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Furthermore, a community study of an understorey ant-plant mutualism was undertaken to 

explore elevational changes in interaction networks and the costs and benefits of mutualistic 

interaction. For lowland primary and secondary forest, taxonomic, functional and phylogenetic 

diversity of arboreal ant communities were quantified. In addition, aspects of the methodology of 

community functional diversity studies are examined, and suggested improvements to data 

handling in cases where full datasets are not available are discussed. 
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Introduction 

Mechanisms structuring arboreal ant communities along 

ecological gradients in New Guinea rainforests 

Overview 

The study of biodiversity patterns across ecological gradients can provide insights 

into the biotic and abiotic factors that influence the structure of whole communities. 

Understanding these processes may allow us to predict the effects of environmental 

change on the functioning of entire ecosystems. Invertebrates are an incredibly 

diverse and abundant component of most ecosystems, and play an important role 

in their functioning (Wilson, 1987). Tropical rainforests host an estimated 6 million 

invertebrate species (Hamilton et al., 2010), and for the overwhelming majority their 

ecology is unknown. Understanding the diversity and ecology of these functionally 

important taxa will allow us to better predict the consequences of habitat change 

and global warming on tropical rainforest ecosystems. This thesis focuses on the 

ecology of arboreal ant species in New Guinea rainforests, investigating how their 

communities are structured over gradients of elevation and succession. 

A brief introduction to New Guinea and its ant fauna 

The island of New Guinea (NG), politically divided into West Papua (Indonesia) 

and Papua New Guinea (PNG) in the east, is a biodiversity hotspot with high levels 

of endemism (Mittermeier et al., 1998; Myers et al., 2000). This biodiversity is due 

in part to the island’s wide variety of habitats, climate zones and high mountain 

ranges, but also its biogeographical complexity and recent uplifting of mountains 

(Toussaint et al., 2014). Moreover, NG rainforests are amongst the three largest 

remaining wilderness areas on earth  and they support the majority of the island’s 

diversity (Mittermeier et al., 2003; Brooks et al., 2006). 

Like many taxa in NG, the NG ant fauna is diverse. Represented mainly by a 

combination of Australian and Oriental taxa (Wilson, 1959), there are 10 

Subfamilies, 96 Genera, and 892 described species of NG ants of which 60% are 

endemic (AntWiki, 2018). As for arboreal ant species, they account for a large 

portion of this diversity: less than a third of a hectare of lowland primary forest in 

PNG yielded over 100 species nesting and foraging in trees and perhaps half of 

those represented novel species (Klimes et al., 2015). Indeed, work from just this 

single locality resulted in the discovery of 13 new species of arboreal Camponotus and 

Colobopsis for NG, four of which were newly described (Klimes & MacArthur, 2014). 



 

 

Thus, further studies of arboreal ant communities in the region promise to be equally 

fruitful in terms of species discovery, and in describing the unknown ecology of 

many species. 

Importance of arboreal ants in tropical rainforests 

While tropical rainforests are strongholds of global biological diversity (Ozanne et 

al., 2003), much of this diversity is hidden in the forest canopy, hosting up to 40% 

of all extant species, mostly arthropods (Basset et al., 2003). Ants, with over 15,500 

described species and subspecies (antwiki.org), are a major component of the 

rainforest ecosystem, terrestrially and arboreally (Wilson & Hölldobler, 1990). With 

the diversification of the Angiosperms, they radiated and they adapted from 

primarily ground dwelling species to exploit arboreal food and nesting resources 

(Moreau et al., 2006). Arboreal ants now constitute an important part of ant 

diversity: about half of all ant species in Malaysian rainforest are active in trees 

(Floren et al., 2014) and a quarter are found exclusively in the crowns of trees (Brühl 

et al., 1998). Moreover, arboreal ants can comprise up to 70% of arthropod biomass 

in tropical trees (Tobin, 1995).  

As one might expect from their numerical dominance, they are an ecologically 

important group in trees. In tropical rainforests they are important predators of 

arboreal arthropods (Floren et al., 2002), as well as being scavengers and generalist 

foragers (Wilson & Hölldobler, 1990). While ants are often thought of as a mainly 

predatory guild, in the canopy they can often play the role of primary consumers, by 

feeding on floral nectar and extra-floral nectar (EFN), or indirectly feeding on plant 

sugars excreted by other insects (mainly Homopterans). Indeed, this mode of 

feeding can account for the extraordinary abundance and biomass of many 

dominant arboreal ant species – by exploiting a high carbohydrate diet from a stable 

resource, more energy can be expended on territoriality and aggression (Davidson, 

1998). 

Largely due to their predisposition for homopteran honeydew and plant nectar, and 

often aggressive defence of food and nest resources, ants can also play an important 

role in the biotic defence of plants. In some cases, ants will aggressively defend their 

host trees from herbivores to the substantial fitness benefit to the plants (Rosumek 

et al., 2009). To some extent they can shape plant communities with this behaviour. 

For instance, ‘Devil’s Gardens’ in the Neotropics are ant-created monocultures of 

Duroia hirsuta ant-plants. Not only are the plants aggressively protected by their ant-

partners, the ants poison all other competing plant species in the ‘garden’ with their 
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formic acid. Another example of this ecosystem engineering occurs in the rainforest 

canopy itself: ants are the major seed dispersers of certain myrmecophytic epiphyte 

species in the Neotropics, creating so-called ‘Ant Gardens’ in the canopy by planting 

epiphyte seeds in their nutrient rich carton nests (Orivel & Leroy, 2011). In NG, 

there are also numerous examples of myrmecophytic epiphytes which rely on ants 

for dispersal, nutrients and defence (e.g. Benzing & Clements, 1991; Maeyama & 

Matsumoto, 2000). Even outside of these specialised mutualistic interactions, ant 

nest constructions can also provide a microclimate suitable for a whole host of other 

symbiotic organisms (e.g. Cushing, 2012; Perez-Lachaud and Lachaud, 2014). 

The ecological and numerical importance of arboreal ants in tropical rainforest 

marks them as an excellent model group for community ecologists. Moreover, their 

relatively well-described taxonomy makes it possible to test hypotheses on 

biodiversity and community assembly rules. Furthermore, ant communities are 

sensitive to shifts in habitat and climate (Hoffmann & Andersen, 2003; Diamond et 

al., 2012), so they are suitable model to investigate the role of ecological gradients in 

community assembly, especially the relative importance of abiotic and biotic factors.  

Drivers of ant community structure with elevation & succession 

The main drivers structuring arboreal ant communities are still widely debated, so 

studying patterns over ecological gradients can help to elucidate the most important 

factors. Abiotic factors important for ants, such as temperature, vary with elevation 

and succession (Sanders et al., 2007). However many biotic factors are also 

correlated with elevation and succession, especially plant diversity and vegetation 

structure (McAlpine et al., 1983), which provide the keystone habitat and food 

resources for arboreal ants. For tropical rainforest communities, however, there is 

rather low specificity of arboreal ant species to particular tree species (Longino & 

Colwell, 1997; Floren & Linsenmair, 2005; Klimes et al., 2012). Vegetation structure 

plays a more important role, especially the presence of large trees, canopy 

connectivity, and epiphytes (Stuntz et al., 2003; Campos et al., 2006; Powell et al., 

2011) which can provide nesting and feeding resources. Intraspecific competition is 

also thought to be a major force in shaping arboreal communities via competitive 

exclusion, especially by dominant ants (Dejean et al., 2007). The relative balance of 

these abiotic and biotic factors may shift across landscapes and thereby influence 

species composition and structure. 

Since ants are ectothermic, temperature is one of the most important factors shaping 

ant communities, especially across elevation where temperature varies predictably 



 

 

(Sanders et al., 2007; Warren & Chick, 2013). Ant abundance and diversity declines 

with elevation in tropical forests either monotonically or with a mid-elevation peak 

(e.g. Brühl, Mohamed and Linsenmair, 1999; Colwell et al., 2016). With succession, 

ant community composition changes can be indicative of the level of disturbance. 

The vegetation changes that occur with selective logging do not always result in a 

major change on total number of species or abundance of ants but have more 

important influence on species composition and dominance structure of 

communities (Widodo et al., 2004). However, more pronounced differences are 

found when forest is clear-felled and natural succession takes over. Primary forests 

typically host more ant species per tree than secondary forests (Schulz et al., 2002; 

Klimes et al., 2012), and it is likely that vegetation structure plays a major role. There 

is evidence that in highly disturbed habitats like plantations nest site limitation results 

in more competitive interactions (Philpott & Foster, 2005; Fayle et al., 2013). The 

structure of communities in disturbed habitats can be more influenced by 

competition, whereas in primary forests communities tend to be more randomly 

structured (Floren et al., 2001; Fayle et al., 2013). 

Functional and phylogenetic diversity of ants with succession 

Examining the functional diversity (FD) and phylogenetic diversity (PD) of ants can 

provide complementary ecological information in addition to traditional species 

diversity indices. One approach to ant functional diversity is to categorise ants into 

functional groups, equivalent to those of plants, and record their response to 

disturbance and elevation (Andersen, 1995; Hoffmann & Andersen, 2003; Bharti et 

al., 2013). However, these groupings based on Australian ants are broad and may 

not be universal, especially since the ecology of most ant species assemblages is not 

well known. 

A trait-based approach to ant community ecology promises new insights into how 

communities are structured (McGill et al., 2006). By measuring ecologically relevant 

traits of individuals, related to their feeding and nesting ecology for example, we can 

obtain a higher resolution of species’ potential roles in a community. Indices of 

functional diversity have been shown to be a good surrogate for actual ecosystem 

function, with higher FD able to predict changes in ecosystem function better than 

species richness measures (Cadotte et al., 2011). PD and FD do not always have the 

same trends as species richness, since the traits of species, determine whether or not 

a species can cope with a particular set of environmental or biotic constraints. This 

approach can therefore help to infer some community assembly processes 

(Cavender-Bares et al., 2009). For instance, if the species present at a particular 
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location are clustered in the phylogeny, and traits are phylogenetically conserved, 

this can be an indication of niche-based habitat filtering, since only species with 

traits suitable to the environment at that location can pass through the filter (Kraft 

et al., 2015). If PD or FD is overdispersed this can be an indication of competitive 

exclusion or limiting similarity, which leads to the assembly of species that are 

dissimilar in their traits, and thus exploit different niches. However, this approach 

must be interpreted with caution since other larger scale processes such as 

speciation, extinction and dispersal limitation can play a role, as well as density-

dependent processes like prevalence of diseases, predators and parasites (Cavender-

Bares et al., 2009). 

For ants, the study of trait-based FD is beginning to gain traction. The most recent 

advance is the advent of the Global Ants Database (GLAD; Gibb et al., 2015) which 

provides information on how to measure ant traits and which to prioritise, whilst 

providing an online repository of trait values of ant species worldwide. As yet, only 

few studies have investigated how ant functional traits vary with succession and 

typically have focused on ground-dwelling ants, which are easier to sample (Bihn et 

al., 2010).  

Ant-plant mutualisms along environmental gradients 

Although most arboreal ants in rainforests are generalists in terms of what plant 

species they occupy (Klimes et al., 2012), many plants offer food rewards or 

specialised housing or ‘domatia’ to encourage ants to live and forage on them in 

return for biotic defence. However, the benefits of hosting ants can be context 

dependent (Pringle & Gordon, 2013). Abiotic factors such as sunlight and rainfall 

(Kersch & Fonseca, 2005) and biotic factors such as the identity of partner species 

(Feldhaar et al., 2003) can affect the outcomes of the mutualism. 

The strength of the mutualism is expected to depend on the selective pressures 

facing the plant, which can be affected by the environment and the availability of 

mutualistic partners. However  relatively little is known about the structure of whole 

communities of ant-plant mutualists, in particular the changes in costs and benefits 

in relation to the effects of environmental drivers (although see Passmore et al. 2012; 

Fayle et al. 2015). While ant-plant mutualisms have been reasonably well-

documented, less is known about shifts in these relationships with elevation. Ants 

decrease in abundance with elevation and become less important as predators of 

herbivores (Sam et al., 2015). This is expected to result in them being less effective 

mutualist partners. The decreased importance of ants in cooler habitats is already 



 

 

known to affect the diversity of animals relying on their protection; for example, the 

diversity of myrmecophilous treehoppers and butterflies declines towards higher 

elevations (Olmstead & Wood, 1990; Pellissier et al., 2012). Ants can also be poorer 

at providing biotic defence at higher elevations: for example, ants protecting Inga 

(Leguminosae), a Neotropical EFN-bearing plant, are less active and less effective 

in the uplands, resulting in greater herbivore damage (Koptur, 1985). In contrast, 

Piper immutatum,  a Neotropical domatia-bearing plant, experiences similar levels of 

herbivory throughout its elevational range from 400 – 1600 m a.s.l (Rodriguez-

Castaneda et al., 2011). However, it is not known how whole communities of 

domatia bearing plant-ants and ant-plants change with elevation, as previous work 

has typically focused only on single plant species and/or ant species interaction (e.g. 

Koptur, 1985; Trimble & Sagers, 2004).  

Aims and scope of this thesis 

Despite the importance of ants in rainforest ecosystems, the ecology of whole 

communities of arboreal ants remains poorly understood, especially in the remote 

forests of Papua New Guinea. This thesis aims to provide further ecological insight 

into these communities, building on pioneering work by Klimes and colleagues in 

whole-forest plots in the lowlands, by investigating the patterns and potential drivers 

of diversity along ecological gradients of succession and elevation in Papua New 

Guinea. To do this I used various methods exploring the taxonomic, functional, and 

phylogenetic diversity of arboreal communities, considering differences in forest 

structure, nesting habits and behaviour of individual species, and the distribution of 

ant-plant mutualistic interactions over elevation. 

 

In Chapter I we examined arboreal ant communities in lowland, mid-elevation and 

high elevation primary rainforests. Using data from felling whole forest plots (trees 

≥5cm DBH), we investigated how much of the variation in ant communities with 

elevation can be explained by vegetation structure and nest sites. We hypothesised 

that intraspecific competition may also be a powerful mechanism influencing 

diversity patterns with elevation, testing this by modelling within-tree species co-

occurrence at each elevation. We found a strong mid-elevation peak in diversity and 

abundance of arboreal ants and that vegetation structure and nest microhabitat (i.e. 

tree size and nest site) were important explanatory factors. Differences in species-

co-occurrence patterns in different size classes of trees varied over elevation, 

suggesting that competitive effects also change with elevation, with large aggressive 

colonies being a feature of low elevation while mid and high elevation had smaller 

nests. 
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Continuing to explore the effect of elevation on ant communities, Chapter II takes 

a detailed look at an ant-plant mutualism in the rainforest understorey, and how 

mutualistic interactions, and ant and plant communities change with elevation. We 

sampled all ant-plant individuals found in transects from 700 – 1600 m above sea 

level, to quantify changes in the mutualistic interaction network over elevation. To 

explore whether there are changes in the costs and benefits of mutualism with 

elevation we performed behavioural assays to assess ant protective behaviour in the 

most common and wide-ranging species Myristica subalulata. We found that ant-

plants and ant partner species became rarer and less species rich at high elevations, 

and as a result interaction networks became less complex and less specialised with 

elevation. Ant partners provided less benefit at higher elevations and ant-plants 

suffered higher herbivory damage, likely driving the breakdown of the mutualism at 

high elevations. 

  

In Chapter III. While quantifying taxonomic diversity remains a key aspect of 

ecology, there is a need to move beyond traditional species diversity estimates if we 

are to predict the impacts of anthropogenic global climate change and habitat 

alteration on the natural world. Functional and phylogenetic diversity (FD & PD) 

can provide complementary insight into how communities are structured. 

Functional diversity studies of arboreal ants are rare, and to our knowledge there 

has been no whole community study investigating the phylogenetic diversity of 

arboreal ant communities with succession. Here we examined the functional and 

phylogenetic diversity of arboreal ant communities in whole plots of primary and 

secondary lowland rainforest, and found that while there were large differences in 

species richness, there were smaller difference in FD and PD. However, we found 

that primary forests had more functional redundancy than secondary forest, and 

hosted larger ants than were present in secondary forest. 

 

Finally, Chapter IV continues with the theme of functional diversity, this time 

investigating how robust functional diversity indices are under different data-

handling scenarios, using real datasets of ant, bird and plant communities.  We 

explore the effects of incomplete trait datasets, and how different transformations 

of trait and abundance data affect the robustness of FD indices. We found that 

species abundance structure and trait data distribution can affect the robustness of 

functional diversity indices, especially in cases where trait data for all species are 

unavailable or species are under-sampled, and in some cases these effects can be 

mitigated by appropriate data transformation. 



 

 

An overview of the datasets used 

 

Figure 1. Map indicating location of study sites in north-eastern Papua New Guinea. Stars 

mark the location of our lowland plots in Wanang (200 m.a.s.l), our mid-elevation plot (900 

m.a.s.l) and ant-plant transect in Numba (700 - 1600 m.a.s.l) and high elevation plots in 

Yawan (1800 m.a.s.l). Chapter IV used data on bird communities from the slopes of Mt. 

Wilhelm, also seen here. Image adapted from Map data © 2018 Google. 

This first three chapters of the thesis use several datasets from different localities in 

Papua New Guinea (Table 1; Map 1). The datasets used in Chapter I and III were 

collected during a larger project on rainforest foodwebs and succession, where trees 

≥5cm DBH were felled and sampled for ants and herbivores (Klimes et al., 2012; 

Whitfeld et al., 2012; Miller et al., 2013; Fibich et al., 2016). First, two unreplicated 

1 ha plots of a primary and a secondary lowland forest were felled (of which 0.4 ha 

were sampled for ants) and later the same sampling method was applied at mid and 

high elevation localities but with replicated 0.2 ha plots (Table 1).  

The final chapter focuses on testing the robustness of functional diversity indices 

under different methodological conditions, to improve the methods that are often 

used to assess functional changes of communities along various environmental 

gradients. Here we used real datasets of ant, bird and plant communities from 

Borneo, New Guinea, and Czech Republic respectively (details in Chapter IV 

supplementary materials). 
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Table 1. A summary of the localities, sampling area & methods used in each chapter. 

Chapter Locality Habitat Sampling 
method 

Sample Area Sample year 

Chapter 

I 

Wanang, 

PNG 

Primary 

rainforest 

(200 m.a.s.l) 

Felling of whole 

plot 

0.4 ha (100 x 

40 m plot) 

2006 - 2007 

 Numba, 

PNG 

Primary 

rainforest 

(900 m.a.s.l) 

Felling of whole 

plot 

0.2 ha (44.5 x 

44.5m plot) 

2013 

 Yawan, 

PNG 

Primary 

rainforest 

(1800 m.a.s.l) 

Felling of whole 

plot 

0.4 ha (two 

44.5 x 44.5m 

plots) 

2010 – 2012 

Chapter 

II 

Numba, 

PNG 

Primary 

rainforest 

(700 – 1600 

m.a.s.l) 

Transect based 

census 

1.5 ha (ten 150 

x 10 m 

transects) 

2013 

Chapter 

III 

Wanang, 

PNG 

Primary & 

Secondary 

rainforest 

(200 m.a.s.l) 

Felling of whole 

plot 

0.8 ha (two 0.4 

ha plots) 

2006 – 2007 

Chapter 

IV 

Mt. 

Wilhelm, 

PNG 

Montane 

forest 

gradient (100 

- 3700 

m.a.s.l) 

Transects (point 

counts, mist 

netting for birds) 

80 ha transects 

every 500m in 

elevation 

2010 & 2012 

 Sabah, 

Malaysia 

Primary & 

secondary 

rainforest, 

oil palm 

plantation 

Litter quadrats 

(ants) 

 

59 plots (4x4m 

quadrats) 

2010 

 South 

Bohemia, 

Czech 

Republic 

Central 

European 

wet meadow 

Quadrats & 

mowing (plants) 

12 2x2m plots 2006 
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Chapter I.  

Impacts of nest microhabitats and tree size on arboreal ant 

community structure across elevation in tropical rainforest 

Nichola S. Plowman, Ondrej Mottl, Vojtech Novotny, Maling Rimandai, Frank 

Kassar, Cliffson Idigel, Petr Klimes 

Abstract 

Invertebrate communities change in diversity and species composition along 

elevational gradients, usually declining towards summits monotonically or with a 

mid-elevation peak. Most current hypotheses relate these patterns to temperature 

and geometric constraints. However, other mechanisms such as vegetation 

structure, niche availability and competitive interactions may also be important. For 

tree-dwelling ants, which are highly diverse and abundant in the tropics, changes in 

vegetation and nest microhabitats and their utilisation may influence species 

diversity and community structure. To understand how these factors affect arboreal 

ant communities over elevation, we censused all ant nests in trees within continuous 

plots in low, mid and high elevation rainforest in Papua New Guinea. We found a 

mid-elevation peak in nest abundance and per-tree and per-plot ant species diversity. 

Occupancy of trees was also highest in mid elevation, while nest size decreased 

linearly with elevation. Turnover of ant species between trees was high at all 

elevations. Differences in the vegetation structure, i.e. utilisation of different nest 

microhabitats and tree sizes, explained twice as much species variability in trees than 

elevation itself. Species richness per tree increased with tree size within each 

elevation, and across all tree sizes, trees at mid elevation supported more species 

than those at low or high elevation. Patterns of species co-occurrence within trees 

differed both between elevations and between different tree size classes, suggesting 

shifts in competition for nesting resources. Notably, ant communities were over-

dispersed in all sites across all trees, but in mid elevation co-occurred positively in 

large trees or randomly in small and medium-sized trees. We conclude that turnover 

in nesting resources (tree size and microhabitats) and how these resources are 

utilised across different elevations, accompanied by decreased interspecies 

competition, drive community structure and the mid-elevation diversity peak in tree-

dwelling tropical ants. 
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Supplementary materials for Chapter II. Network reorganization and breakdown of an ant–plant 

protection mutualism with elevation – Proc. Roy. Soc. B 

Appendix 1 - Supporting figures 

 

Figure S1. Schematic map of our study site and sampling points in Madang Province, Papua New 
Guinea. Yellow circles denote each elevation site in this study, while black triangles are locations of 
field camps. 

 

Figure S2. Mean temperatures on Mt. Wilhelm gradient over the course of a year, recorded as part 
of the IBISCA project “Our Planet Reviewed – Papua New Guinea” 
(http://www.laplaneterevisitee.org/en; data provided by K. Sam). Data loggers (Comet R3120) 
were placed in standardised vegetation plots at 200, 700, 1200, 1700, 2200, 2700, 3200 and 3700 
metres above sea level, and recorded temperature hourly from 30th March 2010 until 1st September 
2011. 

http://www.laplaneterevisitee.org/en


 

 

 

Figure S3. Proportion of inhabited and uninhabited plants of the three most common species, A) 

Myristica subalulata (n=187), B) Ryparosa amplifolia (n=108) and C) Chisocheton lasiocarpus (n=82), across 

their elevational ranges. Note that bar width scales with M. subalulata population size. 

 

Figure S4. Mean number of ants patrolling was greater on new leaves (n=28) than on old leaves 

(n=78) of M. subalulata (repeated measures ANOVA; F=15.1, P<0.001, df=24). 
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Figure S5. Percentage of baits (control=paper square, treatment=worker termite) detected by ants 

on Myristica subalulata leaves from 700 to 1400 metres above sea level (n=10 trees per treatment per 

elevation). 

 



 

 

 

Figure S6. Detection, attack and recruitment of different Anonychomyrma ant species to a model 

herbivore on Myristica subalulata host trees. During a ten minute observation period we recorded the 

following ant responses to a piece of paper (control, light grey) and a live termite (model herbivore, 

dark grey) pinned to opposing leaves on each plant: A) time taken to first detect paper/model 

herbivore, B) time spent attacking, C) time taken for the first recruit to contact the paper/model 

herbivore, D) maximum number of ants observed at one time on experimental leaf. Sample sizes are 

indicated in italics under each bar (See Baiting ANOVA result tables in Appendix 2). 
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Figure S7. Mean percentage herbivory damage of unoccupied (n=89) and occupied plants (n=288) 

of Myristica subalulata (n=187), Ryparosa amplifolia (n=108) and Chisocheton lasiocarpus (n=82). 

Unoccupied plants showed more herbivory than those inhabited by ants (ordinal logistic regression; 

P=0.027, z=2.21). 

 

  



 

 

Appendix 2 - Supporting Tables 
Table S1. The abundance and species identity of all twenty-three species of ant-inhabited plants (n=386) found in our census. 

Family Species N. ant-inhabited  Previous literature of ant inhabitation 

Myristicaceae Myristica subalulata Miq. 134 (Gullan, Buckley & Ward 1993; de Wilde 1998) 

Achariaceae Ryparosa amplifolia Mildbr. 73 (Webber et al. 2007) 

Meliaceae Chisocheton lasiocarpus (Miq.) Valeton 49  

Lauraceae Cryptocarya idenburgensis C.K.Allen 40  

Lauraceae Litsea sp. 18  

Sapindaceae Ganophyllum falcatum Blume 17  

Lauraceae Cryptocarya massoy (Oken) Kosterm. 16  

Lauraceae Cryptocarya viridiflora Kosterm. 8  

Sapindaceae Harpullia longipetala Leenh. 6  

Myristicaceae Myristica sp.  4  

Lauraceae Cryptocarya albifrons Kosterm. 3  

Lauraceae Cryptocarya depressa Warb. 3  

Meliaceae Aglaia sp. 2  

Euphorbiaceae Endospermum moluccanum (Teijsm&Binn.) Kurz. 2 (Letourneau, Arias & Jebb 1993; Letourneau & Barbosa 1999)* 

Sapindaceae Mischocarpus sp. 2  

Sapindaceae Allophylus cobbe (L.) Raeusch 2 (Moog et al. 2009)** 

Meliaceae Chisocheton ceramicus Miq. 1  

Meliaceae Chisocheton montanus P.F. Stevens 1  

Meliaceae Dysoxylum excelsum Blume 1  

Meliaceae Dysoxylum parasiticum (Osbeck) Kosterm. 1  

Myristicaceae Horsfieldia sp. 1  

Euphorbiaceae Macaranga sp. 1  

Euphorbiaceae Neoscortechinia forbesii (Hook.f.) S. Moore 1  

* Published under the synonym E. labios   **Published under the synonym Pometia pinnata (Source: theplantlist.org) 
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Table S2. The abundance, species identity, and accession number of all ten species of plant-inhabiting ants found in our census. Sequence data is available on BOLD/GenBank, and 

DNA and ant vouchers are deposited at the Institute of Entomology, Czech Academy of Sciences, České Budějovice. For more details on identification methods see Appendix 3. 

 

Subfamily Genus Species 
Species 
Code 

No. trees 
occupied Accession no. Genbank/BOLD BIN code 

Dolichoderinae Anonychomyrma sp. 12 ANON012 99 NA0006 KY095829 

Dolichoderinae Anonychomyrma sp. 13 ANON013 91 NA0008 KY095830 

Dolichoderinae Anonychomyrma sp. 9 ANON009 86 AP700-0250  KY095831 

Myrmicinae Podomyrma sp. 3 aff. laevifrons Smith F., 1859 PODO003 47 ASPNA690-09 BOLD:AAG3969 

Dolichoderinae Anonychomyrma minuta Donisthorpe, 1943 ANON002 18 ASPNA764-10 BOLD:AAK0675 

Dolichoderinae Anonychomyrma sp. 14 ANON014 8 NA0065 N/A 

Formicinae Colobopsis quadriceps Smith, 1859 CAMP013 2 ASPNA686-09  BOLD:AAG4070 

Myrmicinae Tetramorium bicolor Viehmyer, 1914 TETR010 2 ASPNA1533-10 BOLD:AAP2923 

Formicinae Colobopsis vitreus Smith, 1860 CAMP001 1 ASPNA2352-11 partial sequence 

Myrmicinae Pheidole amber Donisthorpe, 1941 PHEI046 1  ASPNA566-09 BOLD:AAG4220 



 

 

Table S3. Observed and expected specialisation (H2’) of networks at each elevation. P values in bold indicate elevation

s at which observed H2’ was significantly different to the expected value. Randomisations were generated using Montec

arlo statistics (at http://rxc.sys-bio.net/). 

 

Elevation 
(m) 

H2 
observed 

H2 randomised 
(mean) 

P 
H2 
min 

H2 
max 

H2' 
observed 

H2' randomised 
(mean) 

700 2.479 2.680 <0.001 1.825 2.807 0.334 0.129 

800 2.461 2.517 0.134 1.819 2.642 0.220 0.152 

900 2.401 2.496 0.103 1.683 2.704 0.297 0.204 

1000 2.125 2.347 0.014 1.779 2.528 0.537 0.241 

1100 1.843 1.982 0.017 1.340 2.076 0.317 0.128 

1200 2.022 2.004 0.629 1.307 2.072 0.066 0.088 

1300 1.202 1.166 0.688 0.805 1.202 0.000 0.092 

1400 1.055 1.031 0.599 0.848 1.055 0.000 0.113 

1500 NA NA NA NA NA NA NA 

1600 NA NA NA NA NA NA NA 

 

Baiting ANOVAs 

We provide all model summaries to allow the readers to compare the results of models where covarying factors are 

included or excluded. 

Table S4.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on detection rate. 

Coefficient Df SS MS F P 

Elevation 7 573.6 81.94 1.96 0.078 

Treatment 1 4.0 4.00 0.096 0.758 

Height 1 2.2 2.20 0.053 0.819 
Residuals 53 2214.2 41.78   

Treatment 1 0.3 0.314 0.019 0.89 

Residuals 54 884.8 16.385   
 
 
Table S5.  Repeated measures ANOVA testing the effect of ant species, tree height and treatment on detection rate. 

Coefficient Df SS MS F P 

Species 2 323.3 161.52 3.807 0.028* 

Treatment 1 6.0 6.0 0.142 0.707 

Height 1 3.9 3.94 0.093 0.762 
Residuals 58 2460.9 42.43   

Treatment 1 0.3 0.314 0.019 0.89 

Residuals 54 884.8 16.385   
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Table S6.  Repeated measures ANOVA testing the effect of elevation, ant species, tree height and treatment on 

detection rate. 

Coefficient Df SS MS F P 

Elevation 7 573.6 81.94 1.994 0.074 
Species 2 120.2 60.12 1.463 0.241 

Treatment 1 3.3 3.26 0.079 0.779 

Height 1 1.0 0.96 0.023 0.879 
Residuals 51 2095.9 41.10   

Treatment 1 0.3 0.314 0.019 0.89 

Residuals 54 884.8 16.385   

 

Table S7.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on attack rate. 

Coefficient Df SS MS F P 

Elevation 7 2104113 300588 4.75 <0.001*** 

Height 1 29348 29348 0.464 0.498 

Residuals 66 4174243 63246   

Treatment 1 373402 373402    18.38 <0.001*** 

Residuals 74 1503030 20311   
 
 
Table S8.  Repeated measures ANOVA testing the effect of ant species, tree height and treatment on attack rate. 

Coefficient Df SS MS F P 

Species 2 1493554 74677 11.09 <0.001*** 

Height 1 32310 32310 0.48 0.491 

Residuals 71 4781840 67350   

Treatment 1 373402 373402 18.38 <0.001*** 

Residuals 74 1503030 20311   
 
 

Table S9.  Repeated measures ANOVA testing the effect of elevation, ant species, tree height and treatment on attack 

rate. 

Coefficient Df SS MS F P 

Elevation 7 2104113 300588 4.795 <0.001*** 

Species 2 184888 92444 1.475 0.237 

Height 1 6776 6776 0.108 0.743 

Residuals 64 4011927 62686   

Treatment 1 373402 373402    18.38 <0.001*** 

Residuals 74 1503030 20311   

 

Table S10.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on maximum 

abundance. 

Coefficient Df SS MS F P 

Elevation 7 73.74 10.535 3.091 <0.001*** 

Height 1 0.57 0.567 0.166 0.685 

Residuals 66 224.94 3.408   

Treatment 1 91.98 91.38    69.03 <0.001*** 

Residuals 74 97.97 1.32   

 
 



 

 

Table S11.  Repeated measures ANOVA testing the effect of ant species, tree height and treatment on maximum 

abundance. 

Coefficient Df SS MS F P 

Species 2 63.44 31.72 9.598 <0.001*** 

Height 1 1.18 1.18 0.356 0.553 

Residuals 71 234.64 3.30   

Treatment 1 91.38 91.38 69.03 <0.001*** 

Residuals 74 97.97 1.32   

 
Table S12.  Repeated measures ANOVA testing the effect of elevation, ant species, tree height and treatment on 

maximum abundance. 

Coefficient Df SS MS F P 

Elevation 7 73.74 10.535 3.160 0.006** 

Species 2 12.10 6.049 1.814 0.171 

Height 1 0.04 0.043 0.013 0.910 

Residuals 64 213.37 3.334   

Treatment 1 91.38 91.38 69.03 <0.001*** 

Residuals 74 97.97 1.32   

 
Table S13.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on time until first 

recruit. 

Coefficient Df SS MS F P 

Elevation 7 463.9 66.27 2.708 0.021* 

Treatment 1 58.7 58.71 2.399 0.129 

Height 1 4.8 4.85 0.198 0.659 

Residuals 42 1028.0 24.48   

Treatment 1 21.0 20.96 1.066 0.309 

Residuals 36 708.1 19.67   

 

               
Table S14.  Repeated measures ANOVA testing the effect of ant species, tree height and treatment on time until first 

recruit. 

Coefficient Df SS MS F P 

Species 2 150.0 74.98 2.659 0.081 

Treatment 1 74.9 74.87 2.655 0.110 

Height 1 5.2 5.18 0.184 0.670 

Residuals 47 1325.4 28.20   

Treatment 1 21.0 20.96 1.066 0.309 

Residuals 36 708.1 19.67   
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Table S15.  Repeated measures ANOVA testing the effect of elevation, ants species, tree height and treatment on time 

until first recruit. 

Coefficient Df SS MS F P 

Elevation 7 463.9 66.27 2.769 <0.019* 

Treatment 1 58.7 58.71 2.453 0.125 

Species 2 75.4 37.70 1.575 0.220 

Height 1 0.0 0.04 0.001 0.970 
Residuals 40 957.4 23.93   

Treatment 1 21.0 20.96    1.066 0.309 

Residuals 36 708.1 19.67   

 

Table S16.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on the detection time 

of Anonychomyrma sp.9 to check for within species effects of elevation. 

 
Coefficient Df SS MS F P 

Elevation 4 349.4 87.34 2.110 0.138 

Treatment 1 6.8 6.77 0.164 0.692 

Height 1 19.8 19.84 0.479 0.501 
Residuals 13 538.1 41.40   

Treatment 1 2.12 2.115   0.129 0.724 

Residuals 18 295.51 16.417   

 

Table S17.  Repeated measures ANOVA testing the effect of elevation, tree height and treatment on the detection time 

of Anonychomyrma sp.12 to check for within species effects of elevation. 

 
Coefficient Df SS MS F P 

Elevation 5 153.8 30.76 1.174 0.360 

Treatment 1 31.2 31.16 1.190 0.290 

Height 1 49.9 49.92 1.906 0.184 

Residuals 18 471.4 26.19   

Treatment 1 6.1 6.119   0.353 0.558 
Residuals 22 381.0 17.317   

 
Ordinal Logistic Regression results 

We provide all model summaries to allow the readers to compare the results of models where covarying factors are 

included or excluded. 

Table S18. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation a

nd tree height on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).  

 

Coefficients Estimate Std Error Z value P 

Elevation 0.14 0.003 54.6 <0.001 *** 

Height 0.13 0.003 37.7 <0.001 *** 

 
  



 

 

Table S19. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of ant species 

and tree height on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).   

 

Coefficients Estimate Std Error Z value P 

ANON009 -0.98 0.40 -2.44 0.015* 

ANON012 -1.13 0.40 -2.87 0.004** 

ANON013 -0.17 0.39 -0.44 0.658 

PODO003 -0.86 0.42 -2.04 0.042* 

Height   0.17 0.07 2.39 0.017* 

 

 

Table S20. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of tree species 

on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).    

 

Coefficients Estimate Std Error Z value P 

Cryptocarya idenburgensis -0.76 0.27 -2.81  0.005 ** 

Cryptocarya massoy -0.43 0.40 -1.06 0.289 

Ganophyllum falcatum -1.68 0.31 -5.42 <0.001*** 

Litsea sp. -0.09 0.34 -0.27 0.789 

Myristica subalulata 0.87 0.22 3.97 <0.001 *** 

Ryparosa amplifolia -0.60 0.24 -2.47  0.013 * 

 

 

Table S21. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation, 

ant species and tree species on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).   

 

Coefficients Estimate Std Error Z value P 

Elevation 0.00 0.00 0.77 0.441 

ANON009 -0.83 0.37 -2.27   0.023 * 

ANON012 -0.97 0.36 -2.66  0.008 **  

ANON013 -0.18 0.36 -0.49 0.621 

PODO003 -0.37 0.41 -0.89 0.372 

Cryptocarya idenburgensis -0.89 0.33 -2.70  0.007 **  

Cryptocarya massoy -0.55 0.46 -1.18 0.237 

Ganophyllum falcatum -2.01 0.42 -4.74 <0.001 *** 

Litsea sp. -0.09 0.38 -0.24 0.812 

Myristica subalulata 0.28 0.31 0.90 0.368 

Ryparosa amplifolia -0.64 0.26 -2.46 0.014 * 
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Table S22. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation a

nd tree species on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).    

 

Coefficients Estimate Std Error Z value P 

Elevation 0.13 0.04 3.05  0.002 ** 

Cryptocarya idenburgensis -1.13 0.29 -3.87 <0.001 *** 

Cryptocarya massoy -0.83 0.42 -2.00  0.045 *  

Ganophyllum falcatum -2.39 0.38 -6.23  <0.001 *** 

Litsea sp. -0.33 0.35 -0.94 0.346 

Myristica subalulata 0.32 0.28 1.13 0.360 

Ryparosa amplifolia -0.59 0.24 -2.47  0.013 *  

 

 

Table S23. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation, tr

ee height and ant species on herbivory damage of all ant-inhabited trees ≤ 5 m in height (n=7584 leaves; 507 trees).    

 

Coefficients Estimate Std Error Z value P 

Elevation 0.07 0.05 1.35 0.177 

Height 0.16 0.07 2.29   0.022 * 

ANON009 -0.86 0.41 -2.09    0.036 * 

ANON012 -0.99 0.41 -2.45 0.014 * 

ANON013 -0.31 0.40 -0.78 0.437 

PODO003 -0.59 0.46 -1.29 0.198 

 

Table S24. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation, tr

ee height and ant species on herbivory damage of Myristica subalulata in our baiting experiment.   

 

  Estimate Std. Error Z value P 

Elevation 0.11 0.06 1.78 0.076 

Height -0.02 0.08 -0.27 0.786 

ANON012 -0.17 0.23 -0.77 0.441 

ANON013 0.24 0.36 0.67 0.504 

 

Table S25. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of elevation a

nd tree height on herbivory damage of Myristica subalulata in our baiting experiment.   

 

  Estimate Std. Error Z value P 

Elevation 0.15 0.04 3.61 <0.001 *** 

Height -0.04 0.08 -0.53 0.598 

 

 

 

 

 



 

 

Table S26. Results of ordinal linear regression model (clmm function, ordinal package) testing the effect of ant species 

and tree height on herbivory damage of Myristica subalulata in our baiting experiment.   

 

  Estimate Std. Error Z value P 

ANON012 -0.03 0.22 -0.15 0.877 

ANON013 0.73 0.25 2.96 0.003** 

Height -0.07 0.08 -0.85 0.397 

 

Appendix 3 - Supplementary Methods & Ant Photos 

Ant identification and barcoding 

Ants were stored in 99% ethanol and examined under Olympus SZX7 microscope at magnification 12-84x. Since 

taxonomic knowledge of ants from the region is poor at the species level, ants were first sorted to genera and 

morphospecies. We compared them with reference collections from Klimes et al. (2015) and from the international 

expedition Our Planet Reviewed at Mt. Wilhelm (Leponce et al, 2017), which sampled ants in the same or nearby sites. 

All morphospecies were also compared with the ant image databases New Guinea Ants and Antweb 

(www.newguineants.org, www.antweb.org). Some species within the Anonychomyrma genus, which is in need of 

taxonomic revision, were only possible to identify to morphospecies level. For each (morpho)species, a representative 

worker was sequenced for the mitochondrial gene cytochrome c oxidase I (COI), either previously as part of the Barcode 

of the life project (sequence deposited in BOLD database, http://www.barcodinglife.org) or newly for the purpose of this 

study (deposited in Genbank, See Table S2). The BOLD sequences were obtained at the Biodiversity Institute of Ontario, 

University of Guelph using a standard protocol described in Smith et al. (2005), with respective primers used listed for 

each sample in the BOLD database. The rest of the samples were obtained at the Institute of Entomology, where total 

genomic DNA was extracted using the GenomicDNAKit Tissue (Geneaid Biotech Ltd., New Taipei City, Taiwan) 

following the manufacturer’s protocol. COI was then amplified using published primers and polymerase chain reaction 

conditions (Folmer et al, 1994). DNA sequences were assembled, edited and aligned in Geneious version 6.1. The 

Anonychomyrma sequences were also compared with sequences from previously collected specimens of the genus from 

New Guinea and Australia (M. Janda, P. Matos-Maraví unpublished data; and available data in Genbank and BOLD). 

DNA and ant vouchers are deposited at the Institute of Entomology, Biology Centre of Czech Academy of Sciences, 

České Budějovice. 
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Photos Aa-Jj: Head (uppercase letter) and lateral (lowercase) views of Anonychomyrma sp.2 (Aa), 

Anonychomyrma sp. 9 (Bb), Anonychomyrma sp.12 (Cc), Anonychomyrma sp. 13 (Dd), Anonychomyrma 

sp.14 (Ee), Podomyrma sp.3 (Ff), Colobopsis vitrea (Gg), Colobopsis quadriceps (Hh), Tetramorium bicolor 

(Ii), Pheidole amber (Jj). See table S2 for further details. Photos courtesy of the Institute of Entomology, 

Biology Centre of the Czech Academy of Sciences (A, D-J)) and the Royal Belgian Institute of Natural 

Sciences (B-C). Ant specimens are deposited at the Institute of Entomology, Biology Centre CAS, České 

Budějovice. 
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Functional and phylogenetic diversity of arboreal ant communities in 

primary and secondary rainforest in New Guinea 

Nichola S. Plowman, Pavel F. Matos-Maravi, Francesco de Bello, Martin Libra, Tom R. Bishop, 

Catherine L. Parr, Petr Klimes 

Abstract 

Tropical rainforest canopies host a high abundance and diversity of ant species, but 

the ways in which this diversity changes with forest disturbance is little known. 

Investigating not only taxonomic diversity (TD) but also phylogenetic diversity (PD) 

and functional diversity (FD) of communities can give further insights into how 

succession affects community structure. Here we studied the effect of succession on 

arboreal ant communities in two continuous primary and secondary lowland 

rainforest plots in New Guinea, where all trees ≥5cm DBH were censused for ants. 

We then measured their functional traits and constructed their community 

phylogeny to test how FD and PD change between the two forest stages. In 

addition, we assessed the influence of visiting species which were not nesting in the 

trees sampled, on overall diversity in each habitat.  

Primary forest had higher TD, PD and FD than secondary forest, but only for 

measures that are highly correlated with species richness. When using abundance 

and distance-weighted indices, there was little difference between the two forests in 

most diversity measures. Both forests had random phylogenetic structure, and 

secondary forest had random functional structure. In contrast, the primary forest 

community was slightly more functionally clustered than expected by chance, usually 

an indication of niche-based habitat filtering. However, the effect was small and 

excluding visiting species from analysis found that the functional structure of the 

nesting community was random. Excluding visiting species resulted in higher FD in 

primary forest, but lower FD in secondary forest. This suggests that in primary 

forest visiting species were functionally similar to nesting species, whereas in 

secondary forest they were functionally different to the nesting community. PD was 

more robust to excluding visiting species, differing little between primary and 

secondary forest. The main driver of functional differences was body size: ant 

species were on average larger in primary than in secondary forest.  

We conclude that while there was little difference in PD and phylogenetic structure 

with succession, there were some important functional differences. Primary forest 

communities were slightly more functionally clustered than secondary forest 

communities, which were randomly structured. While visiting species boosted FD 



 

 

in species-impoverished secondary forests, they were functionally redundant in 

primary forest. However, primary forest hosted the largest ant species, which were 

altogether missing in secondary forest, and such species may provide ecological 

functions unique to pristine habitats. 
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Supplementary materials for Chapter IV. Evaluating functional diversity: missing trait data and 

the importance of species abundance structure and data transformation. – PLOS One. 

S1 Appendix: Detailed description of the study systems 

Plant data 

Plant data consists of 12 plots and 62 species. Plants were surveyed in a species-rich wet 

meadow located 10 km south-east of České Budějovice, Czech Republic (48°57’N, 14°36’E, 

altitude 510 m). Plants were surveyed in June 2006 as a part of a long term experiment (1994-

2014). The plant community is an oligotrophic wet species-rich meadow (around 30 spp. of 

vascular plants per m2) dominated by a tussock grass, Molinia caerulea (L.) Moench. Other 

more abundant species included mostly grasses and over 10 species of sedges (Carex L. spp.). 

The meadow, as those in the region around, has been traditionally extensively mown for 

centuries.  

In 1994, 12 permanent mown plots were established, each 2 × 2 m. Fertilization and dominant 

removal were applied as treatments in a factorial design. The four treatment combinations 

(fertilization and removal; fertilization and no removal; no fertilization and removal; no 

treatment) were repeated three times. The fertilization treatment consisted of annual application 

of a commercial NPK fertilizer (12% N, as nitrate and ammonium, 19% P, as P2O5, and 19% K, 

as K2O). Molinia caerulea tillers were manually removed with a screwdriver in April 1995 with 

a minimum of soil disturbance and new individuals of M. caerulea were removed annually. 

More details about the experimental setup are given in ([1–3]. 

We chose traits that represent the L-H-S scheme proposed by Westoby (1998)[4]: specific leaf 

area (SLA), plant height, and seed mass. These traits represent independent dimensions of plant 

ecological strategies [4–7]. We measured plant height, specific leaf area and seed mass values 

for 42 species following protocols in [8] for a minimum of 10 individuals collected in the 

different treatments where the species occurred [9]. Trait values were then averaged to allow 

comparisons with values taken from LEDA trait database [10] for the remaining species 

(approximately 20 depending on the sampling method). Specific leaf area represents the ratio of 

leaf area to dry weight (m2 kg-1). The two categorical traits, growth form and position of leaves 

along the stem, were also taken from LEDA trait database and from local floras. 

Ant data 

Ant data consists of 59 plots and 297 species. Ant data were collected in April and May 2010 as 

part of the Stability of Altered Forest Ecosystems (SAFE) project in Sabah, Malaysia [11,12]. In 

total the survey included 59 plots in different habitat types; 9 plots in a single block of oil palm, 

32 plots in two blocks of secondary forest and 18 plots in two blocks of primary forest. Ant 

sampling was conducted at 2nd order survey points arranged in equilateral triangles with sides of 

178 m. Oil palm and secondary forest sites are located in Benta Wawasan, a matrix of oil palm 

Elaeis guineensis Jacq. monocultures planted in the year 2000 and twice-logged forest of varied 

quality. Primary forest sites are in Maliau Basin Conservation area, and not subject to 

anthropogenic disturbance.  
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For each sampling point, as close to the 2nd order point as possible, a 4 × 4 m quadrat 

was set out. In each square meter of the quadrat a 12 × 12 cm soil sample with a depth of 10 cm 

was extracted (16 soil pits per quadrat) and the soil searched for ants for 10 person-minutes. In 

addition, dead wood within the quadrat was examined for ants by removing the bark and 

investigating any holes or crevices. All specimens were preserved in 80% ethanol. Ants were 

identified to species level using published keys and online resources (see references in [13]), with 

the majority of specimens being assigned to morphospecies due the inaccessibility of a reference 

collection and lack of adequate keys for certain rare or hyperdiverse Bornean genera. 

Morphological traits related to the species’ ecology were measured to the nearest 0.01 

mm using an ocular micrometer attached to a Lecia MS5 stereo-microscope (Leica Microsystems, 

Heerbrugg, Switzerland). The following traits were measured for the worker caste only: head 

length, the ratio of leg length to body size, pilosity, sculpturing. Since the reproductive castes 

have a non-foraging role and major castes are not sampled effectively using the above protocol 

they were not included in the study. Head length is highly correlated, and thus a good surrogate 

of body length, which relates to many life history traits such as prey selection [14] and thermal 

tolerance [15]. Leg length may be an adaptation to carrying different loads of foraging items [16], 

and the spatial niche in which the species forages [17]. As it is highly correlated with body size 

we chose to express leg length as a ratio of body size: the sum of the hind femur and hind tibia 

length/head length. Pilosity and sculpturing may be related to the ant thermal tolerance. See 

[18]for a summary of ant traits and their hypothesised ecological relevance. 

Bird data 

Bird data comprise 8 plots and 238 species. A repeated survey of forest birds was carried out 

along an elevational rainforest gradient on the slopes of Mt. Wilhelm (4509 m a.s.l.) in the Central 

Range of Papua New Guinea between 9th April 2010 and 15th October 2012 [19,20]. The study 

was completed along a 30 km long transect with eight study sites, spanning from lowland 

floodplains of the Ramu river (200 m) to the timberline at 3700 m, evenly spaced at 500 m 

elevational increments. At each elevation, bird communities were surveyed by point counts 

(n=14), mist-netting (n=11) and random walks (20 hrs total) through the area (80 ha). Point counts 

were conducted at 16 points regularly spaced along a 2250 m transects (successive points 150 ± 

5 m apart to avoid overlap). Transects at each site were directed through the representative and 

diverse microhabitats in the area (e.g. ridges, valleys, streams). All birds seen or heard within 50 

m of the point were recorded. Censuses began 15 min before sunrise, at a randomly selected point, 

and each count lasted 15 min with all 16 points surveyed before 11am. At each study site, we 

mist-netted birds along a 200 m line (using nets 2.5 m high × 12-18 m long, mesh 16 mm) from 

5:30am till 5:30pm daily. We identified all mist-netted birds, marked them with colour bands, 

and released them within 10 min. Finally, we walked along existing trails and along point-count 

transects, surveying the area of 80 ha evenly, and noted all species identified during these random 

walks (within a 50 m radius). Walks lasted 2-3 h per day (starting at 3pm, walking distance = 3-

4 km/d), and were standardized to 20 h per site.  All surveys were conducted by three people, all 

of whom had previous experience with bird surveys in Papua New Guinea. We also recorded 

vocalizations at each survey point during surveys and any unrecognized bird vocalizations during 



 

 

our random walks (using a Marantz PMD 620 recorder and a Seinnheiser ME67 microphone) to 

allow later identification. 

Birds were identified using the species-level taxonomy of Handbook of the birds of the 

world [21] and updated according to IOC Bird World List 5.1. All species were categorized into 

three broad trophic guilds: insectivores, herbivores (granivores + frugivores) and omnivores (with 

equal intake of different items), based on dietary information from the field and in standard 

references [19, 21, 22, 23]. Only forest species were included in the analyses and all raptors and 

swifts were excluded (68 individuals of 15 species) since it was difficult to sample them in a 

standardized manner from the forest interior. We assessed three ecologically relevant traits; one 

categorical (trophic guild) and two continuous traits (body length and weight) of 238 species. The 

body measurements (body length and weight) for most of the birds in analysis (238 species, 

87.5% of total) were obtained as averages from mist-netted birds. Data on body measurements 

for the other 34 bird species were obtained from Museum collections (Natural History Museum 

of Denmark, Queensland museum) and from literature [21]. 
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S2 Appendix: Results of the linear mixed effect models 

 

Table A1. Full results of the general linear mixed effects models for plant data showing the effect 

of the two scenarios (pool-wise and plot-wise; “Scenario”), FD indices (functional richness, 

functional evenness, Rao’s Quadratic entropy index, and community weighted mean; “Index”), 

and abundance transformation (“Abun.Transf.”) on robustness of FD indices to missing trait data 

(the regression slopes). 

 

Predictors Df F P 

Intercept 1, 493 110.8 <0.001 

Scenario 1, 493 13.28 <0.001 

Index 3, 493 236.22 <0.001 

Abun.Transf. 1, 493 12.24 <0.001 

Scenario × Index 3, 493 21.10 <0.001 

Scenario × Abun.Transf. 1, 493 0.03 n.s. 

Index × Abun.Transf. 3, 493 27.20 <0.001 

Scenario × Index × Abun.Transf. 3, 493 1.66 n.s. 

 

 

 

Table A2. Full results of the general linear mixed effects models for ant data showing the effect 

of the two scenarios (pool-wise and plot-wise; “Scenario”), FD indices (functional richness, 

functional evenness, Rao’s Quadratic entropy index, and community weighted mean; “Index”), 

and abundance transformation (“Abun.Transf.”) on robustness of FD indices to missing trait data 

(the regression slopes). 

 

Predictors Df F P 

Intercept 1, 110 311.7 <0.001 

Scenario 1, 110 101.68 <0.001 

Index 3, 110 170.13 <0.001 

Abun.Transf. 1, 110 189.39 <0.001 

Scenario × Index 3, 110 24.84 <0.001 

Scenario × Abun.Transf. 1, 110 7.65 0.007 

Index × Abun.Transf. 3, 110 14.89 <0.001 

Scenario × Index × Abun.Transf. 3, 110 0.93 n.s. 
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Table A3. Full results of the general linear mixed effects models for bird data showing the effect 

of the two scenarios (pool-wise and plot-wise; “Scenario”), FD indices (functional richness, 

functional evenness, Rao’s Quadratic entropy index, and community weighted mean; “Index”), 

and abundance transformation (“Abun.Transf.”) on robustness of FD indices to missing trait data 

(the regression slopes). 

 

Predictors  Df F P 

Intercept 1, 84 37.1 <0.001 

Scenario 1, 84 0.29 n.s. 

Index 3, 84 20.25 <0.001 

Abun.Transf. 1, 84 0.48 n.s. 

Scenario × Index 3, 84 0.09 n.s. 

Scenario × Abun.Transf. 1, 84 0.005 n.s. 

Index × Abun.Transf. 3, 84 5.10 0.003 

Scenario × Index × Abun.Transf. 3, 84 0.09 n.s. 

 

Table A4. Full results of the general linear mixed effects models for plant data showing the effect 

of the two scenarios (pool-wise and plot-wise; “Scenario”), FD indices (functional richness, 

functional evenness, Rao’s Quadratic entropy index, and community weighted mean; “Index”), 

abundance transformation (“Abun.Transf.”), and abundance measure (“Measure”) on robustness 

of FD indices to missing trait data (the regression slopes). 

 

Predictors Df F P 

Intercept 1, 461 104.1 <0.001 

Scenario 1, 461 14.1 <0.001 

Index 3, 461 251.6 <0.001 

Abun.Transf. 1, 461 13.1 <0.001 

Measure 2, 461 3.8 0.02 

Scenario × Index 3, 461 22.5 <0.001 

Scenario × Abun.Transf. 1, 461 0.03 n.s. 

Scenario × Measure 2, 461 0.5 n.s. 

Index × Abun.Transf. 3, 461 28.9 <0.001 

Index × Measure 6, 461 2.8 0.01 

Measure × Abun.Transf. 2, 461 6.3 0.002 

Scenario × Index × Abun.Tranf. 3, 461 1.7 n.s. 

Scenario × Index × Measure 6, 461 2.3 0.04 

Scenario × Abun.Transf. × Measure 2, 461 2.1 n.s. 

Index × Abun.Transf. × Measure 6, 461 1.2 n.s. 

Scenario  × Index × Abun.Transf. × Measure 6, 461 0.2 n.s. 

 

 



 

 

Table A5. Full results of the general linear mixed effects models showing the effect of trait data 

transformation (“Trait Transf.”), difference in skewness of trait data before and after 

trasformation (“Skewness”), the two scenarios (pool-wise and plot-wise; “Scenario”), and FD 

indices (functional richness, functional evenness, Rao’s Quadratic entropy index, and community 

weighted mean; “Index”) on robustness of FD indices to missing trait data (the regression slopes). 

 

Predictors Df F P 

Intercept 1, 274 12.0 0.001 

Scenario 1, 274 0.6 n.s. 

Index 3, 274 3.5 0.02 

Trait  1, 274 1.1 n.s. 

Skewness 1, 274 47.4 <0.001 

Scenario × Index 3, 274 0.1 n.s. 

Scenario × Trait 1, 274 0.3 n.s. 

Scenario × Skewness 1, 274 2.0 n.s. 

Index × Trait 3, 274 1.3 n.s. 

Index × Skewness 3, 274 6.8 <0.001 

Trait × Skewness 1, 274 1.8 n.s. 

Scenario × Index × Trait 3, 274 0.1 n.s. 

Scenario × Index × Skewness 3, 274 1.8 n.s. 

Scenario × Trait × Skewness 1, 274 <0.01 n.s. 

Index × Trait × Skewness 3, 274 1.3 n.s. 

Scenario × Index × Trait × Skewness 3, 274 0.1 n.s. 

 

  



 

83 

 

 

 

  Summary 

 



 

 

  



 

85 

 

Thesis Summary 

This thesis explored the diversity and ecology of arboreal ants of tropical rainforests 

in Papua New Guinea (PNG) over gradients of elevation and succession. Our 

datasets, from the most extensive arboreal sampling to date, use tree dissections and 

a census of understorey ant plants to provide a unique view of whole communities 

of tree-dwelling ants and the factors influencing their diversity and species 

composition along ecological gradients. 

The thesis used data from 1.4 ha of continous rainforest (Introduction -Table 1), 

where over 1600 trees ≥5cm DBH were felled and exhaustively sampled for ants 

and their nests. In just this area, we recorded 195 ant species living and/or foraging 

in trees. The total number of recorded ant species in New Guinea is 892 (AntWiki, 

2018), so our findings further highlight the extraordinary diversity of arboreal ants 

in this region. Additionally, smaller ant-plants in the rainforest understorey were 

surveyed from 700 – 1600 m above sea level to quantify for the first time whole 

communities of ant-plant mutualists over an elevational gradient. Here we found 10 

different species of ants living in domatia of 23 different tree species, many of which 

had not previously been recorded as myrmecophytes. 

This thesis goes far beyond providing inventories of ant biological diversity in the 

remote PNG rainforests we sampled. With our unique datasets from felling whole 

forest plots, we explored the effects of vegetation structure and nest microhabitats 

on the community structure of arboreally nesting ants over elevation, using modern 

multivariate statistics and null modelling approaches. Moreover, after quantifying 

the taxonomic diversity of arboreal ants with elevation and succession, we measured 

functional traits of 127 lowland ant species, and constructed their community 

phylogeny to investigate for the first time the effects of succession on both 

functional and phylogenetic diversity of arboreal ant communities. Further to this 

study, using datasets from ants, birds and plants, we considered how functional 

diversity indices stand up to different data-handling techniques, and how robust 

these indices are to a common problem faced by ecologists – incomplete species 

trait datasets. 

Below I summarise our main findings from each chapter and discuss some future 

directions for arboreal ant community ecology research.  

 

 



 

 

Main findings and conclusions 

In Chapter I we investigated nesting arboreal ant communities over an elevational 

gradient, and the potential drivers of differences in community structure and 

diversity. We found a strong mid-elevation peak in diversity and nest abundance of 

arboreal ants, in contrast to findings from understorey and terrestrial ants in the 

PNG region (Colwell et al., 2016; Orivel et al., 2018), and terrestrial ants from a 

comparable gradient in Borneo (Brühl et al., 1999) which saw rather monotonic 

declines in ant diversity. While tree size and nest site were important explanatory 

factors for the differences in communities over elevation, we found that differences 

in nesting microhabitats across elevation explained more of the variation than tree 

DBH or elevation itself. Indeed, in mid-elevation forest trees of all sizes had a 

greater diversity of ant species than at other elevations. Our findings suggest that 

the smaller, and more cryptic nests in trapped aerial soil and under epiphytes most 

common in the more humid mid and high elevation forests may contribute to this 

trend. Furthermore, smaller colonies of less territorial species may have contributed 

to the mid-elevation peak in diversity, by enhancing positive or neutral species 

coexistence in trees, while in high elevation the cooler temperatures are likely a 

strong limiting factor to these ectothermic animals. In contrast, in the lowlands the 

prevalence of highly aggressive territorial species nesting in carton or silk nests on 

leaves in the canopy may act to limit biodiversity via competitive exclusion. 

While in the canopy ants tend to be generalists in which tree species they nest in 

(Klimes et al., 2012, 2015), in the understorey some ant species exclusively nest in 

domatia-bearing ant-plants. In Chapter II we focused on these interactions in the 

rainforest understorey and quantified ant-plant mutualistic interactions over 

elevation. We found a diverse community of ant-plant mutualists, with elevational 

shifts in species composition and abundance, with the ant genus Anonychomyrma as 

the dominant partner in these networks, and the ant-plant Myristica subalulata as the 

most common wide-ranging ant-plant species. At higher elevations ant-plants were 

rarer and species richness of both groups declined, resulting in less complex 

interaction networks and decreased network specialisation. We found that ant 

behaviour also changed with elevation, signalling a change in costs and benefits of 

the interaction. As elevation increased, ant partners recruited less to an 

experimentally placed surrogate herbivore, and spent less time attacking it. 

Moreover, plants suffered higher herbivory damage at high elevation. However, the 

shift in ant behaviour was driven by turnover of ant species, suggesting that reduced 

availability of effective ant partners at high elevations results in less specialised 
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networks and may ultimately lead to the breakdown of the mutualism due to 

increased fitness costs to the plant. 

In Chapter III we investigated the effect of succession on the functional and 

phylogenetic diversity (FD and PD respectively) of arboreal ant communities and 

their structure in primary and secondary lowland forests in PNG, exploring the 

contribution of visiting species (i.e. species not nesting in the trees sampled) to both 

FD and PD in each habitat. We found that unlike taxonomic diversity, there were 

smaller differences in FD and PD between the two forest types. Interestingly, while 

both communities had neutral phylogenetic structure (i.e. species were not over or 

underdispersed compared to a null model), in primary forest (but not secondary 

forest), species were slightly more functionally clustered than expected by chance, 

indicating an effect of niche-based habitat filtering. However, this small effect 

disappeared when only nesting species were considered, they too were randomly 

structured. The effect of removing the visiting species revealed some interesting 

patterns in the communities. While PD was relatively robust, in our rarefactions of 

FD we found that excluding non-nesting species increased overall species 

dissimilarity in primary forest, whereas in secondary forest species dissimilarity 

decreased. This indicated that in primary forest the visiting species were functionally 

redundant but in secondary forest they boosted the functional diversity of the more 

species impoverished forest. In terms of individual functional traits, primary forest 

hosted on average larger ant species and the largest species were altogether missing 

in secondary forest. This agrees with previous findings that the largest ant species 

can be lost after forest disturbance (Gibb et al., 2017b). 

Unusually for studies of FD, our data included traits of all species in the community. 

However, often FD studies are limited by the availability of trait data, and often use 

instead only the most common species for which traits are available. In Chapter IV 

we explore the effects of missing data on the robustness of FD indices and how this 

can be affected by the distribution of trait and abundance data. We used data from 

real ant, plant and bird communities. Unsurprisingly we found that FD indices 

became less accurate the more data was missing, but this loss of accuracy was 

dependent on the index. Interestingly, in cases where data transformation improved 

the normality of the trait data, the effect was to improve the accuracy of the indices 

in the face of missing data. Our results highlighted that the common practice of de 

facto selecting only the species that compose 80% of the community in FD studies 

needs more careful consideration since selecting your most common species by how 

common they are per plot or how common they are in the whole community makes 

a difference to the accuracy of FD indices since the trait and abundance data 



 

 

distributions can vary from plot to plot. We provided an R function which can help 

ecologists to make these decisions. 

Future directions 

The field of arboreal ant ecology still holds many mysteries, since the ecology of 

most ant species remains unknown, despite the numerical and ecological importance 

of the group (Wilson & Hölldobler, 1990; Lach et al., 2010). While this thesis is 

unique in its scope and details of the ecological drivers of arboreal ant diversity, it 

remains limited to a few forest plots in one tropical region. For community 

ecologists, the priority of research in ant diversity should move from single locality 

studies to comparative studies across habitats and regions. Such studies promise to 

reveal if our conclusions about the mechanisms responsible for structuring ant 

communities hold across the regions, or if they differ, a topic still widely debated. 

Importantly during this era of widespread anthropogenic habitat modification and 

global warming, advances in this area will help in predicting the effects of species 

loss on arboreal communities and ecosystems.  

This will require a global effort to standardise sampling techniques, and extensive 

international collaboration and data sharing. Vojtech Novotny and colleagues are 

leading the way by conducting further whole forest sampling across the world, 

felling whole forest plots and conducting canopy crane studies in Czech Republic, 

USA, Panama, PNG and Japan with the aim to compare latitudinal diversity trends 

but also to test predictions of biodiversity based on initial plant species richness 

(Novotný et al., 2015). In addition, it would be helpful to bring together studies of 

different scales to better understand how arboreal ant communities are structured 

from the immediate intraspecific interactions in trees, to local communities and 

regional scales. The global network of 50h forest plots (the Smithsonian’s 

oForestGEO network, formerly CTFS; https://forestgeo.si.edu/), currently used to 

monitor plant community dynamics, would be an excellent resource for ant 

ecologists to this end. These long-term plots would also be ideal for the study of 

arboreal ant community dynamics over the longer term, especially to monitor the 

effects of climate change. 

Similarly, ant functional diversity studies would also benefit from an increasingly 

comparative approach. FD studies in ants are still in their infancy, but are 

increasingly growing in popularity (e.g. Blaimer et al., 2015; Liu et al., 2016; Rocha-

Ortega et al., 2018). The recent introduction of global databases for ant traits and 

species abundances (Gibb et al., 2017a; Parr et al., 2017) is promising for global 
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comparative studies of ant communities.  However there are a jungle of different 

methods and indices in functional ecology, so developing standard methodology for 

trait measurement like plant ecologists (Cornelissen et al., 2003), and identifying the 

most ecologically important ant traits with experimental studies will become 

increasingly important for such global comparisons. 
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