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Synopsis 

Human-modified landscapes are ubiquitous and often made up of remnant fragments of 

natural ecosystems nested within an agricultural or urban matrix. Understanding how 

species are affected by habitat degradation is a central issue in biodiversity research, yet 

investigations into the impacts on key ecological interactions have not kept pace. 

Gaining insight into the responses of ecological processes is vital in order to maximise 

biodiversity conservation and develop sustainable management practices in a changing 

world. Herbivory is a fundamental ecosystem process as it mediates the transfer of 

energy between primary production and higher trophic levels. In tropical rainforests 

herbivory is primarily carried out by insects.  

Here, I investigate how leaf damage changes over time by carrying out repeated 

measures of herbivory following fragmentation. In doing so, I build upon previous 

‘snapshot’ studies which have primarily quantified leaf damage at single points in time. 

An experiment was established within a large-scale manipulation experiment: the 

Stability of Altered Forest Ecosystems (SAFE) project in the Malaysian state of Sabah, 

within Borneo. I used seedlings of two species of endemic Dipterocarpaceae as the 

study system for two main reasons. Firstly, seedlings represent the most vulnerable life 

stage in a tree’s life cycle, and therefore insect herbivory may be a major determinant of 

their growth and survival. Secondly, not only do members of the family 

Dipterocarpaceae dominate in lowland tropical rainforests of Southeast Asia, most are 

economically valued for their timber and are consequently under pressure from logging 

which is leading to conservation concern. Five hundred and seventy-six seedlings were 

planted in 12 recently isolated one hectare fragments and 12 continuous forest control 

sites. Eight of these control sites were located in an area of continuous forest estimated 

to be over one million hectares north of the experimental landscape of the SAFE 
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project. Four further control sites were established in a virgin jungle reserve which is 

over 2,200 hectares and located to the south-west of the experimental area. All leaves 

were scanned in situ on six occasions over two field seasons (May- October) in 2015 

and 2016. At the end of the experiment, traits analyses were performed to quantify three 

common metrics of leaf defence: total phenolic content, acid detergent fibre and leaf 

strength. 

Through this experiment I addressed the following aims; (1) to determine the initial 

effects of fragmentation on rates of leaf damage, (2) to investigate whether bottom-up 

control of herbivory was altered by fragmentation through changes in foliar defence, 

and (3) to assess whether responses were shared among study species or were instead 

individualistic.  

I also use data from a key published monograph to create species interaction networks 

between lepidopteran caterpillars and their known host plants in tropical Asia, with the 

aim of exploring the importance of members of the Dipterocarpaceae for insect 

herbivores.  

I found some evidence that herbivory is disrupted by fragmentation, with both species 

exhibiting lower levels of herbivory in fragments. Forest type was an important 

predictor of patterns of leaf area loss in this experiment, but overall differences between 

herbivory in fragments and control sites were not significant. Instead, herbivory was 

best explained by seedling traits, and predictors of leaf area loss varied between species 

indicating species-specific responses. Relaxation of phytochemical defensive traits was 

also detected in forest fragments, perhaps due to decreased levels of herbivory. A 

reduction in phytochemical defence may imply an increased vulnerability of seedlings 

in forest fragments which translates to differences in herbivore damage over time.   
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I highlight the importance of repeated measures experiments when investigating a 

complex and dynamic ecological process such as herbivory, and propose long term 

monitoring to fully understand the effects of forest fragmentation. The results of this 

thesis contribute to understanding the effects of fragmentation on insect herbivory, 

which remain uncertain, and provide evidence of the extent to which this key ecosystem 

process is disrupted due to anthropogenic habitat modification. 
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Chapter 1 Introduction, aims and thesis outline 

1.1 The importance of phytophagous insects 

Tropical arthropods make up the majority of terrestrial, eukaryotic diversity (Basset et 

al. 2015) and consequently insects have been described as “the little things that run the 

world” (Wilson 1987). In no other ecosystem is this more evident than in tropical 

forests (Ewers et al. 2015). Here, not only do they form an important component of the 

hyper-diversity of the region, following similar trends to other taxa in that they increase 

in diversity and abundance towards the equator (Salazar and Marquis 2012), they are 

also responsible for a number of vital ecological processes. Invertebrate species play a 

dominant role in many aspects of ecosystem functioning in tropical forests: they are 

involved in pollination, decomposition and seed predation, they provide important prey 

species for higher trophic levels, and are argued to be the most important group of 

primary consumers (Coley and Barone 1996, Ewers et al. 2015). Despite their 

importance, there are large knowledge gaps that must be addressed. While an estimated 

one million species of insect have been described, it is thought that 80% of all insects 

remain undiscovered, the majority of which are predicted to occur in the tropics (Stork 

2018). 

Herbivory is a vital ecosystem process within green food webs as it provides the link 

and accordingly, the transfer of energy between primary production and higher trophic 

levels (Terborgh et al. 2001). On a global scale, plant-insect herbivore interactions form 

some of the most dominant species interactions and include over 40% of terrestrial 

metazoan biodiversity (Price 2002, Novotny et al. 2010). Phytophagous insects have a 

wide range of impacts on their environment, from being an important component of 
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food web structure, to contributing to carbon and nutrient cycling, to influencing 

individual plant fitness. They therefore have cascading effects at both population and 

community levels (Coley and Barone 1996, Ruiz-Guerra et al. 2010, Bagchi et al. 2014, 

Metcalfe et al. 2014).  

Insect herbivore damage has been shown to increase decomposition rates in leaf litter 

(Moreno et al. 2017). Increased soil fertility has been found to correlate with outbreaks 

of herbivory (Maguire et al. 2015). Similarly, leaf-cutting ants make “refuse dumps” 

where they deposit decomposing leaf and flower fragments creating a mosaic of patches 

associated with higher soil fertility due to the deposition of decomposing leaf and 

flower fragments (Wirth et al. 2008).  

Herbivore damage can directly increase the risk of mortality in plants by acting as a 

point of entry for pathogen infection. Higher incidence of fungal infection has been 

found in individuals which exhibit greater herbivory (Benítez-Malvido et al. 1999). 

Some herbivores, of course, are themselves vectors of plant pathogens (Nakazawa et al. 

2012). There is also evidence that insect herbivores disproportionately target certain 

plant species, leading to changes in the structure of plant communities (Bagchi et al. 

2014). By preferentially targeting certain species, herbivores play an important role in 

consumer regulation, preventing populations of those species from increasing in 

numbers (Wirth et al. 2008).  

Herbivorous insects comprise a diverse group of organisms which exhibit a wide variety 

of feeding strategies (Rossetti et al. 2017). Consequently, herbivory is often categorised 

according to three predominant feeding types; folivores consume leaf material, 

florivores consume flowers and granivores are seed predators (Chávez-Pesqueira et al. 

2015). Folivory is the most common form of herbivory in tropical ecosystems and, 
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consequently, folivores have been proposed as the most important primary consumers in 

these diverse systems (Coley and Barone 1996, Suzuki et al. 2013). In an analysis of the 

amount of leaf damage attributed to each insect leaf feeding herbivore guild in the 

tropics, it was found that 93% was carried out by leaf chewers, with leaf mining 

accounting for 4% and galling and skeletonising insects causing just 1.3% of damage 

(Adams et al. 2009). This is further supported by a peak in galling and leaf mining 

activity found in temperate zones during a global assessment of insect herbivory 

(Kozlov et al. 2015). As a result, over 50% of studies on insect herbivory have dealt 

solely with leaf-chewing taxa, this focus has meant that leaf-chewers are relatively well 

known to science (Novotny et al. 2010). Less studied forms of herbivory include 

suckers who feed on xylem and phloem tissue (Novotny et al. 2010), those that feed on 

extra-floral nectaries (Hunt 2003). Further, more cryptic forms of herbivory exist such 

as root feeding which are underrepresented in the literature (Hunter 2001a). 

Insect herbivores comprise a particularly useful functional group with which to study 

anthropogenic disturbance as their abundance and species richness respond relatively 

quickly compared to vertebrate groups (Fayle et al. 2015) due to their short generation 

times (Chávez-Pesqueira et al. 2015). They are also a good indicator of the trajectory of 

any given system, since species at higher trophic levels, which are potentially more 

vulnerable to habitat modification, are dependent on them (Rao et al. 2001). The 

antagonistic ecological interaction between plants and their herbivores should be a 

conservation priority, as disruptions in the balance of these interactions can have 

consequences for entire ecosystems (Chávez-Pesqueira et al. 2015).  

1.2 The effects of habitat modification on insect herbivory 

Habitat modification such as logging, fragmentation and increased edge creation alters 

the microclimate of forests enabling both light and wind to penetrate deeper, and as a 
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consequence modified forests are often hotter and drier than intact systems (Bierregaard 

et al. 1992, Newbery et al. 1996). Carbon sequestration and storage is reduced by the 

removal of woody biomass through logging (Berry et al. 2010). This may be 

particularly catastrophic in the lowland dipterocarp forests of South-east Asia, which 

have been identified as one of the world’s most important carbon sinks (Ashton and 

Kettle 2012). Fragmentation not only alters ecosystem functioning through changes in 

hydrological and biogeochemical cycling, it can also affect species composition and 

species interactions (Laurance et al. 2011).  

While some fragmented landscapes such as islands and high altitude habitats in 

mountain ranges do occur naturally, anthropogenic activity is the leading cause of 

fragmentation (Ewers and Didham 2006). Anthropogenic fragmentation results in 

habitat loss or change, which alters the spatial distribution of natural environments, 

resulting in smaller patches nested in a more or less modified “unnatural” matrix across 

a landscape (Didham et al. 2012). The detrimental effects of fragmentation on 

ecological dynamics are exacerbated because habitat conversion tends to occur in a non-

random fashion, often in already degraded habitats. Consequently, forest fragments 

remain only in areas of low agricultural productivity; either in steep areas, at high 

elevations or in areas of poor soil fertility or poor drainage (Laurance 2008). Isolated 

habitat fragments are less likely to be recolonised following local extinction, and edge 

effects are likely to have much greater detrimental impacts in fragments compared with 

continuous habitats. The combination of these impacts all result in a reduction in forest 

area and can lead to the loss of vulnerable species (Murcia 1995).  

Historically, fragmentation research has been primarily focused on its effects on species 

abundance and richness (Valiente-Banuet et al. 2015). While species loss is 

undoubtedly a concern, an additional issue is when particular species that provide 
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ecosystem services such as seed dispersal, pollination or nutrient cycling are lost (Sodhi 

et al. 2004). Moreover, ecosystem services which are reliant on complex interactions 

among multiple species can be disrupted before species loss occurs (Valiente-Banuet et 

al. 2015). Yet investigations into the effects of fragmentation on ecological interactions 

have not kept pace with those focussed on species loss. As of 2015, as few as 10% of 

studies on the effects of fragmentation examined the consequences of fragmentation on 

ecological interactions, and those that did investigate ecological interactions primarily 

focused on mutualistic ones such as pollination or seed dispersal (Chávez-Pesqueira et 

al. 2015). A geographical bias in studies of the effects of fragmentation on insect 

herbivory is also evident, with more than 50% of studies having been carried out in the 

USA, Germany and Switzerland. Most of this research has been based in fragmented 

grassland and temperate forest rather than in any other habitat type (Rossetti et al. 

2017). Consequently, there remains a relative paucity of information on how 

fragmentation affects insect herbivory in tropical regions. 

The studies that have addressed the effects of fragmentation on insect herbivory have 

yielded inconsistent results. By 2010, at least 16 studies had been carried out 

investigating the effects of habitat fragmentation on insect herbivory; however, a 

general consensus could not be reached from these studies, with half suggesting an 

increase in leaf area loss in smaller fragments whilst the other half showing a decrease 

(Ruiz-Guerra et al. 2010). This general uncertainty has given weight to the suggestion 

that research in the field of fragmentation should be individualistically driven and look 

at species-specific responses to habitat change (De La Vega et al. 2012, Didham and 

Ewers 2012).  

The complexity of studying the impacts of fragmentation on insect herbivory lies in the 

multifaceted factors that can affect this process. Firstly, fragmentation can affect insect 
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herbivore communities directly through a decline in the abundance and species richness 

of phytophagous insects associated with reduced habitat area and increased isolation 

(Rossetti et al. 2017). Herbivory can be reduced in fragments due to local extinctions of 

key herbivores (Benítez-Malvido et al. 2016). This may lead to differences in the 

patterns of damage and activity as different guilds of phytophagous insects may be more 

susceptible (Novotny et al. 2012, Rossetti et al. 2014). Conversely, the loss of plant 

species has consequences for the herbivores that rely upon them. Specialist guilds such 

as galling insects are particularly vulnerable and negatively affected by fragmentation 

(Souza et al. 2018). The dispersal ability of different insect species is also an important 

factor to consider (Fáveri et al. 2008). The degree of isolation of a forest fragment can 

mean insects with reduced vagility and those which persist in small populations may be 

more vulnerable to inbreeding depression and extinction (Tscharntke and Brandl 2004).  

The extent to which metapopulation theory can be applied to insect populations in 

tropical forests remains uncertain. A combination of high levels of plant species 

diversity and host specificity means that herbivores often naturally exist in patchy 

populations dependent on the spatial structure of their hosts (Lewis and Basset 2009). 

At its most basic, Levins model suggests that while turnover of local populations can be 

high due to a complex series of extinction and colonisation events, the metapopulation 

remains relatively stable due to dispersal between patches containing suitable host 

plants (Hunter 2001b, Tscharntke et al. 2002). More complex models consider the size 

and arrangement of suitable habitat patches and propose local extinctions are a function 

of patch size while colonization events are dependent on patch location (Tscharntke et 

al. 2002). Both of these concepts have consequences for the conservation of tropical 

rainforest and management of modified landscapes. Conserving insect herbivores and 

maintaining healthy rates of herbivory will rely on being able to determine both the 
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occupancy and extinction rates of insects in these hyper diverse systems (Lewis and 

Basset 2009). At a landscape level, habitat degradation such as fragmentation and the 

removal of suitable host plants through logging could increase the isolation of local 

herbivore populations and could have implications for the long term persistence of 

herbivores in a given area (Lewis and Basset 2009).  

Indirect effects can include complex species interactions such as competition. There is 

increasing evidence that disturbance such as logging alters the functional composition in 

degraded systems, even shifting the functional importance to vertebrate species in some 

instances (Ewers et al. 2015) which has indirect effects on insect herbivory. In 

fragmented landscapes, edge habitats are often heavily browsed by vertebrate 

herbivores leading to changes in vegetation structure which in turn reduces the 

availability of certain types of plants required by insect herbivores (Bagchi et al. 2018).  

Due to their trophic position, phytophagous insects are governed by bottom-up (changes 

in the plant resource) and top-down (predation by natural enemies) controls, both of 

which may be altered through habitat degradation (Wirth et al. 2008). Similar to the 

responses shown by phytophagous insects, the effects of top-down controls in forest 

fragments have been found to be variable. In general, the number of predators is 

expected to decrease in fragments, as abundance is usually correlated with area and 

connectivity at higher trophic levels  (Bagchi et al. 2018). The removal of area-sensitive 

predatory species, however, may not translate to an overall decrease into top-down 

control of herbivory. There is, however, some evidence that generalist predators are less 

affected by fragmentation and they may provide some functional redundancy (Bagchi et 

al. 2018). Increased abundance of generalist predators in edge environments may lead to 

higher predation pressure in disturbed habitats, resulting in lower numbers of insect 
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herbivores (Ruiz-Guerra et al. 2012, Murphy et al. 2016), which may translate to lower 

levels of herbivore damage in these environments.  

The effects of bottom-up and top-down forces on insect herbivory are further 

complicated as they rarely occur in isolation. The abundance of generalist predators is 

positively correlated with plant diversity, and consequently it has been suggested that by 

increasing plant diversity in agricultural systems insect herbivores can be suppressed 

(Dassou and Tixier 2016). This ‘enemies hypothesis’, however, has been found to be 

most effective in systems with reduced diversity such as in agricultural landscapes, and 

further research is needed to support it in more complex systems such as tropical 

rainforests (Zhang and Adams 2011).  

Bottom-up forces are thought to be the predominate driver in changes in dietary 

specificity in fragmented forests (Bagchi et al. 2018). Bottom-up and top-down controls 

may act in concert with one another. For example, reduced predation by ants was 

recorded in forest fragments characterised by lower plant species richness, which could 

not be significantly predicted by other fragment metrics such as size and distance from 

forest edge (Leles et al. 2017). In this thesis I have focussed on bottom-up controls 

through changes in environmental conditions and foliar traits. 

1.3 Aims 

This thesis aims to improve our understanding of the ecological responses to 

anthropogenic forest degradation, with a particular focus on forest fragmentation. My 

research feeds into a larger project which investigates the effects of habitat degradation 

on the tri-trophic interactions among plants, insect herbivores and their predators. The 

primary focus of this thesis is to explore the plant-insect herbivore dynamics of this 

larger system. Through a large-scale seedling experiment where specimens of two 
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species of Dipterocarpaceae were planted in one-hectare forest fragments and 

continuous forest control sites across a tropical landscape, I have addressed the 

following specific aims: 

1. to understand the initial effects of forest fragmentation on insect herbivory; 

2. to test whether the rate at which leaf damage occurs is disrupted through this form 

of habitat modification; 

3. to identify whether forest fragmentation alters bottom-up controls of insect 

herbivory through changes in foliar defensive traits; and, 

4. to determine whether these responses are shared between study species or are 

individualistic. 

Using a key published source on the known food-plants of lepidopteran caterpillars, I 

have also produced a meta-analysis to address the following aims: 

5. to review members of the Dipterocarpaceae as a food source for lepidopteran larvae 

throughout tropical Asia; and,  

6. to determine the level of specialist relationships that have been recorded between 

lepidopteran herbivores and their dipterocarp host plants. 

1.4 Thesis Structure 

This thesis is organised as a series of manuscripts ready for submission to peer-

reviewed journals, with the exception of the present chapter and Chapters 3 (General 

methods) and 6 (General discussion). Chapter 2 is a review of “Lepidopteran herbivory 

in the Dipterocarpaceae of Tropical Asia”, which examines the current state of research 

on members of this plant family as a food source for herbivorous insects, and includes a 

food web constructed for dipterocarps and Lepidoptera across the Oriental region.  
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Chapter 3 is a “General methods” chapter providing the context for this PhD thesis; it 

gives a general overview of the study region and an introduction to the Stability of 

Altered Forest Ecosystems (SAFE) project in Sabah, Malaysian Borneo, where 

fieldwork was carried out. This chapter also provides details of the experimental design 

used in this project, and an overview of the general procedures carried out during this 

research.  

Following this, is Chapter 4 entitled “The effects of fragmentation on insect herbivory 

rates of seedlings in a fragmented tropical rainforest”. This paper aims to determine 

whether human disturbance, specifically following forest fragmentation, disrupts the 

key ecosystem process of insect herbivory. It explicitly examines the effects of 

fragmentation on rates of damage rather than single snapshot measures of damage 

which previous research studies have focussed on.  

Chapter 5 is entitled “Palatability and defence in two species of Dipterocarpaceae 

planted across a fragmented tropical landscape”. Here, I investigate whether 

fragmentation alters insect herbivory through bottom-up changes in the plant resource; 

specifically the chapter examines whether three key foliar defensive traits are altered 

following forest fragmentation.  

Chapter 6 concludes this thesis and provides a General discussion of the key findings 

from this research. Suggestions for future directions in the field of insect herbivory and 

fragmentation research are proposed. 

Pertinent Supplementary materials can be found at the end of each chapter. To avoid 

repetition, a combined reference list is provided at the end of the thesis. 
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2.1 Abstract 

The Dipterocarpaceae are an ecologically dominant and economically valuable family 

of trees. In Southeast Asia they dominate forest stands and form a large portion of both 

canopy and subcanopy environments. As such, they are an important component of the 

biodiversity in species-rich tropical forests, and it follows that they are host to a wide 

array of phytophagous insects. The extent to which their herbivores are dependent 

solely on them is unclear. The aim of this study was to summarise existing information 

on interactions between Lepidoptera and their dipterocarp host plants. In addition, the 

importance of dipterocarps to these dipterocarp-feeding herbivores was assessed by 

exploring on which other host plants they have been recorded. Data were collated from 

a key monograph that includes known interactions between lepidopteran caterpillars and 

their host plants across tropical Asia. Qualitative bipartite food webs were created; first 

depicting interactions between Lepidoptera and their dipterocarp host plants and second 
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depicting all other host plants of these lepidopteran caterpillars. In total, 287 species of 

Lepidoptera were recorded to feed on the Dipterocarpaceae and 38% of these species 

solely fed on members of this family. A high proportion of these dipterocarp-only 

interactions involve single species records. This highlights the need for further 

investigations to determine whether these truly reflect a high level of specialisation 

within the Dipterocarpaceae. The majority of records involved folivorous species, 

highlighting the need to investigate less common forms of herbivory such as stem and 

root feeders.  

Key words: Lepidoptera; food web; dipterocarps; plant-insect interactions; dipterocarp 

2.2 Introduction 

The Dipterocarpaceae are a pantropical family of trees, with members principally found 

in Asia, but also in Africa and South America (Ashton and Kettle 2012). In Asia, the 

geographic breadth of dipterocarp forests spans from southern India to as far east as 

New Guinea (Brearley et al. 2017). The forests of Southeast Asia, in particular, are 

unique in their high level of diversity and dipterocarp species form an important 

component of this ecosystem (Sakai, Momose, Yumoto, Nagamitsu, et al. 1999). 

Lowland tropical rainforests, <500 m above sea level, have been found to be 

particularly diverse (Slik et al. 2003). The Dipterocarpaceae includes some of the tallest 

trees found in the tropics and dipterocarps make up the majority of emergent canopy 

trees in the tropical rainforests of Southeast Asia (Sakai, Momose, Yumoto, Nagamitsu, 

et al. 1999, Ashton and Kettle 2012). The family, however, also includes smaller tree 

species and therefore additionally contributes to an important component of the 

subcanopy environment (Ashton and Kettle 2012). Due to their dominance, members of 

the Dipterocarpaceae play an important role in maintaining the structure and function of 

forest across Southeast Asia (Brearley et al. 2017). 
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Part of the order Malvales, the Dipterocarpaceae is highly speciose, with an estimated 

695 species from 16 genera worldwide (Christenhusz and Byng 2016); 510 species from 

13 of these genera are distributed across Asia (Kettle 2010). Multiple species are able to 

coexist at relatively small spatial scales compared with other closely related species in 

tropical rainforests (Ashton and Kettle 2012). Previously, species of dipterocarps were 

thought to be habitat generalists. However, recent research has found that niche 

partitioning is much more common than formerly thought (Kettle et al. 2012). Certain 

species have specific habitat requirements and are dependent on particular soil 

conditions (pH levels, nutrient content, moisture levels and aeration) and the topography 

of the landscape (Newbery et al. 1996, Ashton and Kettle 2012). This results in a fine-

scale arrangement of different species and any change in environmental conditions may 

alter the floristic structure of dipterocarp forests (Newbery et al. 1996, Kettle et al. 

2012).  

Dipterocarps exhibit “general flowering” and subsequent “mast fruiting” a few months 

later, meaning that their reproduction is usually synchronised (Sakai, Momose, Yumoto, 

Nagamitsu, et al. 1999). The intervals between masting events can be irregular but they 

generally occur every 3-10 years (Hancock et al. 2005). This has important ecological 

impacts at higher trophic levels (Curran et al. 2004). It is thought that the strategy of 

synchronised reproduction helps satiate seed predators, reducing their overall negative 

impacts on tree regeneration (Sakai, Momose, Yumoto, Nagamitsu, et al. 1999). An 

abundance of fruit at a particular time has often been found to coincide with increased 

numbers of frugivores and is linked to increased faunal reproduction (Curran et al. 

2004). Mast fruiting within the Dipterocarpaceae is thought to be triggered by 

environmental cues such as sharp decreases in night-time temperatures (Hancock et al. 

2005), which can be associated with natural disturbance regimes like El Niňo cycles 
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(Curran et al. 1999, Sakai, Momose, Yumoto, Nagamitsu, et al. 1999). Modified 

landscapes including logged or fragmented forests are more susceptible to the negative 

impacts of El Niňo, in particular they endure longer periods of drought and wildfires, 

meaning that disturbance that once led to regeneration is now highly destructive (Curran 

et al. 2004). Moreover, climate change is manifesting in increased frequency of extreme 

climatic events, including El Niňo, which has further consequences for mast fruiting 

(Butt et al. 2015). 

Apart from having an important ecological role within ecosystems, dipterocarps 

produce timber of high economic value (Kettle et al. 2012). Towards the end of the last 

century, over 80% of all tropical timber came from just Indonesia, Malaysia and the 

Philippines (Berry et al. 2010). It is feared that high levels of logging in this region have 

resulted in the local extinction of some dipterocarp species (Maycock et al. 2012). The 

vast majority of dipterocarp forests are now restricted to highly fragmented landscapes 

(Kettle et al. 2012). Deforestation has been most intense in lowland areas due to easy 

access, the high density of commercially valuable dipterocarp trees and also because 

these areas are ideal for conversion to oil palm (Maycock et al. 2012). By 2010, all 

dipterocarp forests on Borneo located outside of protected areas were predicted to have 

been logged at least once. This has led to increasing concern that these areas of 

degraded forest are more vulnerable to conversion to agricultural uses such as oil palm 

(Berry et al. 2010). 

One of the most speciose orders of phytophagous insects is the Lepidoptera (Zahiri et al. 

2012). They are the target taxa for many ecological studies since they are relatively well 

known taxonomically compared to other groups (Ehrlich and Raven 1964).  

Encompassing both moths and butterflies, over 157,000 species have been described 
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(Breinholt et al. 2018). The majority of Lepidoptera rely on plant species throughout 

their entire life cycle and feed on plant tissue as caterpillars and nectar as adults (Regier 

et al. 2009, Krenn 2010). Due to their strong dependence on plants, the abundance of 

phytophagous insects parallels that of their host plants (Basset et al. 2015). Members of 

the Lepidoptera adopt a number of feeding strategies. Lepidopteran caterpillars are a 

dominant group of externally feeding phytophagous insects (Dyer et al. 2007), and are 

thus important within the leaf-chewing guild (Novotny et al. 2004). They also feed 

internally as leaf miners (Connor and Taverner 1997, Maunsell et al. 2015) and galling 

insects (Gaston et al. 1992, Shorthouse and Rohfritsch 1992) of both leaves (Mani 

1964) and stems (Dhileepan 2003, Bedetti et al. 2013). Further species are inquilines 

which feed on galls induced by other insects and may inhabit these by displacing the 

original hosts (Yamazaki and Sugiura 2016). A key compendium of the feeding 

preferences for Lepidoptera is the work of Robinson et al. (2001) who compile 

information from a large number of published studies. In this chapter we use this 

valuable resource for our analysis as described further below. 

Interaction networks comprise a series of nodes that are connected by links. Food webs 

are an extension of network theory that describe feeing interactions (Tylianakis et al. 

2007). Depending on the scale in question, nodes can represent individuals, different 

taxonomic groups (species, genera, families etc.), communities or ecosystems (Poisot et 

al. 2016). Food webs are useful tools as they present the components of a biological 

system and further the understanding of how it works (Pimm et al. 1991). Interactions 

can represent mutualistic relationships such as pollination or antagonistic relationships 

such as herbivory and parasitism (Poisot et al. 2016). Increasingly they are being used 

in conservation biology to determine the vulnerability of ecosystems (McDonald-

Madden et al. 2016). The LifeWebs project is a large-scale venture that aims to study 



17 

 

food webs in the context of climate change and habitat degradations at a global scale. 

LifeWebs’ aim is to identify and understand global patterns of change in these complex 

ecological interaction networks and thus not only contribute to the fundamental 

understanding of ecology but also to help predict how these systems will respond to 

habitat modification (Fayle et al. 2016).  

In this chapter we aim to investigate the importance of the Dipterocarpaceae as host 

plants for lepidopteran caterpillars. Using a data-collation approach, our goal is to 

determine how many lepidopteran herbivores that have been recorded to use 

dipterocarps solely depend on members of this family.  

2.3 Materials and methods 

Data source 

The Hostplants of the Moth and Butterfly Caterpillars of the Oriental Region by 

Robinson et al. (2001) was the primary data source used for this study. This text is a 

collection of recorded interactions between lepidopteran caterpillars and plant species 

across tropical Asia. The geographical breadth of this database spans tropical South to 

Southeast Asia, from Pakistan to Peninsular Malaysia, and extends to Borneo, Sulawesi, 

the Philippines and the tropical regions of China and the Ryukyu islands of Japan 

(Robinson et al. 2001). Since laboratory-based feeding trials may yield interactions that 

are possible for lepidopteran herbivores but that do not occur in natural systems (Ehrlich 

and Raven 1964), records of host plants that were obtained through laboratory-based 

feeding trials were excluded from this study so that data would best reflect known 

natural host plant-Lepidoptera interactions.  

Robinson et al. 2001 is divided into two parts so that it can be searched by host plant 

species or lepidopteran species. First, all of the members of the Dipterocarpaceae were 
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searched to identify the Lepidoptera that used them as host plants. Each lepidopteran 

species was then searched individually to ascertain what other plant species, if any, that 

they use as host plants.  

Construction of bipartite food webs 

First, data on lepidopteran species recorded to feed on members of the Dipterocarpaceae 

were collated and used to construct a binary matrix of interactions. This matrix was 

binary because feeding was recorded only in binary manner in Robinson et al 2001 i.e. 

abundance/frequency of interactions was not reported. These data were used to 

construct a dipterocarp only food web, which was constructed using recorded 

interactions among lepidopteran species and individual dipterocarp species. In order to 

investigate how specific these dipterocarp-feeding Lepidoptera were to the 

Dipterocarpaceae, a larger web was constructed using recorded interactions among all 

dipterocarp-feeding Lepidoptera species and all plant genera recorded for the Oriental 

region. Although in most cases the text used recorded interactions at the species level, 

for the larger food web, host plant data were pooled at the plant genus level. The 

plantlist was used to validate the spelling of each plant species and to check for 

synonymies (The Plant List 2013). Both interaction matrices were ordered according to 

a community phylogeny of all plant genera recorded as hosts in Robinson et al. (2001). 

The phylogenetic tree was created using the online version of Phylomatic v.3 whereby 

plant genera where grafted onto a mega tree (Slik et al. 2018) which was subsequently 

‘pruned’. Since not all genera were represented in the mega tree, polytomies often 

occurred at lower levels (e.g. among genera) of the phylogeny, but major clades were 

resolved (Figure S2.1).  Herbivorous Lepidoptera were ordered in food webs according 

to a recent phylogeny of lepidopteran families (Figure S2.2, (Breinholt et al. 2018)).  



19 

 

The R package Bipartite (Dormann et al. 2008) was used to construct bipartite food 

webs of (1) dipterocarp species and their known lepidopteran herbivores and (2) the 

whole known list of plant genera that these herbivores are also reliant upon.  

Food web metrics 

Metrics were calculated using the bipartite package (Dormann et al. 2008) in R version 

3.5.1. To obtain a measure of specialisation for each lepidopteran on species of 

Dipterocarpaceae, degree values were calculated for each species of Lepidoptera. This 

metric counts the number of plant species each insect is recorded on (Dormann 2011). 

Connectance refers to the proportion of possible interactions that are realised within a 

given food web (Dunne et al. 2002). This metric can be interpreted as a network-level 

measure of redundancy within the system (Blüthgen et al. 2008). It is a qualitative 

measure calculated from binary data that does not take interaction strength into account, 

and is therefore a useful measure to describe binary food webs (Blüthgen, Menzel, et al. 

2006). 

The number of compartments was also calculated, which identifies the number of 

subgroups within a network that show interactions and are completely disconnected 

from each other (Krause et al. 2003, Fabian et al. 2013). Greater numbers of 

compartments within a food web is thought to imply increased stability (Krause et al. 

2003). Compartment diversity was also determined for both food webs, and this 

measures the extent to which compartments are similar in size within a food web 

(Fabian et al. 2013). It is calculated as Shannon’s diversity of compartment size 

(Dormann et al. 2009). Higher values are associated with compartments of varying 

sizes.  
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Nestedness is common in interaction networks and describes the degree to which 

specialists (or those who interact with few species) interact with species with many 

interacting partners (Menke et al. 2012). There are several metrics with which the 

degree of nestedness within a network can be quantified: Nestedness metric based on 

Overlap and Decreasing Fill (NODF) was chosen as it is a reliable metric that can be 

applied to a diverse array of interaction networks (Almeida-Neto et al. 2008). Values 

can range from zero to 100 with higher values indicating increased levels of nestedness 

(Dormann et al. 2009). 

Web asymmetry describes the balance between the two trophic levels, positive values 

are indicative of networks with greater numbers of consumer species whereas negative 

values indicate higher numbers of species within the lower trophic level (Dormann et al. 

2009). Inferences on specialisation within a food web may also be made based on this 

metric, as strongly asymmetric webs with positive values (i.e. more consumers) can 

indicate low levels of specialist behaviour amongst those taxa (Blüthgen et al. 2007). 

Web asymmetry is equal to zero when both trophic levels are balanced (Blüthgen et al. 

2007). 

2.4 Results 

Two hundred and eighty seven species from 38 families of Lepidoptera were recorded 

to feed on 85 species of Dipterocarpaceae across tropical South Asia. This represents 

phytophagous lepidopteran records on 17% of the Asian dipterocarps. These species of 

Lepidoptera were also recorded on 1,090 other host plant species from 138 different 

plant families. Records of lepidopteran caterpillars on members of the Dipterocarpaceae 

produced a complex web of interactions (Figure 2.2). However, these relationships 

represented only a small proportion of interactions observed in the larger food web 
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(Figure S2.3). In total, the larger web contained 2785 recorded interactions (Figure 

S2.3), the dipterocarp food web containing 503 (18% of all interactions) (Figure 2.2). 

 

Figure 2.1 The proportion of species from each lepidopteran family recorded on 

Dipterocarpaceae from Robinson et al. 2001. 
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Figure 2.2 Bipartite food web showing binary interactions between 287 species of 

Lepidoptera (right) and 85 species of Dipterocarpaceae (left). Interactions are coloured 

according to lepidopteran family. Width of bars for each dipterocarp species is 

proportional to the number of lepidopteran species with which they are recorded to 

interact with. 
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Lepidopteran herbivory within in the Dipterocarpaceae 

Of the 287 recorded lepidopteran herbivores, 110 species (38% of all species) from 28 

families were recorded to solely use dipterocarps as host plants (Table 2.1). 196 of the 

287 Lepidoptera presented degree values of 1, indicating that they were recorded on just 

one host plant.  

Fourteen out of the fifteen species of Gracillariidae included in this study solely fed on 

the Dipterocarpaceae. Nine of these species had degree values of one, a further three 

had degree values of two and one had a degree of three. Only one species was also 

recorded to feed on plant species outside of the Dipterocarpaceae.  

By far the most generalist species that solely fed on dipterocarps were Andrioplecta 

shoreae and A. pulverula which were recorded on 35 and 23 different hosts, 

respectively (Figure 2.3). A. shoreae was one of the 110 species that solely fed on 

dipterocarp species. Within the Dipterocarpaceae, it was recorded to feed on species 

from eight of the 11 genera included in this analysis. A. pulverula was recorded on three 

other genera; Ficus, Quercus and Castanea. These three plant genera were grouped 

closely together in the phylogeny, and ordered genus numbers 438, 456 and 459 within 

the web (Figure S2.1).  

Compared with other lepidopteran families, Erebidae contained the highest number as 

dipterocarp-feeding species, constituting 16% of all recorded species in the dipterocarp 

food web (Figure 2.1). Six species of Erebidae fed solely on members of the 

Dipterocarpaceae (Table 2.1). Of these six, all but one species had degree values of one 

(Hydrillodes minor, H. toresalis, Lymantria semicincta, L. subrosea and Simplicia 

turpatalis), H. gravatalis was associated with two host species.  
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Forty-four of the 85 species of dipterocarp with records of lepidopteran herbivores were 

members of the genus Shorea. S. robusta was host to the highest number of 

lepidopteran species which were primarily species of Erebidae (Figure 2.3). The genus 

with the second highest number of records was Dipterocarpus, which had information 

for 16 species. Single species records were present for four genera; Monotes, 

Neobalanocarpus, Pentacme and Vateria (Table S2.1).  

Table 2.1 Summary information for lepidopteran caterpillars recorded to solely feed on 

Dipterocarpaceae. ‘No. Species’ refers to the number of Lepidoptera from each family 

that fed only on dipterocarps. ‘Total No. dipterocarp host plants’ represents the number 

of dipterocarp species that are host to these Lepidoptera.  

Family No. Species Total No. dipterocarp host plants 

Batrachedridae 1 1 

Blastobasidae 4 4 

Choreutidae 1 1 

Cosmopterygidae 1 1 

Crambidae 9 21 

Drepanidae 1 1 

Erebidae 6 7 

Eupterotidae 2 2 

Euteliidae 3 3 

Gelechiidae 3 3 

Geometridae 6 7 

Gracillariidae 13 18 

Immidae 1 1 

Lasiocampidae 2 2 

Lecithoceridae 2 2 

Lycaenidae 8 8 

Lyonetiidae 1 3 

Noctuidae 1 1 

Nolidae 4 4 

Notodontidae 1 1 

Oecophoridae 3 3 

Pyralidae 12 23 

Saturniidae 1 1 

Sesiidae 1 5 

Sphingidae 4 8 

Stathmopodidae 1 1 

Thyrididae 3 3 

Tineidae 4 5 

Tortricidae 12 53 
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Figure 2.3 The number of species that exhibit each mean degree value for each family of Lepidoptera recorded to feed on members of the 

Dipterocarpaceae. A higher degree value indicates a higher level of generalism across the Dipterocarpaceae. These values were calculated at 

species level for each herbivore species from a binary food web of lepidopteran caterpillars and their dipterocarp host plants. Most species 

exhibited a degree value of 1.Two tortricid species outliers had degree values of 23 and 35 these were Andrioplecta pulverula and Andrioplecta 

shoreae. 
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Feeding strategies of dipterocarp-feeding Lepidoptera 

Most herbivory was recorded on leaves (37% of all records within Dipterocarpaceae, 

Figure 2.4). Rarer feeding strategies included Lepidoptera recorded specifically on pith, 

saplings, stems, galls, twigs and shoots (all <1% of records each, Figure 2.4). A 

relatively large portion of the records did not define the plant part on which lepidopteran 

caterpillars were recorded (14%, Figure 2.4).  

 

Figure 2.4 Proportion of records for the 14 different categories of records for lepidopteran 

caterpillars using dipterocarp species as host plants according to Robinson et al 2001. 

Network-level patterns of herbivory 

Food web structure in terms of connectance, number of compartments and compartment 

diversity was more complex in the dipterocarp-only food web (Table 2.2). Both food 

webs displayed asymmetry (Table 2.2). The dipterocarp food web was associated with a 
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positive value due to the higher number of herbivores relative to host plants. The larger 

food web was associated with a negative value for asymmetry indicating that there were 

more host plants than lepidopteran caterpillars present in that web. Fewer mean links 

per species was obtained in the dipterocarp web compared to the larger web. Low levels 

of nestedness were associated with both food webs (Table 2.2). Nestedness within the 

dipterocarp food web was slightly higher than that of the larger web.  

Table 2.2 Food web metrics for the dipterocarp-only binary network and the larger binary 

network which included all host plants for lepidopteran caterpillars recorded to feed on 

Dipterocarpaceae across tropical South Asia. 

Metric Dipterocarp food web Larger food web 

Connectance 0.021 0.018 

Web asymmetry 0.542 -0.320 

Mean links per species 1.356 3.312 

Number of compartments 10 2 

Compartment diversity 1.369 1.017 

NODF 6.452 8.884 

2.5 Discussion 

Structure of food webs 

Compartmentalisation, whereby communities can be divided into distinct subgroups, is 

usually higher in antagonistic networks such as those describing herbivore – host plant 

relationships. This is related to the adaptations by herbivores to overcome plant defence 

which naturally result in groups of related herbivores that feed on host plants with 

similar traits (Wardhaugh et al. 2015). Increased levels of compartmentalisation in food 

webs are thought to be associated with a lower risk of species extinctions (Fabian et al. 

2013). While a higher number of compartments was detected in the dipterocarp-only 

food web, this may simply reflect the higher number of lepidopterans with a single host 

present in this web. Single species interactions are more likely to lead the network to be 
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split into compartments (Fabian et al. 2013), and therefore this metric is highly 

dependent on sampling intensity (Lewis et al. 2002). Moreover, the larger web was only 

split into two compartments suggesting little resilience within the larger system when 

records were pooled according to genera.  

Relatively low connectance values were obtained for both food webs with proportions 

of realised links out of all hypothetically possible links being 0.021 and 0.018 for the 

dipterocarp web and whole web, respectively. This is unsurprising as this metric is 

strongly influenced by the size of the network, and decays with increasing complexity 

of food webs (Blüthgen, Menzel, et al. 2006). Connectance is also highly dependent on 

sampling intensity (Blüthgen et al. 2008). The large number of single species 

interactions suggested that these records may benefit from further sampling. Further 

research may lead to an increase in connectance values for both food webs. Moreover, 

since the webs cover the entire Oriental region, it is highly possible that many species of 

dipterocarps and herbivorous Lepidoptera do not overlap in geographical range, 

meaning that interactions among these species are not possible in the wild (forbidden 

links) (Olesen et al. 2011, Morales-Castilla et al. 2015).  

The dipterocarp food web had a web asymmetry value which was positive, highlighting 

the fact that more herbivore species occur in this network than host plants. Greater 

numbers of consumer species usually reflects generalist behaviour of those taxa 

(Blüthgen et al. 2007). A negative value for asymmetry was recorded in the larger food 

web, indicating there are more host plants than herbivore species. Asymmetry in the 

larger web is unsurprising as it could be considered ‘incomplete’, since only 

lepidopteran herbivores that were also recorded on dipterocarp species were included. 

While these results may suggest that the dipterocarp food web is more asymmetric than 

the larger web, the relative strength of these metrics may not be comparable as the 
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larger web contains data pooled at genus-level. A higher mean number of links per 

species was obtained in the larger web, this is unsurprising as this web was larger and 

had more trophic interactions than the dipterocarp network.  

Binary food web networks provide useful qualitative information on species interactions 

however, drawing conclusions on the level of specialism within binary networks should 

be done cautiously (Dormann and Blüthgen 2017), as they are highly sensitive to 

changes in sampling intensity (Banašek-Richter et al. 2004, Tylianakis et al. 2007). The 

nature of presence/absence data means no information on strength or number of 

interactions is given, as a consequence specialist behaviour may be underestimated if an 

insect species is recorded to utilise multiple species but they utilise a single species 

most often (Blüthgen, Menzel, et al. 2006).  

Nevertheless, a large number of species had low degree values within the dipterocarp 

food web presented in this chapter. This may reflect specialist relationships between 

Lepidoptera and dipterocarp species or a lack a general lack of information on feeding 

behaviour within this important plant family.  

The Hostplants of the Moth and Butterfly Caterpillars of the Oriental Region provides a 

large number of interactions between dipterocarp species, their lepidopteran caterpillar 

herbivores and the additional plant species on which these feed. However, the paucity of 

information on sampling intensity within the collated text makes it difficult to make any 

firm conclusions from these data. Despite this, our dataset provides a useful platform 

from which to develop hypotheses and identify gaps in our current understanding of 

ecological interactions within this ecologically important plant family.  

Records for the Dipterocarpaceae only included 85 of the 510 known species to occur 

across Asia. Whether this reflects a general lack of information on lepidopteran 
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herbivory within dipterocarp species or whether it is actually rare for members of this 

order to feed upon dipterocarps remains uncertain. Alternatively, the unsampled 

dipterocarp species might themselves be rare, meaning that feeding records are less 

likely to have been made. This analysis has highlighted the need to identify the extent to 

which the remaining 425 species of dipterocarp located throughout Asia are host to 

phytophagous lepidopteran insects. Furthermore, Lepidoptera are just one order of 

phytophagous insects and so there is a dearth of information on other phytophagous 

groups.  

Patterns of lepidopteran herbivory within the Dipterocarpaceae 

Despite the aforementioned limitations a number of interesting results were obtained 

during this exercise. Among the large number of lepidopteran species that were 

recorded on a single dipterocarp host plant was a high proportion of the Gracillariidae 

species included in this study. In total fifteen species were recorded to feed on 

dipterocarp species and only one of these was recorded to feed on a genus outside of the 

Dipterocarpaceae (Acrocercops resplendens on Ficus). Many species within this family 

are leaf miners in their larval stage (Sinclair and Hughes 2010, Novotny et al. 2012). 

Leaf miners tend to exhibit more specialist behaviour ((Novotny et al. 2010), so the low 

degree values obtained for species of Gracillariidae in this study may truly reflect a 

higher level of specialisation within this group. Furthermore, specialists are more 

vulnerable to habitat modification as they are directly dependent on their host plants 

(Wirth et al. 2008, Rossetti et al. 2014, Bagchi et al. 2018). If a large number of 

specialist leaf miners are dependent on dipterocarps as host plants, they may be 

particularly vulnerable to the effects of logging. 
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Conversely, the tortricid moths A. pulverula and A. shoreae were recorded on many 

more host plants than the other lepidopteran caterpillars that are known to feed on 

dipterocarps. While A. shoreae was recorded to solely feed on members of the 

Dipterocarpaceae, it had 35 host plants from eight different genera within this family. 

Despite being a dipterocarp-specialist, we can reliably conclude that this species of 

Lepidoptera displays generalist behaviour within the family. By far the best represented 

genus of dipterocarp in this analysis was Shorea. This mirrors its taxonomic 

representation as this is the most speciose genus of the Dipterocarpaceae (Blundell and 

Peart 1998).  

The effects of habitat modification on food webs 

Ecosystems are comprised of a number of species connected through complex 

interactions (Terborgh et al. 2001). Loss of species due to habitat degradation or 

conversion can alter the structure of these interactions which may manifest in extinction 

cascades whereby species at higher trophic levels are also lost (Terborgh et al. 2001, 

Valladares et al. 2012). In a changing world it is becoming increasingly important that 

trophic interactions are properly documented and examined (Fayle et al. 2016). This is 

particularly pertinent in tropical rainforest where there is growing evidence that food 

web dynamics maintain ecosystem functioning through a crucial balance between 

bottom-up and top-down forces (Gardner et al. 2009).  

Changes in temperature, associated with altitudinal gradients have previously been 

found to alter the structure of food webs manifesting in lower parasitism in colder 

environments (Maunsell et al. 2015). Shifts in species distributions caused by climate 

change may lead to an increase in parasitism at higher elevations than before (Maunsell 

et al. 2015). Previous investigations into fragmentation on food web structure have 
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found that less specialised species occur at the ecotone between forest and farmlands, 

but that interactions between species in these edge environments are less vulnerable to 

species extinction (Menke et al. 2012). 

Types of herbivory recorded in the Dipterocarpaceae 

The majority of dipterocarp-Lepidoptera interactions were recorded on or within leaf 

tissue. This supports previous research suggesting that leaf-eating is the most common 

form of herbivory (Coley and Barone 1996, Suzuki et al. 2013). Fruits and seeds were 

the second and third most common plant parts on which lepidopteran caterpillars were 

recorded, together accounting for 35% of records. Given the focus on mast fruiting 

within the Dipterocarpaceae (Cannon et al. 2007) this is unsurprising. 14% of records 

were concerned with seed predation. While vertebrates are the primary seed predator 

pre-dispersal, insects have been identified as dominant post-dispersal seed predators for 

members of the Dipterocarpaceae (Chong et al. 2016). Another study that looked at 

changes in seed predation following logging found a shift in the functional composition 

of seed predators with vertebrates dominating seed predation in logged forest (Curran 

and Webb 2000). 

Host specificity amongst seed predators within the Dipterocarpaceae is thought to be 

relatively low (Ghazoul 2016). This is again related to the phenomenon of mast fruiting 

and seeding. From a herbivore perspective, it is advantageous to adapt to feeding on a 

wide range of host plants in order to exploit seeds that are in short supply and also to 

maximise feeding during general flowering and seeding events (Nakagawa et al. 2003). 

This ensures survival on host plants which provide intermittent and unpredictable seed 

supplies (Ghazoul 2016). Interestingly, as previously mentioned, the two herbivore 

species which exhibited the highest number of host plant species were two species of 
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tortricid moths; A. shoreae and A. pulverula, both of which were recorded to feed on the 

fruits and seeds of all of their hosts. Moths from the familes Tortricidae, Pyralidae, 

Crambidae, Immidae, Sesiidae and Cosmopterigidae are known seed predators of 

dipterocarps. Adults of these moths oviposit on either flowers and fruits, the larvae 

mature internally as the fruit develops and emerge either just before or shortly after seed 

dispersal (Ghazoul 2016). 

Few studies were concerned with other plant parts, for example there were no records of 

root feeders within the Dipterocarpaceae. However, this feeding strategy may be rare in 

lepidopteran caterpillars, it is more common for other groups such as some families of 

Coleoptera and is rarely studied (Hunter 2001a). It would therefore be interesting to 

focus research efforts on this more cryptic form of herbivory. Of more concern is the 

relatively high incidence (14%) of studies that did not give information on which plant 

part the Lepidoptera was recorded.  

Conclusion 

The aim of this study was to determine the importance of the Dipterocarpaceae for 

lepidopteran caterpillars across tropical Asia. While 38% of the species known to feed 

on dipterocarps were not recorded to feed on any non-dipterocarp species, the lack of 

information on sampling intensity makes it difficult to ascertain whether these are true 

dipterocarp-specialists. Nevertheless, summarising the records of lepidopteran 

herbivores on the Dipterocarpaceae has been useful in relation to identifying important 

knowledge gaps. We hope that this dataset can act as a foundation for future data 

collation efforts relating to Lepidoptera-Dipterocarpaceae food webs. Finally, it is clear 

from results of this study that there is paucity of information on more cryptic guilds of 

herbivores.  
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S2 Supplementary material 

 

Figure S2.1 Phylogeny of plant genera included in the larger food web. This tree was used 

to order plants in both food webs. Genera highlighted in green represent those of the 

Dipterocarpaceae. Using Phylomatic v3, the genera included in this study were grafted 

onto a mega tree of tropical plants created by Slik et al. 2018 
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Figure S2.2 Phylogeny of lepidopteran families taken from Breinholt et al. 2018, used to 

order the lepidopteran families for both food webs.  
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Table S 2.1 Summary of the number of species for each genus of Dipterocarpaceae for 

which there were records of lepidopteran herbivores in Robinson et al. 2001.  

Genus No. Species 

Anisoptera 3 

Dipterocarpus 16 

Dryobalanops 4 

Hopea 8 

Monotes 1 

Neobalanocarpus 1 

Parashorea 2 

Pentacme 1 

Shorea 44 

Vateria 1 

Vatica 4 
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Figure S2.3 Bipartite food web showing binary interactions for 287 dipterocarp-feeding 

lepidopteran species (right) and all recorded host plant genera for tropical South Asia 

(left). Interactions are coloured according to herbivore Family. Host plant data is based on 

1175 species and pooled to genus level (557 genera). The 11 dipterocarp genera are 

highlighted in light green. 
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Chapter 3 General methods 

This chapter provides context and gives an overview of the design of a seedling 

experiment which forms the basis of the subsequent chapters. I describe the study 

region and techniques used for field data collection. Details of chemical analyses are 

provided in Chapter 5.   

3.1 Introduction to the study region 

The importance of South-east Asian rainforests 

The forests of South-east Asia are of global importance for their high levels of diversity 

(Sakai, Momose, Yumoto, Nagamitsu, et al. 1999). Recent estimates of the number of 

tropical tree species found similar species richness across the Indo-Pacific region 

compared to that in the neotropical forests of South America (Slik et al. 2015). Despite 

this, a meta-analysis on the effects of anthropogenic land-use change on biodiversity 

across the tropics found that forests in Southeast Asia are the most vulnerable (Gibson 

et al. 2011). Southeast Asia is experiencing the highest regional rate of deforestation 

across the tropics, and it is estimated that it will lose 75% of its original forests by 2100, 

which is predicted to translate to a loss of 40% of its biodiversity (Sodhi et al. 2004, 

Edwards et al. 2011). This predicted loss is particularly important since the region holds 

a high number of endemic species and, if their habitats are not protected, they will 

become extinct  (Sodhi et al. 2004). Less than 10% of the forest in South-east Asia is 

protected (Sodhi et al. 2010). Consequently, primary tropical rainforest in the region is 

restricted to a series of variously sized fragments, nested in highly disturbed landscapes 

(Bruhl et al. 2003). Although it is widely believed that the protection of intact primary 

forest is vital for biodiversity conservation (Gibson et al. 2011), there has recently been 

a shift in research to determine conservation value of degraded systems such as those 
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that have been selectively logged (Berry et al. 2010). Modified landscapes are 

ubiquitous and so there is a current drive to find ways to maintain their biodiversity and 

ecosystem functioning. It is estimated that three quarters of Borneo’s iconic Pongo 

pygmaeus (Bornean Orangutan), for example, are found in degraded forests which are 

under the management of forestry departments (Meijaard and Sheil 2007).  

Borneo 

With an area of 746, 000 km
2 

(Wooster et al. 2012), Borneo is the world’s fourth largest 

island (Ashton 2010). Located on the Sunda shelf, it makes up the largest land mass of 

the region known as Sundaland, alongside the Malay Peninsula, Sumatra, Java and their 

smaller neighbouring islands (den Tex et al. 2010). The naturally occurring vegetation 

of Borneo is tropical forest, of which there are three dominant types; Mixed 

Dipterocarp, Kerangas (heath) and Peat Swamp Forests (Ashton 2010). Borneo is the 

centre of distribution for the plant family Dipterocarpaceae (Ghazoul 2016) and Mixed 

Dipterocarp forests comprise the highest tree species richness of any forest type on the 

island (Ashton 2010). Ten percent of the forests of Borneo are protected, however, 

approximately 50% the remaining forests are classed as forestry concessions and either 

have experienced or are due to undergo selective logging (Meijaard and Sheil 2007). 

Politically, Borneo is governed by three nations: Malaysia, Brunei and Indonesia (Sodhi 

et al. 2004), which adds to the complexity of biodiversity management and conservation 

across the island. Although they share similar ecologies, threats to biodiversity such as 

fire have been found to differ among the three states (Langner and Siegert 2009, 

Wooster et al. 2012). The forests of Indonesia have been found to suffer greater fire 

damage than those in Brunei or Malaysia suggesting that Malaysia and Brunei have 

more fire prevention and suppression measures which may be lacking in Indonesian 

Borneo (Langner and Siegert 2009).  



40 

 

 

 

Habitat degradation through logging and land-use change in Malaysia 

Logging and conversion to oil palm have been identified as the most critical threats to 

biodiversity in Malaysia. The country’s oil palm industry continues to expand rapidly, 

with an average annual growth of 6.6%  between the years of 1996 and 2006, Malaysia 

also had the highest commercial logging rates in the tropics over the period of 2004-

2007 (Sodhi et al. 2010). Logging is a form of habitat degradation which involves the 

extraction of commercially valuable timber species and thus directly affects both the 

structure and composition of forests (Akutsu et al. 2007). The logging history of the 

region can largely be attributed to the economic importance of one single family, the 

Dipterocarpaceae, Borneo’s dominant family of trees (Ghazoul 2016). With the 

exception of members of the genus Vatica, all species of dipterocarp are considered 

valuable timber resources (Sist et al. 2003).  

Selective logging remains the main method of timber extraction in Malaysia 

(Nussbaum, Anderson and Spencer, 1995) and was developed from more destructive 

methods of timber extraction such as clear-fell logging (Sist et al. 2003). In 1948, the 

“Malayan Uniform System” (MUS) was first introduced whereby all trees over 45cm 

dbh (diameter at breast height) could be extracted. This policy included measures to 

produce a more desirable, even-aged forest stand which could subsequently produce 

higher densities of commercially valuable timber species for future logging cycles. 

Poisoning and girdling of any trees that were deemed 'defective' and above 5cm dbh 

was commonly employed, as well as systematic understory clearance and liana cutting. 

The implementation of MUS was so commercially successful that by the 1970s most 
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lowland forests in Malaysia had been exploited. Focus then shifted to upland habitats 

and the brief implementation of the “Modified Malayan Uniform System” (MMUS), 

under which enrichment planting of timber species was carried out in steeper areas 

where natural rates of regeneration is low. Results were inconsistent and MMUS was 

discontinued shortly after its introduction, leading to the development of “Selective 

Management Systems” (SMS) (Sist et al. 2003).  

Initially hailed as a more sustainable land-use practice than previous logging policies, 

selective logging, under SMS, was also seen as a beneficial alternative to direct 

conversion to agriculture. This stemmed from the discovery that preserving trees in situ 

benefitted such things as soil fertility (Meijer 1974). There is also no doubt that 

selective logging is less harmful to biodiversity than conversion to agriculture (Gibson 

et al. 2011), although this generally accepted statement is based on relatively few data 

on a highly selected set of taxa (e.g. mammals, birds, butterflies). This policy was also 

based on a minimum diameter above which trees could be felled over a 30-35 year 

logging rotation (Sist et al. 2003). These cut-offs were 45cm dbh for non-dipterocarp 

species and 50cm dbh for dipterocarp species (Sist et al. 2003). Whilst selective logging 

aims to remove large trees only, its sustainability is widely questioned as the extraction 

methods used cause high levels of collateral damage, with up to 50% of forest stands 

being damaged in the process (Johns 1988, Sist et al. 2003). This damage is primarily 

caused by the extraction methods used. Removal of large felled trees requires the 

creation of “skid trails” and often logs are stored nearby on 'log landings' before 

transporting them elsewhere producing infertile, weed-susceptible and highly 

compressed patches in consequence (Nussbaum et al. 1995). Forest regeneration is also 

generally stunted following selective logging, due to removal of the top soil which 

holds the seed bank, and the compaction of soils which can reduce water infiltration and 
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increase soil erosion (Nussbaum et al. 1995). Despite the frequent expression of these 

concerns, this logging method remains a pervasive threat to forest ecosystems with up 

to 50% of the world’s tropical forests are predicted to undergo selective logging in the 

future (Bicknell et al. 2015). Alternatives have been suggested such as Reduced Impact 

Logging (RIL), which has a less harmful effect on biodiversity (Bicknell et al. 2015).  

Sabah  

The Malaysian state of Sabah located in North-eastern Borneo, has an area of 73,700 

km
2
, comprising approximately one-tenth of the island’s land area (Hazebroek et al. 

2012). The climate is wet tropical, experiencing 2000-3000 mm of rainfall annually 

with monthly averages rarely falling below 100mm. The driest months usually fall 

between July-September (Walsh 1996). Although rainfall regimes are very variable in 

space across Sabah, and there is evidence that drought frequency and intensity are 

increasing in the region (Walsh and Newbery 1999). As in the rest of Borneo, the 

dominant indigenous vegetation is forest, ranging from mangrove, swamp forest, 

lowland dipterocarp to montane forest (Marsh and Greer 1992). The principal forest 

type is lowland dipterocarp and Sabah is home to 70% of the species of dipterocarps 

found on Borneo, six of which are endemic to this state (Chung et al. 2013). 

Consequently, Sabah has a substantial history of logging which began towards the end 

of the 19
th

 century (Ibbotson 2014) but experienced significant expansion in the 1960s 

(Phua et al. 2016). By the 1990s, most of the lowland dipterocarp forests had 

experienced degradation from at least one rotation of logging (Marsh and Greer 1992, 

Phua et al. 2016). The state has now been identified as a global hotspot for tropical 

deforestation (Bryan et al. 2013). In 2010, it was estimated that 39.5% of the forests of 

Sabah had been converted to other land-use types (Gaveau et al. 2014).  
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3.2 The Stability of Altered Forest Ecosystems (SAFE) project 

Fieldwork for this thesis was carried out within the Stability of Altered Forest 

Ecosystems project, hereafter referred to as the SAFE project, located in the South-east 

of Sabah. Due to the biological complexity which exists in tropical ecosystems, large-

scale manipulative experiments are vital in order to understand the mechanisms which 

drive the ecology of these habitats (Fayle et al. 2015). Such studies are rare due to high 

costs and logistical constraints associated with whole ecosystem experiments (Fayle et 

al. 2015).  

The SAFE project is built on a partnership between researchers and industry, whereby 

the effects of forest degradation on ecosystem functioning can be studied, with results 

having direct implications for policy and land-use management (Turner et al. 2011). By 

designing a landscape which includes forest fragments nested within oil palm 

plantations, the importance of heterogeneity within a human-managed system can be 

studied and the results should have major implications for the conservation of 

biodiversity and maintenance of key ecosystem functions (Turner et al. 2012). Previous 

large-scale manipulation studies focused on fragmentation include the Biological 

Dynamics of Forest Fragments Project in Brazil which was established in 1979 and 

focussed on the clearing of primary Amazonian forest (Bierregaard et al. 1992). Before 

the establishment of these large-scale studies research at larger scales was mainly 

restricted to observational studies of the effects of fragmentation (Fayle et al. 2015). 

These studies were carried out in fragmented landscapes that were not specifically 

designed for research and the presence of confounding factors within these systems 

makes inferences on the consequences of fragmentation particularly difficult (Ewers and 

Didham 2006).  
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SAFE comprises a 7,200-hectare (ha) experimental area is located within the Kalabakan 

Forest Reserve (4°42’N, 117°34’E) which has experienced multiple rotations of logging 

since 1978 (Ewers et al. 2011, Hardwick et al. 2015). The latest round involved 

“salvage logging”, whereby trees of any size could be extracted (Ewers et al. 2015). 

Within this experimental landscape a series of fragmented forest blocks (A-F, Figure 

3.1) have now been established; each block contains four 1-ha, two 10-ha and one 100-

ha circular fragments. Although not all fragments were isolated at time of this study, the 

matrix surrounding each will eventually be terraced and converted to oil palm plantation 

(Turner et al. 2012). This experimental area is nested within a larger landscape 

containing different land-use types (Hardwick et al. 2015). The Brantian-Tatulit Virgin 

Jungle Reserve is located to the south of the experimental area, and the Ulu Segama 

Forest Reserve is to the north. SAFE also includes old growth forest sites within the 

Maliau Basin Conservation Area, an IUCN category Ia reserve (Pfeifer et al. 2015). 

However, these sites were not used in this study. 

The forest at SAFE is extremely heterogeneous and heavily degraded in places due to 

its complicated logging history (Pfeifer et al. 2015). “Logged Forest Edge (LFE)” and 

“Logged Forest (LF)” areas are known to have experienced two rounds of selective 

logging, carried out under a Modified Malaysian Uniform System; the first removing 

approximately 113m
3
ha

-1
, and the second 37m

3
ha

-1 
(Struebig et al. 2013). The 

fragmented forest blocks (A-F) underwent a similar extraction of 113m
3
ha

-1 
during its 

first round of logging, but during the second rotation the forest within these blocks were 

logged three times resulting in an average extraction rate of 66m
3
ha

-1
 (Struebig et al. 

2013). The primary genera targeted during these logging regimes were Dryobalanops, 

Dipterocarpus, Shorea and Parashorea (Pfeifer et al. 2015). The resulting landscape 

includes a high density of logging roads and skid trails (Struebig et al. 2013). While 
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protected, the Virgin Jungle Reserve (VJR) at SAFE has experienced some logging on 

its periphery which was carried out during the construction of access roads (Struebig et 

al. 2013). There is also evidence that further illegal logging may have taken place in the 

VJR (Pfeifer et al. 2015).  

A series of survey points have been established across the SAFE experiment, based on a 

hierarchical fractal sampling design. They can be categorised according to their spatial 

distribution; with first order points being spaced 56 m apart, second order points being 

178m apart, third order points 560 m and fourth order being spaced 1780 m apart 

(Ewers et al. 2011). Choice of which survey points to use is largely dependent on the 

taxa or processes being studied, with larger and more mobile animals requiring a larger 

scale (Marsh and Ewers 2013). The advantage of sampling at these established points 

across the SAFE project is that data from different studies can be linked (Ewers et al. 

2011). Sites were also carefully selected to reduce the confounding effects of latitude, 

slope and elevation, so that the effects of land-use change can be determined (Struebig 

et al. 2013). 
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Figure 3.1 The experimental design of the Stability of Altered Forest Ecosystems (SAFE) project in Sabah, Malaysian Borneo. The experimental 

landscape is made up of six replicate blocks (A-F), each containing four 1-ha, two 10-ha and one 100-ha fragments. Continuous logged forest sites 

are located north of the experimental area; Logged Forest Edge (LFE) and Logged Forest (LF1-3). The Brantian-Tatulit Virgin Jungle Reserve 

(VJR) is found to the south-west of the experimental area. Control old growth forest (OG1-3) plots are located in Maliau Basin Conservation Area. 

Source: Ewers et al. 2011. 
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3. 3 Seedling experimental design 

To address the aims of this thesis, a seedling transplantation experiment was carried out 

within the SAFE landscape. Seedlings were chosen as the study system for this project 

as their leaf material is readily accessible and repeated scans can be made in situ 

without the need for progressive destructive sampling. Previous research in tropical 

forest has found that 95% of seedlings suffer herbivory damage (Benítez-Malvido and 

Lemus-Albor 2005). Seedlings also represent the most vulnerable stage in a plant's life 

cycle (Souza et al. 2013) and high levels of defoliation can cause premature death 

(Chung et al. 2013). This has consequences for the entire forest community as increased 

seedling mortality reduces the ability of degraded forest to regenerate (Basset et al. 

2001). Understories of intact tropical forest are relatively stable compared with canopy 

environments that are exposed to ever-changing levels of light, wind and moisture. 

Forest disturbance such as logging and fragmentation, therefore, stands to cause 

perturbations to understory microclimates and can directly affect the foraging behaviour 

of insect herbivores (Basset et al. 2001).   

Sites were selected based on those that had been fragmented at the start of the 

experiment in May 2015; these included SAFE project “second-order points” located at 

the centre of twelve 1-ha fragments in three replicate forest blocks C, D and F (see 

Figure 3.1). At the time of this experiment, the chosen fragments were surrounded by a 

matrix which had been salvage-logged earlier that year. This matrix environment 

included regenerating secondary tree species, as well as vines and scrub. Twelve 

“second order points” located in Logged Forest (LF), Logged Forest Edge (LFE) and 

the Brantian-Tatulit Virgin Jungle Reserve (VJR) (Fig. 3.1), were chosen as control 

sites in continuous forest. Although the VJR will eventually be isolated over the course 

of the SAFE project, its large area of 2,200 ha (Ewers et al. 2011), means it was treated 
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as a continuous forest site relative to the 1-ha fragmented sites for this experiment. See 

Table 3.1 for details of sampling locations including coordinates.  

Due to the hierarchical block design used in this experiment (Figure 3.2), a mixed 

modelling approach with nested random effects was used throughout this thesis. The 

details of the statistical analyses used for each chapter are presented separately within 

each chapter.  

 

Figure 3.2 Schematic of hierarchical block design used for the seedling experiment to test 

the initial effects of forest fragmentation on insect herbivory rates at the Stability of 

Altered Forest Ecosystems (SAFE) project, Malaysia. 

3.4 Study species 

Two species of Dipterocarpaceae were used in this experiment: Dryobalanops 

lanceolata Burck. and Parashorea tomentella (Symington) Meijer. They were selected 

because both species are endemic to Borneo (Chung et al. 2013), are common in Sabah 

(Meijer 1974) and were readily sourced from local nurseries. In addition, they are both 

commercially valuable timber crops (Meijer 1974). D. lanceolata in particular, has been 

described as the most important timber species of its genus in northern Borneo (Ashton 

1964). This species is classed as endangered according to the IUCN red list, and is 

mainly threatened due to habitat loss (Ashton 1998).  

The genus Dryobalanops comprises seven species, all of which are found in Borneo. 

The distribution of species which are not endemic to Borneo extends throughout Malaya 

and Central Sumatra and intervening islands (Ghazoul 2016). Adults are tall emergent 
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trees which form a large proportion of the canopy, and consequently saplings often 

dominate understory communities (LaFrankie 2010). One of the main field diagnostics 

for identifying members of this genus is the arrangement of secondary venation on the 

leaves. Veins are straight, tightly packed and run parallel to each other from the midrib 

the lamina margin (Ghazoul 2016, Figure 3.3). D. lanceolata, known locally as Kapur 

paji (Ashton 1964), can reach a height of 70m. Its bark is characteristically grey in 

colour and, as the name suggests, it bears lanceolate leaves (Ashton 1964). In adult 

specimens, leaves vary in shape; thicker leaves contain additional stomata and shorter 

drip-tips are found at the top of adult trees compared to lower leaves on the same tree 

(Ghazoul 2016). D. lanceolata is a medium hardwood (Brearley et al. 2003) and 

seedlings can tolerate a wide range of light environments (Scholes et al. 1997).  

The genus Parashorea includes 14 species, six of which are found in Borneo. The 

genus has a wider distribution than Dryobalanops, with species found in South 

Myanmar, Thailand, Indochina, South China, throughout the rest of Sundaland and the 

Philippines (Ghazoul 2016). P. tomentella, or locally known as Urat mata beluda, is a 

light hardwood (Brearley et al. 2003). The species has broad leaves with leaf venation 

that is more distinct than in D. lanceolata (Ghazoul 2016, Figure 3.4).  

The two study species contrast in their light requirements. P. tomentella is considered to 

be a relatively light-demanding species (Brearley et al. 2003) while D. lanceolata is 

described as intermediate (Yeong et al. 2016) to shade-tolerant (Brearley et al. 2003, 

Brearley 2006).  Despite D. lanceolata exhibiting a preference for more shaded 

environments (Tange et al. 1998), demonstrated by higher growth rates in shaded 

habitats (Itoh et al. 1999) members of this species are able to survive under high light 

conditions by dissipating excess light energy non-photochemically (meaning their 

photosynthetic rate does not increase after a certain point) (Scholes et al. 1997). In a 
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study of photosynthetic rates of dipterocarp seedlings, P. tomentella exhibited a lower 

light-saturated photosynthetic rate of 6.12 μmolCO2m
-2

s
-1

 compared with a rate of 7.29 

μmolCO2m
-2

s
-1 

in  seedlings D. lanceolata (Eschenbach et al. 1998), lending further 

support that this species might have a wider ecological range with respect to light 

environments. 
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Figure 3.3 Unprocessed scan from Dryobalanops lanceolata seedling (individual D1A01) 

taken before planting, showing lanceolate shape of lamina and fine secondary venation. 
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Figure 3.4 Unprocessed scan of Parashorea tomentella seedling (individual D4A12) taken 

before planting, showing broad leaf shape and distinct secondary venation. 
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3.5 Experimental set-up 

A total of 48 enclosures were established at 24 sites across the SAFE project (Figure 

3.2). Twelve seedlings (six of each species) were planted in each enclosure, resulting in 

a total number of 576 seedlings being planted across the landscape. Chicken wire with a 

1-cm mesh size, and 1.5-m Belian wood posts were used in the construction of each 

enclosure (Figure 3.5). The Belian wood used for these enclosures was sourced from the 

scraps left by logging activities carried out within the SAFE landscape. While this was 

not strictly an exclusion experiment, enclosures were constructed to provide evidence of 

access by mammals and to protect seedlings from footfall by other scientists at each 

sampling point. Over the course of the experiment, no enclosures were damaged by 

large mammals such as bearded pig and Asian elephant which are present in the area. 

Two enclosures were destroyed by tree falls.  

Seedlings were sourced from the nursery at the Sabah Biodiversity Experiment in the 

Malua Forest Reserve (Hector et al. 2011). Seedlings were grown from seeds collected 

from the contiguous Ulu Segama and Malua Forest Reserves, following a single mast 

fruiting event and were germinated and grown under controlled shade conditions (Philip 

Ulok, personal communication, November 2017). Individual metal tags embossed with 

unique identifying codes were constructed and attached to the base of each seedling 

using green or black wire. During planting, these tags were covered using the 

surrounding leaf litter, to prevent reflecting light which could act as a deterrent or 

attractant to organisms. Individuals were planted 50 cm apart, alternating individuals 

from the two species (Figure 3.7). All leaves on each seedling were numbered 

sequentially, using indelible ink, on the bottom-left of the midvein on the abaxial leaf 

surface. 
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Seedlings were monitored from May to October over two years (2015 and 2016). Visits 

to each site were made every six weeks during these field seasons, resulting in a total of 

six time points. This timeframe spans the dry “season” in Sabah, and was chosen as the 

most appropriate time for monitoring since peaks in insect herbivores and their 

associated leaf damage have previously been found to occur immediately following the 

wet season in the tropics, although a gradual decline in activity occurs over the dry 

season (Williams-Linera and Herrera 2003, Whitfeld et al. 2012). 

 

Figure 3.5 Seedling experimental set-up. (a) shows planted seedlings of both study species; 

Dryobalanops lanceolata (top) and Parashorea tomentella (bottom two), (b) Research 

assistants Kiky and Mus planting a seedling of D. lanceolata, (c) constructing an enclosure 

and (d) a finished enclosure containing 12 planted seedlings. 
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3.6 Leaf scanning protocol and image processing 

Leaf area scans were made using a Canon Canoscan Lide 210 flatbed scanner set at 600 

dots per inch (DPI) resolution, powered through a laptop. Flatbed scanners have 

previously been proven to accurately measure leaf area and defoliation, and have the 

advantage of being less expensive than leaf area meters (O’Neal et al. 2002). A 30 cm 

ruler was attached to the scanning bed to provide scale for each image. Leaves were 

scanned before planting and then again in situ at five subsequent time points, taking 

care not to damage any seedlings. This resulted in a total of 3,591 scans of 3,506 unique 

leaves over the six sampling points. The number of leaves varied at each time point as 

some leaves were abscissed and new leaves appeared. In total, 10,180 data points 

(individual leaf measurements) were collected over all time points. On the rare occasion 

that leaves were larger than the bed of the scanner, indelible ink was use to draw a line 

perpendicular to the midvein and multiple scans were made to ensure the entire leaf had 

been captured. During image processing, these scans were cropped along the drawn line 

and the sum of the areas of each portion was used for the area of the entire leaf.  

Processing of each leaf scan was carried out using Adobe® Photoshop® CC software 

version 2015.0.1 20150722.r.168. Damage was demarcated using a combination of the 

'paint bucket' (with tolerance set at 30) and 'paintbrush' (set at 10 pixels) tools. Leaf 

petioles, stems and any shadows were removed manually using the 'eraser' function (set 

at 10 pixels) to ensure the leaf area was precise. Following these initial steps the 

resulting image was converted to grayscale and saved according to the seedling ID, time 

point of scan and damage type (e.g. 'LFE1A01T1_chew').  

To quantify the total estimated leaf area prior to any damage, the 'paintbrush' tool (set at 

10 pixels), was used to mark the original estimated leaf outline if damage had occurred 
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along the leaf margin. This was also converted to grayscale and saved a separate image 

(e.g. 'LFE1A01T1_total'). 

Leaf area was quantified using the software ImageJ. This involved adjusting the image 

threshold to produce a binary (black and white) form, whilst taking care to ensure leaf 

area is not altered. Scale was set by measuring the number of pixels along a 2cm portion 

of the ruler on each scan. Leaf area loss was calculated as the percentage of the total leaf 

area that had been damaged (Equation 3.1), i.e.: 

% Leaf Area Loss = (Total Leaf Area-Area of Chewed Leaf)/Total Leaf Area x 100 (3.1) 
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Figure 3.6 Stepwise method of image processing, top panel depicts Dryobalanops lanceolata and lower panel depicts Parashorea tomentella. 

From left to right for both rows; (a) raw image, (b) cleaned background and removal of petioles and stems, (c) grayscale image depicting 

chewing damage; (d) manipulated image showing “total” leaf area, (e) image with pathogen damage removed, (f) grayscale image showing 

pathogen and chewing damage, (g) example of a binary (black and white) image used to quantify leaf area metrics in ImageJ. 
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Canopy closure 

Light environment is reported to be one of the most important abiotic factors regulating 

seedling survival (Corlett 2014). Canopy closure, defined as the proportion of sky 

obscured by vegetation as observed from a single point (Jennings 1999), was used as a 

proxy for shade in this study and was measured using a concave spherical densiometer. 

A spherical densiometer is a handheld instrument which includes a 24-cell reflective 

grid which is either concave or convex in order to reflect a larger portion of the sky 

(Jennings 1999). In each square the observer envisages four smaller cells and counts the 

number of these smaller cells filled by the reflection of the canopy above. This is then 

multiplied by 1.04 to obtain the percentage canopy closure above the observer 

(Lemmon 1956). A bubble-level is present on the densiometer to ensure it is held 

horizontally when measurements are made (Jennings 1999). This method is widely used 

as a quick and relatively accurate way of assessing the canopy closure during forest 

inventories and when ground-truthing remote sensing techniques (Paletto and Tosi 

2009). Canopy closure is a useful measure when considering microclimates in forest 

systems as it is directly related to the light regime at a specific location (Jennings 1999).   

Four readings were made at the centre of each enclosure, facing north, east, south and 

west, and the average was then calculated to gain a single enclosure-level value.  

Slope of enclosure 

Slope is known to affect soil chemistry and hydrology and in turn can influence the 

structure and function of forest stands (Jucker et al. 2018), which can have important 

consequences for the composition of plant communities, with higher diversity found on 

slopes than on plateau sites where plants must be more resilient to drought conditions 

(Daws et al. 2005, Engelbrecht et al. 2007). In edge environments, slope  
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has a significant positive effect on seedling growth and production of leaves (Howe 

1990). The amount of leaf litter present also varies according to slope (Daws et al. 

2005). Differences in leaf litter have been found to alter insect herbivory either by 

directly providing habitat for insect herbivores or by promoting predators such as 

spiders that can supress herbivores (Benítez-Malvido and Kossmann-Ferraz 1999). 

Since forest fragments often occur on steep slopes (Fayle et al. 2015), it is important to 

measure slope when considering the effects of fragmentation.  

The “Clinometer and bubble level” (Plaincode
TM

, accuracy ±0.1°) android application 

was used to measure the slope of inclination for each enclosure. Three readings were 

taken, 50 cm apart, along the x and y axes of each enclosure (Figure 3.7). The 

clinometer and bubble level application measures the angle of inclination of the phone 

when placed on a surface. A mean angle of inclination was taken for both directions.  

Photosynthetically Active Radiation  

Photosynthetically Active Radiation (PAR) refers to the portion of the light spectrum 

(440-700 nm) which can be utilised by plants for photosynthesis (Anderson 1964). An 

Apogee MQ-301 Line Quantum sensor was used to measure PAR. This instrument is 

fitted with ten individual quantum sensors along a bar and has a spirit level to ensure it 

is held horizontally during readings. PAR measurements were taken 1 m above the 

ground at the centre of each enclosure (Figure 3.7). Readings were made at each visit 

(six occasions), and weather conditions were recorded, measurement means were 

calculated across recording made in sunny conditions to obtain a single enclosure value. 

Mean values were obtained from PAR measurements made on sunny days to minimise 

the effects of variable weather on light incidence within each enclosure.  
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Figure 3.7 Diagram of each enclosure showing spacing of planted seedlings and where 

environmental measurements were made. Canopy closure, Photosynthetically Active 

Radiation (PAR) and slope were measured at the centre of each enclosure. Locations of 

additional slope measurements are depicted by the orange diamond.   

3.7 Seedling traits 

Measurement of a number of seedling traits was made during the course of the 

experiment and on the uprooted seedlings at its termination. 

Seedling height 

Height has previously been found to be an important predictor of herbivory, with taller 

seedlings with greater numbers of leaves having higher levels of leaf area loss than 

shorter ones (Benítez-Malvido and Lemus-Albor 2005). Vertical seedling height was 

measured as the distance from the ground to the apical growing point of each seedling, 

to the nearest mm. During Year 1 of the experiment, however, some seedlings exhibited 

damage to their apex and data suggested they were decreasing in height. In Year 2 of 

the experiment, the stem diameter 10 cm above the ground of each seedling was also 

measured using digital callipers.  
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Number of leaves and leaf age 

Certain species may produce an excess of leaves in order to satiate herbivores and retain 

enough undamaged leaf to survive (Aide 1992). For each seedling, the number of total 

leaves, new leaves and dropped leaves was recorded at each visit.   

Leaf age is a strong determinant of herbivory; older leaves are better defended as they 

are generally tougher and have higher concentrations of chemical defences such as 

tannins and  resins (Coley 1980, Peeters et al. 2007). Younger leaves are typically more 

nutritious and contain lower structural defences making them particularly palatable 

(Howlett and Davidson 2001, Kursar and Coley 2003). Leaves are often categorised 

into general age classes such as young, intermediate and old, based on their position on 

a plant (Lawrence et al. 2003, Blüthgen, Metzner, et al. 2006). Species-specific 

preferences have been found in phasmids, for example, with some preferring young 

foliage and others old foliage (Blüthgen, Metzner, et al. 2006). In previous studies on 

one of the focal species of this thesis, D. lanceolata, no difference in the feeding 

behaviour of generalist phasmids was found between young and old leaves (Blüthgen 

and Metzner 2007).  

Since seedlings could not be visited daily due to logistical constraints and to avoid 

interfering with herbivore feeding behaviour, the minimum number of days since the 

first recorded appearance of a new leaf and the final time point of the experiment was 

used as an estimate of leaf age. Although this is not a precise measurement it should 

provide a reliable proxy for leaf age because time between visits was standardised 

across all sites. 

Leaf strength 
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Leaf strength was measured at the final time point in situ before seedlings were 

removed. One leaf from each seedling was chosen at random and the force required to 

puncture the leaf lamina was quantified using a pocket penetrometer fitted with a 0.25” 

tip. To standardise the pressure across the entire leaf blade and prevent any part of it 

from bending, a frame was constructed to hold each leaf whilst measurements were 

taken. This frame had a series of holes (2 cm in diameter) through which the 

penetrometer could be pushed. Five measurements were taken per leaf, and the average, 

expressed in kg cm
-2

, was used as a measure of leaf strength. The midrib was avoided 

on all leaves of both species, and for specimens of P. tomentella care was taken to 

ensure measurements were made within the intercostal area, since secondary venation is 

more pronounced in this species. All measurements were taken by the same person (me) 

to ensure they were standardised across sites.  

Leaf chemistry 

Chemical analysis of leaf material was carried out at the end of the experiment 

following the removal of surviving seedlings. In collaboration with Professor Charles S. 

Vairappan’s laboratory at Universiti Malaysia Sabah in Kota Kinabalu, total phenolics 

and acid detergent fibre were quantified from a subsample of leaf material. Details of 

these analyses can be found in Chapter 5.  

3.8 Research permits 

Permission to work within the Kalabakan Forest Reserve was obtained from the Sabah 

Forestry Department. Data for this thesis were collected under a Sabah Biodiversity 

Council Access Licence (Reference number: JKM/MBS.1000-2/2 JLD.4 (56)). 
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S3 Supplementary material 

Table S3.1 Locations and coordinates of sampling sites used for the seedling planting 

experiment; these include SAFE 1-ha sites in experimental fragment blocks C, D, F. 

Continuous forest controls were chosen in three locations; LF refers to "Logged Forest", 

LFE; "Logged Forest Edge" and VJR; "Virgin Jungle Reserve". 

Forest Type Forest Block SAFE 2nd Order Point Enclosur

e 

Latitude 

(°N) 

Longitude 

(°E) 

Fragment C 616 C1A 4.71022 117.62454 

Fragment C 616 C1B 4.71013 117.62458 

Fragment C 617 C2A 4.71104 117.62563 

Fragment C 617 C2B 4.71115 117.62560 

Fragment C 619 C3A 4.71382 117.62888 

Fragment C 619 C3B 4.71383 117.62893 

Fragment C 618 C4A 4.71278 117.62791 

Fragment C 618 C4B 4.71289 117.62778 

Fragment D 635 D1A 4.71683 117.58304 

Fragment D 635 D1B 4.71673 117.58304 

Fragment D 634 D2A 4.71539 117.58413 

Fragment D 634 D2B 4.71552 117.58404 

Fragment D 633 D3A 4.71338 117.58553 

Fragment D 633 D3B 4.71344 117.58544 

Fragment D 632 D4A 4.71212 117.58609 

Fragment D 632 D4B 4.71221 117.58617 

Fragment F 667 F1A 4.68914 117.54138 

Fragment F 667 F1B 4.68921 117.54133 

Fragment F 666 F2A 4.68953 117.54134 

Fragment F 666 F2B 4.68964 117.54137 

Fragment F 664 F3A 4.69474 117.54085 

Fragment F 664 F3B 4.69480 117.54085 

Fragment F 665 F4A 4.69343 117.54095 

Fragment F 665 F4B 4.69344 117.54090 

Continuous LF 697 LF1A 4.75702 117.69357 

Continuous LF 697 LF1B 4.75703 117.69352 

Continuous LF 694 LF2A 4.75659 117.69227 

Continuous LF 694 LF2B 4.75660 117.69234 

Continuous LF 680 LF3A 4.77018 117.68607 

Continuous LF 680 LF3B 4.77025 117.68610 

Continuous LF 684 LF4A 4.77128 117.68555 

Continuous LF 684 LF4B 4.77122 117.68549 

Continuous LFE 710 LFE1A 4.74333 117.58793 

Continuous LFE 710 LFE1B 4.74340 117.58793 

Continuous LFE 709 LFE2A 4.74215 117.58842 

Continuous LFE 709 LFE2B 4.74217 117.58853 

Continuous LFE 705 LFE3A 4.72800 117.59548 

Continuous LFE 705 LFE3B 4.72782 117.59541 

Continuous LFE 706 LFE4A 4.72891 117.59510 

Continuous LFE 706 LFE4B 4.72892 117.59512 

Continuous VJR 766 VJR1A 4.68422 117.53983 

Continuous VJR 766 VJR1B 4.68407 117.54007 

Continuous VJR 765 VJR2A 4.68545 117.53968 

Continuous VJR 765 VJR2B 4.68543 117.53963 

Continuous VJR 767 VJR3A 4.68124 117.53948 

Continuous VJR 767 VJR3B 4.68168 117.53957 

Continuous VJR 768 VJR4A 4.68052 117.53947 

Continuous VJR 768 VJR4B 4.68044 117.53951 
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4.1 Abstract 

Human-modified landscapes frequently comprise remnant natural fragments within an 

agricultural or urban matrix. Understanding how habitat modification impacts 

ecological processes is essential for biodiversity conservation and development of 

sustainable management practices. Herbivory is a fundamental process mediating 

energy transfer between primary producers and higher trophic levels, but is often 

estimated using snapshots, without longitudinal measurements. This may not fully 

reveal anthropogenic impacts on the rates of this process. To determine the effects of 

fragmentation on insect herbivory rates, an experiment was carried out within the 

world’s largest tropical forest fragmentation experiment, the Stability of Altered Forest 

Ecosystem (SAFE) project in Malaysian Borneo. Seedlings of two endemic species of 

Dipterocarpaceae were planted (N=576) in recently experimentally fragmented forest 
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and in continuous forest sites, and repeatedly monitored. Leaf scans were made in situ 

to quantify leaf damage and determine rates of damage. Herbivory rates increased 

significantly over time, however the differences in leaf damage between forest 

fragments and continuous forest varied throughout the experiment. Forest type partially 

explained overall herbivore damage, with lower leaf damage occurring in forest 

fragments. Patterns of defoliation, however, were best predicted by seedling dynamics; 

larger seedlings and those located in plots with high survival of conspecifics 

experienced higher levels of foliar damage. Leaf damage of Dryobalanops lanceolata 

co-varied with canopy closure, supporting the hypothesis that habitat disturbance 

disrupts herbivory rates. Taken together, our results demonstrate the importance of 

longitudinal herbivory measurements for disentangling the complex manner in which 

forest fragmentation impacts this fundamental ecological process. 

Key words: Habitat modification; insect herbivory; seedlings; tropical rainforest; Borneo; 

Dipterocarpaceae 

4.2 Introduction 

Ecosystems around the globe, including tropical forests, are suffering biodiversity loss 

and disruptions to ecosystem processes (Millennium Ecosystem Assessment 2005, 

Hooper et al. 2012). Identifying and understanding the ecological processes that occur 

within a tropical forest is particularly imperative as these ecosystems are experiencing 

high rates of deforestation and degradation, which will have major impacts on global 

biodiversity, biogeochemical cycling and climate change (Bagchi et al. 2014). Not only 

are the tropics particularly species-rich, they also hold a high proportion of the world’s 

endemic species and are thus highly important from a conservation perspective (Barlow 

et al. 2018). One of the most pervasive threats to biodiversity and ecosystem 

functioning is land-use change, which often results in fragmented landscapes (Haddad et 
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al. 2015). Investigating the effects of forest modification on ecological processes and 

species interactions, rather than solely focusing on changes in species distributions and 

abundance at single trophic levels, is potentially more useful in order to reveal the full 

effects of habitat conversion (Ruiz-Guerra et al. 2010, Valiente-Banuet et al. 2015). Not 

only can forest disturbance affect biodiversity through the loss of forest-dependent 

species, but it also affects the key ecological processes necessary to maintain ecosystem 

health (Morante-Filho et al. 2016).   

Herbivory is a ubiquitous ecosystem process (Levey et al. 2016), which in tropical 

rainforest is primarily carried out by invertebrate species (Coley and Barone 1996). The 

relationship between plants and their associated insect herbivores is one of the most 

dominant species interactions on the planet and, together these two groups comprise 

over 40% of global biomass (Novotny et al. 2010, Agrawal et al. 2012). As an 

antagonistic ecological interaction, herbivory mediates the transfer of energy from 

primary productivity to higher trophic levels (Wirth et al. 2008). Through consumer 

regulation, herbivory can play a role in maintaining co-existing plant populations and 

overall floristic community composition (Rao et al. 2001, Wirth et al. 2008). Changes to 

herbivory levels can have cascading effects on a whole suite of ecosystem processes, 

such as carbon and nutrient cycling (Coley and Barone 1996, Bagchi et al. 2014, 

Metcalfe et al. 2014). Disruption to herbivory has most often been investigated in 

relation to outbreaks of herbivores in agroecosystems, with a relative paucity of studies 

relating to  natural levels of insect herbivory and whole ecosystem health (Maguire et al. 

2015). 

Previous investigations into the effects of fragmentation on this key ecosystem process 

have yielded variable results. Some have reported a significant increase in herbivory in 

forest fragments (Rao et al. 2001, Morante-Filho et al. 2016, Yeong et al. 2016), while 
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others have reported a significant decrease (Valladares et al. 2006, Fáveri et al. 2008, 

Ruiz-Guerra et al. 2010, Chávez-Pesqueira et al. 2015) or no detectable changes (Souza 

et al. 2013, Rossetti et al. 2017). Determining the effects of fragmentation on such a 

complex ecological interaction is challenging as herbivory is governed by a multitude of 

factors which may include, or be confounded by: landscape metrics such as patch size, 

isolation or connectivity and spatial scale (Maguire et al. 2016). Herbivory can be 

affected by both spatial and temporal elements of fragmentation (Bagchi et al. 2018). 

Studies carried out under controlled field experimental settings are therefore vital in 

order to identify the deterministic factors that affect herbivory (Levey et al. 2016).We 

hypothesise that if key herbivores are more susceptible than plant species to the initial 

effects of forest fragmentation, a reduction in herbivory rates would be detected. 

Conversely if generalist herbivores are less affected by fragmentation, the resulting shift 

in functional composition may lead to resilience in this ecosystem process resulting in 

little change or even increased herbivory rates.   

The primary aim of this study has been to investigate whether insect herbivory rates 

were affected by forest fragmentation. First, we aimed to determine whether the 

magnitude of insect herbivory damage, in the form of leaf area loss, differed between 

continuous and fragmented forest sites. Second, we aimed to explore whether the initial 

impacts of fragmentation were shared between the two focal species of 

Dipterocarpaceae, or if different factors determined individualistic responses. 

4.3 Materials and methods 

Study sites and experiment design 

Fieldwork was carried out within the Stability of Altered Forest Ecosystems (SAFE) 

project’s experimental area in the Malaysian state of Sabah, on the island of Borneo 
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(Ewers et al. 2011). In May 2015, two species of endemic Dipterocarpaceae: 

Dryobalanops lanceolata Burck and Parashorea tomentella (Symington) Meijer were 

planted across a recently fragmented landscape which had been previously logged (see 

Supporting Information). Seedlings were sourced from the nursery at the Sabah 

Biodiversity Experiment in the Malua Forest Reserve (Hector et al. 2011). A total of 

576 individuals were planted across the SAFE landscape in twenty-four sites (See 

Figure 4.1). Twelve sites were situated in continuous forest control sites; four in Logged 

Forest (LF), four in Logged Forest Edge (LFE) which are both located in contiguous 

forest over 1 million hectares in area, and four further sites were located in the Brantian-

Tatulit Virgin Jungle Reserve (VJR). The VJR at SAFE will eventually be isolated 

following the completion of the experimental fragmentation of the landscape and will be 

2,200 ha in area. Another twelve sites were situated within newly isolated (in the six 

months prior to planting) 1-hectare forest fragments; four in each of the SAFE 

experimental blocks C, D and F.  

Two enclosures were constructed at each site and twelve seedlings were planted in each 

(six of each species) (Figure 4.1 insert). Seedlings were visited on six occasions over 

the course of the experiment: three visits were made in 2015, and a subsequent three in 

2016. Visits were spaced six weeks apart during both years from May-September.  This 

resulted in different sample sizes at each time point (Table S1) due to the production of 

new leaves, which were numbered and included in all subsequent measurements, the 

loss of abscised leaves and the death of some seedlings. Seedlings were not replaced if 

they died. The two enclosures were set up within ten metres of each other at the centre 

of each fragment. This was to ensure that all enclosures in fragmented sites were located 

equidistant from the forest edge, since distance from edge may alter herbivory levels in 

forest fragments (Levey et al. 2016).  
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Quantifying insect herbivory 

We focus on leaf chewing as this is the most prominent form of herbivory in tropical 

rainforest (Coley and Barone 1996, Adams et al. 2009, Souza et al. 2013) and because 

the occurrence of other forms of herbivory such as leaf mining, galling and leaf rolling 

was low over the course of this experiment. We quantified how much leaf material was 

lost to insect herbivory using image-based techniques. 

A flatbed Canoscan Lide 220 scanner, powered through a laptop, was used to scan every 

leaf on each seedling in situ with care taken to ensure no damage was made to 

seedlings. Preliminary image processing was performed in Adobe Photoshop CC 

software version 2015.0.1 20150722.r.168. This stage involved manually removing leaf 

petioles, seedling stems and any shadows caused by the movement of the scanner’s light 

source. The background of each scan was also converted to a pure white, so that any 

debris or soil present on scans would not interfere with area measurements. Any 

herbivore damage on the interior of each leaf was filled with white before images were 

converted to a binary, black and white, form. This image was used to measure the 

“remaining” area of each leaf. When herbivore damage occurred along the edge of the 

lamina, margins were manually drawn based on leaf symmetry. This processed image 

was used to quantify the “whole” leaf area of each leaf. The software ImageJ version 

1.51 was used to quantify the “whole” leaf and “remaining” leaf areas by calculating the 

area including and excluding holes, respectively.  

The magnitude of herbivore damage, recorded as the total percentage leaf area loss for 

each enclosure at every sampling point, was used as our response variable. This was 

calculated by subtracting the area of the “remaining” leaf from the “whole” area, 
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dividing by the “whole” area and multiplying by 100 to obtain a percentage leaf area 

loss for each enclosure. 

Explanatory variables 

Forest type (continuous or fragment) and time measured as the number of days since 

planting were included as explanatory variables along with a number of seedling traits 

and environmental variables. Seedling height, measured as the distance from the ground 

to the apical growing point of each seedling was recorded at each visit. Both the number 

of new leaves and dropped leaves were also included as explanatory variables in 

analyses along with the total number of leaves present in each enclosure. 

Photosynthetically Active Radiation (PAR) was also recorded at the centre of each 

enclosure using an Apogee MQ-301 Line Quantum sensor fitted with ten individual 

quantum sensors. Canopy closure was quantified using a concave spherical 

densiometer, also measured at the centre of each enclosure. The slope of the ground at 

each enclosure was calculated as the mean angle of inclination, measured using a 

clinometer, across three points measured along both the X and Y axes of each enclosure.  

Data on Curculionoidea, provided by Dr Adam Sharp, were included as a predictor 

variable for herbivory damage as they comprise an abundant, primarily phytophagous 

superfamily of beetles (Gómez-Zurita and Galián 2005). Members of this group have 

previously been identified as important herbivores for seedlings of Dipterocarpaceae 

(Eichhorn et al. 2008), and certain species have been recorded consuming leaf material 

of one of the focal plant species in this study, P. tomentella (Chung et al. 2013). The 

curculionid data were collected in June 2013 as part of the SAFE core data collection 

(Sharp 2018). Both counts and species richness of Curculionoidea were calculated at 

forest block level (C, D, F, VJR, LF and LFE). 
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Statistical Analysis 

Mixed effects models were used due to the hierarchical block design of the experiment 

and to avoid pseudoreplication associated with repeated measures (Wang and 

Goonewardene 2004, Bolker et al. 2009, Benítez-Malvido et al. 2018). Forest block (C, 

D, F, LF, LFE and VJR, Figure 4.1), site and enclosure ID were included as nested 

random effects for all models. This random effects structure controls for spatial 

dependence due to the hierarchical experimental design, at site and forest block-level, 

and allows for repeated measures on the same individuals at enclosure level. Linear 

mixed effects models were performed using the lme4 package (Bates et al. 2015) in R 

version 3.5.1 (R Core Team 2018).  

Models run with untransformed leaf area loss data produced residuals which exhibited 

heteroscedasticity and non-normality, so all further analyses were carried out using the 

square root of percentage leaf area loss as the response variable. All continuous 

predictor variables were centred and scaled prior to analysis using the ‘scale’ function. 

For each predictor value, this function subtracts the mean and divides by the standard 

deviation of that predictor variable (Schielzeth 2010) and ensures that each predictor is 

on the same scale enabling the relative importance of individual predictors to be readily 

compared in model outputs (Schielzeth 2010). All predictor variables were visually 

checked for collinearity by producing pair plots and calculating Pearson’s correlation 

coefficients (Zuur et al. 2009). Variance inflation factors (VIFs) supported the removal 

of the same predictor variables (see Supplementary material).  

Once the global model structure had been chosen, a complete set of models was 

produced using the ‘dredge’ function in the R package “MuMIn” (Barton 2018). Since 

this study included a number of biologically relevant predictor variables which requires 
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multiple models to be considered, a model averaging approach was adopted (Symonds 

and Moussalli 2011). A subset of models was chosen based on a cut-off of ΔAICc <4, 

which is a commonly chosen threshold (Harrison et al. 2018). That is, all models for 

which the difference in AICc between that model and the best model was less than four 

were included in model averaging. Parameters and estimates were averaged across the 

resulting model set. Models were first run with both plant species analysed together and 

then for each species separately to investigate any individualistic responses.  
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Figure 4.1 Map of the study area and experimental design. A seedling experiment was established with the Stability of Altered Forest 

Ecosystems project in Sabah, Malaysian Borneo. Seedlings were planted in twelve one hectare fragments (Forest blocks C, D and F), and also 

in four continuous forest controls in each of three areas: Brantian-Tatulit Virgin Jungle Reserve (VJR), Logged Forest (LF) and Logged Forest 

Edge (LFE). The circular insert shows enclosure set-up; twelve seedlings were planted 50cm apart and two of these enclosure plots were 

established at each sampling site. 
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4.4 Results 

Leaf damage was quantified on 3,508 unique leaves, resulting in 10,180 data points 

across all six sampling times. Insect herbivore damage significantly increased over time 

during this experiment and time remained as a predictor in the final models obtained for 

both focal species analysed together and when analysed separately (Table 4.1).  

 

Figure 4.2 Time series depicting changes in herbivory rates (% leaf area loss) at enclosure 

level, over the course of the experiment for seedlings of Dryobalanops lanceolata. Thin 

lines represent the relationship observed in each of the 48 established enclosures and the 

mean herbivory rate for each forest type is also shown using thicker lines. Enclosures in 

forest fragments are depicted with dotted yellow lines and those in continuous are shown 

with solid green lines. 

Overall, lower levels of herbivory were recorded in fragmented forest sites (Figure 4.2 

& Figure 4.3). While forest type was not a significant predictor of herbivory, it 

remained in the structure of top models obtained for both species analysed together and 

those of each species analysed separately. Forest type was associated with moderately 

high relative importance compared with other predictors (0.39 when species were 

analysed together, and 0.23 and 0.19 for D. lanceolata and P. tomentella, respectively, 

Table 1). Despite this, differences in rate of herbivory between the two forest types was 

low, averaging -0.998% (ranging from differences of -0.304% to -2.001%, Table S3) for 
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D. lanceolata. P. tomentella experienced an even smaller mean difference across all 

time periods of -0.666% (variation ranged from -0.265% to 3.635% for this species, 

Table S3).  

 

Figure 4.3 Time series depicting changes in herbivory rates (% leaf area loss) at enclosure 

level, over the course of the experiment for seedlings of Parashorea tomentella. Thin lines 

represent the relationship observed in each of the 48 established enclosures and the mean 

herbivory rate for each forest type is also shown using thicker lines. Enclosures in forest 

fragments are depicted with dotted yellow lines and those in continuous are shown with 

solid green lines. 

For D. lanceolata, herbivory increased over time in a relatively consistent manner 

across sites within each forest type. A sharper overall increase in herbivory rates, 

however, was observed in forest fragments in the first 80 days of the experiment, but 

this pattern stabilised between day 360 and 460 (Figure 4.2). Seedlings of D. lanceolata 

planted in continuous forest experienced an initial sharp increase in defoliation in the 

first 40 days of the experiment, but herbivory rates slowed to a general increase for the 

remainder of the experiment (Figure 4.2).  

Levels of defoliation recorded in seedlings of P. tomentella, however, showed a more 

variable pattern, especially within forest fragments (Figure 4.3). In the early stages of 

the experiment (days 0-80) herbivory rates increased faster in seedlings of this species 
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planted in forest fragments and a higher level of defoliation was recorded in fragments 

at final sampling event of the first year of the study. This relationship, however, was not 

maintained in the second year when lower herbivory levels were consistently recorded 

in forest fragments (days 360-40, Figure 4.3). Levels of defoliation in seedlings planted 

in continuous forest increased over the study period, but at a more gradual rate. 

Seedling height was found to be an important predictor of herbivory in this experiment 

and remained in the top model structure for all three sets of analyses, indicating that 

larger seedlings experienced higher levels of herbivore damage (p<0.05, Table 1). This 

relationship was consistent between continuous forest sites and forest fragments (Figure 

4.4). 

 

Figure 4.4 Back-transformed predicted relationship between seedling height and 

herbivory for each enclosure following linear mixed effects modelling, for both species 

together (left), Dryobalanops lanceolata (middle), and Parashorea tomentella (right). 

Shaded areas represent the standard error surrounding estimated relationships. 

Herbivory in both species analysed together. 

When both study species were analysed together, model subset selection resulted in five 

models and included seven of the original 13 predictor variables. Considering both 

species analysed together, a positive relationship was detected between the number of 

conspecific seedlings in an enclosure and herbivore damage (parameter estimate= 
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0.286, p<0.05, Table 1(A)). This positive relationship was likely driven by seedlings in 

forest fragments (Figure 4.5), as a sharper increase in herbivory damage is associated 

with the presence of more conspecific seedlings compared with continuous forest sites.  

The number of leaves in each enclosure was also a significant predictor of herbivory 

damage across both species (parameter estimate -0.217, p<0.05, Table 1(A)). Overall, 

mixed effects modelling detected a negative relationship between the total number of 

leaves and herbivory. However opposite trends were observed between continuous 

forest and fragments. A steep decline in the amount of herbivory damage was associated 

with more leaves in enclosures located in continuous forest sites, yet a slight increase 

was observed in fragmented sites (Figure 4.6).  

 

 

Figure 4.5 Back-transformed predicted relationships between the number of conspecific 

seedlings and herbivory for each enclosure following linear mixed effects modelling, for 

Dryobalanops lanceolata and Parashorea tomentella analysed together. Shaded areas 

represent the standard error surrounding estimated relationships. For seedlings in 

fragmented forest, the difference in herbivory between a plot with zero conspecifics and a 

plot with six surviving conspecifics is 3.50% vs. 6.25% leaf area loss. 
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The number of abscissed leaves and Curculionoidea abundance also remained in the top 

models when both species were analysed together. However, neither were significant 

predictors of herbivory damage and both had low relative importance values (0.20 and 

0.10, respectively, Table 1(A)). These relative importance values represent the relative 

likelihood that the parameter would be present in a single top model structure (Symonds 

and Moussalli 2011). Nevertheless, these results suggest that high herbivory damage 

was associated with higher levels of leaf fall (Figure S4.1). A negative relationship was 

detected between counts of Curculionoidea and herbivory, suggesting this group may 

not be the primary herbivores for our study species. Opposite trends, however, were 

observed in continuous forest and fragments, suggesting seedlings from continuous 

forest were driving the overall observed pattern. In fragments, a positive relationship 

was observed between the number of Curculionoidea and herbivory damage, suggesting 

these phytophagous beetles may play a more active role in herbivory in forest fragments 

(Figure S4.4). 

 

Figure 4.6 Back-transformed predicted relationship between the number of leaves and 

herbivory for each enclosure following linear mixed effects modelling, for both species 

together (left), Dryobalanops lanceolata (middle), and Parashorea tomentella (right). 

Shaded areas represent the standard error surrounding estimated relationships. The 

number of leaves was a significant predictor and remained in the top models for when 

both species were analysed together, and for D. lanceolata. 
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Table 4.1 Results of mixed effects modelling for total herbivory per enclosure averaged 

across best-fitting models, for (A) both species analysed together, (B) Dryobalanops 

lanceolata and (C) Parashorea tomentella. β represent model-averaged coefficients, 

standard errors (SE), 95% confidence intervals (CIs) are also presented. Significant 

predictors are shown in bold. 

Predictor Β SE Z Value Lower CI Upper CI P 
Importanc

e 

Both Species 

Intercept 1.281 0.165 7.764 0.958 1.61 < 2e-16 - 

Seedling Height 0.423 0.045 9.578 0.337 0.510 < 2e-16 1.00 

Time 0.246 0.028 8.819 0.191 0.300 < 2e-16 1.00 

Total Leaves -0.217 0.053 4.148 -0.320 -0.115 3.36e-05 1.00 

Number of Seedlings 0.286 0.072 3.977 0.145 0.426 7.00e-05 1.00 

Forest type: Fragment -0.134 0.216 0.623 -0.770 0.083 0.533 0.39 

Dropped Leaves 0.015 0.033 0.658 0.005 0.140 0.658 0.20 

Invert. Abundance -0.018 0.062 0.290 -0.367 -0.005 0.772 0.10 

Dryobalanops lanceolata 

Intercept 1.685 0.155 10.866 1.381 1.989 < 2e-16 - 

Total Leaves -0.253 0.066 3.858 -0.381 -0.125 0.0001 1.00 

Seedling Height 0.334 0.066 5.052 0.204 0.464 4e-07 1.00 

Time 0.086 0.066 1.305 0.036 0.206 0.192 0.71 

Canopy 0.136 0.118 1.153 0.060 0.360 0.249 0.65 

Forest type: Fragment -0.061 0.175 0.348 -0.822 0.282 0.728 0.23 

Slope  -0.011 0.041 0.266 -0.262 0.026 0.791 0.09 

Invert. Abundance -0.013 0.060 0.210 -0.458 0.117 0.834 0.07 

Parashorea tomentella 

Intercept 2.033 0.153 13.319 1.734 2.332 <2e-16 - 

Seedling Height 0.724 0.07 10.755 0.592 0.856 <2e-16 1.00 

Time 0.398 0.052 7.609 0.295 0.500 <2e-16 1.00 

Forest type: Fragment  -0.049 0.153 0.320 -0.770 0.261 0.749 0.19 

Slope               -0.016 0.055 0.285 -0.330 0.058 0.776 0.12 

Dropped Leaves 0.008 0.029 0.264 -0.018 0.187 0.792 0.09 

New Leaves          0.006 0.028 0.229 -0.032 0.202 0.819 0.07 
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Species-specific predictors of herbivory. 

Analysis of each species separately resulted in a total of 11 models with seven of the 

original 11 predictors remaining in the subset of models predicting herbivory damage in 

seedlings of D. lanceolata, and five unique models with six predictors remaining for 

seedlings of P. tomentella. 

Slope within enclosures remained as a predictor variable in the subsets of models 

obtained for both species when they were analysed individually and was negatively 

associated with herbivory (Table 1(B) &(C), Figure S4.5). The relative importance 

value for this predictor, however, was comparatively low, 0.09 and 0.12 for D. 

lanceolata and P. tomentella, respectively (Table 1(B) & (C)).  

For seedlings of D. lanceolata, a significant negative relationship between the number 

of leaves and insect herbivory damage was detected at enclosure level (parameter 

estimate= -0.253, p=0.0001, Table 1(B)). Higher insect herbivory damage was recorded 

in seedlings of D. lanceolata with fewer leaves (Figure 4.6). Canopy closure, while not 

significant, was associated with a reasonably high importance value in the top models 

for this species (importance value= 0.65, Table 1(B)), indicating a high probability that 

this predictor would be present in a single top model. Higher levels of herbivory were 

associated with sites with more closed canopies (Figure S4.2). 

Counts of Curculionoidea remained in the subset of models for seedlings of D. 

lanceolata, although this predictor was also associated with a lower relative importance 

value (importance value= 0.07, Table 1(B)). The overall parameter estimate for this 

predictor was negative, indicating that higher levels of herbivory damage are associated 

with lower counts of Curculionoidea, and this relationship was apparent in seedlings 
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within continuous forest. The opposite trend, however, was observed in forest fragments 

(Figure S4.4).  

The number of dropped leaves also remained in the structure of the top models for P. 

tomentella, but was absent from those of D. lanceolata. A higher level of herbivory was 

recorded in enclosures with greater numbers of dropped leaves for seedlings of P. 

tomentella (parameter estimate= 0.008, Table 1(C), Figure S4.1). This predictor had a 

low relative importance of 0.09 (Table 1(C)). The number of new leaves also remained 

as a predictor for herbivory damage in P. tomentella, with a lower parameter estimate 

(0.006, Table 1(C)) and importance value (0.07, Table 1(C)), suggesting that producing 

new leaves is associated with lower overall herbivory damage in seedlings of P. 

tomentella (Figure 4.3).  

4.5 Discussion 

The effects of forest fragmentation on insect herbivory rates 

The primary aim of this study has been to ascertain whether insect herbivory occurred at 

different rates in forest fragments compared with continuous forest sites. We discovered 

that while forest type alone did not fully explain the patterns of herbivory in 

experimentally planted seedlings across the SAFE landscape, it did remain as a 

relatively important predictor in explaining patterns of leaf damage. In general, lower 

levels of herbivory damage were recorded in seedlings planted in forest fragments 

compared with those planted in continuous forest sites. This is consistent with other 

studies that found reduced herbivory in forest fragments (Benítez-Malvido 1998, Fáveri 

et al. 2008, Chávez-Pesqueira et al. 2015). Forest type had a lower relative importance 

than other predictors following model averaging which suggests that insect herbivory is 

governed by a complex combination of biotic and abiotic factors. This is unsurprising, 
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as it has been suggested that levels of leaf damage may not be predicted by simple 

landscape metrics such as forest area (Maguire et al. 2016).  

While reduced herbivory was consistently recorded in fragments for one study species, 

D. lanceolata, a more complex relationship was detected in seedlings of P. tomentella, 

which exhibited more variation in their response to fragmentation indicating that 

species-level responses differ. The largest difference in the level of leaf area loss 

between fragments and continuous forest was observed at the third sampling time for 

seedlings of this species (a mean increase in leaf area loss of 3.635%, Table S3). This 

was also associated with an inverted relationship, whereby higher levels of defoliation 

were recorded in enclosures located in forest fragments compared with those in 

continuous forest sites; the only time that this was observed in this experiment. This 

peak in leaf area loss may reflect an outbreak in insect herbivores in fragmented forest 

sites. 

Furthermore, this gives weight to the argument that “snapshots” of herbivory at single 

points in time cannot be relied upon (Lowman 1984, de la Cruz and Dirzo 1987, Anstett 

et al. 2016), since data from this sampling event would erroneously lead to the 

conclusion that herbivory occurs at higher rates in fragments for seedlings of P. 

tomentella. Quantifying herbivory through repeated measures, we argue, provides a 

more accurate depiction of this complex ecological process. Damage levels obtained at 

a single point in time have been found to underestimate herbivory levels by up to five 

times (Lowman 1984). Despite this, studies continue to rely heavily on snapshots of leaf 

damage (Ruiz-Guerra et al. 2010). 

Our results were in contrast to findings from another recent study carried out in Sabah, 

which also investigated the effects of fragmentation on insect herbivory in three species 
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of dipterocarp seedlings, one of which was D. lanceolata, and which found that 

herbivory damage was negatively related to forest area (Yeong et al. 2016). However, 

our study differed in methodology, Yeong et al. measuring herbivory damage, by eye, 

once after an 18 month period. Results from the Biological Dynamics of Forest 

Fragments Project (BDFFP) in Brazil have shown that despite sharing similarities in 

soil types, climate, fragment ages, land-use history and even being geographically close, 

fragmented landscapes can experience vastly different trajectories in species responses 

and changes in species interactions (Laurance et al. 2011). Our findings parallel a 

similar seedling experiment, carried out at the BDFF project which, after one year, 

recorded lower herbivory damage on seedlings planted in forest fragments (Benítez-

Malvido 1998). However, after six years a consistent significant response to 

fragmentation could not be detected, as leaf damage did not appear to relate reliably 

with forest area (Benítez-Malvido et al. 1999).   

We found a relatively small difference in the magnitude of herbivory damage occurring 

between fragments and continuous forest (mean difference of 0.998% and 0.666% for 

D. lanceolata and P. tomentella, respectively, Table S3). Given the mean herbivory 

damage across all time points was 3.989% for D. lanceolata and 5.931% for P. 

tomentella in continuous forest sites, this translates to a 25% and 11% reduction in their 

herbivory in fragmented forest, respectively. The consequences of even small shifts in 

this process are not fully understood. Little research has been carried out into tipping 

points and determining to what degree differences in herbivory levels have broader 

ecological consequences such as increased mortality. This could be investigated through 

experiments where different levels of herbivory are experimentally induced, and 

survival is monitored over the long term. Previous research has found that as little as 

10% defoliation can reduce plant fitness (Coley and Barone 1996) and we recorded 
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higher leaf area loss than this threshold in a number of enclosures during this 

experiment, which may have consequences for future survival rates of seedlings across 

the entire SAFE landscape. 

Seedling traits as predictors of insect herbivory 

Seedling traits played an important role in predicting herbivory damage throughout this 

experiment. A clear result from our study showed that seedling height was the single 

best predictor and a strong determinant of leaf damage. As all seedlings planted in this 

experiment were of the same age and had been grown under the same environmental 

conditions at the Sabah Biodiversity Experiment’s nursery, it is unlikely that seedling 

age is a confounding factor in this result. Our findings seem logical, as larger plants are 

more conspicuous, and therefore may be more readily accessible to natural enemies 

such as herbivores (Schlinkert et al. 2015). This is in line with previous research which 

found that seedling height predicted levels of leaf damage (Benítez-Malvido and 

Lemus-Albor 2005). Interestingly, previous research on members of the 

Dipterocarpaceae found that an increase in herbivory was significantly associated with 

seedling height, only when one of our study species, D. lanceolata, was removed from 

analysis (Massey et al. 2006). Our findings, however, confirm that levels of defoliation 

in seedlings of this species can be predicted by height.  

When both species were analysed together, a significant positive relationship was 

detected between the numbers of conspecific seedlings and total herbivory in each 

enclosure, indicating that there is no safety in numbers when it comes to levels of 

defoliation. This gives support to the Janzen-Connell hypothesis of negative density 

dependence, which predicts that seedlings found in higher concentrations of 

conspecifics act as reservoirs for natural enemies such as insect herbivores (Massey et 
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al. 2006). The fact that this effect operated even in fragmented forest is encouraging in 

that it indicates that diversity maintenance via a Janzen-Connell effect may continue to 

operate even in areas affected by anthropogenic disturbance. 

Conversely, a negative relationship was found between the number of leaves within 

each enclosure and insect herbivory. Since young expanding leaves are most vulnerable 

to herbivory damage (Kursar and Coley 2003), plants may produce leaves when biotic 

pressure from herbivores is low, such as during the dry season, thus taking advantage of 

reduced herbivore pressure minimising the area of young leaf tissue lost (Aide 1992). 

Leaf synchrony whereby different plants produce leaves at the same time, is another 

established defence against herbivory as herbivores are satiated more easily (Coley and 

Kursor 1996). An important consideration, however, is that lags in leaf production and 

herbivory have been recorded, with herbivory closely following increased production of 

leaves (Lamarre et al. 2014). Thus, while a higher number of leaves may be associated 

with lower levels of defoliation, it may not reflect future herbivory damage. One 

possibility is that in the absence of biotic pressure from herbivores, seedlings were able 

to invest their resources in producing leaves.  

Species-specific responses to forest fragmentation 

A secondary aim of this study was to determine if the two focal plant species responded 

in a similar way to forest fragmentation, and to determine if their responses were 

governed by the same predictors. When analysed together, species identity did not 

remain as an important predictor of levels of defoliation indicating that herbivory did 

not vary significantly between the two focal species. While time, seedling height, forest 

type and slope remained in model structures when species were analysed separately, a 



87 

 

number of other predictors contributed to explaining patterns of defoliation in each of 

the two species.  

For seedlings of D. lanceolata, canopy closure played a role in predicting herbivory 

damage suggesting that light might be an important factor governing herbivory levels in 

this species. In our study, lower leaf area loss was recorded in sites with more open 

canopies. This conflicts with the resource availability hypothesis which states that 

plants growing in environments where light is restricted will invest in defensive 

compounds to mitigate loss of valuable photosynthetic material (Coley et al. 1985). It 

also contrasts with previous reports that insect herbivore activity is reduced in closed 

canopy environments compared with forest gaps, with more open environments 

experiencing up to 50% more herbivory in tropical systems (Piper et al. 2018). Edge 

habitats, which are characterised by higher levels of light (Bierregaard et al. 1992, 

Newbery et al. 1996) have also been associated with higher levels of herbivory 

performed by generalist species (Murphy et al. 2016). We investigated palatability and 

defence in the surviving seedlings in this experiment elsewhere, and found evidence that 

canopy closure predicted leaf strength in our study species (Chapter 5). It is possible 

that the higher tensile strength found in leaves under more open canopies explains this 

surprising pattern of defoliation.   

An experiment testing the interaction between light and experimentally induced 

herbivory in seedlings of Dipterocarpaceae found that seedlings located in areas with 

more closed canopies were less capable of enduring herbivory damage than those in 

more open environments (Blundell and Peart 2001). This was further supported by 

research which found higher mortality with increasing herbivory in the understory and 

that herbivory limited growth did not affect survival in seedlings found in light gaps 

(Norghauer et al. 2008). Since higher levels of leaf area loss were recorded in more 
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shaded environments in this study, this may have consequences for the survival of 

seedlings of D. lanceolata in closed canopy environments.  

In conclusion, our study contributes to understanding the effects of forest fragmentation 

on insect herbivory which, nevertheless, remains complex and unpredictable. We 

provide evidence that this vital ecological process may be disrupted through this form of 

environmental degradation by demonstrating that forest fragments are associated with 

lower levels of insect herbivore damage. Interestingly, we found that larger seedlings 

found in areas with high numbers of conspecifics suffered increased leaf damage, which 

may have consequences for their survival. We have shown that herbivory is a highly 

dynamic process governed by a multiplicity of factors and, therefore, should be 

monitored over long periods of time if the effects of habitat modification are to be 

disentangled.  
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S4 Supplementary material 

Forest structure at SAFE 

The native vegetation at SAFE is lowland tropical rain forest dominated by members of 

the Dipterocarpaceae (Döbert et al. 2017). The forest at SAFE, however, is now 

extremely heterogeneous and heavily degraded in places due to its complicated logging 

history (Pfeifer et al. 2015). The forest in “Logged Forest Edge (LFE)” and “Logged 

Forest (LF)” are known to have experienced two rounds of selective logging, carried out 

under a modified Malaysian uniform system, the first removing approximately 

113m
3
ha

-1
, and the second 37m

3
ha

-1 
(Struebig et al. 2013). While strictly protected, the 

Virgin Jungle Reserve at SAFE has experienced some logging on its periphery, carried 

out during the construction of access roads (Struebig et al. 2013). There is also evidence 

that further illegal logging may have taken place at VJR (Pfeifer et al. 2015). Within 

SAFE’s experimental area, the fragmented forest blocks (A-F) underwent a similar 

extraction of 113m
3
ha

-1 
during its first round of logging in the 1970s, but during the 

second rotation the forest within these blocks were logged three times resulting in an 

average extraction rate of 66m
3
ha

-1
 (Struebig et al. 2013). The matrix surrounding the 

fragments used in this experiment was salvage logged, whereby trees of any size could 

be removed (Ewers et al. 2015), earlier in 2015, and was primarily composed of 

regenerating secondary species at the time of this study.  

Statistical analysis (continued) 

Prior to analysis, all predictor variables were checked for collinearity visually, by 

producing pair plots and calculating Pearson’s correlation coefficients (Zuur et al. 

2009). A cut-off of R ≤ 0.7 was chosen as an acceptable amount of correlation between 

two variables above which the variable with the weakest correlation with the response 
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variable, leaf area loss, would be removed. For both plant species analysed together, 

abundance and species richness of Curculionoidea showed high correlation (R= 0.97). 

Species richness showed a weaker association with the response variable and so was 

removed from the global model structure (R= -0.01). For D. lanceolata, a high 

correlation was detected between the total number of leaves and the total number of 

seedlings per enclosure (R= 0.76). The total number of seedlings showed a weaker 

association with the response variable and was excluded from the global model for this 

species (R= 0.1). For P. tomentella, the total number of leaves and total number of 

seedlings were also highly correlated (R= 0.8), and once more the number of seedlings 

showed a weaker correlation with leaf area loss and so was excluded from analysis (R= 

0.07). 

Variance inflation factors (VIFs) were also calculated for all explanatory variables and 

used as a complementary method of detecting multi-collinearity (Zuur et al. 2010). A 

VIF of 5 was chosen as a cut-off, above which variables would be removed from global 

model structures, a relatively conservative cut-off within common thresholds of 3-10 

(Craney and Surles 2002, Zuur et al. 2010). Generally VIFs above 10 are considered to 

indicate that a predictor is very strongly correlated with one or more other predictors in 

a model (Smith et al. 2009). Both species richness and counts of Curculionoidea were 

associated with high VIFs in all sets of analyses (Table S2). Once species richness had 

been removed, due to weaker correlations with the response variables, counts of 

Curculionoidea exhibited acceptable VIFs. VIFs also confirmed that the total number of 

seedlings should be removed from the global models for both D. lanceolata and P. 

tomentella (Table S2; Total Seedlings VIF=6.11 and 5.74, respectively).  
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Table S4.1 Number of surviving seedlings and the number of leaves at each time 

point during the experiment. 

 

Table S4.2 Variance inflation factors (VIFs) for maximal models of both species 

analysed together, and each species analysed separately. A VIF of 4 was chosen as 

a cut-off above which a variable would be removed from maximal model structure, 

variables removed from maximal model structure are highlighted in bold. 

Both species Dryobalanops lanceolata Parashorea tomentella 

Variable VIF Variable VIF Variable VIF 

Forest type 1.618 Forest type 1.805 Forest type 1.503 

Time 2.169 Time 3.648 Time 2.919 

Slope X 1.356 Slope X 1.457 Slope X 1.314 

Slope Y 1.305 Slope Y 1.327 Slope Y 1.300 

Canopy 1.511 Canopy 1.620 Canopy 1.459 

PAR 1.534 PAR 1.630 PAR 1.509 

Total Leaves 3.322 Total Leaves 3.828 Total Leaves 3.575 

New Leaf 1.688 New Leaf 1.977 New Leaf 1.796 

Leaf Drop 1.514 Leaf Drop 1.686 Leaf Drop 1.407 

Total Seedlings 3.908 Total Seedlings 6.408 Total Seedlings 5.863 

Seedling Height 1.519 Seedling Height 1.404 Seedling Height 1.543 

Invert Abundance 1.600 Invert Abundance 1.571 Invert Abundance 1.534 

Invert Richness 17.622 Invert Richness 18.746 Invert Richness 17.046 

Species 2.056     

 

Time point 

Number of Seedlings Number of Leaves 

Fragment Continuous Total Fragment Continuous Total 

0 288 288 576 1214 1189 2403 

1 250 208 458 1058 718 1776 

2 228 195 423 945 656 1601 

3 161 137 298 834 631 1465 

4 154 128 282 819 632 1451 

5 148 121 269 863 621 1484 
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Table S4.3 Summary data showing mean herbivory (% leaf area loss) at enclosure 

level ± standard error in each forest type for each species across all time points. 

The difference in leaf area loss between continuous forest and fragments are 

provided for each time point. 

Species 
Forest 

Type 

Sampling Point 

Mean 

0 1 2 3 4 5 

Dryobalanops 

lanceolata 

Fragment 0.936 

±0.171 

2.367 

±0.372 

3.150 

±0.637 

3.910 

±0.698 

3.919 

±0.740 

3.669 

±0.548 

2.990 

±0.243 

Continuous 1.240 

±0.262 

3.886 

±0.821 

4.186 

±0.769 

4.305 

±0.770 

4.644 

±0.751 

5.670 

±0.795 

3.989 

±0.310

6 

Difference 
-0.304 -1.519 -1.035 -0.395 -0.725 -2.001 -0.998 

Parashorea 

tomentella 

Fragment 1.550 

±0.336 

4.079 

±0.852 

9.412 

±1.963 

4.904 

±1.017 

5.286 

±1.005 

6.533 

±1.323 

5.265 

±0.428 

Continuous 2.138 

±0.365 

4.344 

±0.727 

5.777 

±1.003 

7.198 

±1.166 

7.901 

±1.038 

8.227 

±1.234 

5.931 

±0.428 

Difference 
-0.588 -0.265 3.635 -2.295 -2.615 -1.694 -0.666 

 

 

 

Figure S4.1 Back-transformed predicted relationship between the number of dropped 

leaves and herbivory (%) in each enclosure following linear mixed effects modelling, for 

both species together (left), Dryobalanops lanceolata (middle), and Parashorea tomentella 

(right). Shaded areas represent the standard error surrounding estimated relationships. 
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Figure S4.2 Back-transformed predicted relationship between canopy closure (%) and 

herbivory (%), following linear mixed effects modelling for Dryobalanops lanceolata. 

Shaded areas represent the standard error surrounding estimated relationships. 

 

Figure S4.3 Back-transformed predicted relationship between the number of new leaves 

and herbivory (%) following linear mixed effects modelling for Parashorea tomentella. 

Shaded areas represent the standard error surrounding estimated relationships. 
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Figure S4.4 Back-transformed predicted relationship between counts of Curculionoidea 

and herbivory (%) following linear mixed effects modelling, for both species together 

(left), Dryobalanops lanceolata (middle), and Parashorea tomentella (right). Shaded areas 

represent the standard error surrounding estimated relationships. The left panel shows 

the predicted relationships without data overlaid; the right shows mean values at each 

enclosure. 

 

 

Figure S4.5 Back-transformed predicted relationship between slope (angle of inclination 

within each enclosure) and herbivory (%) following linear mixed effects modelling, for 

both species together (left), Dryobalanops lanceolata (middle), and Parashorea tomentella 

(right). Shaded areas represent the standard error surrounding estimated relationships. 
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Figure S4.6 Pairplots of the response variable, leaf area loss (Herbivory) and explanatory variables for both species together. The upper panel 

contains scatterplots between each explanatory variable. Pearson’s correlation coefficients are provided in the lower panel, the font size of 

correlation coefficients is proportional to their value. 
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Figure S4.7 Pairplots of explanatory variables for Dryobalanops lanceolata data versus the response variable leaf area loss (Herbivory). The 

upper panel contains scatterplots between each explanatory variable. Pearson’s correlation coefficients are provided in the lower panel, the 

font size of correlation coefficients is proportional to their value. 
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Figure S4.8 Pairplots of explanatory variables for Parashorea tomentella data versus the response variable leaf area loss (Herbivory). The 

upper panel contains scatterplots between each explanatory variable. Pearson’s correlation coefficients are provided in the lower panel, the 

font size of correlation coefficients is proportional to their value. 
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5.1 Abstract 

Forest loss and fragmentation disrupt vital plant-animal interactions. Specifically, forest 

disturbance may impact on how well plants defend themselves against insect herbivory. 

Faced with the challenge of keeping their leaves visible to optimise photosynthesis 

whilst concurrently minimising damage from natural enemies such as insect herbivores, 

plants employ two main lines of adaptive defence in response to their environment: 

antifeedant chemical and physical traits.  

This study investigates the effects of fragmentation on bottom-up control of insect 

herbivory through changes in foliar defensive traits. Seedlings of two endemic 

Dipterocarpaceae species, Dryobalanops lanceolata and Parashorea tomentella, were 

planted in twelve one hectare fragments and twelve continuous forest sites across a 
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fragmented landscape in Sabah, Malaysia. Three common indicators of leaf quality 

were quantified: total foliar phenolics, acid detergent fibre and leaf strength.  

Total phenolics and fibre content varied significantly between species, with P. 

tomentella having higher polyphenols but lower fibre content, suggesting this species 

may have a greater reliance on chemical rather than mechanical defence compared to D. 

lanceolata, thus highlighting apparent species-specific defensive strategies. Lower foliar 

phenolics were recorded in seedlings in forest fragments although this relationship was 

only significant for individuals of P. tomentella. Further evidence suggests a reduction 

in acid detergent fibre present in fragments. These results suggest a relaxation in some 

phytochemical defences in forest fragments, and imply an increased vulnerability to 

insect herbivory for seedlings in fragmented habitats. Such changes may have cascading 

consequences at population and community levels with potential implications for 

regeneration success within forest fragments.  

Key words: total phenolics; acid detergent fibre; leaf defence; insect herbivory; 

fragmentation 

5.2 Introduction 

Plants generally, and their leaves in particular, are fundamental to biogeochemical 

cycles, form the base of food chains and provide habitat for a suite of lifeforms (Wright 

et al. 2004). Leaves are vital plant organs necessary for photosynthesis and while 

maximising light interception are faced with the challenge of minimising damage from 

natural enemies such as herbivores (Corlett 2014). Often described as an “evolutionary 

arms race”, this antagonistic interaction between plants and herbivores can cause strong 

selective pressure favouring defensive traits in some plant species, and has been 

proposed as a mechanism to explain the co-diversification of plants and insects (Feeny 
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1976, Kursar et al. 2009). Plants employ a range of secondary chemical compounds to 

deter insect herbivory and, similarly, insect herbivores have evolved a variety of 

strategies to evade predation through the use of different secondary metabolites leading 

to specialist plant-insect herbivore relationships (Feeny 1976, Janzen 1984, Kessler and 

Baldwin 2002).  

Phytophagous insects, in parallel many other taxa, increase in both diversity and 

abundance towards the tropics (Salazar and Marquis 2012). Within tropical ecosystems 

they play a vital role as consumers, since the majority of herbivore damage is carried 

out by invertebrates (Coley and Barone 1996). Although plant species in the tropics 

experience a higher degree of herbivore pressure, this rarely corresponds with increased 

levels of defoliation suggesting that plants may be better defended at lower latitudes 

(Salazar and Marquis 2012).  

Plants exhibit two main lines of defence against herbivory; chemical and physical. A 

number of hypotheses have been proposed to explain the variation in defensive traits 

among plant species. The theory of plant apparency suggests plants which are more 

easily detected by herbivores, due to higher densities, slower growth rates or high leaf 

longevity, should rely more on chemical defences to act as deterrent to a broad range of 

enemies (Feeny 1976). The resource availability hypothesis proposes that 

environmental constraints which cause reduced growth rates favour larger investments 

in defensive traits (Coley et al. 1985). The carbon-nutrient balance hypothesis suggests 

that when plant growth is limited by nutrients such as nitrogen, rather than by light, 

plants will invest their carbon, produced through photosynthesis, in carbon-based 

defensive compounds such as polyphenols. This mitigates leaf loss as their replacement 

is expensive (Bryant et al. 1983).  
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Leaf traits are regularly used to explain patterns of herbivore abundance and their 

associated levels of damage (Whitfeld et al. 2012). Kursar and Coley (2003) proposed 

that plant species can be placed along a spectrum between two main strategies to 

explain insect herbivory patterns; defence or escape. The defence strategy is 

characterised by strong chemical defensive traits, and, typically, slow growth and slow 

expansion of leaves. Conversely, species which rely on the escape strategy do not invest 

in chemical defence in their younger leaves but instead delay greening of their leaves 

and adopt a faster rate of leaf expansion, thus minimising the amount of leaf material 

that can be lost to herbivores during the young and more vulnerable phase of leaf 

development.  

Due to their sessile nature, it is beneficial for plants to exhibit plasticity in their leaf 

traits in response to changes in their environment so as to maintain functioning 

regardless of abiotic stresses (Karban et al. 1999, Rozendaal et al. 2006). Adaptations to 

leaf traits have been studied when comparing sun and shade leaves within the same 

individual and between different life-history strategies such as pioneer versus shade-

tolerant species (Onoda et al. 2011, Ruiz-Guerra et al. 2016). It follows that species are 

expected to show phenotypic plasticity at a larger scale in response to habitat 

modification, although this is relatively understudied. In dry forest of the subtropics, 

edge effects have been found to alter leaf quality significantly with a higher carbon and 

nitrogen content found in leaf litter of edge habitats, which in turn disrupts 

decomposition rates (Moreno et al. 2017). Previous investigations into the effects of 

forest fragmentation on defensive leaf traits have yielded inconclusive results. While 

there is some evidence that fragmentation may lead to the relaxation of certain 

defensive traits, others have failed to detect a significant response (Fáveri et al. 2008, 

Ruiz-Guerra et al. 2016).  
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A wealth of defensive traits affect herbivory (Coley 1983), but some are more readily 

quantifiable than others (Coley 1983). Foliar phenolics are toxic to most insect 

herbivores and as such, act as a deterrent to generalist species. They act by reducing the 

palatability of leaf tissue by decreasing the efficacy of the herbivore’s digestive 

enzymes (Waterman and Mole 1994). Some specialist herbivores invest in their own 

secondary compounds to cope with these toxins but they are commonly associated with 

reduced growth and overall fitness (Kessler and Baldwin 2002). Fibre and leaf strength, 

which generally correlate with one another, have been shown to predict herbivore 

damage in tropical forests (Coley 1983). It is important to note, however, the difference 

between the two defensive traits: fibre is a chemical component of the leaf which is 

harder to digest, whereas leaf strength and toughness refer to structural properties of the 

leaf which act as a barrier to herbivory before chemical defences can be encountered 

(Sanson et al. 2001, Mali and Borges 2003, Caldwell et al. 2016). Toughness can affect 

the behaviour of insect herbivores directly as chewing insects must have mouthparts 

strong enough to fracture and tear a leaf’s surface (Sanson et al. 2001). It requires more 

energy to consume tough leaves and so toughness has been found to play a role in food 

preferences of herbivores (Choong et al. 1992, Caldwell et al. 2016).  

Microclimate, specifically the light environment, is known to alter leaf traits and 

consequently affects insect herbivores through such changes to their host plant (Stiegel 

et al. 2017). Light plays a role in determining how much investment is made in foliar 

defensive traits, for example increased carbon-based defensive chemicals such as 

phenolics are found in more open environments (Ingersoll et al. 2010, Stiegel et al. 

2017).  Some phenolic compounds may even protect plants from damage caused by 

high light incidence (Close and McArthur 2002). In addition, higher fibre content and 

leaf strength have been found in shade leaves compared to sun leaves (Onoda et al. 
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2011). Leaf lifetime is an important factor to consider, as it is thought to determine what 

type of defence will be more advantageous: polyphenols and fibre are relatively 

expensive to produce and are therefore beneficial only if a leaf is long-lived (Coley et 

al. 1985). 

Here we investigate whether forest fragmentation causes a shift in three foliar defensive 

traits: total phenolics, acid detergent fibre and leaf strength, and whether these in turn 

are associated with altered insect herbivory levels through bottom-up control. We 

hypothesise that more disturbed, and therefore more open, sites should be characterised 

by leaves with lower toughness and fibre content, but higher phenolic content. 

Furthermore, we hypothesise that the two study species may exhibit differences in their 

foliar defensive traits and therefore responses to forest disturbance may be species-

specific.  

5.3 Materials and methods 

Study site 

Field work was carried out at the Stability of Altered Forest Ecosystems (SAFE) project 

in Sabah, Malaysian Borneo, a well replicated, large-scale manipulation experiment 

designed to test the effects of anthropogenic disturbance such as logging and 

fragmentation on a suite of forest functions. This heterogeneous landscape comprises a 

7200 hectare (ha) experimental area adjacent to the 2200 ha Brantian-Tatulit Virgin 

Jungle Reserve, within over one million hectares of continuous forest and agricultural 

plantation, predominantly oil palm (Ewers et al. 2011). The forest at SAFE is primarily 

composed of highly degraded lowland and hill dipterocarp forest which has experienced 

multiple logging regimes (Deere et al. 2018).  
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Figure 5.1 Map of study area. A seedling experiment was established within the Stability of Altered Forest Ecosystems (SAFE) project, located 

in Sabah Malaysian Borneo. One hectare fragments in ‘Forest blocks’ “C, D and F” were chosen for this experiment. Continuous forest control 

sites were chosen in Logged Forest Edge (LFE), Logged Forest (LF) and Virgin Jungle Reserve (VJR). 
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Leaf material  

Leaf material was obtained from seedlings which were destructively sampled following 

the completion of an experiment to test the initial effects of forest fragmentation on 

rates of damage by insect herbivores which ran from May 2015 until October 2016. 

Two species of Dipterocarpaceae were planted in this experiment; Dryobalanops 

lanceolata Burck and Parashorea tomentella (Symington) Meijer, both of which are 

endemic to Borneo and common in lowland dipterocarp rainforest (Baltzer et al. 2005, 

Brearley 2006, Brearley, Press and Scholes 2003, Chung et al. 2011). Twelve seedlings 

of each species were initially planted and enclosed using chicken wire in twelve one 

hectare forest fragments and twelve continuous forest sites, resulting in 576 seedlings 

being planted across the landscape (Figure 5.1). Seedlings were planted 50 cm apart and 

the minimum distance between sites was 178 m. Further details on the experimental 

design and methods used over the course of the experiment can be found in Chapter 3 of 

this thesis.  

At the end of the experiment, all 268 surviving seedlings were removed and their leaves 

were dried at 70°C for 72 hours before being transported to Universiti Malaysia Sabah, 

for chemical analysis. Since each analysis required a minimum amount of leaf material, 

leaves were weighed accurately and were randomly assigned to either phenolic or fibre 

analysis.  

Defensive leaf traits 

Total phenolic content  

The phenolic content of both damaged and undamaged leaves was measured from a 

subsample of surviving seedlings (N=100 seedlings, approximately four from each site). 
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Leaf samples were weighed and ground using a mortar and pestle before extraction with 

80% methanol for 72 hours. Crude extracts were then filtered and the solvent was 

evaporated at 40°C under reduced pressure using an Eyela rotary evaporator. Dried 

extracts were then resuspended in 1mL of analytical grade methanol (99.8% v/v) and 

stored at -20°C pending further analysis. Total phenolic content of each extract was 

determined using an adapted Folin-Ciocalteu procedure according to Zhang et al. 2006, 

using gallic acid as a standard. A serial dilution of gallic acid was prepared using 

distilled water to produce the following concentrations: 100%, 50%, 25%, 12.5% and 

6.25%.  

Assays were performed in triplicates for each sample using the following method: 10µL 

of the extract were placed in a well of a microplate, followed by 10µL of analytical 

grade methanol (99.8%v/v). This diluted each sample two-fold and prevented the 

occurrence of machine read errors which occur when the fluorescence of a sample is too 

high. 100µL of Folin-Ciocalteu reagent was added to each sample and this was mixed 

well and left for 30 minutes, before 80µL of 7.5% sodium carbonate solution was 

added. Once more, samples were mixed and then microplates were covered and left at 

room temperature for 2 hours. Triplicate blank samples were used as a control and 

prepared substituting analytical grade methanol (99.8% v/v) in place of leaf extract.  

Absorbance of each sample was measured at 735nm using a Tecan Infinite M200 

microplate reader and total phenolic content was calculated as in equation (1) and 

expressed as milligrams Gallic Acid Equivalents (GAE) per gram dry extract, adapted 

from (Zhang et al. 2006). Norm is the mean assay value of sample triplicates obtained 

from calibration curve (μgmL
-1

) minus the mean assay value of blank samples. V refers 

to the volume of plant extract in μL, D is the dilution factor and weight refers to the dry 

weight of sample extract in g.  
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 𝑇𝑜𝑡𝑎𝑙 𝑃ℎ𝑒𝑛𝑜𝑙𝑖𝑐 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑔𝐺𝐴𝐸𝑔−1) =   ([𝑁𝑜𝑟𝑚 𝑥 𝑉 𝑥 𝐷]/1000)/𝑤𝑒𝑖𝑔ℎ𝑡 (1) 

 

Fibre content  

Fibre content was measured in both damaged and undamaged leaves from a subsample 

of surviving seedlings (N=81 seedlings, 3-4 individuals per site). Acid Detergent Fibre 

(ADF) was quantified following the protocol outlined by (Ankom Technology 2011) 

using an Ankom
2000

 Automated Fibre Analyser. This method uses cetyl 

trimethylammonium bromide (CTAB) and sulphuric acid to digest the proteins, 

starches, sugars, pectin and lipids in plant cells, leaving the less digestible fibrous 

components, cellulose and lignin (DeMilto et al. 2017).  

Leaf strength 

Measurements of leaf strength were carried out in situ on all 268 surviving seedlings 

before their removal and quantified as the force required to puncture a leaf using a 

pocket penetrometer fitted with a 0.25” tip. This measures the minimal leaf strength of 

the blade (Choong et al. 1992). To ensure the entire leaf blade experienced the same 

tension during recordings, a frame was constructed with a series of drilled 2-cm holes, 

through which the penetrometer could be pushed. Five measurements were taken per 

blade, and strength was expressed as the mean value in kgcm
-2

. The midrib and any 

venation were avoided and care was taken to ensure measurements were made within 

the intercostal lamina region.  
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Explanatory variables 

Forest type 

Since the primary aim of this study was to investigate whether foliar defensive traits are 

altered through forest fragmentation, forest type was included as a binary explanatory 

variable (fragment or continuous). The one hectare forest fragments used in this study 

were recently isolated in 2015 before the establishment of the seedling experiment.  

Leaf Age 

Seedlings were visited six times over the course of the experiment, and during each visit 

any new leaves were labelled using indelible ink. The minimum number of days since a 

leaf’s first noted appearance was used as a measure of leaf age and calculated as the 

number of days between a leaf’s first appearance and the final time point of the 

experiment. Seedlings could not be visited on a daily basis due to logistical constraints. 

Leaves that were present on seedlings at time of planting were assigned the maximum 

number of days of the experiment (600 days) as a measure of their age. While this is not 

a precise measurement, as the specific day of leaf expansion was not recorded, it 

provides a consistent proxy for leaf age across seedlings in each site in this experiment. 

Relative growth rate  

Relative growth rate (RGR) of each seedling was calculated according to Bebber et al., 

2002, as the difference between the log10 vertical height of each seedling at the final 

time point (T5) and the initial time point (T0) divided by the number of days between 

these time points (see equation (2)). Seedling height was measured as the distance in 

centimetres to the nearest millimetre from the ground to the apical growing point. 
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 RGR= (𝑙𝑜𝑔10[𝐻𝑇5 − 𝐻𝑇0])/(𝑇5 − 𝑇0 ) (2) 

Insect herbivore damage  

A secondary aim of this study was to determine if herbivory damage induced any 

changes in foliar defence.  All leaves were scanned before seedling removal at the end 

of the experiment, using a Canon Canoscan Lide 210 flatbed scanner. Leaf area loss was 

quantified using ImageJ version 1.48 (National Institutes of Health, USA). For these 

analyses, leaves were coded as “eaten” if they exhibited >1% damage, and “not eaten” 

if they had less than this. In order to obtain the minimum leaf mass required for 

phenolic and fibre analyses, multiple leaves from the same individual were often pooled 

and on these occasions, leaves were grouped according to whether they were damaged 

or undamaged. By assigning leaves to this binary system a balanced design of “eaten” 

or “not eaten” samples could be achieved for chemical analysis. 

Canopy closure 

A concave spherical densiometer was used to measure canopy closure, which was 

treated as a proxy for shade. Measurements were taken facing north, east, south and 

west and averaged to provide a mean percentage cover above each enclosure. 

Statistical analyses 

Mixed effects models were used to test the effect of forest fragmentation on the three 

separate defensive traits: total foliar phenolics, fibre content and leaf strength. All 

analyses were carried out using the nlme package (Pinheiro et al. 2018) in R version 

3.4.4 (R Core Team 2018). Fixed covariates (canopy closure, leaf age and relative 

growth rate) were scaled (mean set to zero, standard deviation of one), to help with 

model convergence.  
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Pair plots of response variables versus all explanatory variables were produced in order 

to visually assess the presence of collinearity between predictors and interactions 

between explanatory variables (Zuur et al. 2011) (See Figures S5.1-S5.9). Pearson’s 

correlation coefficients were calculated and confirmed that collinearity was not an issue 

between variables (Figures S5.1-S5.9). To determine the optimal random effects 

structure, likelihood testing was performed using restricted maximum likelihood 

(REML) estimation; the fixed structure of each model remained unchanged and 

included all predictor variables. During this stage, generalised least squares (GLS) was 

used as a null regression model, and mixed models were built first with a random 

intercept only, then with both random slope and intercept. Models were compared using 

Akaike’s Information Criterion (AIC) (Zuur et al. 2011). 

Preliminary data exploration revealed a nonlinear relationship between total phenolic 

content and relative growth rate for Dryobalanops lanceolata (Figure 5.3), a cubic 

expression for this covariate was included in the maximal model structure for this 

species (I(RGR.Dlan^3)). Similarly, polynomial relationships were observed between 

relative growth rate and acid detergent fibre, consequently a quadratic expression for 

growth rate was included for D. lanceolata (I(RGR.Dlan^2)), and a cubic expression 

was included for P. tomentella (I(RGR.Ptom^3)) (Figure S5.11 (A)). Finally, for 

analyses of leaf strength, a quadratic expression for canopy closure was included in the 

models for both species analysed together and for P. tomentella (I(Canopy.Ptom^2) 

(Figure 5.5 (B)). 

For each of the response variables, full models included forest type (fragment or 

continuous) and insect herbivore damage (eaten or not eaten) as fixed factors, and 

canopy closure, leaf age and relative growth rate were included as covariates, in 

addition to the polynomial expressions described above. To control for the clustered 
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sampling design, forest block (C, D, F, LF, LFE and VJR, see Figure 5.1) was included 

as a random effect. To obtain the minimal adequate model, full models were refitted 

with maximum likelihood (ML) estimation before backwards selection involving the 

sequential removal of insignificant predictors. Likelihood testing was then used to 

determine the optimal fixed structure. Once the minimal adequate model was 

determined, it was refitted using REML estimation. All models were validated visually 

to check for homogeneity of variance and normality of residuals (Zuur et al. 2011). To 

test for interspecific variation, species identity was included as a fixed factor in the first 

set of analyses. Models were then repeated for each species separately to investigate 

intraspecific variation in each of the three explanatory variables.  

5.4 Results 

Interspecific variation in leaf defence 

Seedlings of D. lanceolata contained lower levels of foliar phenolics and had higher 

fibre content compared to those of P. tomentella (p<0.05, Table 5.1). No significant 

difference in leaf strength was found between the two species (p>0.05, Table 5.1).  

Species identity and the presence of herbivore damage significantly predicted total 

phenolic content for seedlings in this experiment (p<0.05, Table 5.2). Undamaged 

leaves contained significantly lower concentrations of phenols compared with 

undamaged leaves (parameter estimate= -29.787, p=0.01, Table 5.2). The minimal 

adequate model for total phenolic content also included forest type and relative growth 

rate, although neither variable was significant, their presence in the reduced model 

suggests they partially explain phenolic content when both species are analysed 

together. Negative parameter estimates suggest lower phenolic content is present in 

leaves of seedlings located in forest fragments and in individuals with increased growth 
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rates (parameter estimate= -47.189 and -10.130 for forest type and relative growth rate, 

respectively, Table 5.2, Figure5.2(A) & Figure 5.3).  

Seedlings of D. lanceolata contained higher proportions of acid detergent fibre in their 

leaves (Table 5.1, p<0.05) than those of P. tomentella. The minimal adequate model for 

fibre content contained species identity and herbivore damage. Undamaged leaves had 

significantly higher fibre content (parameter estimate= 1.823, p=0.02, Table 5.3). 

Leaf strength did not vary significantly between species or forest type but instead was 

predicted by canopy closure where a significant negative linear relationship was 

detected (parameter estimate= -8.138, p=0.008, Table 5.4). A second order polynomial 

expression for canopy closure also remained in the minimal adequate model for this 

response variable. 

Table 5.1 Mean (x̅) ± standard error of each defensive trait for seedlings of Dryobalanops 

lanceolata and Parashorea tomentella. Bold p-values indicate significant differences 

between the two species when analysed together using mixed effects modelling. 

 
Dryobalanops lanceolata 

x̅ ± SE 

Parashorea tomentella 

x̅ ± SE 
p 

Total phenolic content (mgGAEg-1) 140.202±9.594 165.575±7.664 0.048 

Acid detergent fibre (%) 69.304±0.418 66.0650±0.4508 0.000 

Leaf strength (kgcm-2) 134.601 ±2.360 134.502 ±2.786 0.550 

 

Intraspecific variation in leaf defence 

Total phenolic content  

The minimal adequate model for total phenolic content, in seedlings of D. lanceolata, 

included insect herbivore damage, only, as a fixed effect. Undamaged leaves had 

significantly lower phenolic content (Figure 5.2(B), parameter estimate= -40.236, 
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p=0.019, Table 5.2). The minimal adequate model, for individuals of P. tomentella, 

included forest type as a fixed factor and leaf age and growth rate as fixed covariates. 

Higher phenolic content was recorded in older leaves, and while this trend was not 

significant, the removal of leaf age reduced the overall fit of the model (Figure 

S5.10(B)). Significantly lower levels of foliar phenolics were observed in P. tomentella 

seedlings located in forest fragments (p=0.039, Table 5.2, Figure 5.2(A)). A significant 

negative relationship was also observed between relative growth rate and phenolic 

content for seedlings of this species; individuals which exhibited higher growth rates 

had reduced foliar phenolic content (parameter estimate= -13.912, p=0.045, Table 5.2, 

Figure 5.3). 

 

Figure 5.2 The relationship between (A) forest type and (B) herbivore damage with total 

foliar phenolic content expressed as mg Gallic Acid Equivalents (GAE) per gram dried 

leaf extract for seedlings of Dryobalanops lanceolata and Parashorea tomentella. 
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Figure 5.3 The relationship between relative growth rate and total foliar phenolic content 

expressed as mg Gallic Acid Equivalents (GAE) per gram dried leaf extract for seedlings 

of Dryobalanops lanceolata and Parashorea tomentella. 

Table 5.2 Coefficients for mixed effects models for Total Phenolic Content (expressed as 

mgGAE/gExtract) for both species analysed together, and for Dryobalanops lanceolata and 

Parashorea tomentella analysed separately. These coefficients derived from the minimal 

adequate model following model reduction. The ΔAIC between the reduced and full 

models are provided. 

Species Term Coeff. SE T d.f P ΔAIC 

Both Species 

Together 

Intercept 182.361 20.026 9.106   172 0.000 

-3.146 

Forest type -47.189 26.036  -1.812 4 0.144 

Species 24.060 12.048 1.997   172 0.048 

Insect herbivory -29.787 11.475 -2.596 172 0.010 

Relative growth rate -10.130 6.055 -1.673   172 0.096 

Dryobalanops 

lanceolata 

Intercept 160.596 22.542 7.124 93 0.000 
-6.162 

Insect herbivory -40.236 16.892 -2.382 93 0.019 

Parashorea 

tomentella 

Intercept 191.638 11.342 16.896 73 0.000 

-2.989 
Forest type -49.415 16.335 -3.025 4 0.039 

Leaf age 12.882 6.933 1.858 73 0.067 

Relative growth rate -13.912 6.830 -2.037 73 0.045 
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Fibre content  

The minimal adequate model for fibre content, for individuals of D. lanceolata, 

contained forest type and insect herbivore damage as fixed factors and a second order 

polynomial expression for relative growth rate as a fixed covariate. Leaves of seedlings 

planted in forest fragments exhibited lower fibre content (Figure 5.4(A)), and although 

this was not significant, removing forest type reduced model fit. Similarly, growth rate 

explained some of the variation in fibre content, whereby the highest fibre content was 

found in seedlings which exhibited medium growth rates (~0.00015 cm/day) for D. 

lanceolata (see Figure S5.11(A). Herbivore damage significantly predicted fibre 

content, with lower fibre content found in eaten leaves for this species (p=0.021, Table 

5.3). 

 

Figure 5.4 The relationship between (A) forest type, and (B) herbivore damage with 

percentage foliar acid detergent fibre (ADF) content for seedlings of Dryobalanops 

lanceolata and Parashorea tomentella. 

The minimal adequate model for seedlings of P. tomentella contained both damage 

class and leaf age as fixed effects. Similar to seedlings of D. lanceolata, significantly 

lower fibre content was found in eaten leaves (p=0.005, Table 5.3). Leaf age co-varied 

with fibre content, although this was not significant, older leaves were associated with 
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higher proportions of acid digested fibre (see Figure S5.11(C)). Fibre content was 

measured on a relatively small subsample of leaf material (N=81 seedlings). 

Consequently, it is possible that with an increased sample size the nonsignificant trends 

observed would become significant. 

Table 5.3 Coefficients for mixed effects models for percentage Acid Detergent Fibre 

content, for both species analysed together, and for Dryobalanops lanceolata and 

Parashorea tomentella analysed separately. These coefficients are derived from the 

minimal adequate model following model reduction. The ΔAIC between the reduced and 

full models are provided. 

Species Term Coeff. SE T d.f P ΔAIC 

Both species 

Intercept 68.690 0.778 0.778 106 0.000 

-4.739 Species -3.059 0.564 -5.424 106 0.000 

Insect herbivory 1.823 0.559 3.262 106 0.002 

Dryobalanops 

lanceolata 

Intercept 69.818 0.915 76.284 43 0.000 

-5.472 
Forest type 

-1.637 1.144 -1.431 4 0.226 

Insect herbivory   1.767 0.737 2.399 43 0.021 

(Relative growth rate)
2 

-0.378 0.247 -1.534 43 0.132 

Parashorea 

tomentella 

Intercept 65.298 0.784 83.316 55 0.000 

-5.465 Insect herbivory  2.562 0.874 2.932 55 0.005 

Leaf age 0.782 0.436 1.794 55 0.078 

 

Leaf strength 

When considering leaf strength as a response variable, the minimal adequate model, for 

individuals of D. lanceolata, included canopy closure and relative growth rate. Canopy 

closure significantly predicted leaf strength for individuals of D. lanceolata, with 

increased leaf strength occurring in more open environments (parameter estimate -

5.003, p=0.035, Table 5.4). While not significant, relative growth rate remained in the 
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minimal adequate model and suggested an increase in growth in more closed 

environments (p=0.148, Table 5.4). 

The minimal adequate model for seedlings of P. tomentella included canopy closure, a 

second order polynomial expression for canopy closure and leaf age. Leaf strength 

increased with leaf age, however this relationship was not significant (p=0.089, Table 

5.4, Figure S5.13). A significant second order polynomial trend was identified in 

response to canopy closure, indicating a peak in leaf strength in sites with 80% canopy 

closure (p=0.025, Table 5.4, Figure 5.5(B)). A significant linear relationship was also 

recorded with canopy closure demonstrating an overall decrease in leaf strength as 

canopy closure increases (parameter estimate= -12.8513, p=0.008, Table 5.4). 

 

Figure 5.5 The relationships between (A) relative growth rate and (B) canopy closure with 

leaf strength for seedlings of Dryobalanops lanceolata and Parashorea tomentella. 
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Table 5.4 Coefficients for mixed effects models for Leaf Strength (expressed as kg/cm
2
) for 

both species analysed together, and for Dryobalanops lanceolata and Parashorea tomentella 

analysed separately. These coefficients are derived from the minimal adequate model 

following model reduction. The ΔAIC between the reduced and full models are provided. 

Species Term Coeff. SE T d.f P ΔAIC 

Both species 

Intercept 134.905 5.509 24.490   260 0.000 

-6.829 Canopy 

closure 
-8.138 3.029 -2.686 260 0.008 

(Canopy)
2 -1.820 1.094 -1.664   260 0.097 

Dryobalanops 

lanceolata 

Intercept 134.681 4.836 27.850 135 0.000 

-5.161 
Canopy 

closure 
-5.003 2.353 -2.126 135 0.0353 

Relative growth 

rate 
3.300 2.267 1.456 135 0.148 

Parashorea 

tomentella 

Intercept 135.052 6.440 20.973 116 0.000 

-4.615 

Canopy 

closure 
-12.851 4.755 -2.703 116 0.008 

(Canopy 

closure)
2 -3.902 1.715 -2.276 116 0.025 

Leaf age 4.382 2.547 1.721 116 0.089 

 

5.5 Discussion 

The importance of a species-specific approach 

When analysed together, species identity was a significant predictor of both total foliar 

phenolics and acid detergent fibre content. Although both species showed consistent 

trends in response to forest type and herbivore damage, they each showed different 

responses to the other environmental and seedling traits included in the models. Only 

when species were analysed separately could further insights into the driving forces 

behind the observed differences in the three defensive traits be detected. 
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Does forest fragmentation alter foliar defensive traits? 

The central aim of this study was to determine whether forest fragmentation altered 

foliar defensive traits in experimentally planted dipterocarp seedlings. We found 

evidence to suggest there is a relaxation of certain defensive traits in forest fragments. A 

significant reduction in total phenolic content was found in leaves from seedlings 

planted in one hectare forest fragments compared to those planted in continuous forest 

sites for one of the study species, P. tomentella, and while not significant the same trend 

was also observed in seedlings of D. lanceolata. Moreover, a decrease in fibre content 

was found in seedlings located in forest fragments, although this was not statistically 

significant in our study, it is an important trend that may become significant if sample 

sizes for this trait were larger. Nevertheless, our findings are consistent with other 

authors, who found evidence that forest fragmentation may reduce foliar defensive traits 

(Fáveri et al. 2008). 

Inconsistent responses to fragmentation have been found in previous studies in relation 

to leaf toughness. Fáveri et al. (2008) recorded decreased toughness in forest fragments, 

while another study found increases (De La Vega et al. 2012), and others failed to detect 

a significant response (Ruiz-Guerra et al. 2016). In our study, leaf strength did not differ 

between fragments and continuous forest (Figure S5.12(A)). This may reflect a longer 

time needed for adaptations to be revealed. Leaf strength is dependent on a diverse suite 

of factors including cell wall components and composition, leaf water content and 

cuticle thickness (Read and Sanson 2003, Matsuda et al. 2017). The seedlings used in 

our study were experimentally planted and monitored over sixteen months, perhaps a 

longer study period is required for changes in this trait to be detected.  
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Canopy closure predicted leaf strength for both species in this experiment, with 

seedlings in more closed canopy sites having weaker leaves. This relationship was 

significant when both species were analysed together and individually. These results 

follow previous research which has shown that leaves in more open environments are 

typically tougher than those in closed canopy environments (Lowman and Box 1983, 

Martínez-Garza and Howe 2005, Agosta et al. 2017). In our study, however, a more 

complex polynomial relationship was also detected between canopy closure and leaf 

strength for P. tomentella suggesting the optimal canopy closure for maximal leaf 

strength in this species is ~80%.  

Surprisingly, in our study, leaf strength was not predicted by herbivore damage (Figure 

S5.12 (B)). This contradicts previous research where toughness has been shown to 

successfully predict insect herbivory using the same technique (Coley 1983). More 

recently the application of measuring force to puncture using a penetrometer has been 

questioned, and it has been suggested that using the force required to tear or shear a leaf 

might be more ecologically relevant (Lucas et al. 2000). Quantifying the force required 

for tearing and shearing requires more complex instruments and is more easily carried 

out under laboratory conditions (Peeters et al. 2007). It is possible that we failed to 

detect any significant variation in leaf strength due to inadequacies associated with the 

use of a simple penetrometer. However this method is commonly implemented to record 

leaf tensile properties under field conditions (Wright and Fuller 1984, Choong et al. 

1992, Agosta et al. 2017, Matsuda et al. 2017). 

Insect herbivory and foliar defence 

Increased concentrations of total phenolics were detected in damaged leaves from 

seedlings of both species, although species-specific analyses indicated that this was only 
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significant in individuals of D. lanceolata suggesting that members of this species were 

driving the overall trend. Herbivory has previously been found to correlate with higher 

concentrations of foliar phenolics (Silva et al. 2015). This likely reflects an induced 

chemical response due to herbivory, which has been recorded in other plant genera (War 

et al. 2012, Bixenmann et al. 2016, Peschiutta et al. 2017). Induced chemical responses 

such as increased phenolic content can have important consequences for plants, and 

recently have been found to reduce the photosynthetic ability of a plant (Visakorpi et al. 

2018). Since herbivore damage was consistent across forest fragments and continuous 

forest sites (see Chapter 4) for leaves included in these analyses, the reduced phenolic 

content in forest fragments should not reflect a reduction in herbivore damage. 

Undamaged leaves were also characterised by increased fibre content, suggesting that 

more fibrous leaves are less palatable to insect herbivores.  

Leaf age 

Leaf age was an important predictor of foliar palatability in this experiment and 

remained present in the reduced models for all three defensive traits in seedlings of P. 

tomentella. While none were statistically significant, these trends are consistent with the 

literature that states mature leaves are better defended (Peeters et al. 2007), and 

confirms that it is a valuable metric to include when studying foliar defence.  

To grow or defend? 

Plants are challenged with the dilemma of investing in growth or defensive properties 

(Peschiutta et al. 2017). In our study, seedlings of P. tomentella that exhibited higher 

growth rates contained significantly lower foliar phenolics. This supports the resource 

availability hypothesis and is in line with Kursar and Coley’s (2003) theory that plants 

can be placed along a spectrum from “defence’ to “escape” syndromes. Individuals of 
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this species are investing their carbon into vertical growth rather than chemical defence 

in the form of secondary metabolites, such as total phenolics. A non-significant 

relationship was also discovered between fibre content and relative growth rate in 

individuals of D. lanceolata. This more complicated polynomial relationship suggests 

that seedlings with lower growth rates produce more fibrous components in their leaves 

but the leaves of individuals with faster vertical growth rates contain less fibre. The 

latter provides further support to the hypothesis that plants either invest in growth or 

defensive traits. Despite not being significant, an interesting observation was made in 

seedlings of D. lanceolata whereby faster growing individuals also exhibited stronger 

leaves. 

Consequences of variation in defensive traits 

Investment in chemical and structural defences diverts resources from growth and 

production of leaf material (Herms and Mattson 1992), and we found evidence to 

support this. This in turn has ecological consequences for the plant as a reduction in 

growth rate may translate to a competitive disadvantage compared to conspecifics and 

increase the risk of premature mortality (Herms and Mattson 1992). 

Conversely, plants invest in defensive traits to mitigate against natural enemies such as 

insect herbivores and pathogens. Shifts in plant traits stand to have consequences for 

these complex ecological interactions, and may result in a mismatch in these 

relationships, but will depend on the ability of insects to adapt to changes and the 

availability of other plant species with similar traits. This may be particularly 

catastrophic in tropical ecosystems where higher levels of specialisation occur (Forister 

et al. 2015). 
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Biomechanical traits successfully predict densities of herbivore guilds; all insect 

herbivores can be predicted by force required to shear or tear leaves (Peeters et al. 

2007). Force to puncture is negatively correlated with external leaf chewers (Malishev 

and Sanson 2015). Sessile phloem feeders, such as sap suckers overcome structural 

traits through the use of salivary enzymes which break down the surface of the lamina, 

and are therefore not easily predicted by structural properties, but are more closely 

correlated with foliar nutrition (Peeters et al. 2007). Variation in defensive traits in 

response to anthropogenic disturbance such as fragmentation thus has important 

consequences for the functional diversity of herbivores in fragments. Smaller chewing 

insect herbivores may be vulnerable to increases in leaf strength or fibre content as they 

may not have the strength necessary to fracture leaves and access the food resource 

(Peeters et al. 2007). 

Limitations of this study and future directions 

Seedlings used in this study were propagated from seeds collected during a single mast 

fruiting event, from the same forest location and grown under the same light and 

humidity regimes. We assumed that leaf traits did not vary significantly between 

seedlings at point of planting and that variations in leaf traits detected in this study 

reflect adaptations that were made over the study period in relation to each individual’s 

environment. It is of course possible that variation recorded in this study was due to 

genetic variation between the seedlings. However, as seedlings were randomised prior 

to planting, it is unlikely that traits were biased between forest treatments and 

consequently the differences we observe at the end of this experiment likely reflect 

induced changes due to their environment.  
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Our study included seedlings of just two species and hence, drawing conclusions for 

wider communities would require additional species to be tested. Despite this, a 

significant difference in foliar defensive traits was detected between one hectare forest 

fragments and continuous forest site, and merits further investigation over longer study 

periods. Since, another previous attempt to investigate the effects of forest 

fragmentation on leaf defence failed to detect any significant responses (Ruiz-Guerra et 

al. 2016), it is encouraging that significant responses could be detected and highlights 

the importance of carrying out traits analyses whilst studying herbivory.  

We have presented evidence that fragmentation alters key defensive traits which could 

result in a reduced ability of seedlings to protect themselves from natural enemies such 

as insect herbivores. Since previous research has shown that defoliation of as little as 

10% can reduce plant fitness (Coley and Barone 1996), such changes in defensive traits 

may have cascading consequences at population and community levels  for plants with 

potential implications for regeneration success within fragments. In turn, changes in 

vegetation may impact insect herbivore communities which are likely to have further 

consequences for forest ecosystems. 
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S5 Supplementary material 

 

Figure S 5.1 Pairplot of the response variable, concentration of total phenolics expressed 

as mg gallic acid equivalents per g dried extract, and explanatory variables for both 

species together. The upper panel contains scatterplots between each explanatory variable. 

Pearson’s correlation coefficients are provided in the lower panel, the font size of 

correlation coefficients is proportional to their value. 
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Figure S5.2 Pairplot of the response variable, concentration of total phenolics expressed as 

mg gallic acid equivalents per g dried extract, and explanatory variables for Dryobalanops 

lanceolata. The upper panel contains scatterplots between each explanatory variable. 

Pearson’s correlation coefficients are provided in the lower panel, the font size of 

correlation coefficients is proportional to their value. 
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Figure S5.3 Pairplot of the response variable, concentration of total phenolics expressed as 

mg gallic acid equivalents per g dried extract, and explanatory variables for Parashorea 

tomentella. The upper panel contains scatterplots between each explanatory variable. 

Pearson’s correlation coefficients are provided in the lower panel, the font size of 

correlation coefficients is proportional to their value. 
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Figure S5.4 Pairplot of the response variable, percentage acid detergent fibre (ADF) 

content, and explanatory variables for both species together. The upper panel contains 

scatterplots between each explanatory variable. Pearson’s correlation coefficients are 

provided in the lower panel, the font size of correlation coefficients is proportional to their 

value. 
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Figure S5.5 Pairplot of the response variable, percentage acid detergent fibre (ADF) 

content, and explanatory variables for Dryobalanops lanceolata. The upper panel contains 

scatterplots between each explanatory variable. Pearson’s correlation coefficients are 

provided in the lower panel, the font size of correlation coefficients is proportional to their 

value. 
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Figure S5.6 Pairplot of the response variable, percentage acid detergent fibre (ADF) 

content, and explanatory variables for Parashorea tomentella. The upper panel contains 

scatterplots between each explanatory variable. Pearson’s correlation coefficients are 

provided in the lower panel, the font size of correlation coefficients is proportional to their 

value. 
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Figure S5.7 Pairplot of the response variable, leaf strength expressed as kgcm
-2

, and 

explanatory variables for both species together. The upper panel contains scatterplots 

between each explanatory variable. Pearson’s correlation coefficients are provided in the 

lower panel, the font size of correlation coefficients is proportional to their value. 
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Figure S5.8 Pairplot of the response variable, leaf strength expressed as kgcm
-2

, and 

explanatory variables for Dryobalanops lanceolata. The upper panel contains scatterplots 

between each explanatory variable. Pearson’s correlation coefficients are provided in the 

lower panel, the font size of correlation coefficients is proportional to their value. 
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Figure S5.9 Pairplot of the response variable, leaf strength expressed as kgcm
-2

, and 

explanatory variables for Dryobalanops lanceolata. The upper panel contains scatterplots 

between each explanatory variable. Pearson’s correlation coefficients are provided in the 

lower panel, the font size of correlation coefficients is proportional to their value. 
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Figure S5.10 Relationships between (A) canopy closure (B) leaf age with the response 

variable total phenolic content, expressed as mg Gallic Acid Equivalents (GAE) per g 

dried extract for seedlings of D. lanceolata and P. tomentella. 
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Figure S5.11 Relationships between (A) relative growth rate, (B) canopy closure and (C) 

leaf age with the response variable percentage acid detergent fibre content for seedlings of 

D. lanceolata and P. tomentella. 
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Figure S5.12 Boxplot showing differences in leaf strength between (A) forest type (B) 

damage class for seedlings of D. lanceolata and P. tomentella. 

 

Figure S5.13 Relationship between leaf age with the response variable leaf strength for 

seedlings of D. lanceolata and P. tomentella. 
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Chapter 6 General discussion 

6.1 Introduction 

Tropical forests are responsible for one-third of terrestrial productivity and 

evapotranspiration and hold over 50% of terrestrial biodiversity (Malhi et al. 2014). 

Rainforests in the tropics comprise the majority of global hotspots of biodiversity, 

which are characterised by high levels of endemism and habitat loss (Myers et al. 2000). 

They also play a key role in global carbon cycling (Riutta et al. 2018). Despite their 

importance, tropical forests remain highly threatened by anthropogenic disturbance such 

as logging, deforestation and agricultural expansion and these destructive forces show 

no signs of slowing due to increasing human populations (Laurance et al. 2014, Lewis 

et al. 2015). As a consequence, understanding the effects of degradation on tropical 

rainforest should be a conservation priority (Steffan-Dewenter et al. 2007, Barlow et al. 

2018). The impacts on the ecology of dipterocarp dominated forests is particularly 

pressing as they have long-experienced degradation from logging due to the economic 

value of members of this plant family (Brearley et al. 2017). Members of the 

Dipterocarpaceae display synchronised reproduction through a phenomenon called mast 

fruiting, masting events are dependent on complex environmental cues which may be 

disrupted by climate change (Cannon et al. 2007). Furthermore, given the 

disproportionate attention that has previously been given to species’ distributions and 

numbers, a focus on the effects of habitat degradation on ecological processes is of 

utmost importance (Ruiz-Guerra et al. 2012, Valiente-Banuet et al. 2015).  

6.2 Revisiting research aims 

The overarching aim of this thesis has been to investigate the effects of forest 

fragmentation on a vital antagonistic interaction (insect herbivory) and associated foliar 
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defensive traits, with particular focus on seedlings of two species from the 

Dipterocarpaceae. Throughout this final chapter, I shall revisit the research goals 

outlined in Chapter 1 and expand my discussion in relation to the following points: (1) 

the contributions this research may have to understanding the ecology and conservation 

of dipterocarps, and (2) the complex spatiotemporal components of fragmentation 

research with reference to limitations of this study and suggestions for future directions. 

Using a combination of literature review, primary data collection and phytochemical 

analysis, I have shown; 

 members of the Dipterocarpaceae are important host plants for phytophagous 

insects of the order Lepidoptera (Chapter 2), 

 herbivory is a complex and dynamic process, the understanding of which 

benefits from repeated measure studies (Chapter 4), 

 rates of leaf damage in seedlings may be reduced in fragments even in the initial 

phase following isolation (Chapter 4), 

 larger seedlings experience higher levels of defoliation (Chapter 4), 

 density-dependent effects on herbivory can persist in small fragments (Chapter 

4), 

 canopy closure is an important predictor of herbivore damage (Chapter 4) and 

leaf strength (Chapter 5), 

 fragmentation causes a relaxation in two key foliar defensive traits: total 

phenolic content and acid detergent fibre (Chapter 5), 

 phytochemical defence may be species-specific (Chapter 5), and 

 leaves that experience higher levels of insect herbivory contain higher 

concentrations of total phenolics but lower acid detergent fibre (Chapter 5). 
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Results of this thesis suggest the even initial effects of fragmentation may disrupt 

insect herbivory and cause changes to foliar defence (Aims 1, 2 and 3, Chapters 4 

and 5). 

Forest type partially explained fibre content in seedlings of Dryobalanops lanceolata 

with lower fibre content recorded in forest fragments (Chapter 5). While this could 

indicate increased vulnerability to insect herbivory in forest isolates, this did not 

translate to observed patterns of defoliation in this species. Reduced leaf area loss was 

observed in forest fragments throughout this experiment, with the exception of a single 

sampling event (out of six) for seedlings of Parashorea tomentella (Chapter 4). A 

significant decrease in total phenolics was recorded in fragments for P. tomentella and, 

when both species were analysed together. This defensive trait was also significantly 

predicted by insect herbivore damage in seedlings of D. lanceolata, and when both 

species were analysed together (Chapter 5). Taking these results in tandem with those of 

Chapter 4 we can infer that increased phenolics in continuous forest is likely an induced 

response to the higher levels of leaf area loss that was also recorded in those sites. The 

reduction in acid detergent fibre in seedlings of D. lanceolata located in forest 

fragments (Chapter 5) further suggests a relaxation in foliar defence. 

This thesis has provided evidence of important species-specific responses to 

fragmentation (Aim 4, Chapters 4 and 5). 

Previously, species identity has been found to explain patterns of herbivory in the 

Dipterocarpaceae (Eichhorn et al. 2006). While both my study species showed similar 

patterns of defoliation in both forest types throughout this study (Chapter 4), they varied 

significantly in their foliar defensive traits (Chapter 5). D. lanceolata had significantly 

lower phenolic content than P. tomentella. Conversely D. lanceolata contained 
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significantly higher fibre content (Chapter 5), suggesting that this species may rely on 

mechanical rather than phytochemical defences which P. tomentella may rely upon. 

Despite a stronger reliance on foliar phenolics, a significant reduction in phenolic 

content of leaves in forest fragments was only observed in P. tomentella. Similarly, 

despite having higher fibre content generally, lower amounts were found in leaves of D. 

lanceolata in forest fragments. This may indicate increased vulnerability for both 

species in forest fragments through a relaxation in both of their usual defensive 

mechanisms.  

This thesis has used information on known interactions between plants and 

phytophagous lepidopteran caterpillars across tropical Asia to determine the 

importance of members of the Dipterocarpaceae as host plants (aims 5 and 6, 

Chapter 2) 

Through the use of a key published resource on the host plants of lepidopteran 

caterpillars across tropical Asia (Robinson et al. 2001), I have found that species of 

dipterocarp are important host plants for a diverse array of phytophagous Lepidoptera 

species.  

This review also highlighted that the majority of research has been carried out on three 

main plant parts: leaves, fruits and seeds. This is unsurprising given that most studies on 

herbivory focus on leaf chewers (Novotny et al. 2010). The Dipterocarpaceae are also 

renowned for their reproductive strategy of mast fruiting (Janzen 1974), which logically 

leads to research into the products of this phenomenon (fruits and seeds) as a food 

source.  

Contributions of this thesis to dipterocarp ecology and conservation 
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The Dipterocarpaceae are an important family of plant which dominates tropical 

rainforest in the study region of this thesis (Slik et al. 2003, Brearley et al. 2017). Their 

ecological dominance and economic value as timber species have led to high levels of 

extraction (Maycock et al. 2012). As a consequence of the high levels of deforestation 

and degradation from logging in Southeast Asia, the majority of lowland dipterocarp 

forests are highly fragmented (Kettle et al. 2012). In Sabah, a recent analysis of the 

conservation status of species from the Dipterocarpaceae found that all but one species 

could be classed as threatened under the IUCN red list criterion of habitat loss 

(Maycock et al. 2012). Understanding the fundamental ecology of this important plant 

family is therefore vital in order to ensure the structure and function of dipterocarp 

forest communities (Brearley et al. 2017).  This thesis has focused on the antagonistic 

relationship between dipterocarp seedlings and phytophagous insects, and has yielded 

some useful results, which may have implications for restoration methods such as 

enrichment planting. 

Enrichment planting has been proposed as a method of restoration which can help re-

establish the biodiversity of dipterocarps in degraded or fragmented habitats (Yeong et 

al. 2016) with concurrent financial incentives when valuable timber species are planted 

(Kettle 2010). Enrichment planting may play a role in countering the detrimental effects 

of fragmentation; a recent study recorded no difference in the survival of planted 

seedlings in forest isolates and in continuous forest sites (Yeong et al. 2016). The long-

term success of such regimes, however, relies on a myriad of factors including ensuring 

genetic diversity of seedling stock is maintained, and appropriate aftercare is provided 

to ensure the growth and survival of seedlings (Kettle 2010).  

While this thesis did not explicitly measure density-dependent effects, evidence that the 

density of conspecific seedlings affects herbivory rates even in highly degraded, one 
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hectare fragments was found (Chapter 4). This has important consequences for the 

patterns or density at which dipterocarp seedlings should be planted under enrichment 

planting regimes. High numbers of conspecifics translated to elevated herbivore damage 

when both species were analysed together (Chapter 4). Similarly, survival of planted 

dipterocarps is higher on slopes (Hattori et al. 2013) and this thesis found evidence that 

seedlings found on steeper slopes suffer less biotic pressure from insect herbivores 

(Chapter 4).  

Light availability has previously been identified as an important abiotic factor that 

dictates the growth and survival of dipterocarp seedlings (Bebber, Brown, Speight, et al. 

2002). Consequently, it has been proposed that optimal light conditions should be 

maintained actively following restocking of degraded forests (Bebber, Brown, Speight, 

et al. 2002, Kettle 2010). My results lend support to this proposal and further highlight 

the importance of light. Canopy closure was influential in both patterns of herbivore 

damage (Chapter 4) and leaf traits (Chapter 5) in this study. Leaves were significantly 

stronger for both species (Chapter 5) and experienced lower levels of defoliation 

(Chapter 4) in sites with more open canopies.  

Soil type is an important factor affecting growth and survival of dipterocarps (Hattori et 

al. 2013), but was outside the scope of the current study. Light regimes, however, have 

been found to co-vary with soil type in lowland dipterocarp forests with both playing a 

role in predicting leaf traits (Dent and Burslem 2016).  

Insects play an important role in dipterocarp ecology. Insects are required for 

pollination (Ghazoul 1997, Momose et al. 1998). In the early 1980s, however, 

pollination in dipterocarps was thought to be performed primarily by thrips, this was 

based on research carried out on the genus Shorea in Peninsular Malaysia and Sri Lanka 
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(Chan and Appanah 1980, Appanah 1993). As further research was carried out in 

different genera and geographic locations a number of pollination syndromes have been 

identified within this plant family (Momose et al. 1998). Rare interactions with 

Hemiptera and Homoptera have been recorded (Ashton et al. 1988). In Borneo, the 

primary visitors to Shorea flowers have been found to be social bees from the genus 

Apis, and others by beetles (members of Curculionoidea and Chrysomelidae) 

(Nagamitsu et al. 1999, Sakai, Momose, Yumoto, Kato, et al. 1999), and genera with 

larger flowers such as Dipterocarpus by members of the Lepidoptera (Ghazoul 1997). 

This relatively recent expansion of knowledge confirms diverse relationships with an 

array of insects and also highlights the overall dearth of information present on species 

interactions of dipterocarps.  

The large compilation of Lepidoptera-Dipterocarpaceae interactions provided by 

Robinson et al. 2001 has been useful in showing that dipterocarps are important host 

plants for herbivores from this Order of herbivorous insects (Chapter 2). This 

compilation underlines the utility of basic natural history information in meta-analyses. 

Further research is required to determine the importance of dipterocarps for herbivores 

from other insect Orders (Orthoptera, Diptera and Coleoptera). This is particularly 

apposite given a recent analysis showed that Coleoptera were more sensitive to habitat 

degradation than species of Lepidoptera (Gibson et al. 2011).  

Spatiotemporal components of investigating forest fragmentation 

I used one-hectare forest fragments and continuous forest control sites within the SAFE 

project to investigate the initial effects of forest fragmentation on herbivory rates. I 

chose these spatial scales for two primary reasons: (1) previous research has found 

responses to fragmentation were strongest when studied between sites with large 
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differences in area (Rossetti et al. 2017) and (2) while the SAFE project experimental 

design also includes 10 and 100 hectare forest fragments, not enough of these fragments 

had been isolated at the time of this study to provide a balanced experimental design. 

An obvious next step would be to expand this study to other fragment sizes within the 

SAFE project which have now been created, and which have now been left isolated for 

a longer period. Inclusion of other fragment sizes may reveal further insights into this 

complex ecological interaction.  

There is uncertainty as to the extent to which the effects of fragmentation on insect 

herbivory varies in space and time (Bagchi et al. 2018). However there is evidence to 

suggest that both are important. Moreover, multiple forms of habitat degradation often 

occur simultaneously- forest fragments are more vulnerable to fire and logging and 

more likely to be hunted and as such they are both spatially and temporally 

heterogeneous (Malhi et al. 2014).  

First, the effects of fragmentation are dependent on the spatial scale at which this 

interaction is studied. The best predictors of insect herbivory at a local scale may differ 

from those that are important at larger scales (Tscharntke and Brandl 2004). This means 

that making global predictions of the effects of fragmentation is challenging, and means 

that field experiments, such as this one. These are invaluable for disentangling the 

driving forces behind changes in ecological processes (Bagchi et al. 2018).  

There is also evidence for a strong temporal component to the effects of fragmentation. 

Significant differences in biotic interactions may not manifest in the early stages 

following fragmentation (Chávez-Pesqueira et al. 2015). The effects of fragmentation 

are strongly dependent on the contrast between the forest that is fragmented and its 

surrounding matrix habitat (Laurance et al. 2011, Murphy et al. 2016), which likely 
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changes over time. Despite being carried out in the early stages of fragmentation at 

SAFE, this thesis has revealed important differences in herbivory rates and 

phytochemical defence. The matrix environment at SAFE, which is currently naturally 

regenerating salvage-logged forest, is designated to become oil palm plantation. 

However, planting had not begun during the time of this research. It is likely that further 

disruption to herbivory will occur once the plantations have been established and the 

process will continue to change as plantations mature.  

This research has confirmed that herbivory is a complex and dynamic ecological 

interaction which changes over time (Chapter 4). I argue that it is inappropriate to rely 

upon snapshots of damage at single points in time and instead suggest that repeated 

measures be taken, whenever logistically feasible, when trying to disentangle effects of 

habitat degradation on this process. At the  BDFFP in Brazil, insect herbivory in 

seedlings has been studied over twenty years and important spatiotemporal dynamics 

have been revealed, indicating that this process is affected by fragment size (Benítez-

Malvido 1998), but that these effects become more variable over time (Benítez-Malvido 

et al. 1999). Moreover, location within fragments has consequences for herbivory due to 

the prevalence of edge effects, whereby greater levels of herbivory are found at the 

centre of the fragment and they decrease as you reach the forest edge (Benítez-Malvido 

et al. 2018).  

The SAFE project offers a rare opportunity for dynamic ecological interactions such as 

herbivory to be studied in a large-scale experimental framework over different spatial 

and temporal scales. A similar seedling experiment investigating the effects of 

fragmentation on insect herbivory in seedlings has been established at SAFE as of 2017. 

This study is being led by Dr Cristina Banks-Leite in collaboration with Professor 
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Robert Ewers and offers the chance for future comparisons between results of this study 

and theirs.  

6.3 Conclusions  

A consequence of the hyperdiversity of tropical rainforests is that they are remarkably 

heterogeneous and dynamic. Understanding such complex ecosystems is challenging, 

and it is therefore useful to focus on smaller components of ecological importance. 

Insect herbivory is a useful ecological interaction to study as any shifts can have 

cascading effects throughout the entire system. The multifaceted and complex array of 

factors that govern this process may be species specific and changes over time. 

Although the relevance of this study at larger spatial scales awaits confirmation, 

nevertheless, the results of this thesis are of relevance to a wide readership, including 

those interested in insect herbivory, dipterocarp ecology, ecosystem functioning and 

forest fragmentation.   
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