5.1) 

 

(b) Impact of drought on sap-sucking insects 

Chemical defences in plants are much less concentrated in vascular tissue than in foliar 

tissue (Raven 1983), so for sap-sucking insects the host plantÕs nutritional value, in 

particular the availability of nitrogen-containing nutritional compounds, might be a 

better indicator of insect performance than concentrations of plant chemical defences. If 

nitrogen content increases during moderate drought and decreases during severe drought 

(Fig. 2.1), then we might expect parallel fluctuations in the performance of sap-sucking 

insects. 

Sap-sucking insects lose the ability to extract nitrogen-rich nutritional compounds from 

a host plant if turgor pressure falls below a critical threshold or sap viscosity is high 

(Douglas, 2003; Huberty & Denno, 2004) both of which can occur during long and 

severe drought events. Huberty & Denno (2004) proposed the Ôpulsed stress hypothesisÕ 

suggesting that moderate intermittent drought might offer periods of nutrient 

availability with turgor recovery, allowing phloem-feeders, such as aphids, to take 

advantage of stress-induced increases in nitrogen availability. This hypothesis was 
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supported by a number of experiments showing that sap-sucking insects benefit from 

mild and intermittent water stress conditions (Koricheva et al., 1998; Bjšrkman & 

Larsson, 1999; Mody, Eichenberger & Dorn, 2009) but perform poorly during severe 

drought (Mcvean & Dixon, 2001; Mody et al., 2009; Valim et al., 2016). 

 

(c) Impact of drought on leaf-feeding insects 

While some outbreaks of leaf-feeding insects have been observed following drought 

events (Rouault et al., 2006), the effects of water stress on defoliators are still unclear. 

Outbreaks could be a result of the warm weather that usually accompanies periods of 

increased drought (Mattson & Haack, 1987; Staley et al., 2006), since increased 

temperature will favour insect population growth. Experimental studies have found 

mixed responses of leaf feeders to water stress (Huberty & Denno, 2004; Rouault et al., 

2006; Castagneyrol, Jactel & Moreira, 2018a; Castagneyrol, Moreira & Jactel, 2018b). 

Two meta-analyses (Huberty & Denno, 2004; Jactel et al., 2012) suggested that 

differences in responses of leaf feeder sub-guilds (e.g. leaf chewers, gall formers and 

leaf miners) to water stress might offset each other, resulting in a non-significant effect 

of water stress on defoliators overall. For leaf chewers and gall formers, survival, 

density, and overall performance have been found to decrease with drought (Huberty & 

Denno, 2004; Jactel et al., 2012), and in several studies this decline in performance was 

proportional to drought length and intensity (Mcmillin & Wagner, 1995; Gutbrodt, 

Mody & Dorn, 2011). As is likely for sap feeders, reduced plant turgor during severe 

drought events could limit the availability of nitrogen-containing compounds for leaf 

chewers and gall formers and therefore limit the performance of these guilds. Moreover, 

defoliators can be severely affected by the high concentrations of host tree chemical 

defences in foliar tissue (Raven, 1983).  

Drought experiments showed that increased water stress resulted in decreased growth 

rates for corn earworms (Helicoverpa zea) (Inbar, Doostdar & Mayer, 2001) and other 

lepidopterans (Scriber, 1978) and reduced survival rates of sawfly larvae (Larsson & 

Bjšrkman, 1993; Mcmillin & Wagner, 1995). These decreases in insect performance 

coincided with increased concentrations of phenolic compounds (Gutbrodt et al., 2011; 

Inbar et al., 2001; Mcmillin & Wagner, 1995).  
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Leaf-mining insects could respond differently to drought compared to leaf chewers and 

gall formers, with leaf miner performance following nitrogen concentration similarly to 

sap-sucking insects. For example, mining insects can avoid feeding on defensive 

substances: one experiment demonstrated that several mining species feeding on conifer 

needles never came into contact with terpenoid substances in the resin ducts because 

they fed only on mesophyll tissue (Larsson, 1989). Mining insects could therefore 

benefit from an elevated nitrogen content in plants during intermittent drought 

conditions without being negatively impacted by increases in chemical defences, but 

would perform more poorly during severe droughts when nitrogen availability is 

reduced. 

 

(d) Impact of drought on bark beetles and wood borers 

Most trees have a natural defence mechanism against borers, involving the production 

of resin, latex, or kino in order to ÔdrownÕ the insects (Luchi et al., 2005). Under 

moderate water stress, surplus carbon may be used for resin synthesis and duct 

formation to make trees less vulnerable to attack from bark beetles and wood borers. 

However, under severe water stress, the tree may not have sufficient kino, resin, or latex 

to resist attack, and wood borers, secondary bark beetles and latent pathogens are more 

likely to cause harm (Huberty & Denno, 2004; Koricheva et al., 1998; Luchi et al., 

2005; Muilenburg & Herms, 2012). 

While intense drought thus might make trees more attractive to bark beetles and wood 

borers, food resources from severely water-stressed trees may be less nutritious, 

compromising bark beetle development in a similar way to that observed with other 

feeding guilds (Huberty & Denno, 2004). However, most studies have recorded adverse 

effects on bark beetle and wood borer populations from moderate drought and positive 

effects from severe drought (Anderegg et al., 2015; Nahrung et al., 2014; Wotherspoon 

et al., 2014). 
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Figure 2.2: Schematic illustration of the impact of intermittent moderate drought and 

long and severe drought on the performance of different insect feeding guilds. Red 

arrows indicate a negative effect of drought on insect performance, green arrows a 

positive effect. 
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(e) Trends in drought responses among insect feeding guilds 

Grouping insects into feeding guilds and making a distinction between moderate and 

severe drought is a simplified approach to understanding insect responses to drought. 

While we can expect broad similarities in responses of insects from the same feeding 

guild to drought, species-specific plant and insect physiological characteristics are likely 

to lead to variability in the observed responses in water-stressed plants. We have 

focussed here on the feeding guilds sap-sucking insects/leaf miners, leaf chewers, wood 

borers/bark beetles and gall formers (Fig. 2.3). Classification of insects into these 

feeding guilds can be complex and somewhat arbitrary, as some insects change their 

feeding behaviour in different life stages (Stork, 1987) or opportunistically in response 

to available resources. For example, some ant species shift from a predatory or 

scavenging diet to feeding on extra-floral nectaries or homopteran honeydew (BlŸthgen, 

Gebauer & Fiedler, 2003), many lepidopteran larvae change their feeding habits as they 

grow (Gaston, Reavey & Valladares, 1991), and some beetles such as the weevil 

Orchestes fagi have different habits as larvae (leaf miners) and adults (leaf chewers) 

(Gossner et al., 2014). Such complex behaviours and mutualisms may be common in 

tropical forests but we do not attempt to address them in our framework. Furthermore, 

we do not include root feeding, as research on below-ground herbivory is sparse (S. N. 

Johnson & Murray, 2008), and no studies have looked at the impact of drought on root 

feeders in forests.  

We highlight the importance of considering drought duration and intensity when 

studying insect responses to water stress. The model shown in Fig. 2.3 is adapted from 

previous models (Kolb et al., 2016; Larsson, 1989) of insect performance in relation to 

drought severity. In our model, the performance of leaf chewers and gall formers is 

predicted to decline linearly with increasing drought intensity, although there is 

conflicting evidence for their performance under low-intensity drought. The 

performance of sap suckers is predicted to increase initially with drought intensity but 

then to decline in response to long and severe droughts. While there may be an initial 

decline in performance of bark beetles and wood borers for low-intensity droughts, we 

predict a subsequent rapid increase with increasing drought severity.  
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2.4! The relationship between plant water stress and performance of 

senescence and flush feeders 

!

2.4.1! Flush feeding and senescence feeding versus traditional feeding guilds 

!

While traditional feeding guild classification is a useful tool to understand and 

predict insect responses to drought, White (2015) noted that sap suckers, leaf chewers 

and leaf miners can be categorised as flush or senescence feeders and that these should 

be recognised as different sub-guilds and analysed separately when predicting response 

to drought stress (Fig. 2.4). Some insects, such as the Australian gumleaf skeletoniser 

Uraba lugens or the jarrah leaf miner Perthida glyphopa feed exclusively on senescent 

leaves, and may therefore prefer heavily stressed trees or dying plants, while other 

insects, such as the autumnal moth Epirrita autumnata or the paropsine beetle 

Chrysophtharta bimaculata, prefer new leaf growth, and may therefore thrive on trees 

Figure 2.3: Hypothetical trends in performance for bark beetles, wood borers, sap-sucking 

insects, leaf miners, leaf chewers and gall formers as a function of drought intensity. Broken 

lines indicate greater uncertainty. During moderate drought, all subguilds of leaf feeders 

might benefit from greater nitrogen availability but be deterred by higher concentrations of 

plant defence compounds 
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recovering from drought (Whyte et al., 2016). Whyte et al. (2016) also postulated that 

severely water-stressed trees could attract senescence-feeders while trees recovering 

from drought and producing new foliage could attract flush-feeders. Several 

observations confirm this hypothesis: some chrysomelid beetles (Angel, Nichols & 

Stone, 2008; Whyte et al., 2016) are attracted to flush growth after water availability 

increases, but do not feed on older leaves, while some species of leaf chewers (Farr, 

Swain & Metcalf, 2004; Mayfield, Allen & Briggs, 2007; Jacquet, Orazio & Jactel, 

2012) and leaf miners (Roslin et al., 2006) feed specifically on severely stressed trees 

with senescent leaves. 

 

2.4.2! Tree recovery 

!

Studies on the impact of water stress on herbivorous insects usually represent 

drought either as an absolute event (i.e. a tree can be water-stressed or not water-

stressed) or as a gradual event (i.e. a tree can be non-stressed, moderately stressed, or 

heavily stressed). Whyte et al. (2016) offered an alternative approach by drawing 

attention to tree recovery and developing a model in which trees may shift many times 

between different stages (good health, drought stress and recovery), leading to changes 

in insect communities. The pulsed stress hypothesis (Huberty & Denno, 2004) 

reinforces this model by linking tree recovery following drought with increased 

performance for some insects. In the pulsed stress hypothesis, sap feeders benefit from 

pulsed or intermittent water stress as the available nitrogen increases when turgor 

recovers between bouts of stress (Huberty & Denno, 2004). Trees in recovery from 

drought events thus are exploited by foliar pests not only because of leaf flush but also 

because of the higher amount of nitrogen available in the new leaves. Flush feeders are 

adapted to survive on the higher concentrations of nitrogen available for short time 

windows, whereas senescence feeders are adapted to lower amounts of nitrogen 

available over much longer  (White, 1993). 
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2.5! The relationship between plant water stress and performance of specialists 

and generalists 

!

2.5.1!  Response of specialists and generalists to plants secondary metabolites 

!

An understudied aspect of insect performance and plant water stress is how diet 

breadth and host specificity might mitigate insect responses to drought. Whyte et al. 

(2016) briefly mentioned how two leaf chewers, one specialist and one generalist, 

showed different responses to drought. There have been many predictions made about 

how plant defences will affect generalists and specialists. As plants develop specific 

Figure 2.4: Flow diagram showing the relationship between the different stages of tree health, 

plant traits, flush-feeder performance and senescence-feeder performance. Figure adapted 

from Whyte et al. (2016). 
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defences against their enemies, specialists can evolve mechanisms either to evade or to 

sequester these chemical defences (Ali & Agrawal, 2012). Some sequestering specialists 

tolerate secondary metabolites, using them to find hosts plants and to gain protection 

from their own predators (Ali & Agrawal, 2012; Edger et al., 2015; Mello & Silva-

Filho, 2002). While these sequestering specialists may benefit from low or intermediate 

levels of these chemical defence compounds, they may be negatively impacted by high 

levels. By contrast, the performance of generalist insects and non-sequestering 

specialists should gradually decrease as levels of plant defence compounds increase (Ali 

& Agrawal, 2012; Cornell & Hawkins, 2003). 

These findings have not often been applied to conceptual models of drought impact 

on insects, possibly because it is still unclear how many plants and insects are engaged 

in such evolutionary Ôarms racesÕ and what proportion of specialists actually benefits 

from the induction of chemical defences. As the production of chemical defences tends 

to increase in moderately or intermittently stressed trees and decreases in highly stressed 

trees, we hypothesise that severe drought should benefit generalists whereas moderate 

drought should favour specialists, at least for the insects species able to tolerate or 

sequester secondary metabolites. A few experimental studies appear to confirm this 

suggestion. A comparison of the performance of two lepidopteran herbivore species 

(one generalist and one specialist) indicated that the generalist species consumed more 

plant material in severe drought conditions whereas the specialist dominated in 

moderate drought conditions (Gutbrodt et al., 2011). Improved larval development, 

immunity and gut microbiota in a specialist butterfly herbivore were observed with 

moderate stress (Rosa et al., 2019) while no differences were observed for two aphid 

species (one specialist and one generalist) with drought severity. Few other experiments 

or field observations are available to compare generalist and specialist insect 

performance under variable drought conditions. Moreover, the rare studies that did 

investigate how drought affects generalists and specialists typically examined only one 

or two insect species and their interactions with a single species of plant, and did not 

measure variation in defence levels or drought intensity (Ali & Agrawal, 2012). Further 

experiments are needed before we can confirm hypotheses on the impact of drought on 

generalist and specialist insect species.  
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2.5.2! Specialists and generalists might elicit different plant defences 

!

Plant defences may vary depending on the insects attacking them. Plants may 

recognise which herbivore is inflicting damage on them based on insect salivary 

constituents and the pattern of imposed damage, and induce defences accordingly 

(Bonaventure, 2018; Waterman et al., 2019). This hypothesis has been tested using 

agricultural pests, such as the Colorado potato beetle (Leptinotarsa decemlineata), the 

corn earworm (Helicoverpa zea), and the western corn rootworm (Diabrotica virgifera 

virgifera). Some plants induce more defences against specialists than generalists 

(Voelckel & Baldwin, 2004; Hettenhausen, Baldwin & Wu, 2013) while others have 

similar responses to specialist or generalist attacks (Poelman et al., 2008; Reymond et 

al., 2004). The extent to which herbivore specialists may drive the evolution of leaf 

traits remain an important question in plant population ecology (van Asch & Visser, 

2007), especially in tropical forests where biotic interactions are likely to play an 

important role in the rate of speciation (Sobel et al., 2010). 

 

2.5.3! Tree diversity: a factor determining herbivore performance in drought 

conditions? 

!

If generalists perform better in severe drought conditions, and specialists in 

moderate drought conditions, we could hypothesise that drought effects on herbivory 

damage could vary depending on habitat type, as some habitats are dominated more by 

specialists while others have a higher proportion of generalists (Jonsen & Fahrig, 1997). 

Habitats with a large number of specialists would experience more herbivore damage 

during moderate drought, whereas habitats with a large number of generalists would be 

attacked more during severe drought. A rich body of studies have considered the effects 

of plant diversity on the abundance and richness of specialists and generalists (Otway, 

Hector & Lawton, 2005; HambŠck et al., 2014; Forister et al., 2015; Moreira et al., 

2016; Salazar, Jaramillo & Marquis, 2016; Mangels et al., 2017). The Resource 

Concentration Hypothesis (RCH), states that specialists should be more abundant in 

areas where their host plants are in high-density patches in pure stands (HambŠck et al., 

2014; Otway et al., 2005). Generalists, alternatively, should thrive in areas with high 
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tree species diversity as they can exploit a wide range of resources (Moreira et al., 2016; 

Stilmant et al., 2008). If this is correct, areas with high tree diversity may be attacked 

more by herbivores under severe drought conditions because of the higher number of 

generalists present, whereas areas with low tree diversity would suffer from herbivory 

attack mostly under moderate drought conditions because of the dominance of 

specialists. Moreover, forests with high tree diversity could be less vulnerable to 

moderate drought. Soil water partitioning can reduce competition for water among tree 

species, but this may be insufficient in severe drought events (Grossiord, 2018). A 

review of 28 studies including 151 tree species found that high tree diversity was linked 

to increased resistance to drought, although in some instances the opposite effect was 

observed (Grossiord, 2018). Few studies have compared the impact of drought on 

insects in areas of high and low tree species diversity, but one comparison of oak and 

pine tree plantations found that severe drought conditions increased herbivory damage 

to a greater extent in mixed tree plantations than in monocultures (Castagneyrol, 

Moreira, et al., 2018). We can expect the response of insects to drought in mixed forests 

to be highly variable, depending on the tree species mixture and the local environmental 

conditions (Jactel et al., 2017).  

 

2.5.4! Imbalance between generalist and specialist insect populations 

!

Any hypotheses on the impact of drought on insect herbivory at a forest ecosystem 

level remain speculative because of a lack of large-scale experiments on whole 

ecosystems in drought conditions. Understanding drought impact on forest ecosystems 

may require more focus on the physiology and feeding habits of specialists rather than 

generalists. Specialist feeders dominate many groups of herbivores, such as aphids, leaf 

hoppers and leaf miners (Schoonhoven et al., 2005). Across all herbivorous insects, it is 

estimated that less than 10% feed on plants in more than three different plant families 

(Bernays & Graham, 1988). Moreover, controlling for body mass, specialist 

feeders have larger home ranges than generalists as their food sources are less abundant 

and hence require larger foraging areas (Terraube, GuixŽ & Arroyo, 2014). 
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2.6! Comparison of responses of insects to drought in temperate and 

tropical forests 

!

We now examine how herbivorous insect responses to water stress could differ for 

temperate and tropical forests. We argue that herbivorous insect responses to water 

stress depend not only on insect feeding guild and severity of drought but also on 

environmental factors such as annual mean temperature, forest seasonality and soil 

fertility. 

 

2.6.1! The uncertain effects of drought in tropical forests 

!

Predicting the impacts of drought on insects in tropical forests is a complex task as few 

large-scale experiments have been carried out in tropical environments. There are a 

growing number of observations documenting insect outbreaks in tropical 

environments, but few quantitative data are available to examine the causes and 

consequences of such outbreaks (Dyer, Carson & Leigh, 2012). Detecting and recording 

insect outbreaks is harder in tropical forests than in temperate forests for a number of 

reasons. First, outbreaks in tropical forests are often localised to only one or a few tree 

species because insects in tropical forests tend to be more specialised than those in 

temperate forests (Dyer et al., 2007; Janzen, 1981; Novotny et al., 2007; Van Bael et al., 

2004). Moreover, insects in the tropics often have shorter generation times (Brown, 

2014), so accurate detection of insect outbreaks following a drought is possible only 

with regular insect population monitoring on multiple host plant genera. In temperate 

forests, dendrochronology can help to identify and sometimes quantify the past presence 

of defoliators (Lynch, 2012), whereas in tropical forests, tree growth is less seasonal 

and hence tree rings are of limited use in the detection of historical defoliator outbreaks. 

 

2.6.2! Shorter outbreaks in tropical forests due to top-down control 

!

Despite the difficulty in measuring variations in insect populations following drought in 

tropical forests (Dyer et al., 2012), existing studies do indicate some important contrasts 
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between tropical and temperate forests. Insect outbreaks tend to be shorter in tropical 

forests compared to temperate forests (weeks or months rather than years) (Van Bael et 

al., 2004). The shorter outbreak duration may be caused by a rapid response of top-

down control in tropical forests (Roslin et al., 2017). The role of predators, parasitoids, 

and pathogens as negative feedback to insect outbreaks appears to be more significant in 

tropical forests than in temperate forests (Coley, 1988; Stireman et al., 2005; Van Bael 

et al., 2004). Parasitoids tend to be less abundant in dry and temperate forests than in 

tropical forests because the increased seasonality of insect herbivores in drier forests 

makes it harder for parasitoids to track them (Janzen, 1993; Parry, Herms & Mattson, 

2003; Stireman et al., 2005). While overall levels of parasitism tend to be slightly 

higher in the tropics, for some parasitoid groups diversity is lower and assemblage sizes 

are smaller than in temperate forests (Dyer & Coley, 2002). Improved information on 

trophic cascades would improve our understanding of how increased drought could 

affect insect outbreaks in both tropical and temperate forests. Some authors (Coley, 

1988; Stireman et al., 2005; Barbosa, Letourneau & Agrawal, 2012) argue that climate 

change is likely to cause an increase in the frequency and intensity of herbivore 

outbreaks through disruption of top-down control. Nonetheless, one review compiling 

studies investigating the response of parasitoids to increasing temperature found little 

evidence supporting the prediction that parasitism rates would decrease under global 

warming (Thierry, Hr$ek & Lewis, 2019). Studies focussing on the impact of drought 

stress rather than temperature on parasitoids are rarer, but the available data indicate no 

effect of increased drought on parasitoids. One experiment on cultivated Brassica 

oleracea plants found that water stress did not impact location of the cabbage moth 

Mamestra brassicae by its parasitoid Microplitis mediator (Weldegergis et al., 2015). 

 

2.6.3! Vegetation seasonality and soil fertility affect tree defence production 

!

Herbivore populations are also controlled by bottom-up environmental conditions 

affecting plant defences and leaf quality. While some authors (Coley & Barone, 1996b; 

Dyer et al., 2012) suggest that insect outbreaks would be limited in tropical forests due 

to higher levels of plant defence, others (Givnish, 1999; Janzen, 1970) claim that plant 

attack is more likely in wetter, aseasonal forests compared to drier seasonal 

communities, due to lower resource allocation to anti-herbivore defences. The 
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controversy regarding chemical defence levels in tropical and temperate forests can be 

explained by the numerous factors involved in defence production. 

The concentration of tree defences such as polyphenols and fibre, which make the 

leaves toxic or unpalatable, increases with leaf age (Massad et al., 2011; Reich et al., 

1991). Insect growth and fecundity levels are higher when insects feed on younger 

leaves (Coley, 1998; Hruska, 1988). In tropical forests, production of new vegetation is 

less seasonal (Dyer et al., 2012), and leaf lifespan can be longer than in temperate 

forests, perhaps increasing the average concentrations of defence compounds in leaves, 

and leading to lower herbivorous insect densities. There has also been a recent decline 

in insect density in many tropical forests due to habitat fragmentation, agriculturisation 

and global warming (Janzen & Hallwachs, 2019). As lower insect densities are 

correlated with lower outbreak incidence (Hunter, 1992), this may mean that outbreaks 

are less frequent in tropical forests.  

Different types of tree defences may dominate in short-lived and long-lived leaves. 

Long-lived leaves (and older leaves) tend to be defended by increased toughness and/or 

increased levels of chemicals such as resins and tannins, whereas shorter-lived or young 

leaves might rely on other resistance factors. For example, young leaves of Mallotus 

japonicas (Euphorbiaceae) have a high density of trichomes and pellucid dots (secretory 

cavities containing toxic metabolic substances) which decreases rapidly with leaf age, 

with older leaves relying on other defence mechanisms (Yamawo et al., 2012). Trees in 

the tropics, which tend to have longer-lived leaves, thus might have a different defence 

profile than trees in temperate systems, rather than simply having more chemical 

defences.  

Production of defensive compounds in trees tends to be lower when soils are fertile, and 

higher when resources are limited (Fine et al., 2006). One explanation is that trees in 

infertile soils will have greater difficulty replacing tissue lost to herbivory, so strong 

defences may be the best strategy for tree survival (Fine et al., 2006). Tropical forests 

soils have highly diverse soil profiles, from the most fertile to the most infertile in the 

world (Sanchez & Logan, 1992), so we can expect different levels of defensive 

compound production in tropical forests. 
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2.6.4! Spatially restricted outbreaks in tropical forests 

!

Herbivorous insects in tropical forests experience strong top-down control by natural 

enemies and mixed bottom-up control by plant defences (Coley, 1988; Fine et al., 

2006). These controls are hypothesised to explain the high diversity of tree species and 

low incidence of species aggregation in tropical forests through density-dependent 

mortality (Lambers, Clark & Beckage, 2002). The low aggregation of tree species could 

explain why there are fewer large-scale outbreaks following drought in tropical forests. 

Most herbivorous insect species are highly specialised and feed on one or a few tree 

genera (Ali & Agrawal, 2012; Bernays & Chapman, 2007; Crawley, 1983; 

Schoonhoven et al., 2005). Tropical forests have higher plant diversity than temperate 

forests (Gentry, 1988; Leigh et al., 2004), consequently tropical insect outbreaks may 

affect fewer trees and be more spatially restricted than temperate outbreaks. 

Investigations on tropical herbivorous insects in Indonesia (Nair, 2001) found that 

outbreaks were generally limited by low host plant density.  

 

2.6.5! Different impacts of drought in warm and cool tropical forests  

!

The impact of rainfall variation on aboveground net primary productivity (ANPP) can 

differ depending on annual mean temperature. One meta-analysis (Taylor et al., 2017) 

synthesising published data from more than 150 tropical forest sites indicated that 

increased rainfall was correlated with lower ANPP in cooler tropical forests (mean 

annual temperature 20¡C and below) and higher ANPP in warm tropical forests (mean 

annual temperature above 20¡C). We hypothesise that the opposite effect would occur 

with increased drought, resulting in warm tropical forests producing less chemical 

defences as ANPP rates decline, and cool tropical forests producing more chemical 

defences as ANPP rates get higher. Herbivorous insects would perform better in warmer 

tropical forests during drought events. 
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2.6.6! Tropical forests experience less intense drought events 

!

In summary, the responses of insects to drought events may differ between tropical and 

temperate forests. Documented cases of drought events across the world during the last 

four decades show that temperate forests often experienced long (multi-year) droughts 

whereas tropical forests mostly experienced short (seasonal) droughts (Allen et al., 

2010). These differences are likely to affect the observed herbivorous insect responses. 

More diverse forests also tend to be less affected by intense droughts, as under severe 

drought conditions water availability is higher in diverse forest stands than in 

monocultures (Kunert et al., 2012; Kunert & C‡rdenas, 2015; Schwendenmann et al., 

2015). However, as discussed above (Section 2.6.4), higher tree diversity does not 

automatically equate with higher resistance to drought (Grossiord, 2018). 

 

2.7! Conclusions 

!

(1) There is much uncertainty regarding the impact of water stress on the production of 

plant chemical defences, but there is strong evidence that in a long and severe drought, 

production of both carbon and nitrogen-based defences decreases. Understanding of 

water-stressed plant chemistry would benefit from whole-tree and forest-scale 

observational studies and experiments, as well as investigations of how drought 

intensity affects water stress. 

(2) Future research should monitor changes in plant chemistry together with insect 

performance under water-stress conditions as our understanding of the link between 

physiological plant changes and variations in insect performance during drought events 

is still poor. 

(3) Severe drought events are detrimental to the performance of most herbivorous 

insects, with poor plant nutritional quality overriding the benefits of low levels of plant 

defences for herbivorous insect feedings, except wood borers and bark beetles. 

Moderate and intermittent droughts induce more mixed results among different insect 

feeding guilds.  
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(4) Regardless of feeding guild, some insects are more attracted to young leaves 

growing during drought recovery, while others prefer senescent leaves on severely 

stressed trees. 

(5) We hypothesise that specialists should perform better in moderate drought 

conditions, when levels of plant defences are high, while generalist performance should 

peak during severe droughts.  

(6) We found very few studies focusing on the direct effects of water stress on insect 

physiology rather than the indirect effects mediated by tree physiological, physical and 

chemical changes. There was also a lack of studies providing an overview of the impact 

of drought on insect assemblages. Most studies report the effect of drought on one or a 

few insect species (particularly for leaf-feeding insects). Evidence of the effects of 

drought on the natural enemies (predators, parasitoids and pathogens) of herbivorous 

insects, on their partners in mutualisms (e.g. some ant species), and on food webs in 

general, is extremely sparse. 

(7) Tropical forests may be less affected by insect outbreaks following drought than 

temperate forests. Within tropical forest communities, we hypothesise that outbreaks 

could be the most damaging in drought-affected forests that: (i) are on rich soils; (ii) are 

normally aseasonal in rainfall; and (iii) have a plant community that is relatively poor in 

richness.  

(8) Urban areas are usually warmer and drier than rural areas because of the increase in 

hardened/paved surfaces absorbing solar radiation and channelling water away from 

built-up areas (Oke, 2011). Drought effects are also likely to be more severe in urban 

than natural areas because of vegetation fragmentation (Savard, Clergeau & Mennechez, 

2000). Recent findings indicate that water stress in urban areas may not only cause 

reduced tree growth, but also exacerbate the effects of warming and insect pests 

(Meineke & Frank, 2018). 

(9) Investigations of the impact of drought on tree defences frequently have focused on 

saplings rather than older trees as saplings are often more convenient for experimental 

studies (Rice et al., 2004; Slik, 2004). Unfortunately this creates a knowledge bias 

because the investment in tree growth differs in saplings compared to adult trees 

(Thomas & Winner, 2002). The effects of water stress on plants also is likely to vary 

among tree species. 
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3! The effect of drought on wood-boring in trees and saplings 

in tropical rainforests 

 

3.1! Abstract 

!

Droughts are predicted to increase in severity in many regions due to climate change 

and there is strong evidence that such events can lead to increased insect attack and 

consequent widespread tree mortality in temperate forests. Much less is known about 

the impact of increased drought on tropical rainforests but in the few large-scale drought 

manipulation experiments in tropical rainforests, larger trees had higher mortality rates 

than smaller trees although the cause of death is often uncertain. Previously, we 

modelled what the impact of drought might be on different types of herbivorous insects 

and suggested that in rainforests severe drought conditions might lead to increased 

attack from wood-boring insects. We tested this in a drought manipulation experiment, 

in Australian tropical rainforest, where we excluded more than 30% of rainfall for two 

years prior to our study and during it. We compared wood-boring damage of small and 

large trees between the experiment and a nearby control site. We hypothesized that 

larger trees would experience greater wood boring whereas smaller trees would present 

more surface damage. We surveyed 1,778 trees in total across both plots and found that 

the proportion of trees with termites, hole boring, and surface damage caused by borers 

(lateral tracks, frass, resin, latex or kino exudation) was significantly higher at the 

drought plot than at the control plot. There was a significant difference in the proportion 

of trees with more fresh wood-boring damage at the drought site (35%) than at the 

control site (23%). While all size classes of trees had a higher percentage of fresh wood-

boring damage at the drought site compared to control site this was only significant for 

small trees (dbh<10cm). The lack of significant difference for medium sized trees 

(dbh>10cm & <20cm) and large trees (dbh>20 cm) may be due to small sample size. 

Recent termite activity and termite damage was also significantly more frequent in the 

drought site compared to the control. We conclude that increased severity of drought 

appears to drive fundamental changes in borer and termite infestation levels with 

potentially important consequences for long-term tree health and mortality. Increases in 

tree mortality elevates the risk of forest fires, which are normally rare events in 
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rainforests. Determining which wood boring beetles are responsible for the increased 

infestation requires further investigation since more than 100 wood-boring beetle 

species have been collected previously at the study site, including species of 

Platypodinae, Scolytinae, Anobiidae and Cerambycidae.  

 

3.2! Introduction  

!

Drought events can have significant impacts on the life history of tropical trees, and 

may cause reduced plant growth (Corlett, 2016; Ding et al., 2017), increased seedling 

mortality (OÕBrien et al., 2014), and, most importantly, wide-spread tree death (Choat et 

al., 2018; Rowland et al., 2015). There are many potential drivers of such drought-

induced mortality, including hydraulic processes, carbon starvation and their 

associations with fungal pathogens and insect attack (McDowell et al., 2008). In a 

recent review (Gely et al. 2020), we suggested that different herbivore feeding guilds 

will show different but predictable responses to drought events, with most feeding 

guilds being negatively affected by water stress. One guild that appears to respond 

positively during severe drought is wood borers and here we examine the impact of 

drought stress in an Australian tropical rainforest on wood borers and termites.  

What kinds of insects are wood borers? These include a few groups of moths including 

Cossidae and the Atlas of Living Australia shows records for several species or genera 

in the Wet Tropics region including one unidentified moth from Cape Tribulation. 

These are large insects and produce a tell-tale sign of frass around the large exit hole 

(Fig. 3.1). 

Drought may affect the production of defensive compounds such as resin, latex and 

kino which normally kill woodborers, bark beetles and latent pathogens (Trapp & 

Croteau, 2001). It has been  hypothesized that water stress could alter the production of 

these compounds, making trees more vulnerable to insect attacks (Gaylord et al., 2013; 

Huberty & Denno, 2004; Koricheva et al., 1998; Luchi et al., 2005; Muilenburg & 

Herms, 2012). Borers rarely infest healthy plants, infestations usually occur on trees 

weakened by various stressors such as drought, soil compaction, sun scald or injuries 

(McCullough et al., 2009). Adults may locate suitable egg-laying sites by responding to 

volatile chemicals produced by stressed trees (Dunn and Potter, 1991). Increasingly 
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frequent and severe drought have resulted in more frequent bark beetle and wood-borer 

outbreaks, killing large number of trees in many temperate regions such as the western 

United States and Canada (Ray et al., 2019), as well as western and southern Europe 

(BrŽda et al., 2006; Rouault et al., 2006). While research on wood-boring activity has 

concentrated primarily on large outbreaks of insects and associated diseases following 

drought in temperate forests, much less is known about drought-induced wood-boring 

activity in tropical forests. However, drought events have become increasingly common 

and intense in many tropical regions, including most Australian rainforests, and climate 

change is expected to exacerbate these trends (Field, 2014; IPCC, 2013; Trenberth et al., 

2014). Tree mortality rates within intact, old-growth forests have increased in recent 

decades in the Amazon Basin (Ambriz-Gonz‡lez et al., 2009; McDowell et al., 2018) 

and yet the potential role of insect attacks in this increased mortality is not known. 

Estimates suggest that 8% of all tree mortality that occurred in Europe between 1840 

and 2000 was caused by bark beetles (Schelhaas et al., 2003), but much less is known 

about the scale of tree mortality from these beetles in tropical trees. Understanding how 

wood borers respond to climate change and drought in tropical forests would help to 

improve the accuracy of models of tree mortality (Preisler et al., 2017).  

 

Termites are another insect group that might be greatly affected by changes in rainfall 

patterns. Termites are known to play a key role in the functioning of many tropical 

ecosystems (Cornwell et al., 2009; Jouquet et al., 2019; Ulyshen et al., 2016) and they 

may be responsible for more than half of deadwood decomposition in rainforests 

(Griffiths et al., 2019).  Recent findings revealed that termites might mitigate the impact 

of drought as termite activity might result in elevated soil moisture, accelerated litter 

decomposition and increased soil nutrient heterogeneity and seedling survival rates 

(Ashton et al., 2019). When termite presence is recorded in live trees it indicates dead and 

unfallen branches or dead wood in the stem (Creffield, 1996; Roisin et al., 2006). While 

some termite species such as Microcerotermes dubius, found in South East Asian 

rainforests, might be able to kill trees, most species do not damage the trees they feed on 

and instead feed on existing dead wood (Eggleton et al., 1999; Tho and Kirton, 1992). 

The surge in tree death usually associated with severe drought may allow termites to find 

more suitable trees for development of their population. 
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Tree size is thought to play a role in drought sensitivity. A meta-analysis of data from 

40 droughts events at 38 forest locations worldwide, ranging from tropical rainforests to 

semi-arid woodlands, suggests that larger trees suffer the most from drought, with a 

greater decrease in growth rate and a greater increase in mortality rate than the rates 

observed in smaller trees  (Bennett et al., 2015).  The tendency for bigger trees to have 

higher mortality rates than smaller trees was found to be particularly prevalent when 

bark beetles were identified as important contributors to mortality (Bennett et al., 2015). 

 

Using data from a large in-situ experimental drought study in tropical rainforest, we test 

the hypothesis that severe water-stress leads to elevated wood-boring attack in trees and 

in particular large trees. Further we examine whether some tree species or families were 

more vulnerable than others. 

 

3.3! Methods 

!

3.3.1! Study site 

!

This study was carried out in lowland rainforest at the Daintree Rainforest Observatory 

near Cape Tribulation, in north Queensland, Australia (16¡07ÕS, 145¡27ÕE, 80 m a.s.l.). 

The forest is characterized by a high abundance of lianas and an average canopy height 

of 25 m (Cox et al., 2019). Average rainfall is approximately 4900 mm per year and is 

strongly seasonal with 70% falling during the wet season between December and 

March. Mean daily temperature ranges from 22¡C (July) to 28¡C (January). 

  

A through-fall drought experiment has been maintained continuously since 2015 in 

rainforest under the 50m arc of a 45m tall canopy crane (detailed in Laurance (2015) 

and Tng (2018)). The experiment comprises one 0.6 ha control plot with no drought 

infrastructure and a 0.4 ha drought plot (subdivided into two 0.2 ha sub-plots) where 

clear plastic panels and guttering were installed at 1-2 m above the forest floor in the 

eastern half of an established 1 ha forest plot. Slits were cut in the plastic panels to 

enable trees to penetrate through the roofing. Leaf litter accumulating on the plastic 
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panels was relocated to the forest floor to maintain biogeochemical inputs. We did not 

observe any termites or wood-boring activity in the wood frames surrounding the plastic 

panels during our study. 

 

3.3.2! Wood-boring survey 

!

There are a variety of techniques that may be used to monitor population dynamics of 

wood borers, such as examination of wood cross sections (Costello et al., 2011) or using 

baited traps to attract wood borer species. Surveys monitoring exterior signs of wood-

boring on trees such as lateral tracks of larval galleries or exit holes of emerged wood-

boring adults have the advantages of being non-disruptive, cost and time effective, and 

provide early detection and measure of wood-boring damage  (Aquino et al., 2008; 

Fierke et al., 2005; Lee et al., 2011; Mart’n et al., 2005; Smitley et al., 2008).  Eighteen-

paired line transects were set up across the study site in control and drought treatments 

(36 transects in total). We surveyed any trees or saplings within two meters on either 

side of the transect and each transect was 20 meters long. Tree bark was thoroughly 

examined for any signs of stem borers up to two meters of stem length from the ground. 

Stem borer signs included insect entrance and emergence holes, lateral tracks, frass, and 

insect moult and exoskeleton (Fig. 3.1). We reported if those signs appeared to be recent 

or old based on our visual examination. The survey was conducted two years after the 

installation of the drought experiment.  We also recorded any exterior signs of defense 

against insect attack (latex, kino, resin), as well as the presence of termite galleries and 

whether termites were still present in them or not. 

 

3.3.3! Statistical analysis 

!

We used chi-square tests to determine if the proportion of trees attacked by stem borers 

was greater in the drought treatment compared to control site. We compared the 

proportion of infested trees at the drought and control sites for the four most common 

tree species in our survey (Alstonia scholaris, Cleistanthus myrianthus, Myristica 

globosa and Normanbya normanbyi) using FisherÕs exact tests. We also explored if tree 

size influenced the stem attack and categorised trees into classes based on diameter at 
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breast height (stem size classes: small < 10cm; medium >10cm & <20cm; large >20 

cm). We looked at the impact of drought on two kinds of damages 1) surface damage 

(lateral tracks, frass, resin exudation); and 2) wood-boring holes (entry or emergence 

holes).  We also examined the effect of drought on termite activity and termite damage. 

 

!

Figure 3.1: Signs of wood-boring attack on live trees. (a) Fresh pin hole with some 

frass underneath; (b) Old wood-boring emergence hole; (c) Fresh lateral track; (d) Old 

lateral track; (e) Cossidae bore opening and webbing cover of bark and wood fragments 

protecting the larva feeding area; (f) Wood-boring emergence hole with insect moult on 

the ground; (g) Termites located above and below the bark layer; (h) Fresh termite 

galleries 
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3.4! Results 

!

We surveyed 1,778 trees in total, 916 at the control site and 862 at the drought site. Of 

the 862 trees surveyed at the drought site, 473 (55%) showed signs of wood-boring, 

which was slightly more than at the control site where 444 trees (48%) trees showed 

signs of boring. Many trees (n=620) showed old signs of wood-boring and there was no 

significant difference between the drought and control sites (X2 =0.12, p=0.731). This 

result was not surprising given that wood-boring would have occurred prior to the 

establishment of the drought experiment. Examination of fresh wood-boring signs, 

however, revealed some differences between drought and control sites. There was a 

significant difference (X2 =30.53, p<0.01) in the proportion of trees with fresh wood-

boring damage at the drought site (35%) and at the control site (23%). Small trees, in 

particular (dbh<10cm), had significantly more signs of fresh wood-boring under the 

drought treatment (X2 =24.54, p<0.001) whereas there was no significant difference for 

larger trees. 

 

With respect to the type of wood-boring damage, we observed that both wood-boring 

holes and surface damage were prevalent at the drought site (Fig. 3.2). There were 

significantly more small trees with fresh wood-boring holes at the drought site than at 

the control site (ndrought=48, ncontrol=28, X2 =7.57, p<0.001).  There was also significantly 

more fresh surface damage observed on small trees at the drought site than at the control 

site (ndrought=210, ncontrol=145, X2 =27.26, p<0.01). Differences in proportion of trees 

with fresh surface damage and wood-boring holes were only significant for the small 

trees category, but similar trends were observed for bigger trees and the small sample 

size (ndrought, medium=146, ncontrol, medium=140, ndrought, large=93, ncontrol, large=83) might explain 

the lack of significance for those tree size categories. Recent termite activity and termite 

damage (Fig. 3.3) was also recorded as being significantly more frequent at the drought 

site (ndrought=19, ncontrol=7, X2 =5.43, p<0.05). 

 

In our survey, all trees with a dbh greater than 10 cm (n=432) were identified to species. 

We found a greater proportion of trees with recent wood-boring damage at the drought 

plot than at the control plot for the four most common tree species in our plots: Alstonia 
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3.5! Discussion 

!

To our knowledge, this study is the first to use a large-scale drought experiment in 

tropical rainforest to assess the effect of increased drought on the proportion of trees 

infested by wood borers and attack from termites. Our findings revealed recent wood-

boring appears to be more prevalent in water-stressed trees. Surface damage (lateral 

tracks, frass, and resin, latex and kino exudation), hole boring and termite activity were 

all found to be more important in increased drought conditions. These results confirm 

previous hypotheses that many wood borers are primarily attracted by plants suffering 

from some type of stressful conditions (Paine, 2002). Water-stressed plants might be 

more likely to be subject to borer invasion because of their decreased ability to produce 

defences against wood borers (Kolb et al., 2016). In addition, increased drought 

conditions might make plants more vulnerable to other insect feeding guilds, such as 

leaf miners, sap-suckers or leaf chewers (Gely et al., 2020). Previous infestation by 

other insect herbivores and pathogens may weaken the host plant and increase 

susceptibility for subsequent borer colonization (Paine, 2002). There is still a lack of 

data on the influence of water stress intensity on plant response to borer infection. A 

few small-scale experimental studies have investigated seedling response to a range of 

stress intensities and found in most cases a trend of increasing severity in borer 

infection as water stress intensified, either with a rather continuous pattern or with 

threshold levels (Desprez-Loustau et al., 2006). 

 

In this study we investigated drought impact on wood-boring activity. We hypothesized 

that larger trees should have greater incidence of wood borers than small trees since 

large trees tend to have higher mortality rates than small trees during drought events 

(Bennett et al., 2015). We found that small trees seemed to be the most heavily affected 

by wood-boring damage in increased drought conditions. This difference in wood-

boring attack on water-stressed trees could be explained by at least two mechanisms: 

first, small trees with shallower rooting depths may be more drought sensitive than 

larger trees and hence more readily attacked. Second, shrubs and small trees with thin, 

photosynthetic bark may be more desirable based on carbohydrate availability and 
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accessibility. Photosynthetic bark is more commonly observed in shrubs and young 

trees and may confer some drought tolerance when water is too limited for leaf 

photosynthesis (Cernusak & Cheesman, 2015). This may make the stems of young trees 

more attractive to wood boring insects, especially under water limitation.  

 

We examined the susceptibility of the four most abundant trees species and although all 

four had higher proportions of wood-borer damaged trees in drought plots it was only 

the relatively short-rooted black palm (N. normanbyi) where the difference was 

significant. Previous research at the drought experiment has shown that black palms 

were vulnerable to increased drought conditions, with lower soil moisture leading to a 

decrease in fruiting activity, photosynthetic rate and stomatal conductance (Vogado et 

al., 2020). However, drawing some general conclusion regarding large trees 

vulnerability might be complicated because of the smaller sample size for larger trees in 

our study. Furthermore, trees of different size and age might have different ability to 

repair tissue injury and recover from wood-boring attacks. A study looking at wound 

healing in grand fir (Abies grandis) mature trees and saplings found that wound healing 

process might be slower for mature trees (Lewinsohn et al., 1993). 

 

We observed that some of our trees in the droughted site had termites present mostly 

below the dead bark layer which had peeled from the underlying cambium (Fig. 3.1), 

thus indicating dead wood in the stem. The increase in termite activity measured in our 

drought plot seems to indicate that there was a greater amount of dead wood present 

under our drought experiment. The wood frames surrounding the plastic panels could 

potentially have attracted some termites in our drought site, however we did not observe 

any termites on the wooden parts of the drought infrastructure, so it is likely that the 

increase in termite activity stemmed from a greater amount of dead wood present in 

droughted trees, rather than from the droughting construction itself. Drought, fungal 

attack and wood borer attack could all have led to an increase in dead wood in the 

drought site.  While we observed increased termite activity on trees at the drought plot, 

we did not attempt to measure termite activity in the soil and litter. Normal leaf litter 

decomposition at the drought plot may have been affected by the droughting 

infrastructure. Even though leaves which had fallen onto the droughting structure were 
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manually redistributed onto the soil surface at regular intervals, this invariably would be 

a change to site conditions and could alter decomposition dynamics and result in 

reduced termite activity in the soil and increase it in the forest canopy.    

 

Beetle families known to be wood-borers include Anobiidae (23), Bostrychidae, 

Buprestidae (8) Cerambycidae (52), and the curculionid subfamilies Scolytinae (53) and 

Platypodinae (8) and a few other families (the numbers in brackets are the numbers of 

species collected at the same current study site over a four year period prior to the 

drought experiment (Stork & Grimbacher, 2006)). Identifying precisely which species 

are responsible for the wood-boring holes observed in our study, and which species 

benefit the most from increased drought conditions is challenging. Trapping could not 

be used for species identification in this experiment ince the adults almost always 

disperse through flight, and it would be difficult to determine if specimens had 

dispersed from non-droughted areas when trapping within the drought plot. Species 

identification may require destructive sampling of the trees which we have not been 

able to do yet. 

 

Insect outbreaks are more likely to occur after several years of favourable weather 

allowing insect survival and population growth (Barbosa et al., 2012; Fettig and 

Hilszcza%ski, 2015). Our results reflect the state of a rainforest plot after undergoing two 

years of increased and prolonged drought.  It is likely that differences in wood-boring 

damage between our control and drought plots would be even greater after a few more 

years of drought which would allow population growth of termites and wood-borers. 

Conversely, the rainfall exclusion experiment simulates a drought more severe than most 

natural drought events and the increase in wood-boring damage observed during the 

experiment may be greater than what could be observed for natural systems, and further 

observations are needed to test this hypothesis.  

 

The drought experiment offered an unparalleled opportunity to explore its effects on 

wood boring in a tropical rainforest. The strength of our study was a paired sampling 

design that controlled for tree size, tree number and floristic composition. One potential 
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limitation of our approach was in accurately timing the wood damage to ensure it was 

fresh and within the window of the experiment. A further concern was if the increased 

wood boring/damage we observed was not due to water limitation but due to other 

experimental effects such as the installation of the drought experiment itself and the 

addition of a large quantity of cut wood used to construct the droughting panels which 

may have been an additional attractant to the experiment, although we did not observe 

any termites or other borers in the wood holding the droughting panels at the time of the 

survey. 

 

3.6! Conclusion 

!

We found that increased drought conditions may lead to a higher proportion of trees 

affected by different kinds of wood-boring damage. Surface damage and hole boring 

were significantly higher in small trees under water stress. Termite activity and damage 

was also significantly higher in water-stressed trees. While our study indicates that trees 

suffer increased levels of wood-boring attack when they are water stressed, more 

research is needed to know whether and how well trees might recover from tissue injury 

and disease caused by wood borers in increased drought conditions. Changes in 

temperature might also alter interactions between wood borers and trees, by affecting 

insect distribution and development as well as the distribution and phenology of trees. 

Damage induced by wood borers will likely increase due to climate change as high 

temperatures and drought may favour wood borer expansion. 

The increases in wood-boring activity in rainforest trees we observed under severe 

drought conditions is a concern for the health of tropical rainforests and the risk this 

poses for large-scale tree deaths. In temperate forest such tree mortality has resulted in 

reduced carbon stocks and increased risk of forest fires (Hicke et al., 2012). While fires 

are normally rare in rainforests the fires that ravaged South-East Australia in 2019 and 

early 2020 included parts of the Gondwana World Heritage rainforest (Pickrell 2019). 

Increased tree mortality also presents increased risk of forest fires which normally have 

rarely been observed in rainforests but have been identified as a potential high risk for 

AustraliaÕs Wet Tropics rainforests where our study site is located (Nigel E. Stork et al., 

2008). 
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4! The impact of experimental drought on insect abundance 

and diversity in an Australian tropical rainforest  

 

4.1! Abstract  

!

The effects of increased and prolonged drought on forest insect communities has 

focussed mostly on impacts to tree health. In contrast, the impacts of such drought on 

insect community composition has been largely ignored and yet insect diversity and 

their functional roles in forest ecosystems are immense. Understanding how climate 

change will affect insect diversity will be fundamental to understanding how forest 

ecosystems will function in the future. To explore insect community responses to 

drought, we collected insects from large trees in the canopy and saplings and shrubs in 

the understorey of a through-fall drought experiment in lowland rainforest. We found 

that insects responded differently to drought in large and small trees, especially the ant 

and beetle communities that we focussed on. We assigned species into foraging guilds 

and found that sap-suckers and fungivores were significantly more abundant in drought-

stressed saplings. Similarly, we observed significantly fewer leaf chewers and a lower 

richness of beetle species on drought-stressed large trees. When comparing ant and 

beetle assemblages from the drought plot and the control plot, we have found a greater 

dissimilarity on shrubs and saplings than on large trees. 

While the 0.4 hectare in-situ throughfall experiment used here may not reflect 

landscape-scale droughts, our study has made some unique and relevant observations on 

how insect communities change due to water stress particularly with respect to foraging 

guilds, the diversity of insects and how these may differ on different sized trees and 

saplings in the canopy and near the ground, respectively.  

 

4.2! Introduction  

!

In recent decades forest ecosystems have been increasingly affected by different aspects 

of climate change (Mitchard, 2018; Seidl et al., 2017; Stevens-Rumann et al., 2018; 

Sturrock et al., 2011). There is a rich body of studies investigating the impact of warmer 
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temperatures (Bale et al., 2002; Deutsch et al., 2008; Estay et al., 2014; Jamieson et al., 

2012; D. M. Johnson et al., 2010; Renner & Zohner, 2018) and elevated CO2 

(Cornelissen, 2011; Peltonen et al., 2010; Sun & Ge, 2011; Zavala et al., 2013) on 

insects and their interactions with host plants. However, our knowledge on the effects of 

drought on herbivorous insects is still limited, and rely mostly on small scale 

experiments focusing on one or few insect species and their relationship with one host 

plant species, rather than investigating insect communities at a forest scale. In a recent 

review, Gely et al. (2020) predicted that different herbivore feeding guilds will respond 

differently but predictably to the same plant responses to stress. Moderate water stress 

may lead to a greater availability of nutritional compounds in plants as water stress 

constrains growth more than photosynthesis and root uptake of nutrients, thus leading to 

a surplus of carbohydrates (Bartlett et al., 2016; Brunner et al., 2015; Farooq et al., 

2009). Consequently, some guilds such as sap-suckers, leaf chewers and leaf miners 

might temporality benefit from moderate and intermittent drought. With severe drought, 

plants have fewer and tougher leaves, but also produce less chemical defences against 

insect attack. It is hypothesized that most herbivore guilds, with the exception of wood-

borers, are negatively affected by severe drought events as poor plant nutritional quality 

may override the benefits of low levels of plant defences. However, there is still much 

uncertainty around these hypotheses, and a large-scale study looking at the impact of 

severe drought on insect communities may provide an opportunity to test these 

hypotheses. 

 

Large scale in situ water-exclusion experiments are a novel means to examine drought 

impacts on forests.  There have been two such experiments in eastern Amazon, both 1 

ha in size (da Costa et al. 2010; Nepstad et al. 2007), one in Sulawesi, with 0.16 ha 

(Moser et al. 2014), and there is currently another 0.4 ha plot experiment in the Daintree 

Rainforest, Australia, that commenced in 2015.  These experiments have provided some 

useful data to understand how plants respond to drought, but no one has looked at the 

impact of the experimentally induced drought on invertebrates. The Amazonian drought 

experiments revealed that trees initially shed their leaves to reduce their water demands. 

After 3 years of drought, tree mortality increased (da Costa et al. 2010). Larger trees 

were at a higher risk than smaller trees, which could be considered surprising given that 

larger trees have deeper roots and hence have access to more soil water. Tree mortality 
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rates in primary rainforest are usually independent of stem size during years without 

intense water stress conditions (Brando et al. 2012; Muller Landau et al. 2006). 

 

Preliminary unpublished data by one of us (SGWL) at the Daintree Rainforest 

Observatory (DRO) indicates that saplings on the drought plot suffer increased attacks 

by natural enemies, with a greater percentage of leaves diseased and/or with mealybugs 

compared to control sites. While these results provide some evidence of increased plant 

vulnerability with increased drought, it is still unknown how insect diversity and insect-

mediated processes respond to increased drought in tropical rainforest, and this study 

aims to provide the first empirical data. 

 

Here we test whether severe drought spanning over several years leads to lower insect 

abundance for most insect guilds as predicted by Gely et al. (2020). In addition, we test 

differences in responses for insects on small and large trees. Previous small-scale 

drought experiments often focused on saplings, and to our knowledge none compared 

responses between saplings and adult trees.  

 

4.3! Methods 

 

4.3.1! Drought experiment 

!

The study site is located within the Daintree Rainforest Observatory, Cape Tribulation, 

north-eastern Australia (16¡06&20&&S 145¡26&40&&E, 50 m a.s.l). This tropical rainforest 

site experiences a mean annual precipitation of 4,900 mm/annum and has a pronounced 

dry season from April/May to November when monthly totals are less than 100mm. It 

has acidic, dystrophic, and rocky soils, with tree canopy heights ranging from 24 to 47 

m (Tng et al., 2016).  
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A drought experiment has been maintained continuously since 2015 and is located 

within a 1-ha site, comprising three plots: one 0.5 ha control plot with no drought 

infrastructure and two 0.2 ha plots where clear plastic panels and guttering were 

installed at 1-2m in height. Slits were cut in the plastic panels to enable trees through 

the roofing. Leaf litter accumulating on the plastic panels were relocated to the forest 

floor every few days to maintain biogeochemical inputs. A tower crane present on the 

site allowed access to the canopy. Further details on the experiment can be found in Tng 

et al. (2018). Given the large-scale and cost of the droughting infrastructure, this 

drought experiment could not be replicated across several sites. The lack of replication 

across sites was addressed by using individual trees sampled as pseudo-replicates. 

Furthermore, the control and drought plots from this drought experiment have been 

monitored for several years prior the set up of the droughting infrastructure, and we 

know that the two plots are very similar in terms of tree composition, average tree 

height, soil, and other biotic and abiotic factors, so any differences observed between 

control and drought plots are likely to stem from the experiment rather than existing 

differences between the two plots. 

 

 

Figure 4.1: Plastic panels set up above the ground in the Daintree drought experiment. 

The construction of the experiment includes 2 x 0.2ha plots adjacent to a control plot 

(0.5ha) under the canopy crane. 
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4.3.2! Data collection 

!

Soil-water availability 

Data on weekly soil-water availability was measured from 2007 via eight soil pits (four 

at the drought plot and four at the control plot) and used here to assess plant water 

stress. Measures were of soil moisture at four different depths, from 0.1 to 1.5m (M. 

Liddell/S. Laurance, unpublished data). 

 

Insect collection 

Insect assemblages were sampled every two months for two years, two years after the 

start of the droughting experiment. Insects were collected by beating tree leaves with a 

stick over a 60cm diameter white sheet. Insects were dislodged from the foliage with ten 

strokes on branches. Insects falling into the beating sheet were then transferred into a 

plastic vial with the help of an aspirator, and preserved in ethanol. 

Insects were sampled using this method on eight of the commonest species of trees in 

both the control and the drought experiment plots of the crane site. Insects were 

collected at the canopy and at the ground level, and the same trees or saplings were 

visited every two months. A total of  54 trees were sampled  at the canopy level and 50 

saplings at the ground level: Alstonia scholaris: 9 trees (4 control, 5 drought), 

Argyrondendron peralatum: 7 trees (3 control, 4 drought), Castanospermum austral: 4 

trees (1 control, 3 drought), Elaeocarpus angustifolia: 7 trees (6 control, 1 drought), 

Endiandra microneura: 8 trees (5 control, 3 drought), Myristica globosa: 6 trees (2 

control, 4 drought), Normanbya normanbyi: 8 trees (4 control, 4 drought). While our 

samples were collected from the canopy and from the ground representing a forest 

stratum difference, a perhaps more important difference is in the stem size of the trees 

being sampled. Stem sizes for ground level saplings or shrubs were less than 10 cm dbh 

and 2m height, while stem sizes of canopy trees were ranging from 15cm dbh and 15m 

height to 287cm dbh and 37m height. As discussed in chapter 3, smaller trees generally 

have shorter roots and therefore may have greater difficulty in accessing ground water. 

In addition, the hydraulic effort needed to maintain flow of water to the canopy of large 

trees which are under drought stress may be much greater than that for small saplings. 
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For this chapter we therefore have chosen to use the terms (large) trees and saplings 

rather than canopy and ground. 

 

Insect processing 

Insects collected were placed in a freezer until sorting. Every insect was mounted and 

sorted to the taxonomic rank necessary to determine the feeding guild they belonged to 

(order, family or subfamily depending on the insects). Beetles, ants and hemipterans 

were sorted to morphospecies (hereafter referred to as species). Species were identified 

by using invertebrate identification keys, as well as comparing specimens with previous 

collections from the site (Stork and Grimbacher 2006) housed at the Nathan Campus of 

Griffith University. Ant identifications were confirmed by Dr Chris Burwell. 

 

Feeding guild classification  

A major aim of this study was to compare effects of plant water stress on different 

insect feeding guilds. Insect families (and a few key subfamilies) were sorted into the 

following categories: (1) sap-suckers, (2) leaf-chewers, (3) xylophages, (4) predators, 

(5) saprophages, and (6) fungivores. Some insects were assigned to several feeding 

guilds because of their broad range of possible feeding habits (Stork, 1987). Ants were 

placed in a separate group because they can feed on a variety of food types and can 

adapt their diet depending on resource availability (see Chapter 6). Families or 

subfamilies that could not be assigned a feeding guild due to a lack of definitive data 

were placed in an ÔunknownÕ group and not analysed further here.  

 

4.3.3! Statistical analysis 

!

Abundance and species richness 

To test how drought treatment and soil moisture affected insect abundance, species 

richness and Shannon diversity index, we constructed Generalised Linear Mixed 

Models (GLMMs) in R (R Core Team, 2013) using the lme4 package (D. Bates et al., 

2011). Abundance and richness data were log-transformed (log (x+1)) to better fit 
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parametric assumptions, and down-weight occasional large values from patchily 

abundant species. Abundance data were added as a covariate in the species richness 

models to better understand whether differences in richness were driven primarily by 

abundance or some other factors. 

 

Various candidate models were constructed to assess responses for each insect groups 

(ants, beetles, and the six feeding guilds studied in this chapter). For fixed effects, we 

selected a set of candidate explanatory variables which were likely to have an effect on 

insect abundance or species richness (tree species, month of sampling, stem size) as 

well as variables related to water stress (drought treatment, weekly soil moisture 

average, monthly soil moisture average) Individual trees (n=104) were included in the 

models as a random effect. We determined which model was best-fitting using the 

Akaike Information criterion (AICc) and selected the model with the lowest AICc-value. 

We obtained P-values for fixed effects using the car package (Fox et al., 2012). Tukey 

post-hoc tests were performed on significant factors using the lsmeans package in R 

(Lenth & Lenth, 2018). 

 

In order to characterise species diversity in the ant and beetle communities, Shannon 

indices (Magurran, 1988) were calculated with the following formula: 

!" # $ %&'( %&
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where pi is the proportion of individuals belonging to species i and S is the number of 

species in the sample.  

 

Beetle and ant communities 

To assess similarity in ant and beetle communities between drought and control sites, 

we used the Bray-Curtis dissimilarity measure and constructed distance matrices (Bray 

& Curtis, 1957). From those matrices, non-metric multidimensional scaling (NMDS) set 

to 1000 random starts was used to produce ordination plots, singletons excluded. 

Ordination plots illustrated ant and beetle community similarities among sampling sites 
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(drought and control) and tree size. Statistical significance of the overall differences in 

ant and beetle assemblage composition between drought and control sites was then 

tested with a one-way ANOSIM based on 9999 permutations. To determine which 

species contributed most to the observed differences in the assemblages, we used the 

Similarity Percentage Analysis (SIMPER) on log(x+1) transformed data. SIMPER 

calculates the overall percentage contribution that each species makes to the average 

dissimilarity between two groups and lists the species in decreasing order of their 

importance in discriminating the two sets of samples (Clarke et al., 2008). 

4.4! Results 

!

4.4.1! Abundance 

!

Overall, 13 344 insects were collected, sorted to order, family or species, and assigned 

to a feeding guild. Almost half of the collection was comprised of beetles and ants, 

which we focussed on in more detail. There were 3 733 beetles collected from 289 

species, and 3 106 ants collected from 42 species. Beetles and ants were the most 

abundant orders in both sites, with 1494 beetles and 1859 ants collected at the drought 

plot and 2239 beetles and 1247 ants collected at the control site.  

 

At the drought plot, leaf chewers were the most abundant feeding guild (2423 

individuals, or 42.5% of all other insects other than ants, followed by saprophages 

(1106, 19.4%), sap-suckers (783, 13.7%), fungivores (617, 10.8%) predators (490, 

8.6%) and wood borers (81, 1.4%). At the control site, leaf chewers were also the most 

abundant feeding guild (1304, 30.3%), followed by saprophages (1008, 23.4%), sap-

suckers (812, 18.9%), predators (465, 10.8%), fungivores (473, 11.0%) and wood borers 

(40, 0.9%). 

 

Using AIC and BIC criteria, the model with best fit used drought treatment and stem 

size (trees or saplings) as the only predictors of feeding guild abundance (Table S2). 

There were significant differences in insect abundance observed between drought and 

control sites for several insect feeding guilds (Fig. 4.2, Table 4.1). Insects collected 
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from large trees and saplings were treated separately as there were large differences for 

these communities in their responses to drought treatment. Fungivores for instance were 

significantly less abundant in increased drought conditions on large trees (P<0.05), but 

significantly more abundant in increased drought conditions on saplings (P<0.01). Sap-

suckers were significantly more abundant at the drought plot than at the control plot on 

saplings (P<0.001). Leaf chewers on the other hand were more abundant at the control 

plot than at the drought plot, but the difference observed was only significant for large 

trees (P<0.001) 

 

 

4.4.2! Species richness & diversity 

!

We analysed species richness and diversity for the two most abundant orders present on 

the drought and control plots; beetles and ants (Fig. 4.3 and Table 4.1). There was a 

small but significant difference in beetle species richness between drought and control 

Figure 4.2: Means and SEs of abundances of (A) insect feeding guilds and (B) ants and 

beetles collected from large trees (called trees in this and subsequent figures) and saplings 

at the drought plot (light grey bars) and control plot (dark grey bars). Significant 

differences between drought and control plotsfound with Tukey post-hoc tests are indicated 

with asterisks (*P<0.05, **P<0.01, ***P<0.001).    



 

! '"!

plot on large trees, with more beetle species collected at the control plot than at the 

drought plot (Fig. 4.3, Table 4.1). No significant differences was found in ant species 

richness between drought and control plots (Fig. 4.3, Table 4.1). They were also no 

significant differences in Shannon diversity indices, both for beetles and ants. 

 

  

 

4.4.3! Community responses 

There were significant but small differences between drought and control plots for 

beetle assemblages (ANOSIM, R=0.10, P<0.0001) and ant assemblages (ANOSIM, 

R=0.04, P<0.01). NMDS ordinations (Fig.4.4) showed that there was greater difference 

in communities between samples from large trees and saplings than between drought 

and control samples, particularly for the beetle communities. Since the focus of our 

study is on the impact of drought on insect communities, we separated the large tree and 

sapling datasets for further analysis on community responses to drought. We found a 

great overlap between drought and control plots for ant and beetle communities from 

Figure 4.3: Box and whisker plots of species richness and Shannon index for (A) 

ants and (B) beetles collected on control (dark grey) and droughted (light grey) 

large trees and saplings.   
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large trees (Fig.4.5). However, our results indicate a greater dissimilarity between 

drought and control plots for saplings, both for ant and beetle assemblages. 
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Table 4.1: Chi-square values obtained from the GLMMs, indicating how drought treatment and habitat strata might affect (A) insect abundance, 

(B)species richness and (C) Shannon diversity index for each insect group. The species richness model use insect abundance (log(x+1)) as a 

covariate. Significant result for each term is shown in bold with asterisks indicating significant levels (Significant level codes:  *P<0.05, 

**P<0.01, ***P<0.001). Tree size refers to differences between large trees and saplings. 

!

!

(A)!Abundance 

 

 

 

 

 Orders   Feeding guilds     

Variables All  Beetles Ants Chewers Suckers Predators Fungivores Xylophages Saprophages 

Drought treatment 2.21 2.67 3.60 5.34* 2.28 1.05 0.03 2.63 0.83 

Tree size 6.91** 0.04 0.96 2.40 12.41*** 5.82* 0.56 336.68*** 6.47* 

Drought*Tree size 0.01 0.01 0.04 8.24** 16.42 1.53 16.41*** 9.36** 0.24  



 

! "$!

Table 4.1 (continued) 

 

(B)!Species richness                          (C) Shannon diversity index 

 

 

 

 

 

 

 

 

 

 

Variables Beetles Ants 

Drought treatment 4.51* 0.14 

Tree size 1537.89*** 1916.31*** 

Abundance 0.27 0.76 

Drought*Abundance 54.35*** 30.70*** 

Drought*Tree size 0.27 0.21 

Abundance*Tree size 9.35** 0.01 

Drought*Abundance*Tree size 0.30 0.75 

Variables Beetles Ants 

Drought treatment 0.07 0.06 

Tree size 0.04 0.03 

Drought*Tree size 0.02 0.03 
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SIMPER analyses of the transformed abundance data allowed the examination of the 

species which contributed the most to the dissimilarity between sites (Table 4.2). Beetle 

species that contributed the most to dissimilarity belonged to various feeding guilds 

(leaf-chewers, predators, saprophages, fungivores), which explains why we found 

significant differences in abundances between drought and plots for most of those 

feeding guilds. Ant and beetle species contributing the most in the dissimilarity between 

sites were different for large trees and saplings (Table S3). 

 

Table 4.2:!The 10 beetle species (and their average abundances per tree) contributing 

the most to the dissimilarity between control (C) and drought (D) plots, as identified by 

SIMPER analysis. Note the 10 ant species identified by SIMPER are in Table S3. 

 

Beetle 

species  

Family Feeding guild Large trees + saplings 

   Avg. Ab.. 

in C 

Avg. Ab. 

in D 

Contribution to 

dissimilarity (%) 

CURC27 Curculionidae Leaf-chewing 0.64 0.09 5.25 

ANTH2 Anthicidae Saprophagous 0.34 0.35 4.83 

CHRY3 Chrysomelidae Leaf-chewing 0.55 0.01 4.14 

SCRAP1 Scraptidae Saprophagous 0.37 0.05 2.91 

COCC33 Coccinellidae Predatory 0.12 0.21 2.78 

CORY27 Corylophidae Fungivorous 0.18 0.10 2.54 

LATR5 Latridae Fungivorous 0.10 0.24 2.46 

CURC8 Curculionidae Leaf-chewing 0.15 0.14 2.25 

STAP92 Staphylinidae Predatory 0.12 0.17 2.20 

LATR2 Latridae Fungivorous 0.08 0.18 2.08 
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4.5! Discussion 

 

4.5.1! Effects of drought on abundance of different feeding guilds 
!

Gely et al. (2020) hypothesized that increasing drought would result in a sharp decrease 

of food quantity and quality for most feeding guilds of herbivorous insects, with the 

exception of wood-borers, and that this would override the potential benefits of a 

decrease in plant defences. The framework they created looked at how insect feeding 

guilds might respond with two different levels of drought: moderate and severe drought. 

In Table 4.3 we summarise the predictions from Gely et al. (2020) for severe levels of 

drought for several feeding guilds and show our findings for these guilds for both large 

trees and saplings and shrubs. Since experimental droughting of our drought plot 

commenced and has run continuously since 2015, two years before our field work 

commenced, we suggest that comparisons of our results should be made against the 

predictions for severe drought. In summary, while we did find lower insect abundance 

for large trees in the drought plot than those in the control plot across all feeding guilds, 

the results were more mixed for insects collected from saplings. There were 

significantly more sap-suckers and fungivores on saplings at the drought plot than at the 

control plot. These results provide some evidence that saplings could be more 

vulnerable to drought than larger trees. Differences in response to water stress for 

different tree size could be due to several things. First, small trees might be more 

vulnerable than larger trees because of their smaller roots which might not allow water 

uptake from deeper soil layers. However, tall trees might be more at risk to develop 

embolism in increased drought conditions (Olson et al., 2018). 

 

Our results also suggest that for sap-suckers, decrease in plant defences might be a more 

critical factor than increase in leaf toughness or decrease in quantity of available leaves. 

There are many plants traits that can affect herbivory rates including leaf toughness, 

chemical defences, and nutrient availability and the relative importance of these will 

differ with different herbivores (e.g. leaf chewers, sap suckers, leaf miners, seed 

predators. For example, while some suggest that leaf toughness may be the best 

predictor of insect herbivory (Coley & Barone, 1996b)  a more recent study looking at 
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the correlation between plant traits and insect herbivory suggested that plant traits affect 

insect feeding guilds differentially (Caldwell et al., 2016). They found that leaf chewers 

were negatively affected by increases in leaf toughness and plant defences, but 

interestingly sap-suckers were positively affected by those same factors. However 

another study found that sap-suckers were less common on tough leaves (Peeters et al., 

2007). In summary, there is still much uncertainty as to which plant traits are the most 

important contributing factor to insect performance, let alone how the fluctuation of 

those plant traits due to water-stress might affect insects (Barker et al., 2019). 

 

Table 4.3: Effects of severe drought on insect abundance as hypothesized in Gely et al., 

(2020) and as observed in this study. Green: increase in abundance under increased 

drought conditions, Orange: decrease in abundance, Grey: effect of drought not tested 

on this insect group. P values are reported for significant results. 

 

 

 

 

 
!

!

!

!

 
4.5.2! Species richness and community composition 
  
For the two most abundant taxa, ants and beetles, there were small but significant 

differences in the species assemblages between the drought and control plots. 

Ordination indicated that the differences in the species assemblages were greater for the 

ant and beetle communities on saplings than those on large trees with less overlap 

between drought and control. Again this suggests that saplings may be drought stressed 

in different ways to the large trees as discussed above. Further analysis of the species of 

 
Hypotheses from 
Chapter 2; Gely 

et al. 2020 
Results from Chapter 4 

Feeding guild - 
Shrubs and 

saplings 
Trees 

Wood borers   P<0.01 
Sap-suckers  P<0.001  
Leaf chewers  P<0.001  
Gall formers    
Leaf miners    
Fungivores  P<0.01 P<0.05 
Predators    

Saprophages    
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beetles contributing most to the dissimilarity of the communities on drought and control 

trees were from a range of the feeding guilds with no single feeding guild dominating.  

 

4.5.3! Limitations of the study and future analysis 
 

While we did find fewer wood borers on the drought plot than on the control plot, it is 

important to note that the method of sampling used in this study (beating tree leaves) is 

not best suited to monitor wood-boring populations, as it targets mostly free-living 

insects foraging during daytime on tree leaves. Elsewhere, we found that the incidence 

of wood-boring attack was actually greater at the drought plot than at the control plot, 

particularly on saplings (Chapter 3). 

Most of the observations made in this chapter concern adult insects. For many insects 

much of their feeding is at the larval stage, so feeding guild assignments of adult insects 

may be difficult to assess (Stork 1987). 

 

4.6! Conclusions 

!

In summary, the impact of experimental droughting on insect communities was 

complex as predicted by Gely et al. (2020), with feeding guild abundance and 

composition significantly affected by drought treatment. For smaller saplings and 

shrubs, increased drought resulted in significantly fewer leaf chewers, but significantly 

more fungivores and sap-suckers. For larger trees, as measured at the canopy level, 

drought resulted in significantly less fungivores. Community composition was also 

significantly altered by the drought experiment, particularly on saplings. 

The 0.4 hectare in-situ throughfall experiment used here is still a relatively small forest 

study and may not reflect landscape-scale droughts. However, our study has made some 

unique and relevant observations on how insect communities change due to water stress 

particularly with respect to feeding guilds, the diversity of insects and how these may 

differ on different sized trees and saplings in the canopy and near the ground, 

respectively.  
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Supplementary information 

Table S.1: Feeding guild assignations for the different insect orders and families 

collected on our study site. S: saprophagous, X: xylopagous, LF: leaf chewing, P: 

predatory, F: fungivorous, N: nectarivorous, G: granivorous SS: sap-sucking, NA: 

unassigned because of wide feeding habits or because adults are incapable of feeding. 

Note Scolytinae and Platypodinae are subfamilies of Curculionidae but have different 

feeding guild assignments. 

Table S.2: Model selection results on GLMM to determine which combination of 

variables were best predictors of insect abundance, species richness, and Shannon 

diversity index. Candidate explanatory variables were: A: treatment (drought/control), 

B: tree size, C: weekly average VWC (Volumetric water content), D: monthly average 

VWC, E: tree species.  AICc = Akaike information criteria with small sample bias 

adjustment. 

Table S.3:  The 10 ant species (and their average abundances per tree) found on trees 

and sapling contributing the most to the dissimilarity between control (C) and drougth 

(D) plots, as identified by a SIMPER analysis. 
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5! Seasonal variation in tropical rainforest insect assemblages 

under increased drought conditions and responses of 

different feeding guilds to reduced soil humidity 

 

5.1! Abstract 

 

Climate change is disrupting ecosystems at an unprecedented pace and scale and is 

altering the spatial and temporal distribution of many organisms, including insects. 

However, little is known about the temporal dynamics of tropical insects and how an 

increase in drought severity and frequency could alter those dynamics. Here we 

investigated how variations in soil humidity might affect tropical insect seasonality 

using a continuously droughted plot on 0.4 hectare of lowland rainforest and an adjacent 

control plot. We collected insects every two months for two years by beating leaves 

from large trees in the canopy and saplings in the understory. We found that several 

feeding guilds which had a significant seasonal peak in abundance in the control plot 

were aseasonal in the drought plot: leaf chewers, saprophages and wood borers in large 

trees, and leaf chewers in saplings. There were also more aseasonal beetle species at the 

drought plot than at the control plot. At the control plot, leaf chewers peaked towards 

the end of the dry season, when soil was the driest, whereas at the drought plot there 

were no soil conditions for which leaf chewers peaked in abundance. Trees from the 

control plot had the most sap-suckers when soil reached intermediate levels of humidity, 

whereas trees undergoing the drought experiment had the most sap-suckers when soil 

was the driest. We conclude that soil moisture is an important component driving the 

temporal dynamics of tropical insects and extended dry seasons may affect insect 

feeding guilds and insect species in different ways. 

 

5.2! Introduction  

 

There is great concern that terrestrial tropical communities are being increasingly 

affected by climate change (Dyer & Letourneau, 2013; Hoffmann et al., 2019; Scriven 
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et al., 2015; Thomas et al., 2004; Williams et al., 2003; S. J. Wright et al., 2009). As 

temperatures increase, the ranges of some species may shift towards higher elevations 

and higher latitudes in order to remain within climatically tolerable conditions (Colwell 

et al., 2008; Freeman et al., 2018; W. F. Laurance et al., 2011; Williams et al., 2010). 

Tropical species are particularly likely to undergo such spatial shifts because of their 

narrow thermal tolerance ranges relative to temperate species (Deutsch et al., 2008; 

Ghalambor et al., 2006; Janzen, 1967; S. J. Wright et al., 2009). Examples of spatial 

shifts for insects include those observed in tropical moth communities in Borneo (Chen 

et al., 2009) and carabid communities in the Andes (Moret et al., 2016). Spatial shifts 

and consequent changes in abundance of different species will have consequences for 

insect communities and food webs (Shah et al., 2020). 

 

Climate change is also likely to result in changes in the temporal and seasonal 

distribution of insect assemblages (Altermatt, 2010; Bell et al., 2019; Harrington et al., 

2007; Roy et al., 2015). However, seasonal dynamics of insects are frequently less well 

studied than spatial dynamics (Grimbacher & Stork, 2009; C. W. Wardhaugh et al., 

2018). In large part this is because there have been few multi-year studies looking into 

insect seasonality in the tropics, due to the difficulties in establishing and maintaining 

long-term sampling in the tropics and in sorting large number of taxa (Grimbacher & 

Stork, 2009). Insect seasonal patterns are better documented in temperate areas. One 

study examining records of aphid and moth phenology over the last 50 years in the UK 

revealed that these insects are now emerging a few weeks earlier than they were a few 

decades ago (Bell et al., 2019) and it has been hypothesized that this observed shift 

results from climate change. Understanding how climate change might influence insect 

seasonality is important because seasonal population dynamics provide a basic 

knowledge baseline of the ecological processes operating within tropical rainforests 

(Godfray et al., 1999; Miller, 1993; Wall & Moore, 1999). Furthermore, climate change 

might lead to a phenological mismatches, which may in turn lead some populations to 

decline and others to increase in abundance (Damien & Tougeron, 2019).  

 

The few studies that have looked at tropical insects seasonality have found that tropical 

insect assemblages are more often associated with changes in precipitation and soil 
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moisture rather than temperature (Frith & Frith, 1990; Grimbacher & Stork, 2009; 

Wolda, 1988) with tropical insects abundance and diversity usually peaking right before 

or during the wet season (Grimbacher & Stork, 2009; Novais et al., 2016; C. W. 

Wardhaugh et al., 2018). With climate change predicted to alter rainfall patterns in 

many parts of the world, the moisture-dependant seasonality of tropical insects is likely 

to change, but the effect of climate change on tropical insect seasonality remains poorly 

understood. While future climate projections are more uncertain for precipitation than 

for temperature (Corlett, 2011, 2012; IPCC, 2013), rainfall is predicted to decline in 

many tropical regions  (B. Bates et al., 2008; Field, 2014). 

 

Here we examine how seasonal patterns may change for different insect feeding guilds 

and individual beetle species under extended and severe drought conditions through 

comparison of insect abundance in an experimentally droughted forest plot with that of 

an untreated control plot in the Australian Wet Tropics rainforests in north Queensland. 

In addition, we test the impact of changing soil water availability on the abundance of 

different feeding guilds. 

 

5.3! Methods 

 

5.3.1! Study site  

!

The study site is located within the Daintree Rainforest Observatory, Cape Tribulation, 

north-eastern Australia (16¡06!20!!S 145¡26!40!!E, 50 m a.s.l). This tropical rainforest 

site experiences a mean annual rainfall of 4,900 mm/annum and a pronounced dry 

season from April/May to November and is located on rocky acidic, dystrophic soils, 

with tree canopy heights ranging from 24 to 47 m (Tng et al., 2016). Floristically the 

forest is classed as lowland complex mesophyll vine forest and the 1-ha where the 

drought experiment was established has 84 tree species and more than 700 individual 

trees (" 10cm dbh) (Laidlaw et al., 2007). 
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A through-fall drought experiment has been maintained continuously since 2015 under 

the 50m arc of a 45m tall canopy crane. The experiment comprises one 0.6 ha control 

plot with no drought infrastructure and a 0.4 ha drought plot (subdivided into two 0.2 ha 

sub-plots) with these areas being surrounded by continuous untreated forest. Droughting 

was achieved by installing clear plastic panels and guttering at 1-2 m above the forest 

floor in the eastern half of an established 1 ha forest plot. Slits were cut in the plastic 

panels to enable trees to penetrate through the roofing. Leaf litter accumulating on the 

plastic panels were relocated to the forest floor to maintain biogeochemical inputs (Tng 

et al., 2018).  Given the large-scale and cost of the droughting infrastructure, this 

drought experiment could not be replicated across several sites. The lack of replication 

across sites was addressed by using individual trees sampled as pseudo-replicates. 

Furthermore, the control and drought plots from this drought experiment have been 

monitored for several years prior the set up of the droughting infrastructure, and we 

know that the two plots are very similar in terms of tree composition, average tree 

height, soil, and other biotic and abiotic factors, so any differences observed between 

control and drought plots are likely to stem from the experiment rather than existing 

differences between the two plots. 

 

5.3.2! Data collection 

 

Soil water availability 

We examined the effect of the throughfall drought experiment on soil water availability 

through the establishment of time domain reflectometry probes in nine soil pits, placed 

at depths from 0.1 to 1.5 m in five control and four drought sites (S. Laurance & M. 

Liddell unpublished data). Precipitation data were recorded from Cape Tribulation 

weather station situated <1 km from the site. 

 

Insect collection  

Insects were collected every two months for two years by beating tree branches and 

leaves with a stick ten times over a 60cm diameter white sheet. Insects falling into the 

beating sheet were then collected using an aspirator and preserved in ethanol. Insects 
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were sampled this way on eight of the commonest species of trees on both the control 

and the drought experiment plots at the crane site. Insects were collected at canopy and 

ground levels, and the same trees were visited every two months. A total of  54 trees 

were sampled  at the canopy level and 50 saplings at the ground level: Alstonia 

scholaris: 9 trees (4 control, 5 drought), Argyrondendron peralatum: 7 trees (3 control, 

4 drought), Castanospermum austral: 4 trees (1 control, 3 drought), Elaeocarpus 

angustifolia: 7 trees (6 control, 1 drought), Endiandra microneura: 8 trees (5 control, 3 

drought), Myristica globosa: 6 trees (2 control, 4 drought), Normanbya normanbyi: 8 

trees (4 control, 4 drought).   

 

Vertical stratification of insects in forests is a well-recognised phenomenon (McCaig et 

al., 2020; Stork & Grimbacher, 2006) and hence we might expect differences in the 

insects collected from the canopy and near the ground to reflct this stratification. 

However, saplings and larger trees respond differently to drought as saplings generally 

have shorter roots than larger trees and therefore may have greater difficulty in 

accessing ground water. In addition, the hydraulic effort needed to maintain flow of 

water to the canopy of large trees may be much greater than that for small saplings. 

While recognising there may be stratification effects we consider the tree physiological 

differences may be more important in structuring insect communities and hereafter we 

have chosen to use the terms (large) trees and saplings rather than canopy and ground.  

 

Samples were placed in a freezer until sorting. Each insect was mounted and sorted to 

the taxonomic rank necessary to determine the feeding guild they belonged to (order, 

family or subfamily depending on the insects). Insects were assigned to the following 

feeding guilds: (1) leaf chewers, (2) sap-suckers, (3) wood borers, (4) predators, (5) 

saprophages, and (6) fungivores, (7) ants. Some insects were assigned to several feeding 

guilds because of their broad range of possible feeding habits (N. E. Stork, 1987). Ants 

were placed in a separate group because they can feed on a variety of food types and 

can adapt their diet depending on resource availability (BlŸthgen et al., 2003) and their 

seasonality was not analysed here. Families or subfamilies that could not be assigned a 

feeding guild due to a lack of definitive data were placed in an ÔunknownÕ group. 

Beetles were sorted to morphospecies (hereafter referred to as species). Species were 
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sorted using invertebrate identification keys, as well as comparing specimens with 

previous collections from the site (Stork and Grimbacher 2006). 

 

 

 

5.3.3! Statistical analysis 

 

Circular statistics (RayleighÕs test of circular uniformity) were used to detect significant 

temporal variation in the abundance of each beetle species and feeding guilds (Zar, 

1999). Only beetle species with more than 12 individuals collected per plot and stratum 

were included in the analysis of beetle seasonality, as there were 12 sampling periods. 

Temporal periods were expressed as vectors corresponding to the days of the year on 

which sampling occurred (Batschelet, 1981). Circular statistics can provide three pieces 

of information. First is a statistic that tested the null hypothesis of seasonal uniformity 

in abundance, allowing us to categorise each feeding guild and beetle species as 

seasonal or aseasonal. The second is the mean vector, which when transformed back to 

days of the year reports when each feeding guild and beetle species reached its peak 

abundance. And the third is a measure of the degree of seasonality, called the length of 

the mean vector (LMV). The length of mean vector is a measure of how closely 

observations are clustered around the mean, and ranges from 0 (perfect temporal 

uniformity) to 1 (all individuals collected during one sampling period). Variation 

between drought and control plots and canopy and ground samples in LMV of insect 

assemblages were investigated with ANOVA and posthoc Tukey tests.  

 

5.4! Results 

 

5.4.1! Seasonal patterns in precipitation and soil humidity 

 

Over the two years of sampling, there were three peaks in precipitation and soil 

humidity (Fig. 5.1). Two of the peaks occurred around January-March, which are the 
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months when the wet season usually occurs on our study site. During the first year of 

sampling, there was also a peak in precipitation and soil humidity in May-June, which is 

unusual in this location as this period usually corresponds to the driest months of the 

year (Grimbacher & Stork, 2009). 

!

Figure 5.1: Total monthly precipitations in our study site (bars) and mean 

monthly soil humidity for the control plot (grey points) and the drought plot (black 

points) during our study period. 

 

5.4.2! Seasonal patterns in feeding guild abundance  

 

Altogether 13 344 individuals were collected and sorted into feeding guilds. There was a 

greater number of feeding guilds showing significant seasonality at the control plot than 

at the drought plot. At the control plot, the temporal distribution of most feeding guilds 

was aggregated, apart from sap-sucking insects on large trees and saplings, wood-borers 

on saplings and fungivores on large trees (Fig.5.2). Those insect groups were also not 

significantly seasonal at the drought plot.  There were other groups that were not 
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significantly seasonal at the drought plot: wood borers and saprophages on large trees, 

and leaf chewers (both on trees and saplings).  

The feeding guilds that were significantly seasonal both at the drought and control plots 

(saprophages and fungivores on saplings, and predators on large trees and saplings) 

were peaking at the same time of the year on both plots, around the September-October 

period (Fig.5.2). Canopy-caught insects peaked later in the year compared to ground-

caught insects on both plots. 

 

 

 

5.4.3! Seasonal patterns in beetle species  

 

The 3 733 beetles collected were sorted into 289 species. RayleighÕs tests revealed a 

greater proportion of aseasonal beetle species in increased drought conditions, both on 

large trees (drought plot: 21/62, or 33.9%; control plot: 6/69, or 8.7%) and on shrubs 

Figure 5.2: Mean seasonal abundance peak (and 95% CI) for feeding guilds caught over two 

years of sampling from: (A) the tree canopy at the control plot; (B), the tree canopy at the 

drought plot; (C) saplings at the control plot; and (D) saplings at the drought plot. Significant 

seasonality of feeding guildÕs temporal abundance distribution was tested using RayleighÕs test 

for circular statistics. CI are represented by solid lines when the feeding guild was significantly 

seasonal and dotted lines when the feeding guild was not significantly seasonal. 
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and saplings (drought plot: 16/53, or 30.2%; control plot 9/53, or 17.0%) (Fig. 5.3). An 

ANOVA examining mean LMV between plots showed that beetles from the control plot 

(mean LMVcanopy = 0.713, LMVground = 0.608) were significantly more seasonal 

(Canopy: F1,129=16.73, P<0.001; Control: F1,104=12.30, P<0.001) than beetles from the 

drought plot (mean LMVcanopy = 0.435, LMVground = 0.460). Beetles species collected on 

saplings peaked in abundance at the same time of the year on both plots, in September. 

Beetles caught in the canopy peaked a bit later, in October at the drought plot and in 

November at the control plot, at the very end of the dry season. 

 

!

Figure 5.3: The number of significantly seasonal beetle species (as indicated by 

RayleighÕs test of circular uniformity) reaching their seasonal peak (mean vector) in 

abundance during each month on trees and saplings at the control and drought plots. (A) 

the tree canopy at the control plot; (B), the tree canopy at the drought plot; (C) saplings 

at the control plot; and (D) saplings at the drought plot 

 

5.4.4! Feeding guild abundance and soil humidity 

!
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The drought experiment set up in this study extended the duration of the dry eason (Fig. 

5.1, Fig. 5.4). Both control and drought plots reached very dry levels in soil moisture, 

but the drought experiment reached those dry levels earlier and sustained them longer. 

How does insect abundance relate to soil humidity, and how does extended drought 

affect the relationship between insect abundance and soil humidity? The first general 

trend that can be observed under control conditions is that insects collected on large 

trees peaked in abundance when soil humidity reached intermediate or high levels, 

whereas insects collected on saplings at ground level peaked in abundance during drier 

months (Fig. 5.4). This trend was observed among all feeding guilds and reflect the 

results from Fig. 5.2 showing that insect activity was peaking towards the beginning of 

the wet season on trees and during the end of the dry season on saplings. 

 

 

 

 

 

 

 

Figure 5.4:  Relationship between the mean insect abundance measured per tree per month 

of sampling and the monthly average of VWC (Volumetric Water Content) measured across 

soil pits at the drought plot (orange points) and control plot (green points). Solid lines 

represent smoothed conditional means and shaded grey areas represent the 95% confidence 

interval. Mean abundance was calculated for fungivores, leaf chewers, predators, 

saprophages, sap-suckers and wood borers. Note different scales for abundance used for each 

guild. 
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For some feeding guilds, there were no major differences in abundance patterns 

between drought and control plots, but there were three guilds for which drought 

treatment seemed to have an important effect on the relationship between insect 

abundance and soil humidity. Leaf chewers collected on saplings in the control plot 

were most abundant when soil was the driest. Under the drought treatment, however, 

there were no soil conditions for which leaf chewers were peaking in abundance. Trees 

from the control plot had the most sap-suckers when soil reached intermediate levels of 

humidity, whereas trees undergoing the drought experiment had the most sap-suckers 

when soil was the driest (Fig. 5.4). Finally, wood borers collected at the canopy peaked 

when the soil was the driest at the drought plot, and when the soil had high humidity 

levels at the control plot.  

 

5.5! Discussion  

!

In this discussion we first address seasonal aspects of the abundance of insect taxa, 

feeding guilds and nymphs. Second, we examine how feeding guild abundance relates 

to soil humidity. 

 

5.5.1! Seasonality 

!

Until recently it was considered  that few generalisations could be made about temporal 

dynamics of tropical insects as tropical insects can show a wide variety of seasonal 

patterns, even at the same site, with some species being aseasonal, and some showing 

one or more seasonal peaks, and those peaks can be short or spaced over a broad period 

(Wolda, 1988). However, Kishimoto-Yamada & Itioka (2015) comparing 21 datasets 

from 13 sites found that seasonal and aseasonal patterns were found to be common in 

tropical dry and wet regions, respectively. Further, Grimbacher & Stork (2009) found 

that although there was around year activity for insects in the Daintree study site peak 

activity was in late dry season (October-November) across all feeding guilds and this 

did not differ for different size classes of insects nor those collected in the canopy or 

near the ground.  Consistent with these results we too found that peak activity for many 

insect feeding guilds was towards the end of the dry season (Fig. 5.2). While several 
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tropical studies have found that the wettest time of the year was the period with the 

greatest insect abundance  (Novais et al., 2016; C. W. Wardhaugh et al., 2018), a 

previous multi-year study on the same site also found that beetle species were peaking 

around September-November (Grimbacher & Stork, 2009)  

 

We found that many feeding guilds were less seasonal under increased drought 

conditions. Leaf chewers in particular had strong seasonal patterns both on large 

(canopy) and small (ground) trees at the control plot but were aseasonal on large and 

small trees in the drought plot. The lack of plant resources under increased drought 

conditions could be the cause of the greater temporal spread of leaf chewers. Drought 

may promote temporal partitioning for species relying strongly on a common scarce 

resource. Futhermore, canopy density may vary with season and drought which can 

affect insect abundance. In Ghana, dry season thinning of canopy density results in a 

range contraction of leaf nesting ants and an increase in trunk nesting species, followed 

by a reversal when the rains come (Majer, 1976). 

 

While we did find a global decrease in insect seasonality under increased drought 

conditions, the length and intensity of drought events might lead to different effects on 

insect seasonal patterns. In our study, as the drought experiment was maintained 

throughout the year, there was little variation in soil moisture between the driest and the 

wettest part of the year. However, in some cases drought events can lead to a marked 

seasonality in soil moisture, and as a result a greater seasonality of insect communities. 

In a study comparing sap-sucking insect seasonality on two sites in Panama and Papua 

New Guinea, Novotny & Basset (1998) found that sap-sucking insects were more 

seasonal in the Panama site, which was a forest with a more severe dry season and 

greater rainfall seasonality than the Papua New Guinea site. 

 

Many leaf chewers and sap-suckers prefer feeding on young foliage (C’zek, 2005; 

Kursar & Coley, 2003), and most tropical trees display seasonal variation in the 

presence of new leaves (Edwards et al., 2018; S. J. Wright & Van Schaik, 1994) . It has 

been suggested that insects with a wider host plant range may be able to exploit 
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subsequent flushes of new foliage on different host plants, and consequently have a 

non-seasonal population dynamics (Novotny & Basset, 1998). Generalist insects might 

be advantaged compared to specialists under increased drought conditions. One growing 

concern with climate change is the occurrence of phenological mismatches between 

interacting species, with some species that may be unable to keep pace with seasonal 

shifts of other species they rely on. Generalists might be able to better cope with any 

seasonal shifts occurring as a result of climate change.  

 

5.5.2! Feeding guild abundance and soil humidity 

!

Gely et al. (2020) hypothesized that severe drought would be detrimental for most 

feeding guilds, with the exception of wood-borers, as a sharp decrease of food quantity 

and quality for herbivorous insects could override the potential benefits of a decrease in 

plant defences in water-stressed trees. Surprisingly, we found that trees and saplings 

undergoing an extended drought had the most sap-suckers present on them when soil 

was the driest, whereas trees and saplings experiencing an average dry season had the 

greatest number of sap-suckers when soil humidity reached intermediate levels. Trees 

experiencing severe and extended water-stress were possibly less able to produce and 

mobilize plant defences and as a consequence were more vulnerable to insect attack, 

particularly during the driest months. While sap-suckers seemed to benefit from water 

stress in trees, leaf chewers on the other hand could have limited outbreaks under 

increased drought conditions. We found that the peak in leaf chewer abundance 

occurring on saplings in control conditions during the wettest months did not occur 

under the increased drought experiment. One possible explanation for this difference in 

leaf chewers abundance is that peaks in leaf chewer activity is commonly associated 

with leaf flushes, and the production of new leaves may have been greatly reduced 

under increased drought conditions. 

 

The drought manipulation experiment provided an extraordinary opportunity to look at 

the impact of reduced water availability on insect assemblages but did present some 

issues that we were unable to address. First, in creating the droughting materials a large 

volume of cut wood was added to the drought site with unknown effects on insect 
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assemblages. Second, as discussed earlier in the Methods, sampling insects in the 

canopy and near the ground level meant that we were sampling very different sized trees 

and we were unable to separate tree size effects from vertical stratification of insect 

assemblages. Third, with the exception of both sap-sucking and predatory hemipterans, 

almost all of the insects were adults and for these other guilds and taxa our observations 

and comments focus on this life stage. Future research should examine how life 

histories of insects, particularly larval stages of insects, are affected by increased 

drought, since for many insects the larval stage is where most feeding takes place. 

5.6! Conclusion 

 

In conclusion, we found that insect seasonal patterns were deeply affected by an 

increase in the length and severity of drought over many seasons. Several feeding guilds 

were less seasonal in increased drought conditions. Leaf chewers and saprophages 

peaked in abundance just before the beginning of the dry season at the control plot but 

were aseasonal at the drought plot. There were also less seasonal beetle species at the 

drought plot than at the control plot. We also found differences between insect temporal 

dynamics on large trees and saplings. Canopy-caught insects peaked later in the year 

compared to ground-caught insects on both plots. At the control plot, leaf chewers 

peaked towards the end of the dry season, in September-November, when soil was the 

driest. At the drought plot, there was no peak in abundance for leaf chewers collected on 

saplings, possibly because water-stressed saplings were producing less leaves during 

leaf flush, which usually occurs at the end of the dry season in this study site (Edwards 

et al., 2018). On the other hand, sap-suckers seemed to adapt better to increased drought 

conditions, and their abundance was peaking in trees and saplings when soil was the 

driest at the drought plot (although overall sap-suckers were not significantly seasonal 

on either plots). Sap-suckers might benefit from lower levels of defences in water-

stressed plants. 
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6! Assessing ant community responses to experimental 

drought in a tropical rainforest using stable isotopes  

 

6.1! Abstract  

!

Stable isotope analysis has shown that #15N and #13C differ strongly amongst ant 

species, reflecting diets ranging from predatory to mostly plant-based through uptake of 

hemipteran honeydew and extrafloral nectar. In an Australian rainforest site hemipteran 

tending appears to be strongest at the beginning of the wet season and feeding from 

extrafloral nectaries is negligible at the end of the dry season. With increased drought 

frequency and intensity predicted for tropical forests, we tested for arboreal ant #15N 

and #13C under experimental drought conditions. Over two years, 18 ant species were 

sampled bi-monthly and most had higher #15N in droughted forest compared to a nearby 

control. This included two common species which often forage on extra-floral nectar 

and hemipteran honeydew, Oecophylla smaragdina and Anonychomyrma gilberti. For 

those two species, a seasonal trend in #15N was observed at the control plot peaking 

towards the end of the dry season, when plant-based resources are reduced in 

availability, indicating a trophic shift. Despite finding seasonal variation in soil moisture 

across drought and control areas, we found a lack of seasonal variation in ant #15N at the 

drought plot. The effect of drought on ant #13C values was more mixed with no overall 

significant difference between treatments. The greater #15N values observed at the 

drought plot may indicate a shift in trophic position since plant-based feeding is reduced 

in dry periods.  However, in a separate study, others observed higher #15N values in 

drought plot leaves. Determining the relative importance of these non-mutually 

exclusive explanations for the increase in drought treatment ants #15N needs further 

testing through concurrent isotopic measurements of leaves, hemipterans, extrafloral 

nectar and ants.  Establishing whether ant trophic changes take place under drought is 

essential as it has broader implications for the role of climate change on food webs and 

species interactions.  
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6.2! Introduction  

!

Climate change predictions suggest that droughts, which already affect large expanses 

of tropical forests globally, are likely to become both more frequent and intense in the 

future (IPCC, 2014). The few large-scale manipulative drought experiments that have 

been implemented in tropical forests to understand the impacts of more severe droughts 

have focussed predominantly on tree stand dynamics and the broader implications for 

ecosystem function and global feedback loops (Brando et al., 2008; da Costa et al., 

2010; Metcalfe et al., 2010; Powell et al., 2013). To date, empirical evidence from these 

experiments on how drought affects the community structure of insects and their 

feeding strategies are lacking, with only anecdotal observations. For example, increases 

in seedling root borer damage were detected in a Borneo drought study (Bebber et al., 

2002), whereas no evidence was found of elevated leaf attack in litter fall collected in a 

through-fall experiment in Caixuana, Brazil (Rowland et al., 2015). In a recent review, 

Gely et al. (2020) explored how insect performance is affected by increasing severity of 

drought. In this study they develop a framework that incorporates the severity and 

longevity of drought and captures the plant physiological adjustments that follow 

moderate and severe drought. They predict that different herbivore feeding guilds will 

show different but predictable responses to drought events, with most herbivore guilds, 

with the exception of wood borers and bark beetles, being negatively affected by water 

stress during severe drought. They suggest new research is needed on how insect 

predators that feed on herbivores are affected by drought and here we examine how ant 

diversity and feeding strategies are affected in a large area of experimentally droughted 

rainforest in Queensland. 

 

Traditionally, ants have been classified as predators in community analyses (Moran & 

Southwood, 1982; Stork, 1987) but many species feed on a variety of food types (Floren 

et al., 2002; Retana et al., 2004). Behavioural field observations have shown that some 

ant species may be largely herbivorous as they consume plant seeds or liquid foods such 

as plant sap, nectar, or honeydew of trophobiont insects (primarily aphids) (BlŸthgen & 

Feldhaar, 2010; D. W. Davidson et al., 2003; Fiedler et al., 2007). Most ant species are 

opportunistic feeders and may be able to adapt their diet depending on resource 

availability and quality (BlŸthgen et al., 2003). It is crucial to assess the degree of 
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herbivory and predatory feeding among ants in order to understand the important roles 

of ants in forest ecosystems. Many ecosystem services are provided by ants through 

their feeding behaviour. For example, some ants frequently visit flowers to feed on 

nectar, thus providing pollination services (Carvalheiro et al., 2010; McCall & Irwin, 

2006) or disservices via nectar robbing (Galen & Butchart, 2003; Junker et al., 2011) 

while others are important in seed dispersal (Lengyel et al., 2010; Retana et al., 2004; 

Vander Wall et al., 2005) and nutrient cycling (Del Toro et al., 2015; Verchot et al., 

2003). Moreover, ants are extremely abundant in most tropical forests (D. W. Davidson 

et al., 2003), particularly in the canopy where they may comprise 50% of surface 

running insects (Dejean et al., 2007), and have important roles in insect food webs. 

Hence a deeper understanding of how ant diets may possibly change with increasing 

drought could further our ability to predict the potential impacts of climate change on 

tropical forest dynamics.  

 

The ant fauna in the rainforest at the canopy crane site in the Daintree, north 

Queensland, Australia has been particularly well studied. A total of 43 species were 

found to feed on nectar from extrafloral nectaries or floral nectaries and six of these also 

tended aggregations of honeydew-producing Hemiptera (BlŸthgen, Stork, & Fiedler, 

2004). Two of the species tending Hemiptera, Oecophylla smaragdina and 

Anonychomyrma gilberti, were highly dominant both in terms of their abundance and 

behaviour with other species, lending support to the ant mosaic theory (BlŸthgen & 

Stork, 2007) where some ant species are dominant and exclude others.  

 

There are multiple ways to explore structure in food webs, such as collecting 

information on consumer species abundance in parallel with resource availability and 

quality, or understanding consumer food preferences with experimental or in situ 

observations. For the latter, stable isotope analysis has become a standard tool to 

evaluate whether an animalÕs diet is based on plant or animal food sources and hence 

determine the trophic position of organisms (Vander Zanden et al., 2015). Monitoring 

the carbon or nitrogen isotope signature of consumers can reveal shifts in isotopic 

composition, which indicate changes in nutrient quality or trophic position (Hyodo, 

2015; Potapov et al., 2019). Stable isotope analysis has been widely applied to many 
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organisms, as any metabolic processes are associated with isotopic fractionation (the 

relative partitioning of the heavier and lighter isotopes), which usually leads to an 

enrichment in heavier stable isotopes for organisms with high trophic level (Potapov et 

al., 2019).  

 

A range of #15N and #13C isotope values were found for ants at the Australian canopy 

crane site indicating that the species represented a continuum between largely 

herbivorous and completely predacious species (BlŸthgen et al., 2003). For several ant 

species, intraspecific variation of #15N in relation to plants or herbivores was 

pronounced. For example, in O. smaragdina, #15N was much higher in patches of 

secondary forests than in mature forests, corresponding to their diets: extrafloral 

nectaries (EFNs) and honeydew sources preferred by these ants were more abundant in 

mature forests (BlŸthgen et al., 2003). 

Observations made in other tropical forests have also shown that associations between 

ants, nectar and hemipterans peaked at the end of the wet season, when most tree 

species flush new leaves, but declined during the dry season (Rico-Gray, 1993). In 

addition, negligible EFN activity for most ant species was observed at the Australian 

site during the dry season with much higher EFN activity and visitation during the wet 

season (BlŸthgen et al., 2004). With many regions predicted to experience more 

frequent and severe drought conditions (IPCC, 2014), this may lead to a decrease in 

availability and quality of plant food resources such as sap, nectar and honeydew 

(Anjum et al., 2011). We hypothesise that increased drought conditions and the 

resulting decrease in plant resources will cause a trophic shift in some ants from 

herbivory towards predation particularly in the driest months of the year.  

 

Since 2015, 0.4 hectares of the forest under the arc of the Daintree canopy crane has 

been experimentally droughted (S. Laurance, 2015; Tng et al., 2016) with 

approximately 30% less water reaching the ground surface than in the surrounding 

forest. In our study we used this drought experiment to test the impact of plant water 

stress on ant trophic position. Eighteen ant species were studied over two years, with a 

particular focus on the two most abundant arboreal species, O. smaragdina and A. 

gilberti. Seasonal changes in ant communities were also examined as precipitation is 
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highly seasonal in North Queensland. Average annual rainfall can often be greater than 

3,000 mm per year in the Wet Tropics, but about 60% of this precipitation occurs in the 

warmer months from December to March, while in the drier months from June to 

November the average monthly rainfall may fall to less than 50 mm (Turton et al., 

1999).  

 

6.3! Methods 

!

6.3.1! Study site 

!

The study site is located within the Daintree Rainforest Observatory, Cape Tribulation, 

north-eastern Australia (16¡06!20!!S 145¡26!40!!E, 50 m a.s.l). This tropical rainforest 

site experiences a mean annual rainfall of 4,900 mm/annum and a pronounced dry 

season from April/May to November and is located on rocky acidic, dystrophic soils, 

with tree canopy heights ranging from 24 to 47 m (Tng et al., 2016). Floristically the 

forest is classed as lowland complex mesophyll vine forest and the 1-ha where the 

drought experiment was established has 84 vascular tree species and more than 700 

individual trees (" 10cm dbh) (Laidlaw et al., 2007). 

A through-fall drought experiment has been maintained continuously since 2015 under 

the 50m arc of a 45m tall canopy crane. The experiment comprises one 0.6 ha control 

plot with no drought infrastructure and a 0.4 ha drought plot (subdivided into two 0.2 ha 

sub-plots) with these areas being surrounded by continuous untreated forest. Droughting 

was achieved by installing clear plastic panels and guttering at 1-2 m above the forest 

floor in the eastern half of an established 1 ha forest plot. Slits were cut in the plastic 

panels to enable trees to penetrate through the roofing. Leaf litter accumulating on the 

plastic panels were relocated to the forest floor to maintain biogeochemical inputs. 

Further details on the experiment can be found in Tng et al. (2018). 
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6.3.2! Ant collection for stable isotope analysis 

!

Ants were hand-collected every two months for two years from foliage at ground level 

or from tree trunks in the control and drought areas, avoiding edges of the drought plots. 

Only a few ants were collected from the ground. Ant collecting commenced a year after 

the beginning of the experiment, in May 2016, and finished in May 2018. Ant 

collections included 18 species, each with a minimum of two samples per species (one 

at the drought plot and one at the control plot), including 47 and 39 samples for the two 

common species, O. smaragdina and A. gilberti, respectively (see Supplementary 

Material S4 for more details on species collected and sample size). Only worker ants 

foraging outside their nests were collected. Ten workers or more were collected for each 

sample. No attempt was made to determine if the samples were from different colonies. 

All samples were frozen on their day of collection. The gaster of each ant was cut off at 

the petiole and removed from the samples so undigested food would not alter the 

measure of isotopic composition of ant tissues (Feldhaar et al., 2010). We examined the 

effect of the throughfall drought experiment on soil water availability through the 

establishment of time domain reflectometry probes in nine soil pits, placed at depths 

from 0.1 to 1.5 m in five control and four drought sites (S. Laurance & M. Liddell 

unpublished data).  

 

6.3.3! Stable isotope analysis 

!

Ant samples were dried at 60 ¡C for at least 48 h before being weighed. The samples 

were then placed in tin capsules and analysed on an automated Isoprime Isotope-Ratio 

Mass Spectrometer. Stable isotope ratios are expressed in ä using the conventional 

delta (#) notation as deviations from international standards (the IAEA international 

standard of atmospheric N2 for nitrogen and the Vienna-Pee Dee Belemnite equivalent 

for carbon). The ratio of the heavier isotope to the lighter isotope (13C/12C for carbon; 
15N/14N for nitrogen) was estimated by the equation: 

!" =#($sample/$standard)$1%%1,000 

where X is the heavier isotope and R is the ratio of heavy to light isotope.  
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Precision of this mass spectrometer for invertebrate samples is 0.2ä, calculated as the 

90% confidence interval of differences between paired values from duplicate samples. 

For this study we did not include an ecosystem specific isotopic baseline. While 

baseline data may be useful to ensure true variability is not significantly under or 

overestimated in studies comparing different sites (Grimstead et al., 2017; Matthews & 

Mazumder, 2003), in our case, baseline data are not needed due to the close proximity 

of treatment and control sites (within 1 ha) and since we focus on within-species 

comparisons. 

 

6.3.4! Statistical analysis 

!

We examined if #15N and #13C isotope values varied between ant species and between 

drought and control treatments using analysis of variance (ANOVA). Furthermore, we 

assessed if drought affected seasonal patterns in ant isotope signatures using 

Generalised Additive Models (GAMs). GAMs assist in identifying seasonal patterns in 

biological and climatological responses using smoothed, nonlinear functions. These 

functions are more sensitive than simple wave functions, and they can take into account 

between-year seasonal variability (Wood, 2017). We used univariate GAMs, with time 

of sampling as a predictor variable, to characterize seasonal trends in isotope signatures 

and soil moisture data from the drought and control plots. The percent of deviance 

explained by fitted GAMs helped to determine if time of sampling was a good predictor 

variable for ant isotope signatures. Finally, we developed GAMs to explore the 

relationship between soil moisture and ant isotope signatures, using simple SpearmanÕs 

rank correlation. All statistical analyses were performed in RStudio version 1.1.423, 

with GAMs fitted using the mgcv package (Wood, 2017). 

 

6.4! Results 

!

6.4.1! Comparison of !13C and !15N in ant species at the drought and control plots 

!

The 18 ant species sampled covered a broad range of #15N and #13C values (Fig. 6.1). 

Both #15N and #13C varied significantly between species at the control plot (ANOVA, 
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#15Ncontrol, F17,61=5.817, P<0.001; #13Ccontrol, F17,61=6.574, P<0.001) as well as the 

drought plot (ANOVA, #15Ndrought, F17,62=3.212, P<0.001; #13Cdrought, F17,62=9.832, 

P<0.001). Species mean isotope signatures differed by as much as 5.8ä in #15N and 

3.8ä in # 13C within either the control or drought plots, suggesting that the species 

sampled could range across two trophic levels within each site. 

 

We found a significant effect of the drought experiment on #15N values (ANOVA, 

F1,110=35.33, P<0.001), with #15N being higher at the drought plot (mean ± SD: 6.43 ± 

0.85) compared to the control site (mean ± SD: 5.24 ± 1.22). Fourteen species had 

higher #15N values under increased drought conditions (Fig.6.1), with the difference 

particularly pronounced and always higher for those species that had relatively low #15N 

values (3-5ä) in control conditions. The effect of the drought treatment on mean #13C 

signatures was more mixed, and overall no significant difference was found between 

sites (ANOVA, F1,110=0.055, P=0.81). 

 

Figure 6.1: Differences in isotopic composition (#15N and #13C) of ants between drought 

plot (black points) and control plot (grey points). Each ant species with multiple samples is 

represented by its mean (for sample size and full species names, see Supplementary 

Material, Fig. S.4) 
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Significant differences were also found between treatment and control when comparing 

species mean isotope signatures for the two common ant species, O. smaragdina and A. 

gilberti (Fig 6.2). For these species, samples from the drought plot had significantly 

higher #15N than samples from the control (ANOVA, O. smaragdina, F1,44=22.12, 

P<0.0001; A. gilberti, F1,36=54.89, P<0.0001). In contrast, no significant difference was 

found for #13C values (ANOVA, O. smaragdina, F1,44=0.10, P=0.75; A. gilberti, 

F1,36=0.03, P=0.88). 

 

 

!

!

!

!

6.4.2! Seasonal changes in !13C and !15N 

!

We examined seasonal trends in ant #15N, ! 13C and soil moisture in the experiment 

using smoothing functions in GAMs. Smoothers significance and percent of deviance 

explained by each model indicate that time of the year was a good predictor for #15N 

variations at the control plot, but not the drought plot (Table 6.1). The overall trend in 

#15N values was seasonal for both dominant species at the control plot, but not the 

Figure 6.2: Isotope signatures of O. smaragdina (47 samples) and A. gilberti (39 samples) 

collected at the drought plot (represented by triangles) and control plot (represented by 

circles). 
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drought plot (Fig. 6.3). For the control plot, peaks in #15N values occurred in August-

October, towards the end of the dry season, for both ant species, whereas no peaks in 

isotope values occurred at the drought plot. There were no seasonal trends in antsÕ #13C 

in either plots (Fig. 6.3). 

Smoothers fitted to all soil moisture data were highly significant (Table 6.1), and could 

explain similar levels of deviance in the drought and control datasets (96.8% of 

deviance explained for the control plot, 99.1% for the drought plot). However, 

comparison of the GAMs for the two plots reveal different soil moisture profiles, with 

the peak magnitude in soil-water availability not as pronounced in the drought plot as in 

the control plot (Fig.6.3). The exceptionally wet year in 2018 resulted in a significant 

recharge of the soil moisture in the drought experiment from lateral water movement 

outside the experimental area. This was detected from soil depths of 50 cm to 150 cm 

(but not at the surface) from mid wet season through to mid-year dry season.  

 

At the control plot, we observed distinct patterns in isotope signature that correlated 

significantly with soil moisture seasonality (Table 6.2). Peaks in #15N coincided with 

troughs in soil moisture (Fig. 6.3). At the drought plots, however, ant #15N isotope 

signatures were not correlated with variations in soil moisture. #13C was not correlated 

with soil moisture in either the drought or control plot. 

 

Table 6.1: Seasonal patterns in soil moisture and nitrogen isotope values as expressed 

by the strength of the Generalised Additive Models 

 Variable edf F P Explained 
deviance 
(%) 

Control 
plot 

#15N       O. smaragdina 6.998 11.00 < 0.001 87.1 
              A. gilberti 7.366 13.29 < 0.001 90.3 
#13C      O. smaragdina 1.408 0.19 0.77 4.9 
             A. gilberti 1.130 1.73 0.17 12.7 
Soil moisture 7.248 12.82 < 0.01 96.8 

Drought 
plot 

#15N       O. smaragdina 1 0.01 0.92 0.1 
              A. gilberti 1 0.10 0.76 0.6 
#13C      O. smaragdina 1 1.03 0.32 4.3 
             A. gilberti              1.712 0.63 0.62 11.8 
Soil moisture 6.965 51.77 < 0.001 99.1 
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Figure 6.3: Seasonal patterns in #15N and #13C isotope signature (for O. smaragdina 

and A. gilberti samples) and soil moisture (Volumetric Water Content) at the control and 

drought experiment plots. Solid lines are the GAM predictions; grey areas are the 95% 

confidence intervals. 
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Table 6.2: Strength and magnitude of the Spearman-rank correlations between GAM 

predictions of soil moisture and isotope values in O. smaragdina and A. gilberti. 

 

6.5! Discussion  

 

In this Discussion we focus on two key findings. 1) Stable isotope analyses showed 

significant differences between ants at the control and drought plots, with higher #15N 

for ants at the drought plot. Furthermore, greater differences were observed for those 

species that had relatively low #15N values (3-5ä) under control conditions. We discuss 

whether these differences can be attributed to a change in trophic level, plant substrate 

#15N variability or both. 2) Seasonal trends were found for nitrogen isotope values at the 

control plot with higher values towards the end of the dry season, but not at the drought 

plot. We discuss the likely drivers for these observations.  

 

6.5.1! PlantÕs nitrogen and carbon variability and trophic level of ants 

!

Ants sampled in this study were enriched in #15N, but not #13C, when their forest habitat 

is exposed to diminished soil moisture. Previous studies have suggested that #13C values 

in consumers can be used to infer #13C values of the primary sources of food, whereas 

#15N values in consumers can be used to infer consumersÕ trophic level (BlŸthgen et al., 

2003; Iakovlev et al., 2017; McCutchan Jr et al., 2003; Ponsard & Arditi, 2000). There 

is typically little 13C fractionation from food source to consumer (approximately 0.5-

! 15N Control plot ! 15N Drought plot 

O. smaragdina A. gilberti O. smaragdina A. gilberti 

rs = 0.366 

P < 0.001  

rs = 0.684 

P < 0.001 

rs = 0.013 

P = 0.417 

rs = 0.053 

P = 0.269 

! 13C Control plot ! 13C Drought plot 

O. smaragdina A. gilberti O. smaragdina A. gilberti 

rs = -0.0193 

P = 0.763 

rs = 0.0846 

P = 0.395 

rs = 0.00127 

P = 0.321  

rs = 0.0197 

P = 0.618 
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1ä) so the #13C values of consumers can reveal the range of plant sources of food 

(Vander Zanden et al., 2015). For example, in an experimental study on Camponotus 

floridanus colonies under laboratory conditions, the average enrichment of pupae to 

their diet was 3.0ä for #15N and only 1.1ä for #13C (Feldhaar et al., 2010). As we 

found no significant differences in ant #13C value between drought and control sites, this 

could indicate that ants continue to use a similar range but reduced amount of plant 

sources, and include more animal food sources in their diet.  

 

There are two possible explanations for the shift observed in antsÕ isotopic signature, 

and these may not be mutually exclusive. There is considerable empirical and 

experimental evidence from around the world for ant trophic shifts due to variation in 

availability of honeydew or plant sugars (Caut et al., 2014; Gibb & Cunningham, 2011; 

Menke et al., 2010; Pfeiffer et al., 2014). There is also evidence for lower availability of 

nectar during drier periods (Pfeiffer et al., 2014; Phillips et al., 2018; Rico-Gray, 1993; 

Waser & Price, 2016). However, we also cannot exclude the possibility that antÕs 

isotopic signature may be in part driven by changes in #15N in water-stressed plants. At 

the same time as the fieldwork for this ant study, an analysis of leaf isotope values 

across five trees species was carried as part of a study looking at leaf traits (Cheesman 

et al. in press, Duff, 2017). This revealed a large and significant difference in #15N but 

not #13C values between leaves of trees in the droughted and non-droughted areas, with 

leaves from droughted trees having #15N values roughly 3mil higher. In trophic studies 

of ants or other animals using isotopes, an increase of this amount usually indicates a 

higher trophic level although clearly here there must be a physiological reason for this 

increase Previously, BlŸthgen et al (2003) in establishing a baseline for isotopic studies 

of ants and other insects at the study site had found high variability in #15N between 

conspecific plants but no significant difference across tree species. Consequently, he 

had pooled plant data for his analysis. Our assumption that this was likely still the case 

for the drought experiment was clearly wrong and confirms the need to establish an 

isotopic baseline (Post 2002, Vander Zanden & Rasmussen 1999). To clarify the role of 

increasing leaf #15N with drought, any future analysis will need to establish whether the 

higher #15N values in leaves in droughted areas translate to similar higher values in 

honeydew-producing hemipterans, extrafloral nectar, and the ants that tend these. 
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6.5.2! Seasonality 

 

Seasonal trends found at the control plot in antsÕ #15N isotope values suggest that O. 

smaragdina and A. gilberti are true omnivorous organisms, and can switch to alternative 

food sources when preferred resources are not readily available on a seasonal or annual 

basis. These results confirm what was previously known for these ant species from 

classical field observations (BlŸthgen et al., 2004). Flowering at the site usually occurs 

during the late dry season from October to November (Boulter et al., 2006; Grimbacher 

& Stork, 2009; Inkrot et al., 2007), which coincides with the time when ant #15N isotope 

values decrease. This is consistent with previous observations at the study site of 

negligible EFN activity during the dry season, higher EFN activity during the wet 

season (BlŸthgen et al., 2004), and from elsewhere, associations between ants, nectar 

and honeydew-producing hemipterans were strongest after the start of the wet season 

(Rico-Gray, 1993). Further, abundance of plant sucking hemipterans also peaks at the 

beginning of the wet season on this site (C. Gely unpublished) and ants may feed on 

honeydew when it is so readily available. Given these seasonal dynamics, the 

availability of plant-derived food should peak at the beginning of the wet season, which 

explains the seasonal fluctuations of ant trophic responses. 

A major finding of our study is that severe and prolonged drought conditions will result 

in less seasonal variation in ant trophic responses, suggesting that once a threshold in 

reduced plant resources is reached, ant species maintain a higher trophic level. Soil 

moisture can be used to some extent to predict #15N variations in ants, however it seems 

that if drought is intense enough and soil moisture is maintained under a certain 

threshold, #15N is no longer correlated to soil moisture. Other correlated variables from 

the study site could be used to explain the seasonal trends seen in the stable isotope 

analysis results with peaks of #15N occurring in August-October, when precipitation was 

lowest and followed a couple of months of similarly low precipitation. 

 

6.5.3! Ant mobility 

!

Both O. smaragdina and A. gilberti were affected by plant water stress, which indicates 

that ants present at the drought plot did not move away from the plot for foraging. This 
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is somewhat surprising as generally ants have a relatively high degree of mobility, and 

colonies may emigrate to new foraging sites in order to track resources (Carroll & 

Janzen, 1973). Foraging territories of O. smaragdina, for example, can cover an area of 

up to 1500 m2 around their nests (Holldobler, 1983). There are several potential reasons 

that could explain why ants did not seem to forage outside of the drought plot. First, 

ants could still find food resources in the droughted area, even though they might not be 

as abundant as in control areas. Moreover, both ant species are well-adapted to deal with 

drought conditions (Lokkers, 1986; Nowrouzi, 2017), although usually less severe than 

those observed in the drought experiment. Besides, O. smaragdina tend to contract to 

fewer and bigger nests during the dry months and spread out during the wet season 

(Crozier et al., 2010; Lokkers, 1990). Increased drought effects in the drought plot 

might have led to a decrease in foraging territory size. Finally, territories of A. gilberti 

are limited as they usually tend a tree hopper species, only found on Syzygium trees 

(BlŸthgen et al., 2004). As a result, A. gilberti nest exclusively on Syzygium tree trunks 

and tend to largely forage on those trees and a few neighbouring trees (BlŸthgen & 

Stork, 2007). Further data is needed on the life cycle and abundance of those 

hemipterans being tended by ants to determine if their availability is a critical factor. 

 

6.6! Conclusion 

  

Food web structure is a primary determinant of ecosystem responses to perturbations 

(Carnicer et al., 2011). Based on our findings, some generalist ant species are flexible in 

their diet and may be able to shift their trophic position towards a more predatory diet 

under severe drought stress, when plant-derived food resources decrease. Feeding 

observations and measurements of sap/nectar availability are needed to test how much 

elevated #15N is due to changes in ant diet or plant driven. Future research should focus 

on measuring #15N and #13C across the food web, from plants to herbivorous insects and 

ants in order to better understand drought impacts on trophic roles and herbivore 

availability. If ant species are indeed becoming more predatory during drought, this 

might increase competition among ants and potentially reduce their overall biomass, 

since prey is generally more limiting than plant-based food sources. The ÒAnt-Biomass 
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ParadoxÓ demonstrates that the exceptional abundance of ants in tropical forests can 

only be explained by a plant-based diet (D. W. Davidson et al., 2003). 

We also found that ant foraging strategies may vary seasonally, but that those seasonal 

variations may be disrupted under severe drought conditions. Some species might be 

more responsive to seasonal variation in the environment. Seasonally flexible foraging 

behaviors warrant further study given their potential influence on food web dynamics in 

a range of fluctuating environments. 

Seasonal shifts in trophic positions are not unique to tropical ants and knowledge about 

how species and ecosystems respond to seasonality and increased drought is crucial for 

anticipating the consequences of climate change and hydrological alterations. 

Maintenance of species assemblages encompassing diverse foraging strategies and 

trophic responses to seasonal cycles could be critical for food web stability and in 

buffering ecosystems from perturbations. 
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Supplementary information 

Table S.4: Ant species and their codes used in Chapter 6, Figure 1. Sample sizes (n) are 

number of ant sampled at the drought and control plots. 
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7! General discussion 

 

7.1! Summary of findings of this thesis 
 

This thesis investigated how herbivorous insect respond to increased and prolonged 

drought in tropical rainforests.  

 

I first investigated the literature and built a framework which showed the potential 

effects of moderate and severe drought on insects via variation in plant defences and 

nutritional quality (Chapter 2) (Gely et al. 2020). Previous models looking at how trees 

might respond to water-stress argued that plant defences could increase with moderate 

drought and decrease with severe drought (He & Dijkstra, 2014; Massad et al., 2012) 

and the framework from Chapter 2 was built on those hypotheses (see Fig. 7.1 repeated 

here from Chapter 2). I found that insects might be affected differently by drought 

depending on their feeding guilds, their host specificity, or if they are flush feeders or 

senescence feeders. I found that the mechanisms linking drought to insect responses are 

complex, and our knowledge on this topic is mostly speculative. It was clear that 

improved understanding could be made from large-scale (forest level rather than 

individual tree level) experimental studies which might give insights into the processes 

linking water stress to insect performance through variation in plant physiology.  

 

Some of the hypotheses created in the framework were tested through the use of a large-

scale drought experiment set up in an Australian rainforest. Here I assessed how insect 

abundance, diversity, community composition and dietary habits would be affected by 

prolonged severe drought through changes in plant physiology. 

 

I used a large-scale drought experiment, which excluded more than 30% of rainfall for 

two years prior to our study and during it (equivalent to severe drought in Gely et al. 

2020), in order to investigate the effects of increased drought on wood-borers (Chapter 

3). While the proportion of trees with wood-boring damage (wood-boring holes, lateral 
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tracks, frass, resin exudation) was greater at the drought plot compared to the control 

plot for all size classes of trees, this was only significant for saplings (<10cm dbh).  

 

 

 

 

Figure 7.1:!Effects of severe drought on different feeding guilds, as hypothesized in Chapter 2 

and as found in the drought experiment site in Chapter 4. Green arrows indicate a positive effect 

of severe drought on insect performance, red arrows a negative effect. Note that while bark 

beetles and wood borers were found to be less abundant under the drought experiment, this 

difference was not significant and saplings from the drought experiment site were more affected 

by wood boring damage than saplings from the control site (see Chapter 3) 
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In Chapter 4, I explored more deeply some of the hypotheses developed in my 

framework regarding insect feeding guild performance in increased drought conditions. 

I also investigated differences in insect response in shrubs and saplings (<10cm dbh) 

and in large trees (>10cm dbh). As predicted in the review, I found that insect response 

to drought varies among insect feeding guilds and insect orders. For example, there 

were significantly fewer leaf chewers and a lower richness of beetle species on drought-

stressed large trees than on trees in the control plot. Fungivores and sap-suckers on the 

other hand were significantly more abundant on drought-stressed saplings. When 

comparing ant and beetle assemblages from the drought plot and the control plot, I 

found a greater dissimilarity in those assemblages on shrubs and saplings than those on 

large trees. I further speculated as to why there might be such differences in insect 

responses on different sized trees. 

 

I predicted in Chapter 2 that severe drought would affect negatively most feeding 

guilds, with the exception of wood-borers, as I hypothesized that a sharp decrease in the 

quantity and quality food available for herbivorous insects could be more detrimental 

than a potential decrease in chemical defences in water-stressed plants. However, our 

results from Chapter 4 showed that insect response to drought is complex and depends 

on many factors such as insect feeding guilds or tree size.  I found that some feeding 

guilds (sap-suckers and fungivores) sampled on saplings actually benefited from the 

severe drought simulated at our site. 

 

In Chapter 5, I investigated how variations in soil humidity (as measured through 

probes in soil pits) might affect insect seasonality. There was a greater number of 

aseasonal beetle species at the drought plot than at the control plot, both on large trees 

and saplings. There were again some differences between feeding guild response to 

drought in large trees and saplings. I found that several feeding guilds which were 

significantly seasonal at the control plot were aseasonal at the drought plot: leaf 

chewers, saprophages and wood borers in large trees, as well as leaf chewers in 

saplings. I showed that leaf chewers, which were significantly more abundant in the 

control plot than the drought plot (see Chapter 4), peaked towards the end of the dry 

season at the control plot, which coincides with a period of leaf flush on the study site 
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(Edwards et al., 2018), while no peak was observed at the drought plot. It is likely that-

the lack of  a  peak for water-stressed trees and saplings is due to trees producing fewer 

leaves in severe drought conditions. Sap-suckers, which I found to be more abundant in 

saplings on the drought plot than on the control plot (see Chapter 4), peaked in 

abundance when soil was the driest at the drought plot. 

 

Ants are a dominant force in tropical forest canopies and through their predation of 

other insects and tending of sap-sucking hemipterans are a controlling force in insect 

food webs. In Chapter 6, I explored more deeply ant responses to drought as ant diets 

can range from predatory to mostly plant-based through uptake of hemipteran 

honeydew and extrafloral nectar, and ants may be able to adapt their diet depending on 

resource availability and quality (BlŸthgen et al., 2003). Out of 18 ant species collected 

on the drought and control plots for stable isotope analysis, I have shown that 14 ant 

species had higher #15N when foraging in the droughted forest plot than in the nearby 

control plot. Higher #15N in organisms is often indicative of a shift towards higher 

trophic level.  Two species which are known to forage on extra-floral nectar and 

honeydew, O. smaragdina and A. gilberti, also had significantly higher #15N in 

increased drought conditions. While this difference in antsÕ #15N between drought and 

control plots could be due to ants diets shifting from plant-based to predatory as plant 

resources decline with water stress, a separate analysis of leaf isotope values made at 

the same time on the same study site by other researchers revealed a large and 

significant difference in #15N between leaves of trees in the droughted and non-

droughted areas. Consequently, further research is required to determine if the shift 

observed in ant isotope values is due to a change in diet or the change in #15N in water-

stressed plants. 

 

7.2! Future directions for r esearch 
 

7.2.1! Limitations of this study 
!

All insects sampled in this thesis were collected using a leaf-beating technique (with the 

exception of ants in Chapter 6 which were hand-collected). Leaf-beating allows to 
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sample a wide diversity of insects foraging on tree leaves, but certain insect categories 

such as flying insects or insects that live below ground might be poorly represented in 

our samples. This PhD research work focused on above-ground insects and does not 

address below-ground herbivory. Below-ground herbivores can indirectly influence the 

presence of folivores and they may compete (Bezemer et al. 2003). For instance, below-

ground herbivory may modify plant characteristics such as production of foliar extra-

floral nectar, which is well known to stimulate visits by carnivorous enemies of 

folivores (WŠckers and Bezemer 2003). 

 

Large scale in situ water-exclusion experiments are a novel means to examine drought 

impacts on forests.  There have only been three similar large-scale experiments in the 

world: two in eastern Amazon, both 1 ha in size (da Costa et al. 2010; Nepstad et al. 

2007), and one in Sulawesi of 0.16 ha (Moser et al. 2014). The large-scale drought 

infrastructure used in this study was a great way to replicate the effects of severe 

drought events on a forest scale, however, there were some parameters that might have 

been influenced by the experiment. Leaf litter for example might have been impacted by 

the experiment as leaves were falling on the plastic panels instead of the ground, 

although leaves were relocated as often as possible back to the forest floor. There are 

several other parameters that might have been influenced by the droughting 

infrastructure, such as wind and light. Insect behaviour and overall performance might 

have impacted by the infrastructure itself, rather than the drought induced in the 

experiment. Another potential issue is the lack of replication in this study, and as setting 

up and maintaining such a large-scale drought experiment is extremely costly, it was 

unfortunately impossible to replicate data collection on several sites, and trees were 

used as pseudo-replicates instead. 

 

7.2.2! Interaction between drought, plant traits and insect performance 
!

Overall, this thesis revealed the complexity of insect response to drought events. Most 

of the previous research published so far on this topic was often very speculative, with 

hypotheses relying on our current knowledge on plant and insect physiology, and 

extrapolations from results for a few insect species to whole feeding guilds. While this 
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thesis only looked at insect response to drought in one study plot, it is the first study to 

look at the effect of a long severe drought on whole insect assemblages, both on large 

trees and saplings. We found that insect response to drought is complex because it 

varies among insect orders and feeding guilds, and can also vary depending on drought 

severity or whether they live and forage on saplings or larger trees. 

 

There are several plant traits that may influence insect feeding (leaf toughness and 

chemical defences in particular) and it is still poorly known which ones contribute the 

most to insect performance, and some suggest that plant traits affect insect feeding guild 

differentially (Caldwell et al., 2016). Severe drought leads to both more favourable 

conditions for insects (less plant chemical defences against attack) and less favourable 

conditions (increase in leaf toughness, decrease in quantity of leaf and sap available for 

feeding, poor plant nutritional quality). The different responses observed in this study 

among feeding guilds, and more particularly the decrease in abundance and lack of 

seasonal peak of leaf-chewers, and the increase in abundance of sap-suckers on 

saplings, may suggest that for sap-suckers, plant defences might be the most critical 

factor driving their performance, whereas for leaf-chewers, the quantify of leaf 

available, as well as leaf toughness and nutritional quality might be the most critical 

factors. 

 

Drought might also affect insects directly, rather than through changes in plant 

physiology. It is well known that some climatic variables such as temperature may 

greatly affect insect development rates (Gilbert & Raworth, 1996; Liu et al., 1995; 

Ratte, 1984). The direct impact of drought on insect physiology are not as well known, 

but insects often demonstrate great resilience to dehydration. Insects can increase their 

tolerance to desiccation by increasing their total body water content and by reducing the 

rate of body water loss, however some insects might be more adapted to tolerate 

drought than others (Thorat & Nath, 2018).  

 

Throughout this thesis I looked at differences in responses between insects collected in 

large trees and in saplings. While I hypothesized that most of the differences in insect 
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response between water-stressed trees and saplings is due to variation in drought 

vulnerability for different tree sizes, I acknowledge that insect communities from the 

canopy and ground may be different (McCaig et al., 2020; Stork & Grimbacher, 2006) 

The variations we observed in how insects were affected by drought on large trees and 

saplings could therefore also be due to the differences in insect communities at the 

canopy and at the ground, and not only caused by differential responses to drought 

among trees of different age and size. 

 

One point that requires further research is understanding how drought might affect 

larvae and other stages of the life cycle. Many insects feed on different plant tissues as 

larvae or as adults, and for some species all the feeding is done at the larval stage 

(Altermatt & Pearse, 2011). During this PhD, abundance data on larvae was collected 

for some insect taxa: Hemiptera, Orthoptera and Blattodea. This data was not explored 

here but will be examined in further work. Similarly, further investigation of insect-

mediated ecosystem processes such as pollination, herbivory and decomposition could 

provide a better understanding of drought effects on forest ecosystems. Pictures of 

leaves from saplings were taken bi-monthly under the drought experiment during the 

course of this PhD, and further analysis will be done to measure the impact of drought 

on leaf herbivory rates. Finally, identification the wood-boring insects and termites at 

the drought experiment site would allow to better understand which species are driving 

the wood-boring and how they benefit from droughting. 

 
 

7.2.3! Climate change impacts 
!

Insect declines has been of increasing concern in recent years with reports of declining 

abundance and biomass (Hallmann et al., 2017; Lister & Garcia, 2018; S‡nchez-Bayo & 

Wyckhuys, 2019). In addition,  it is suggested that around 5 to 10% of insects might 

have become extinct since the industrial era (Cardoso et al., 2020) although accurately 

estimating current rates of extinction is challenging since as much as four fifths of 

insect species may be undescribed (Stork, 2018). A large part of insect loss is 

considered to be human-induced, driven by climate change (increased temperature, 

increased drought), habitat loss and fragmentation, pollution and use of harmful 
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pesticides (Cardoso et al., 2020). Insects that are habitat and resource specialists might 

be at particular risk as their dependence on specific resources and environmental 

conditions make them more vulnerable to the multiple pressures stemming from climate 

change (Cardoso et al., 2020). In Chapter 2 I highlighted the fact that severe drought 

stress could be detrimental to many specialists, while moderate stress could benefit 

some specialists as they might evolve to tolerate plant defences. While the question of 

insect declines was not specifically addressed in this thesis, investigation into insect 

abundance and species richness in Chapter 4 of this thesis showed that there were 

significantly fewer leaf-chewers and a lower richness of beetle species on droughted 

trees. Better understanding of insect declines caused by drought is critical as insects 

have a major role in providing valuable ecosystem services such as pollination and 

nutrient cycling. 

 

With climate change, many forests around the world have been getting drier and more 

susceptible to wildfire. Even rainforests have seen an increase in anomalously dry fuel 

conditions leading to more wildfires (Holz & Veblen, 2012; Jager & Coutant, 2020). 

The large wildfires that Australia have suffered during summer 2019-2020 highlighted 

the need to better understand the potential impacts of wildfires on rainforests as 

rainforest trees may not be able to withstand fires. 

 

This thesis focused on one aspect of climate change, drought. Knowledge on the 

impacts of rising temperature on insect communities has increased substantially during 

the last 20 years (Bale et al., 2002; Harvey et al., 2020; Kingsolver et al., 2011; 

Musolin, 2007). A great challenge that lies ahead of us is being able to understand not 

only how increased temperature, drought and CO2 levels might each affect forest and 

insect communities, but also how the combination of those climatic factors will impact 

forest ecosystems. The combined effects of increased temperature, CO2 levels, and 

drought events on plants and insects are still not well known (Roth et al., 1997; Zeppel 

et al., 2012). 
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Future research on the impact of drought on insect communities should include (i) 

assessing how drought-induced changes in various plant traits, such as secondary 

compound concentrations and leaf water potential, affect herbivores, (ii) food web 

implications herbivorous insects and those that feed on them, and (iii) interactions 

between the effects on insects of increasing drought and other forms of environmental 

change including rising temperatures and CO2 levels. There is a need for larger, 

temperate and tropical forest-scale drought experiments to look at herbivorous insect 

responses and their role in tree death.  
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Supplementary information  

 

Chapter 3 - Supplementary information 

Table S.1: Feeding guild assignations for the different insect orders and families 

collected on our study site. S: saprophagous, X: xylopagous, LC: leaf chewing, P: 

predatory, F: fungivorous, N: nectarivorous, G: granivorous SS: sap-sucking, NA: 

unassigned because of wide feeding habits or because adults are incapable of feeding. 

Note Scolytinae and Platypodinae are subfamilies of Curculionidae but have different 

feeding guild assignments. 

Order Family Feeding guild No. individuals 
Blattodea  S 450 
Coleoptera Aderidae S 105 
 Anobiidae X 14 
 Anthicidae S 168 
 Brentidae X 32 
 Buprestidae LC 1 
 Cantharidae P 4 
 Cerambycidae X 21 
 Chrysomelidae LC 784 
 Coccinellidae P 6 
 Ciidae F 8 
 Clambidae F 375 
 Corylophidae F 156 
 Curculionidae LC 1201 
 Dermestidae S 11 
 Discolomatidae F 3 
 Elateridae NA 25 
 Erotylidae F 42 
 Languriidae F 4 
 Latridiidae F 238 
 Leiodidae F 2 
 Lycidae N 13 
 Lymexylidae P, X 5 
 Melyridae P 34 
 Mordellidae N 9 
 Nitidulidae F, S 88 
 Phalacridae F 58 
 Platypodinae X 1 
 Ptilidae F 7 
 Rhipiphoridae P 10 
 Scarabaeidae LC 14 
 Scolytinae X 2 
 Scraptidae S 109 
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Table S.1 - continued 

 

Order Family Feeding guild No. individuals 
Coleoptera Scydmaenidae S 1 
 Silvanidae S 60 
 Staphylinidae P 256 
 Tenebrionidae S 6 
 Zopheridae F 1 
Dermaptera  S 37 
Diptera  NA 56 
Hemiptera  Lygaeidae G 46 
Hemiptera Reduviidae P 23 
Hemiptera others SS 324 
Homoptera  SS 293 
Hymenoptera Formicidae NA 3733 
Hymenoptera  others P 15 
Isoptera  X 11 
Lepidoptera  N 42 
Mantodea  P 21 
Neuroptera  P 8 
Orthoptera  LC 624 
Thysanoptera  NA 234 

 

 

 

  



 

! -2"!

Table S.2: Model selection results on GLMM to determine which combination of 

variables were best predictors of insect abundance, species richness and Shannon 

diversity index. Note that for species richness models, abundance was included as a 

covariate in the models. Candidate explanatory variables were: A: treatment 

(drought/control), B: tree size, C: weekly average VWC (Volumetric water content), D: 

monthly average VWC, E: tree species.  AICc = Akaike information criteria with small 

sample bias adjustment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Predictors AICc Ð 

insect 

abundance 

AICc Ð 

species 

richness 

AiCc Ð 

Shannon 

index 

A 402.9 675.2 500.3 

B 392.4 835.8 766.1 

C 1054.1 1412.0 1034.0 

D 1017.7 1396.8 1099.9 

E 1078.7 1093.5 869.3 

A x B 377.2 603.2 494.4 

A x C 653.7 894.8 985.3 

A x D 1351.3 795.1 1038.6 

A x E 1046.9 982.9 796.3 

B x C 649.0 1070.2 1213.4 

B x D 651.7 1067.4 1273.2 

B x E 533.4 1063.4 886.8 

C x D 485.0 989.2 1054.7 

C x E 1047.7 862.2 759.1 

D x E 1046.9 661.5 876.9 

A x B x C 1151.2 691.6 824.9 

A x C x D 889.4 794.1 795.4 

B x C x D 753.7 941.6 631.9 

A x B x C x D 729.6 1584.7 917.1 
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Table S.3:  The 10 ant species (and their average abundances per tree) found on trees 

and sapling contributing the most to the dissimilarity between control (C) and drought 

(D) plots, as identified by a SIMPER analysis. 

 

 

Ant species  Large trees + saplings 

 Avg. Ab.. in C Avg. Ab. in D Contribution to 
dissimilarity (%) 

Oecophylla smaragdina 0.85 0.96 11.6 

Crematogaster fusca 0.72 0.79 9.93 

Polyrhachis yorkana 0.20 0.70 7.13 

Monomorium floricola 0.51 0.30 6.38 

Polyrhachis delicata 0.26 0.53 6.14 

Tetramorium wroughtonii 0.33 0.25 4.64 

Anonychomyrma gilberti 0.56 0.74 4.09 

Camponotus vitreus 0.11 0.24 2.97 

Polyrhachis mucronota 0.07 0.25 2.85 

Tapinoma melanocephatum 0.17 0.16 2.84 

Ant species  Large trees 

 Avg. Ab.. in C Avg. Ab. in D Contribution to 
dissimilarity (%) 

Crematogaster fusca 0.76 0.90 11.72 

Tetramorium wroughtonii 0.66 0.50 8.73 

Polyrhachis yorkana 0.19 0.71 7.69 

Monomorium floricola 0.59 0.23 7.16 

Oecophylla smaragdina 0.48 0.36 6.60 

Tetramorium validiusculum 0.39 0.17 4.60 

Tapinoma melanocephatum 0.33 0.23 4.54 

Camponotus vitreus 0.08 0.41 4.37 

Polyrhachis mucronota 0.08 0.36 4.25 

Anonychomyrma gilberti 0.29 0.26 3.91 
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Table S.3 (continued) 

  

Ant species  Saplings 

 Avg. Ab.. in C Avg. Ab. in D Contribution to 
dissimilarity (%) 

Oecophylla smaragdina 1.23 1.48 14.25 

Polyrhachis delicata 0.47 0.93 9.66 

Crematogaster fusca 0.68 0.69 8.40 

Polyrhachis yorkana 0.21 0.68 6.69 

Monomorium floricola 0.42 0.37 5.72 

Anonychomyrma gilberti 0.03 0.40 4.21 

Turneria bidentata 0.25 0.07 2.79 

Tetraponera nitida 0.08 0.19 2.00 

Camponotus vitreus 0.14 0.09 1.87 

Crematogaster pythia 0.14 0.10 1.79 
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Chapter 6 - Supplementary information 

 

Table S.4: Ant species and their codes used in Chapter 6, Figure 6.1. Sample sizes (n) 

are number of ant sampled at the drought and control plots. 

 

 

 

Code Species n, control plot n, drought plot 

Ano. gil Anonychomyrma gilberti 21 18 

Cam. sp Camponotus sp. 1 1 

Cre.fus Crematogaster fusca 5 4 

Cre.pyt Crematogaster pythia 2 3 

Lep. uni Leptomyrmex unicolor 4 7 

Mon. flo Monomorium floricola 1 2 

Oec. sma Oecophylla smaragdina 23 25 

Par. min Paratrechina minutula 1 1 

Phe. imp Pheidole impressiceps 1 1 

Pol.del Polyrhachis delicata 1 2 

Pol.for Polyrhachis foreli 3 2 

Pol.muc Polyrhachis mucronata 2 2 

Pol.yor Polyrhachis yorkana 8 6 

Rho. wro Tetramorium wroughtonii 1 1 

Tap. mel Tapinoma melanocephalum 1 1 

Tec. alb Technomyrmex difficilis 1 1 

Tet.nit Tetraponera nitida 2 2 

Tet.val Tetramorium validiusculum 1 1 




