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Abstract 

In my thesis I investigate the ways in which the extraordinary diversity of 

species in the natural world is maintained, using the ant communities in a 

common rain forest epiphyte, the bird‘s nest fern (Asplenium spp.) as a model 

system. There are two species of bird‘s nest fern in the rain forest in Danum 

Valley, Malaysia that co-exist by partitioning the canopy. Asplenium phyllitidis 

is found only below heights of 30m in the canopy and in areas with a thicker 

lower canopy layer. Asplenium nidus is found at all heights in the canopy and 

favours open areas and emergent trees. The ferns support a highly diverse 

ant community: I found 71 species of ant from 27 genera in 87 ferns, with an 

estimated 414 ant colonies in every hectare of forest using the ferns as nest 

sites. From observations and experiments I demonstrate the existence of 

strong intraspecific and intrageneric competition. I use simulation-based 

species assembly models to show that these levels of competition are vital for 

the maintenance of high ant diversity in this epiphyte. Using collections made 

by a colleague from an experiment in which ferns were cleared of their ants 

and then recolonised naturally, I show that the time since the start of 

recolonisation is important in determining ant community composition, 

indicating the existence of a temporal niche. I also carried out a 

methodological study of techniques for detecting species co-occurrence 

patterns and show that a commonly used metric, the c-score, is highly prone 

to type 1 errors. Two potential solutions to this problem are suggested and 

their efficacy demonstrated. Using collections made by another colleague, of 

canopy, litter and fern-dwelling ants from forest and oil palm plantation, I show 

that although plantations support more species than was previously thought, 

the impacts of habitat conversion are still severe. Encouraging the growth of 

epiphytes, such as bird‘s nest ferns, may allow the maintenance of more ant 

species in these highly uniform habitats. 
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"If we and the rest of the backboned animals were to disappear overnight, the 

rest of the world would get on pretty well. But if they were to disappear, the 

land's ecosystems would collapse. The soil would lose its fertility. Many of the 

plants would no longer be pollinated. Lots of animals, amphibians, reptiles, 

birds, mammals would have nothing to eat. And our fields and pastures would 

be covered with dung and carrion. These small creatures are within a few 

inches of our feet, wherever we go on land — but often, they're disregarded. 

We would do very well to remember them." 

 

David Attenborough 

Life in the Undergrowth (2005) 
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1 General Introduction 

1.1 Summary 

The maintenance of diversity in the tropics has been a subject of debate for 

over 100 years. Here I discuss the broad issues relevant to this thesis. First, I 

give an outline of the rest of the thesis. Then I cover the history of research on 

the mechanisms that maintain species diversity and the current debate 

relating to the importance of the neutral theory of biodiversity. I then go on to 

introduce my study taxon, the ants, and the use of epiphytes as natural 

microcosms, in particular the bird‘s nest fern (Asplenium spp.). Finally, I 

discuss the impacts of habitat change on animal communities, focussing on 

the ants, and give brief details of my study site. 

1.2 Thesis Outline 

In order to understand the ecology of fern-dwelling ants, it is first necessary to 

understand the ecology of the ferns themselves. In Chapter 2 I investigate the 

way in which canopy architecture affects the distributions of two species of 

bird‘s nest fern. In Chapter 3 I investigate the environmental factors affecting 

ant community structure in the ferns. In Chapter 4 I assess the role of biotic 

interactions between ant species in shaping the fern-dwelling ant community 

and maintaining ant diversity. I do this by carrying out experimental invasions 

of ferns in the laboratory with differing resident ant communities by a model 

invader species (Diacamma sp.). I also use simulation-based assembly 

models to investigate the relative importance of niche and neutral based 

mechanisms in ant diversity maintenance. In Chapter 5 I use ant collections 

from a recolonisation experiment to ask whether or not there is a temporal 
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niche in fern-dwelling ants. In Chapter 6 I use simulation-based methods to 

assess type 1 and type 2 error rates for null models of species co-occurrence. 

The importance of bird‘s nest ferns as reservoirs of ant biodiversity in oil palm 

plantations, along with the overall impact of habitat conversion on ant 

communities are documented in Chapter 7. In Chapter 8 I discuss the 

implications of my findings. 

1.3 The Maintenance of Species Diversity 

We share this planet with an extraordinary number of animal species. Original 

estimates of arthropod species diversity of up to 80 million (Erwin 1982, Stork 

1988) have now been revised down to figures between five and 10 million 

(Thomas 1990, Gaston 1991, Odegaard 2000). The study of how all of these 

species are able to coexist has been one of the main focuses of ecological 

research in recent decades. 

Early models of species coexistence represented how pairs of competing 

species interact (Volterra 1926, Lotka 1932). The conclusion of this work was 

that for both species to persist, intraspecific competition must be strong 

relative to interspecific competition. The main way that this could occur was if 

individuals within a species were more ecologically similar than individuals 

from different species. In other words, each species must have its own niche, 

a term that had already been proposed by Grinnell (1917), although the 

concept had been around for much longer (Lyell 1832 p42, Darwin 1859 p47). 

Subsequently it was found that such interspecific competition would cause 

similar species to diverge in their ecology and morphology, in what has 

become known as ―character displacement‖ (Brown and Wilson 1956). Further 
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work demonstrated that more species could be packed into highly productive, 

highly predictable environments (MacArthur and Levins 1964), and that there 

should be a limit to how ecologically similar two coexisting species can be 

(Macarthur and Levins 1967). 

The idea that stochasticity might be important in allowing species to coexist 

was not considered in these early models. One of the first studies to suggest 

this was carried out by Hubbell (1979), who showed that a model that did not 

include any ecological differences between species was still able to explain 

observed species abundance distributions. Later work went on to show that 

species that were ecologically equivalent were nonetheless able to coexist for 

significant periods of time so long as population sizes were large enough (Bell 

2001, Hubbell 2001, Volkov et al. 2003). Species were lost from the 

community through extinction, but since species persisted for so long, 

speciation was able to ―top up‖ species numbers. This caused a great deal of 

controversy: many ecologists pointed out that as they had observed 

differences between the ecologies of the species that they studied, the 

assumption of ecological equivalence could not possibly be correct (Chave 

2004, McGill et al. 2006). They also pointed out that in some cases species 

abundance distributions fit the zero sum multinomial distribution (which is 

expected if neutral theory holds) no better than the alternative log normal 

distribution (McGill 2003, Dornelas et al. 2006).  

It is still unclear which model of diversity maintenance fits the observed data 

better (Chase 2005). However, it seems that both niche and neutral processes 

operate in communities at the same time (Leibold and McPeek 2006). For 

example, niche-based processes may be dominant in metacommunities while 
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neutral ones are more important in local communities (Jabot et al. 2008). The 

strict ecological equivalence between individuals of different species may not 

hold: however, average ecological equivalence between species may be more 

likely, and can also result in coexistence between species. For example, 

different species may experience the same levels of intraspecific competition, 

meaning that species are equivalent, but individuals from different species are 

not (Chave 2004). The formulation of models that quantify deviations from 

neutrality and include both neutral and niche-based processes are now being 

proposed in order to reconcile niche-based and neutral views of diversity 

maintenance (Holyoak and Loreau 2006, Zhou and Zhang 2008). 

One way in which the importance of interspecific interactions on community 

structure has been investigated is through the analysis of species assembly 

rules. In his pioneering work, Diamond (1975a) proposed that the identities of 

the bird species already present on an island affected the probability that a 

particular species would be able to invade. These rules then give rise to a 

particular pattern of species co-occurrences. Later work, by Connor and 

Simberloff (1979), showed that the patterns that Diamond observed were not 

any different from those expected if species colonised islands at random. In 

order to demonstrate this they made use of null models of species assembly, 

in which the colonisation of the islands by the observed set of species is 

simulated under the null hypothesis of there being no interactions between 

species. Some metric relating to the degree of co-occurrence between 

species is measured for both the observed and the null communities, and the 

chances of obtaining the observed value of the metric under the null 

hypothesis can then be calculated. This method of analysis has become 
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popular again in recent years, as a result of a renewed interest in neutral 

theory. 

Much of the discussion in the literature on diversity maintenance has related 

to spatial niches. But time, as well as space, can be partitioned into niches, 

also allowing the maintenance of species diversity (Chesson 2000). If habitats 

of different ages each have their own characteristic physical properties, then 

each will be inhabited by their own sets of species that are able to fill those 

niches. This can be true of biotic, as well as physical environments.  For 

example, succession of species in plant communities will give rise to a parallel 

succession of arthropods. Even within the lifetime of an individual plant, its 

resident insect fauna can change in response to changing age-related traits in 

a process known as ontogenetic succession (Fonseca and Benson 2003). In 

addition, a habitat that is itself unchanging can be inhabited by a succession 

of different species after disturbance leaves it uninhabited. 

1.4 The Ants 

An appropriate taxonomic group for exploring species coexistence is the ants. 

They are one of the most ecologically and economically important groups of 

arthropods globally (Grimaldi and Engel 2005). As of 2 May 2009 there are 

12,513 described species in the family Formicidae (Agosti 2009), with 

estimates of total global species diversity being in excess of 20,000 (Bolton 

2009). Despite being thought of as predominantly predatory until recently, 

they actually perform a wide variety of ecosystem functions. In the Amazon, 

leaf cutter ants are the dominant herbivores, collecting vast amounts of 

vegetation (Wilson 1971), which they then use to cultivate fungus. Even where 
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there are no leaf cutter ants, some species fill primary consumer roles by 

feeding on honeydew (Blüthgen et al. 2003, Davidson et al. 2003). The seeds 

of 35% of all herbaceous plants may be distributed by ants (Beattie 1985), 

and ground nesting species can turn over large volumes of soil (Lyford 1963, 

Whitford 2000). 

Economically, ants can be important in defending plants against herbivores 

(e.g. Dejean et al. 1997), and are even encouraged in some agricultural areas 

(Philpott and Foster 2005). However, the greatest reported economic impact 

of this group is a negative one: that relating to invasive species. The red fire 

ant (Solenopsis invicta Buren) has been estimated to cost $1.2 billion annually 

in the state of Texas (USA) alone, mainly through its effects on agriculture and 

residential households (Lard et al. 2001). The ecological impacts of ant 

invasions can also be severe. On Christmas Island, the invasive yellow crazy 

ant (Anoplolepis gracilipes (Smith)) drastically reduces numbers of the red 

land crab (Gecarcoidea natalis Pocock), which usually dominates litter 

processing (Green et al. 1999). This releases seedling recruitment in the 

understory resulting in an ―invasion meltdown‖ (O‘Dowd et al. 2003). 

Competition is thought to be one of the main processes structuring ant 

communities at a range of spatial and temporal scales (Hölldobler and Wilson 

1990, Andersen 2000). Workers from conspecific colonies tend to act 

aggressively towards each other (Hölldobler and Wilson 1990) and colonies 

within a species tend to be uniformly distributed (Levings and Franks 1982). 

That aggression-mediated competition is important in ant communities is 

demonstrated by what happens in its absence. In many invasive species 

levels of aggression between conspecific colonies is very low, which leads to 
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unusually high densities of nests, and enables such species to become 

ecologically dominant (Holway et al. 1998, Cremer et al. 2008). The role of 

interspecific competition has been addressed through the study of ant 

community assembly rules (see section 1.3 above for a broader discussion of 

assembly rules). These have demonstrated that ants show a variety of 

interspecific co-occurrence patterns. We would expect segregation between 

species that compete very strongly, or that have very different habitat 

preferences, and aggregation between species that have similar habitat 

preferences. There are also cases of symbiosis, where two species live in the 

same nest, which can give rise to patterns of aggregation. Examples of pairs 

of symbiotic species in SE Asia can be found between species of Diacamma 

and Strumigenys, Diacamma and Pheidole, Pachycondyla and Strumigenys 

(Kaufmann et al. 2003), between a species of Diacamma and Polyrhachis 

lama (Maschwitz et al. 2000), and between Crematogaster modiglianii Emery 

and Camponotus rufifemur Emery (Menzel et al. 2008b). 

Since all of the processes mentioned above are scale dependent, the 

observed levels of overall aggregation and segregation in communities 

depend on the scale at which those communities are sampled (Holdaway and 

Sparrow 2006). If sampling is carried out at the level of the territory of an 

individual colony we would expect to detect aggregation resulting from 

symbiosis, and segregation relating to competition between colonies of 

ecologically similar species. However, if sampling is carried out across 

different habitats, we would expect aggregation and segregation of species 

relating to habitat preferences. This may go some way to explain the variation 

in levels of overall co-occurrence observed for ant communities. Lester et al. 
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(2009) found that species segregated at small scales, but co-occurred 

randomly at larger scales on Pacific islands. Conversely, Gotelli and Ellison 

(2002) found that species co-occurred randomly at small scales, but 

segregated at larger ones. Sanders et al. (2007b) also found that species co-

occurred randomly at small scales, but that they either co-occurred randomly, 

or aggregated, at larger scales.  

Natural microcosms, such as epiphytes, provide a useful arena in which to 

investigate species assembly. I will investigate ant community assembly at 

small scales using the species present within a tropical epiphyte, the bird‘s 

nest fern (Asplenium spp.). 

1.5 Epiphytes as Natural Microcosms 

The arthropod communities that inhabit epiphytes have been used as model 

systems to investigate a variety of questions in community ecology. For 

example, work has been carried out using them to investigate the relationship 

between biodiversity and ecosystem function (Wardle et al. 2003), the balance 

between stochastic and deterministic forces in structuring communities 

(Ellwood et al. 2009) and symbioses between ants and plants (Huxley 1980). 

Epiphytes are ideal as microcosms, as they are discretely defined, easily 

sampled units that provide an arena in which species interactions are easily 

quantifiable (Srivastava et al. 2004). In addition, it is possible to manipulate 

them (Ellwood et al. 2009), which is vital for experimental investigations. 

Epiphytes are natural microcosms, and therefore do not suffer to the same 

extent from the criticism made of many microcosms, that they do not 

represent the real world in any meaningful way (Carpenter 1996). However, 
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care should still be taken when extrapolating results derived from studies on 

natural microcosms to larger scales and different systems. 

Ants are one of the dominant arthropod groups inhabiting many species of 

epiphyte (Huxley 1980, Ellwood et al. 2002, Turner and Foster 2009). Many 

epiphyte species encourage ant colonisation by providing cavities for them to 

nest in, and food in the form of both carbohydrate and protein (Huxley 1980). 

In return, the ants protect plants from herbivory (Edwards et al. 2007), provide 

nutrients in the form of debris deposited within nesting cavities (Rico-Gray and 

Oliveira 2007, Chapter 8), and can even release host plants from competition 

with other species (Frederickson et al. 2005). At the other end of the 

spectrum, there are species of epiphyte that do not encourage ants to inhabit 

them, yet are colonised by a range of ant species (Fonseca and Ganade 

1996, Gibernau et al. 2007). 

I chose to study the ant communities inhabiting a common tropical rain forest 

epiphyte, bird‘s nest ferns (Asplenium spp.), using the fern as a natural 

microcosm (Figure 1.1). Bird‘s nest ferns are found from the east coast of 

Africa through India and Southeast Asia to Japan, northern Australia and 

many islands in the western Pacific (Holttum 1976, Annaselvam and 

Parthasarathy 2001, Newmark and Senzota 2003). They are litter basket 

epiphytes, with a rosette of simple fronds that efficiently intercepts and retains 

falling leaf litter, giving them a nest-like appearance (Karasawa and Hijii 

2006a). The litter then decomposes providing the fern with a source of 

nutrients. On this diet the ferns can grow to be huge, up to 200kg wet weight 

(Ellwood and Foster 2004). They also soak up water in their sponge-like root 

mass (Pocs 1980, Ellwood et al. 2002), which may guard against drought 
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(Freiberg and Turton 2007), and has the effect of buffering local microclimate 

(Turner and Foster 2006). This makes them an attractive habitat for 

arthropods and other animals away from the hot, dry canopy. Smaller bird‘s 

nest ferns, which presumably are more susceptible to drought, retain more 

water in their fronds, and lose it at a slower rate than do larger ferns (Martin et 

al. 2004). In addition, the deposits of decomposing leaves that bird‘s nest 

ferns support enrich the nutrient concentrations of stemflow water passing 

through them (Turner et al. 2007). 

Bird‘s nest ferns are found at all heights in the canopy, from ground level to 

the tops of emergent trees (Fayle et al. In press). Up to 15m in the canopy, 

ferns are found at densities of 80, 51 and 112 ferns per hectare in primary 

forest, logged forest and oil palm plantation respectively (Turner and Foster 

2009). In primary forest, where surveys over the whole height of the canopy 

have been made, ferns are found at densities of 180 per hectare (Fayle et al. 

In press). In addition to being convenient, discrete units for studying 

invertebrates, the ferns can be moved around the canopy without any 

apparent adverse effect on their survival, making them ideal for experimental 

studies (Fayle et al. 2008, Ellwood et al. 2009). The Asplenium nidus complex 

of ferns (to which bird‘s nest ferns belong) has very few morphological 

characters on which to base species recognition, and molecular evidence 

suggests that a number of cryptic species may co-occur at a single location 

(Yatabe et al. 2001). 
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Figure 1.1 Bird‘s nest ferns (Asplenium sp.) in the rain forest understory in 
Singapore. 
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Because of their tractability as model systems and ease of sampling, bird‘s 

nest ferns have been a popular study subject for rain forest ecologists (Fayle 

et al. 2008). The first known collections made from bird‘s nest ferns were from 

the common species Asplenium nidus L. in Vietnam by Kabakov (1967). He 

reported finding ferns up to 40 kg in weight, which supported very high 

densities of animals: up to 10,000 in a single plant. Beetles and ants were the 

most dominant groups found, with very high numbers of passalid beetles 

being present in some ferns. Subsequent surveys of the total arthropod 

communities in bird‘s nest ferns have revealed that there is a relationship 

between fern size and the number of inhabitant arthropods, and as a habitat 

the ferns support 50% of tree crown invertebrate biomass (Ellwood and Foster 

2004). However, using fogging data from the whole of the canopy (Dial et al. 

2006), and not just the crowns of emergent trees, this proportion of biomass 

held in the ferns is somewhat lower, although still 14% of the total. At the level 

of order, communities of arthropods supported by the ferns are more similar to 

those in leaf litter on the ground than to those found in the rest of the canopy 

(Turner and Foster 2009). However, there are still differences in composition 

between arthropod communities in ground litter and litter held in the ferns at 

least in some systems (Kitching et al. 1997). The ferns also support diverse 

arthropod communities in disturbed habitats, and these are affected to a 

similar extent by habitat conversion as those found in other habitat 

compartments (Turner and Foster 2009). 

Studies of particular taxa inhabiting bird‘s nest ferns have also been carried 

out. Karasawa and Hijii (2006b), who sampled ferns in Japan, found that the 

litter within the bowl of the ferns was inhabited by a different community of 



13 
 

oribatid mites than the fern root mass. Walter et al. (1998) studied a different 

group of mites, the Parasitiformes, in Australian ferns, and found that while 

the ground litter and fern litter had the same number of mite species, the 

species composition differed between the two microhabitats. Bird‘s nest ferns 

have also been found to support such diverse animals as bats (Hodgkison et 

al. 2003), and earthworms (Richardson et al. 2006) and can provide sites in 

which reptiles can lay their eggs (pers. obs., Figure 1.2). It has been shown 

for an Australian species of bird‘s nest fern (Asplenium australasicum (Sm.)) 

that the collembolan communities in the fern litter differ from those found in 

litter on the ground, and that there is vertical stratification within the fern-

dwelling collembolans (Rodgers and Kitching 1998). Ellwood et al. (2009) 

carried out the first experimental study using bird‘s nest ferns. They showed 

that the invertebrates mediating decomposition within the ferns were 

deterministically structured between different heights in the canopy and 

between ferns with different colonisation histories, but were randomly 

structured once these differences had been taken into account. 
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Figure 1.2 A bird‘s nest fern (Asplenium phyllitidis (D. Don)) in primary forest 
in Danum Valley Conservation Area, Sabah, Malaysia. Contained within the 
bowl of the fern are three reptile eggs. Each egg is approximately 15mm in 
length. 

 

There are a smaller number of studies that have assessed the ant 

communities present in the ferns (Figure 1.3). While he did not give any figure 

for the number of ants present in the ferns, Kabakov (1967) noted that many 

colonies of fern-dwelling ants inhabited passageways and cavities in the fern 

core. He suggested that these had previously been occupied by passalid 

beetles, and that the more aggressive ant species displaced these beetles 

from some ferns. Floater (1995), found that the litter contained in bird‘s nest 

ferns in the Seychelles supported a species-poor ant fauna: of the nine 

species present in ground litter only five were found in the ferns, and there 

were no species found exclusively in the fern litter. However, the ant 

communities in the ferns were more similar to each other than they were to 
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ground-based samples, once abundances of ant species had been taken into 

account. Ellwood et al. (2002), reported that ants and termites comprised 90% 

of total invertebrate abundance in the ferns, and that the ferns contained 

colonies of Camponotus gigas (Latreille), a smaller Camponotus species, a 

species of Polyrhachis (nigropilosa complex) and Pachycondyla tridentata 

Smith. Turner et al. (2009) showed that the abundance of ants in bird‘s nest 

ferns is similar in primary and logged forest, but is lower in oil palm 

plantations. 

 

 

Figure 1.3 The ferns provide a variety of micro-habitats for ants. A) 
Polyrhachis colony in the leaf litter of a fern. B) Polyrhachis carton nests on 
underside of a frond mid-rib. C) Diacamma colony in a hollowed out chamber 
in the root mass of a fern (the majority of colonies found in the ferns are in this 
microhabitat). D) Crematogaster queen inside frond mid-rib (only larger ferns 
of the species A. nidus support colonies such as this). Scale bars in the 
bottom left of each panel represent 10mm. 
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1.6 The Impact of Habitat Conversion on Ant Communities 

Ants are a useful group for studying habitat conversion. Changes in ant 

community composition are likely to reflect not only changes in other taxa 

(Sauberer et al. 2004), but also the agricultural practices themselves (Peck et 

al. 1998). In addition, as has been discussed above, ants provide many 

important ecosystem services, and consequently are of interest in their own 

right in these altered ecosystems. Anthropogenically modified habitats often 

support much higher numbers of non-native species than pristine habitats, 

and these can have highly detrimental effects on native species, particularly in 

highly fragmented habitats (Suarez et al. 1998). 

Southeast Asia has the highest relative rate of deforestation of any tropical 

region, the majority of which results from logging and conversion of forest to 

oil palm plantation (Sodhi et al. 2004). Demand for palm oil is such that this is 

unlikely to change in the near future (Carter et al. 2007, Corley 2009). This 

expansion has negative impacts on some of the animal taxa present in 

pristine habitats (Fitzherbert et al. 2008). However, relatively little is known 

about the effects of its expansion on biodiversity (Turner et al. 2008). Even 

selective logging has impacts on the ant communities present (Widodo et al. 

2004), and conversion into oil palm plantation has even more severe impacts 

(Room 1975, Taylor 1977, Brühl and Eltz 2009), although the range of 

collection methods used to determine this have been relatively limited. Studies 

that document the changes that occur in whole ant communities on 

conversion to oil palm plantation are needed. Given that bird‘s nest ferns are 

important in structuring invertebrate communities in natural rain forest, and 
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that they persist in degraded habitats, they may play an important role 

ameliorating the effects of habitat change. 

1.7 Study Site 

All field work was carried out in Sabah, Malaysia, with primary forest samples 

being taken in the vicinity of Danum Valley Field Centre (Figure 1.4). Danum 

Valley Field Centre is located on the edge of the Danum Valley Conservation 

Area, a 438km2 area of protected, pristine rain forest (Marsh and Greer 1992). 

The conservation area lies within a 9730km2 timber concession managed by 

the statutory body Yayasan Sabah (The Sabah Foundation). Collections from 

oil palm plantation were made from the Sebrang Estate, near Lahad Datu on 

the eastern coast of Sabah (Figure 1.4). For further details of sampling 

methods see the relevant chapters. 

1.8 Research questions 

How does canopy architecture affect fern distribution? 

Which environmental factors affect ant community structure in bird’s nest 

ferns? 

What are the assembly rules for fern-dwelling ants? 

Are temporal niches important for maintaining fern-dwelling ant diversity? 

What are the error rates for null model analyses of species co-occurrence? 

What are the impacts of oil palm expansion on ants? 
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Figure 1.4 Map of eastern Sabah showing land uses, and the locations of 
Danum Valley Research Centre and Sebrang Oil Palm Plantation. Copyright 
Jabatan Perhutanan Sabah 2004. 
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2 How does canopy architecture affect fern distribution? 

2.1 Summary 

Epiphytic plants are a dominant component of the rain forest canopy biota. 

They represent a significant proportion of canopy plant biomass and diversity, 

play a key role in nutrient cycling, and support highly abundant and diverse 

animal communities, including many species of ant. Understanding the factors 

affecting their distribution in this three-dimensional habitat is of importance not 

only for understanding the ecology of their ant inhabitants, but because they 

may be particularly vulnerable to climate change and habitat conversion. Here 

I investigate how canopy architecture affects the distribution of two species of 

bird‘s nest fern (Asplenium spp.) in pristine rain forest. Both species were 

found at high abundances (Asplenium phyllitidis (D. Don): 136/ha, SE ± 31.6, 

Asplenium nidus L.: 44/ha, SE ± 9.2) and their distributions were differentially 

affected by canopy architecture. A. phyllitidis was found only at heights below 

30m in areas with a thicker lower canopy layer. A. nidus was found at all 

heights in the canopy and was associated with emergent trees and areas with 

an open understory. Larger A. phyllitidis were found higher in the canopy 

while larger A. nidus were found on trunks and branches with a wider 

diameter. A. nidus seems adapted to withstand the hot dry conditions in the 

upper canopy and in gaps, and its size is consequently limited only by the size 

of its support. A. phyllitidis is dominant in areas that are cooler and damper, 

and so the growth rate of individuals may be limited by light levels. I discuss 

possible implications of this partitioning for epiphyte communities in the face 

of climate change and habitat conversion. 
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2.2 Introduction 

Epiphytic plants are a major contributor to vascular plant diversity (Hsu et al. 

2002) and vascular plant biomass (Tanner 1980, Nadkarni 1984) in the 

canopies of many tropical forests. They contain a high proportion of the 

canopy nutrient capital (Nadkarni 1984) and can support diverse communities 

of animals (Ellwood et al. 2002, Ellwood and Foster 2004). They are also well 

suited for use as microcosms for investigating questions in community 

ecology (e.g. Richardson 1999, Ellwood et al. 2009). Understanding how 

epiphyte species partition the heterogeneous canopy environment is therefore 

of considerable importance for understanding diversity maintenance and 

ecosystem functioning in tropical rain forests. 

One of the most abundant epiphytic plants in the old-world tropics is the bird‘s 

nest fern (Asplenium spp., Figure 2.1). Their range extends from the east 

coast of Africa through India and Southeast Asia to Japan, northern Australia 

and many islands in the western Pacific (Holttum 1976), and they are found 

both in primary forest and in human-modified habitats, such as logged forest 

and oil palm plantations (Turner 2005). 

Bird‘s nest ferns play an important role in the ecology of old-world tropical 

forest canopies. They are litter-basket epiphytes, intercepting falling leaf litter 

and using the nutrients resulting from the decomposition of these leaves. One 

consequence of this is an increase in nutrient content of stemflow water 

passing through the ferns (Turner et al. 2007) which may affect the plant and 

animal communities living below them. They also intercept and store water in 

their sponge-like root mass and consequently buffer local microclimate in the 
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canopy (Turner and Foster 2006). As a result they provide an important refuge 

for animals ranging from arthropods to bats, away from the hot dry conditions 

found elsewhere in the canopy (Hodgkison et al. 2003, Ellwood and Foster 

2004). They are often found growing with many other species of epiphyte 

(TMF, personal observation), presumably because their nutrient rich cores 

provide an ideal site for germination (c.f. Yanoviak et al. 2006). Therefore 

these ferns are of importance in the ecology of other canopy plants and 

animals, and finding out which factors affect their distribution is an important 

step towards understanding the workings of the rain forest ecosystem. 

Microclimate may be of particular importance in determining the distribution of 

bird‘s nest ferns. In the canopy, temperature and humidity vary a great deal, 

mainly as a consequence of differences in canopy architecture (Dial et al. 

2006). Despite the fact that bird‘s nest ferns can absorb and store water they 

are still susceptible to drought (Freiberg and Turton 2007). The microclimate 

in an area will therefore affect the probability of fern mortality and 

consequently will affect the distribution of different species. This is of 

particular concern since the close ecological ties between epiphytes and 

microclimate may make this group of plants susceptible to climate change 

(Mondragon et al. 2004) and habitat conversion (Padmawathe et al. 2004). 

Mean temperature is predicted to increase by between 1.8°C and 4°C globally 

and by between 1.5°C and 3.5°C in Borneo during the course of this century 

(IPCC 2007) and this will presumably cause higher rates of epiphyte mortality 

through desiccation. In addition, extreme climatic conditions, such as the SE 

Asian droughts associated with the El Niño Southern Oscillation (e.g. Harrison 

2001) have increased in frequency in recent years (e.g. Guilderson and 
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Schrag 1998). Habitat conversion by humans, such as logging and conversion 

to plantations, will affect the canopy architecture and consequently the 

microclimate (Turner and Foster 2006) and would therefore also be expected 

to result in changes in the epiphytic community (Padmawathe et al. 2004). 

Here I examine how canopy architecture influences the distributions of 

different species of bird‘s nest fern in pristine rain forest. 

2.3 Materials and Methods 

2.3.1 Study site 

Surveys for ferns were carried out in primary forest near Danum Valley Field 

Centre in Danum Valley Conservation Area, Sabah, Malaysia (117° 49'E, 5° 

01'N) from April-July 2006. Annual mean temperature in the area is 26.7°C 

and mean annual rainfall 2669mm, with no strong seasonality (Walsh and 

Newbery 1999). The area is mainly lowland evergreen dipterocarp forest on 

orthic acrisol soil, developed on sandstone and mudstone (Marsh and Greer 

1992). 

2.3.2 Sampling design 

Surveys for ferns were carried out over twenty 20mx100m transects. These 

were randomly positioned in the main trail grid area within 2km of the field 

centre (Figure 2.2). All bird‘s nest ferns within these transects were surveyed 

using a laser rangefinder (Impulse 200 LR, Laser Technology Incorporated, 

Englewood, CO, USA) and compass to give three dimensional coordinates 

(Figure 2.3, Figure 2.4) and each was putatively identified to species with 

binoculars using keys in Holttum (1976). Immature ferns do not have sori 
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(bodies containing spores) and so it was not possible to identify them in the 

field. Three canopy architecture variables that I hypothesised would be 

important in determining fern distribution were recorded for each transect. 

Understory density was measured at head height by taking the average 

horizontal distance to any sort of vegetation using a laser rangefinder and was 

assessed at 12 evenly spaced bearings. Lower canopy layer thickness (the 

vertical height above ground of the continuous canopy layer) was measured 

using a laser rangefinder. The number of trees per transect with at least some 

bare trunk above the lower canopy (number of emergents) was counted. In 

addition to these canopy architecture variables, altitude was measured from 

contour maps of the area and the gradient of the relief was measured using a 

laser rangefinder. All of these variables were measured at 10 evenly spaced 

points along each transect. Mean values per transect of these five transect-

level variables are used in the following analyses.  
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Figure 2.1 Bird‘s nest ferns (Asplenium spp.) in the high canopy of rain forest 
in Danum Valley. Their large outstretched leaves collect leaf litter and water, 
and they derive nutrients from the ensuing litter decomposition. 
 

 

 

Figure 2.2 A) Total area on the trail grid in Danum Valley in which transects 
were randomly placed. Numbers were assigned to all potential transects, 
excluding areas that had previously been surveyed for ferns (F. Ellwood, E. 
Turner, J. Snaddon, pers. comm.) and those within permanent vegetation 
plots. B) Locations of the randomly placed transects. 
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Figure 2.3 The distribution of ferns in a typical transect of 20m by 100m 
(0.2ha). Small open circles: A. phyllitidis, filled circles: A. nidus, crosses: 
unidentified Asplenium ferns, large open circles: emergent trees. Northings 
and eastings refer to the distance away from a point at the start of the 
transect, in this case to the north, and are in metres 
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A subset of ferns was selected to determine local habitat variables affecting 

fern species and size, and for molecular studies to confirm identifications. This 

was necessary as bird‘s nest ferns have relatively few morphological 

characters on which to base identification (Murakami et al. 2000), particularly 

when no sori are present. Ferns were sampled in a stratified random manner 

with respect to size in order to assess which canopy architecture variables 

affect fern growth rate and size-dependent mortality. Frond samples were 

taken from each fern and placed in Ziploc bags containing silica gel. Ferns 

were collected into plastic bags, dried to constant weight and their final 

weights recorded. Ferns were collected using a combination of ground-based, 

ladder-based and rope access (single rope technique) methods. At the site of 

each fern the diameter of the substrate plant was measured (either the trunk 

or branch of a tree, or a vine), canopy cover assessed using a standard 

concave spherical densiometer (Lemmon 1956), and leaf density calculated 

using a laser rangefinder following the method of Dial et al. (2006). This 

method calculates the leaf density in an area from measurements of the 

distance to leaf surfaces from a point. 

2.3.3 Molecular identification of ferns 

DNA sequences were extracted from field samples and compared with 

established reference sequences. Sequencing was carried out by Alex 

Dumbrell at the University of York and the details of methods in the rest of this 

paragraph were provided by him. An initial search of the literature was carried 

out to identify an appropriate chloroplast region to use to discriminate between 

fern samples. The chloroplast trnL intron has been used to discriminate 
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between Asplenium species and there are a large number of reference 

sequences with which to compare samples (Trewick et al. 2002, Van den 

heede et al. 2003, Schneider et al. 2005). DNA was extracted from a 1.5x1.5 

cm piece of fern leaf using a PowerPlant DNA isolation Kit (Mo Bio). The 

plastid trnL intron (ca. 350bp) was amplified from fern DNA using Taq DNA 

polymerase with the universal chloroplast primers E and F from Taberlet et al. 

(1991). PCR reactions were carried out in the presence of 0.2mM dNTPs, 

20pmol of each primer and the manufacturer‘s reaction buffer in 50μl 

reactions (PCR conditions: 95°C for 2 min; 10 cycles at 95°C for 1 min, 52°C 

for 1 min and 72°C for 2 min; 19 cycles at 95°C for 30 sec, 52°C for 1 min and 

72°C for 3 min; and 1 cycle at 95°C for 30 sec, 52°C for 1 min and 72°C for 10 

min on a Gradient 96 Robocycler (Stratagene)). PCR products were purified 

using Qiagen‘s QIAquick PCR Purification Kit and sequencing was conducted 

under BigDyeTM terminator cycling conditions and run using Automatic 

Sequencer 3730xl. DNA sequences were checked by eye and compared 

against reference sequences (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the 

Blast algorithm (Altschul et al. 1990). This analysis identified two species (A. 

nidus and A. phyllitidis) from field samples. I assigned uncollected unidentified 

ferns to species on the basis of the relative frequencies of the two species in 

the subset of the unidentified ferns that had been sequenced. However, the 

unidentified ferns were treated separately during statistical analysis. 

2.3.4 Statistical analysis 

The effects of canopy architecture and other environmental variables on fern 

abundances and weights were assessed using general linear models. All fern 
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counts were square root transformed and average distance to vegetation was 

log10(x) transformed in order that model residuals were normally distributed. 

The effects of canopy architecture on fern dry weight were assessed 

separately for each species of fern. Immature ferns were not included in this 

analysis as they did not exhibit a large range of sizes. An outlying canopy 

cover data point was completely responsible for an effect of canopy cover on 

the weight of A. phyllitidis, and so results presented here are for analysis 

without that data point. All variables were included in initial models and then 

the least significant variables progressively removed in a stepwise manner 

until all remaining variables had p values of less than 0.1. Differences in the 

vertical stratification of the two fern species were analysed using a chi-square 

test carried out on counts within 10m height classes. Counts for ferns over 

30m were lumped for each species. Unidentified ferns were excluded from 

this analysis. For the ferns which were collected, a logistic regression was 

used to assess how local canopy architecture determined which species 

would be present at a particular location. Height and substrate diameter were 

log10(x) transformed, while canopy cover was arcsine-square root transformed 

in order to linearise relationships between independent variables (Maindonald 

and Braun 2007). 

2.4 Results 

In total 719 ferns, at heights from ground level up to 54m, were surveyed over 

the 20 transects. The two species of bird‘s nest ferns recorded in the rain 

forest in Danum Valley were both highly abundant, with A. phyllitidis occurring 

at a mean abundance of 136/ha (SE ± 31.6) and A. nidus at 44/ha (SE ± 9.2). 
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Densities of ferns were very variable across transects ranging from 0-414/ha 

for A. phyllitidis and 0-146/ha for A. nidus. Molecular identification confirmed 

the field identifications in 93% of cases where a species name had been 

assigned in the field and there was no bias in terms of the direction of 

misidentification (two A. phyllitidis were misidentified as A. nidus and two vice 

versa). Of the 19 immature ferns that could not be identified in the field 11 

were A. phyllitidis and eight were A. nidus.  

A. phyllitidis was found at higher densities in areas of forest with thicker lower 

canopy layers (GLM, lower canopy layer thickness: F1,18=15.65, P=0.001, 

Figure 2.5a). A. nidus was found at higher densities in areas of forest with 

greater numbers of emergent trees and more open understories (GLM, 

number of emergents: F1,17=19.63, P<0.001, Figure 2.5b, understory density: 

F1,17=7.15, P=0.016). Immature ferns (of both species) were found to be more 

abundant at higher altitudes and in areas of forest with thicker lower canopy 

layers (GLM, altitude: F1,17=7.99, P=0.012, lower canopy layer thickness: 

F1,17=11.41, P=0.004). Larger A. phyllitidis were found higher in the canopy 

(GLM, canopy height: F1,54=14.09, P<0.001, Figure 2.5c), while larger A. nidus 

were found on wider branches and trunks (GLM, substrate diameter: 

F1,18=56.16, P<0.001, Figure 2.5d). 
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Figure 2.4 The distribution of ferns in one transect of 20m by 100m (0.2ha). 
The 20m dimension is collapsed for clarity; the transect is viewed from the 
side. 

 

Figure 2.5 The relationship between the abundances and sizes of the two 
species of Asplenium and different aspects of rain forest canopy architecture. 
A) Higher densities of A. phyllitidis were found in areas with a thicker lower 
canopy layer (N=20, each point relates to a transect). B) Higher densities of A. 
nidus were found in areas with larger numbers of emergent trees and more 
open understories (only the relationship with emergent trees is shown here, 
N=20, each point relates to a transect). C) Larger A. phyllitidis were found 
higher in the canopy (N=59, each point relates to a fern). D) Larger A. nidus 
were found on wider branches and trunks (N=20, each point relates to a fern). 
Note the logarithmic scale on both axes for plots C and D. 
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The ferns were also stratified with respect to height in the canopy (A. 

phyllitidis vs. A. nidus, chi-square=152, df=2, P<0.001, Figure 2.6). A. nidus 

was found at all heights up to 60m, while A. phyllitidis and immature ferns 

were found only up to 30m. For ferns where local canopy architecture 

variables were assessed, A. nidus was found higher up than A. phyllitidis, 

although this effect was marginally non-significant (Logistic regression, height: 

Z=-1.89, P=0.059, odds ratio=0.24). No other variables had a significant effect 

on the identities of this subset of ferns.  

 

 

 

Figure 2.6 Vertical stratification of the two species of fern in the canopy. Only 
A. nidus was found at heights above 30m, while both A. nidus and A. 
phyllitidis were found below 30m. Immature ferns were also only found below 
30m. Note the logarithmic scale on the x-axis. 
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2.5 Discussion 

Despite coexisting in the same forest, the two species of bird‘s nest ferns 

were found to have very different habitat requirements (Figure 2.7). A. 

phyllitidis was found only beneath the continuous canopy layer, thus limiting it 

to heights below 30m. Within this layer, larger A. phyllitidis individuals were 

found higher in the canopy.  A. nidus was found at all heights in the canopy, in 

particular in association with emergent trees and in areas with an open 

understory. 

 

 

 

Figure 2.7 Schematic diagram of the distribution of the two species of ferns in 
relation to canopy architecture. A. phyllitidis (blue) occurs only within the lower 
canopy layer and larger individuals are found higher in the canopy. A. nidus 
(red) grows on emergent trees and in areas with more open understories. 
Larger individuals are found on wider supporting structures. Illustration by 
Katie Boswell. 
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The diameter of the supporting structure was the only factor to limit the size of 

A. nidus individuals. Local canopy architecture did not have an effect on the 

species of fern collected at a site, beyond the effect of height. So canopy 

architecture at the scale of a transect (0.2ha) is important in determining the 

abundances of the two species, but canopy architecture at the local scale is 

important in determining how large individuals of these species can grow. 

This difference in response to the canopy architecture indicates that the 

populations of the two species have different factors limiting their abundances. 

There are two potential limiting factors for populations of epiphytes: dispersal 

limitation (Marın et al. 2008) and mortality (Lopez-Villalobos et al. 2008).  The 

nature of the responses of the two species indicates that both of these factors 

are important. There are thought to be two main sources of epiphyte mortality: 

dislodgement and drought (Lopez-Villalobos et al. 2008), both of which may 

be affecting the distribution of these two species of fern. A. nidus may be 

more strongly attached to its substrate and therefore may be better at 

withstanding the higher wind speeds found higher in the canopy (Kumagai et 

al. 2001). It seems that A. nidus is also better at withstanding hot dry 

conditions, while A. phyllitidis thrives in the cooler, damper understory. But the 

effect of these canopy architecture variables on fern abundance is seen not at 

the local level, but at the transect level, since transect-level canopy 

architecture was related to the abundances of the two species but local 

canopy architecture was not. It may be that large-scale canopy architecture 

has a greater impact on local microclimate than local scale canopy 

architecture. In addition, large-scale differences in architecture will affect the 

abundances of the two species over a considerable area, consequently 
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altering the propagule pressure on any one potential colonisation site within 

that area. So both dispersal limitation and mortality may be responsible for the 

observed differences in distribution between the two species. 

While not being important in determining fern distribution, local-scale 

architecture does have an impact on fern size. A. phyllitidis, being only able to 

inhabit relatively cool, damp and presumably dark microhabitats, may be 

affected by light availability. Higher in the understory, where it is brighter, it is 

able to grow to larger sizes. However,  above the continuous canopy layer the 

extremely high light levels may be one of the factors contributing to the low 

abundance of this species, since this can result in chlorophyll degradation 

(Gauslaa and Solhaug 2000). A. nidus grows in more exposed areas and is 

consequently not light-limited in terms of the size it is able to attain. Only the 

size of its substrate trunk or branch limits its growth rate. This indicates that 

dislodgement may have an impact on the size distribution of A. nidus. Large 

ferns on small trunks and branches are more likely to be dislodged. 

Surprisingly, there was no relationship between canopy openness, as 

assessed by the spherical densiometer, and any aspect of fern distribution. 

This may be because densiometer readings do not tend to correlate well with 

light conditions (Engelbrecht and Herz 2001). Instead they measure canopy 

openness for only an area directly above the point of measurement, which 

may not always correlate with conditions experienced by individual ferns. 

These distributional relationships with canopy architecture will have effects on 

the many animals and plants that live in association with bird‘s nest ferns. In 

areas with thicker lower canopy layers, more emergent trees and more open 

understories, there will be more ferns and consequently more of the animals 
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and plants supported by them. Larger ferns support a greater biomass of 

arthropods (Ellwood and Foster 2004) and presumably the same is true for 

associated plant communities. This means that areas with higher canopies 

and wider supporting structures will have more associated animals and plants 

as they support larger ferns. In addition, one would expect the larger ferns 

found in these areas to enrich stemflow water (Turner et al. 2007) to a greater 

degree. The vertical stratification of ferns found in this study mirrors the 

pattern seen in arthropod abundance (Dial et al. 2006), with a peak in 

numbers of ferns and arthropods at heights below 30m. While it may be that 

both groups are responding in the same way to canopy architecture, at least 

some of this effect may be due to the higher abundance of ferns supporting 

more arthropods, especially given the high densities of ferns in pristine rain 

forest (up to 560/ha). 

Given the keystone role that bird‘s nest ferns play in pristine rain forest 

(Ellwood et al. 2002, Ellwood and Foster 2004, Turner and Foster 2006, 

Turner et al. 2007, Turner and Foster 2009) it is worth speculating how current 

ecological challenges will affect them. The information presented here on the 

two fern species‘ ecology allows us to make qualitative predictions of the 

impacts of climate change and habitat conversion on them. In a way that 

parallels the predicted shifts of species ranges up altitudinal gradients we 

would expect the canopy fauna to move down as a greater proportion of the 

canopy becomes hot and dry. If temperatures rise then we would expect the 

distribution of A. nidus to become more biased towards the lower canopy, with 

possible increases in overall abundance, while A. phyllitidis would decrease in 

overall abundance as its favoured cool damp understory microclimate 



36 
 

disappears. A similar effect might occur if an area of rain forest is logged or 

converted to plantation. This can lead to species usually characteristic of the 

high canopy inhabiting lower canopy layers as the height and complexity of 

the forest is reduced (Sutton 2008). Again we would expect A. nidus to 

increase in abundance and to have a lower distribution in the canopy, while A. 

phyllitidis would decrease in abundance. Habitat conversion is one of the 

greatest threats to biodiversity globally, and in Malaysia in particular (Turner et 

al. 2008) where logging of primary forest has been extensive, and conversion 

of forest to oil palm plantation is widespread. Bird‘s nest ferns are abundant in 

these modified habitats with densities below 15m in the canopy of 53 ferns/ha 

in logged forest and 117 ferns/ha in oil palm plantations (Turner 2005). 

However, in oil palm plantations all bird‘s nest ferns appear to be A. nidus 

(Nadarajah and Nawawi 1993, Piggott 1996). Oil palm plantations have a hot 

dry microclimate (Turner and Foster 2006) similar to that found in the high 

canopy and have consequently been colonised by the species usually found 

in that stratum of pristine forest. 

Here I have demonstrated that epiphytes are distributed throughout the 

complex environment of the canopy with respect to its architecture. Species 

respond in different ways to changes in small and large scale canopy 

architecture and these responses will affect the many other plants and 

animals that live in association with the ferns, including the ants. Such 

differential responses may leave some species more vulnerable to climate 

change and habitat conversion than others. 
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3 Which environmental factors affect ant community structure in 

bird’s nest ferns? 

3.1 Summary 

A fundamental question in ecology is how species distributions are affected by 

environmental factors. Although bird‘s nest ferns often provide nest sites for 

many ant species, it is not known which factors affect ant community structure 

in these epiphytes. In addition, the overall importance of these ferns as 

nesting sites for ants in primary forest has never been quantified. Here I make 

collections of the ants inhabiting bird‘s nest ferns of different sizes from a 

range of heights in order to investigate these questions. The ferns support a 

highly diverse ant fauna, comprising 71 species in 27 genera in the 86 ferns 

collected. Larger ferns support more ant colonies and a larger biomass of 

ants. Ferns of different sizes and those at different heights in the canopy are 

occupied by different ant communities. There was no difference between the 

two species of fern (Asplenium phyllitidis (D. Don) and Asplenium nidus L.) in 

terms of ant abundance, ant biomass or ant species composition. These 

epiphytes are important nesting sites for ants in the canopy, supporting an 

average of 414 ant colonies in every hectare of rain forest in Danum Valley. 

3.2 Introduction 

Epiphytes are an important habitat for many species of animal in tropical rain 

forest canopies. In some forests the whole upper surfaces of horizontal 

branches are covered in plants, forming mats that support a diverse fauna 

(Nadkarni and Longino 1990). In others, solitary epiphytes can reach great 

sizes and support large numbers of animals (Ellwood et al. 2002, Ellwood and 
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Foster 2004). This reliance on epiphytes by canopy animals is partly due to 

their favourable microclimate (Turner and Foster 2006, Freiberg and Turton 

2007) and partly due to the structural complexity they provide (Koh 2008b). 

The animal communities supported by epiphytes are therefore not only useful 

model systems for ecological investigations, but may be of importance in their 

own right in rain forest ecosystems. 

Ants are one of the most abundant and ecologically important groups of 

arthropods in the rain forest canopy (Yanoviak and Kaspari 2000, Davidson et 

al. 2003). Many canopy species are herdsman ants that farm and defend 

honeydew-producing homopterans (Davidson 1997, Dill et al. 2002, Blüthgen 

et al. 2003, Davidson et al. 2003). This abundant energy source allows some 

species to become behaviourally dominant (Blüthgen and Stork 2007). The 

SE Asian rain forest is also home to one of the world‘s largest ants, 

Camponotus gigas (Latreille) (Orr et al. 1996). Colonies of this species nest 

on the ground, but maintain peripheral colonies both on the ground and in the 

canopy where they forage (Pfeiffer and Linsenmair 1998, Ellwood et al. 2002). 

An individual C. gigas colony can maintain a territory of up to 0.8ha in this 

manner (Pfeiffer and Linsenmair 1998, Pfeiffer and Linsenmair 2000). 

However, many species that forage in the canopy locate their nests there. 

Different species build nests from a variety of substrates including resin (Brühl 

2003), larval silk and wood pulp (Robson and Kohout 2007). But nesting sites 

are scarce in the canopy and this lack of nest sites is thought to be one of the 

main factors limiting the numbers of ant colonies that are able to survive in 

this habitat (Philpott and Foster 2005). However, little work has been carried 

out on this. In coffee plantations, nest-site limitation is moderately important 
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for ant communities, and becomes more important in more disturbed habitats 

(Philpott and Foster 2005). In neotropical ground litter, twig nesting ants are 

nest site limited in terms of both colony abundance (in relation to twig 

availability) and colony size (in relation to twig size), since adding nest sites 

increases colony density and colony size is correlated with twig size (Kaspari 

1996). 

Epiphytes can be important nest sites for canopy ants (Andersen 2000, 

Ellwood et al. 2002). In fact, the high rarity value of canopy nest sites has 

meant that many myrmecophytic plants have evolved domatia in order to 

encourage habitation by ant colonies (Huxley 1980). In some of these 

species, plant size has been shown to limit colony size, supporting the 

hypothesis that nesting sites are limiting for canopy ant species (Fonseca 

1999, Edwards et al. In press). A number of epiphytes that intercept leaf litter, 

but do not provide domatia per se, are also inhabited by a variety of ant 

species (Blüthgen et al. 2000, Ellwood et al. 2002). However, the numbers of 

ant colonies per unit area supported by epiphytes has not previously been 

documented in tropical rain forests. 

A variety of factors can affect the structure of communities in discrete habitat 

patches. The size of a patch is known to affect both the number of species 

that it can support (MacArthur and Wilson 1968) and the identities of those 

species (e.g. Cole 1983, Golden and Crist 2000). The distance to the nearest 

source of colonists will also affect community structure, with more distant 

patches being more species-poor, and having greater numbers of species that 

are good at dispersing (Punttila 1996). 
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Figure 3.1 A) A bird‘s nest fern (A. phyllitidis) in the rain forest understory in 
Danum Valley, Sabah, Malaysia. The broad fronds intercept leaf litter, which 
decomposes in the sponge-like core (indicated by the white arrow), supplying 
the fern with nutrients. The core of the fern also absorbs water. Consequently 
these ferns provide an ideal habitat for many arthropods by virtue of their 
favourable microclimate. B) A colony of Diacamma sp. in the core of a bird‘s 
nest fern. This is one of the many species that form colonies by hollowing out 
chambers and tunnels in the core of the fern. 

 

Here I use the ant communities in bird‘s nest ferns (Figure 3.1) to investigate 

the importance of habitat size, habitat isolation (height in the canopy), and 

local canopy architecture on ant community structure. I will also assess the 

overall importance of bird‘s nest ferns as nesting sites for arboreal rain forest 

ants. 

3.3 Methods 

Ferns were collected from primary dipterocarp forest in the Danum Valley 

Conservation Area, Sabah, Malaysia (117° 49'E, 5° 01'N) in April-July 2006. 

Initial surveys for ferns were carried out over twenty 20m x 100m plots, which 

were randomly positioned within the main trail grid area not more than 2km 

from the field centre. A subset of 86 ferns was then collected using a 
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combination of ground-based, ladder and rope access (single rope technique) 

methods. A range of environmental variables were measured at the site of 

each fern (see Chapter 2). Ferns were identified to species using published 

keys (Holttum 1976) and molecular methods. See Chapter 2 and Fayle et al. 

(In press) for full sampling protocol and identification techniques. 

Ferns were dissected using a fine-toothed saw and secateurs, and resident 

ant species were noted. Fern material was then placed in Winkler extractors 

for three days. For ants, this extraction time has been found to sample 70% of 

individuals and nearly all species (Krell et al. 2005). Fern material was then 

processed by hand to remove any remaining ants and dried and weighed. 

Leaf litter collected from the ferns was also dried and weighed. All ants were 

identified to genus using Bolton (1994) and Hashimoto (2007), and then to 

species, where possible, using the collection at the Natural History Museum, 

London and published keys. Where this was not possible, specimens were 

assigned to morphospecies within genera, hereafter referred to as ―species‖. 

Species which had a resident colony were recorded. For most species this 

was defined as those where callows, brood or reproductives were present. For 

small, very immobile genera, (Strumigenys, Pyramica, Rhopalomastix, 

Cryptopone, Hypoponera, Ponera, Discothyrea and Proceratium), colony 

presence was defined as the presence of one or more workers, as these 

individuals would be unlikely to originate from outside the fern. Founding 

queens that were not associated with any workers (lone queens) and larger 

workers (not from the genera listed above) without any associated callows, 

brood or reproductives (strays) were also noted. 



42 
 

General Linear Models (GLMs) were used to assess the effect of 

environmental variables on ant biomass (determined from standard regression 

equations (Schoener 1980)) and ant species richness. All continuous 

explanatory and response variables were log10(x+1) transformed to achieve 

normality, with the exception of canopy cover, which was arcsine(√p) 

transformed to achieve normality, and the number of colonies per fern, which 

was not transformed. Explanatory variables with the highest P-value were 

removed in a stepwise manner from a full model with all variables included 

until a model with a minimum AIC score (Akaike's Information Criterion, 

Maindonald and Braun 2007 p194) was achieved. For a full list of variables 

see Table 3.2. 

Ordination techniques were used to assess the association of environmental 

variables with ant species composition. Presence-absence data were used, 

since individual ants are not independently distributed (Longino 2000). 

Species that only occurred once in the dataset and ferns with no colonies or 

only a single colony were excluded from analysis. The maximum axis length 

for an initial unconstrained ordination (DCA) was greater than four, indicating 

high levels of species turnover. Therefore a Canonical Correspondence 

Analysis (CCA), which assumes a unimodal response of species to underlying 

environmental gradients, was used to investigate the importance of 

environmental variables (Leps and Smilauer 2003). 

In order to estimate the importance of bird‘s nest ferns as nest sites for ants in 

the canopy, I carried out a regression of the number of resident ant colonies 

on fern core diameter (as estimated for all ferns in all 20 transects in Chapter 
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2). I then used this equation to estimate the total number of ant colonies 

supported in ferns that were not sampled from estimates of fern core size. 

3.4 Results 

A total of 71 resident species in 27 genera across six subfamilies were found 

to have colonies in the 86 ferns collected (Table 3.1). Of those 71 species, 21 

were also collected as strays, 13 as lone queens, and four as both lone 

queens and strays (Figure 3.2). There were also 12 species collected only as 

lone queens and 55 species collected only as strays (Figure 3.2). Colonies 

were very evenly distributed between species, with the two most common 

resident species each occurring in only 15 of the 86 ferns.  

The genera with the largest number of colonies were Strumigenys, Carebara, 

Pyramica, Ponera, Hypoponera and Paratrechina. Overall, myrmicines, 

ponerines and to a lesser extent formicines dominated, with smaller numbers 

of dolichoderines, ectatommines and proceratiines. However, in terms of 

biomass per fern, the dominant genera were larger bodied ones, including 

Camponotus, Crematogaster, Pachycondyla, Diacamma, and Polyrhachis 

(Figure 3.3).  

The number of colonies in a fern was only correlated with the dry weight of the 

fern core (Figure 3.4a, core weight: t1,81=2.96, P=0.004), while the total ant 

biomass was related to both the dry weight of the fern core and the dry weight 

of the leaf litter within it (Figure 3.4b, core weight: t1,80=2.50, P=0.015, litter 

weight: t1,80=2.30, P=0.024). See Table 3.2 for the full list of variables, 

including those that had no significant relationship with either ant abundance 

or ant biomass. 
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Table 3.1 Summary of the fern ant fauna showing the numbers of subfamilies, 
genera and number of species within each genus occurring in the sample of 
86 ferns. Where it was possible to assign species names to morphospecies 
these are given. Also presented is the total number of colonies of each genus 
found and the mean, maximum and minimum colony size for each genus. 

 

Subfamily Genus Species 
No. 

species 
Colonies 

Colony size 
(min/mean/max) 

 

Dolichoderinae Tapinoma   1 2 6/9/11 
  Technomyrmex   1 2 49/52/55 
 

Ectatomminae Gnamptogenys menadensis 1 1 136 
 

Formicinae Camponotus gigas 6 12 7/100/317 
  Paratrechina   6 18 3/47/207 
  Polyrhachis noesaensis, equina 4 4 2/155/391 
 

Ponerinae Anochetus myops 2 2 2/19/37 
  Cryptopone testacea 1 2 2/3/4 
  Diacamma rugosum 2 11 15/34/63 
  Hypoponera   3 19 1/25/143 
  Leptogenys diminuta 4 6 9/32/108 
  Odontomachus   1 1 399 
  Pachycondyla tridentata 2 14 2/21/50 
  Ponera   3 19 1/5/23 
 

Proceratiinae Discothyrea   1 1 9 

 

Proceratium   1 1 8 
 

Myrmicinae Cardiocondyla microseta 1 4 3/42/86 
  Carebara   6 23 1/46/268 
  Crematogaster modiglianii 4 12 35/1336/5667 
  Monomorium   1 15 2/259/1859 
  Pheidole   5 13 17/272/965 
  Pheidologeton pygmaeus 1 1 1583 
  Pyramica mitis 4 20 1/19/324 
  Rhopalomastix   2 2 6/10/14 
  Solenopsis   1 4 41/233/429 
  Strumigenys godeffroyi, treptodens 6 26 1/10/72 
  Tetramorium ocothrum 1 2 103/116/129 
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Figure 3.2 The numbers of species classified either as residents (see text for 
details), only found as stray workers, or only found as lone queens. By 
necessity there is no overlap between the lone queen and stray species 
(denoted by the grey fill), as workers and queens could only be matched for 
species where both had been found in the same colony. 

 

Figure 3.3 The dominance of different ant genera in bird‘s nest ferns as 
assessed by mean biomass per fern. Genera are ranked in order of 
descending biomass, and colours denote different classifications from 
Andersen (2000). Note that only the top 18 ranked genera are displayed. For 
a full list of fern-dwelling genera see Table 3.1. 
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Figure 3.4 A) The relationship between fern core mass and number of 
resident ant colonies (N=84). Note the logarithmic scale of the x-axis. B) The 
relationship between fern core mass and the total biomass of resident ant 
colonies (N=84). Note the logarithmic scale on both axes. Larger ferns 
supported greater numbers of colonies and a greater biomass of ants. 

 

 

Species composition was influenced by both fern core weight and by height in 

the canopy (Figure 3.5, Table 3.2). However, these environmental variables 

accounted for only 8.1% of the total variance in species data (CCA, 

eigenvalue for axis 1=0.470, axis 2=0.318, sum of all eigenvalues=9.263). 
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Figure 3.5 Constrained ordination (Canonical Correspondence Analysis) 

assessing the correlations of different environmental variables with fern-

dwelling ant communities. Core weight and height in the canopy varied 

significantly with community composition, while the other variables measured 

did not (Table 3.2). 

 

Table 3.2 F-values and P-values from a permutation test for the different 
environmental variables and factors included in a CCA ordination analysis of 
resident ant community structure in the ferns (Figure 3.5). Predictors with the 
most significant P-values (less than 0.05) were added into the model in a 
stepwise manner. Significant P-values are in bold type. 999 permutations 
were used for each test. 

 

Environmental variables and factors F-value P-value 

Fern weight 
Height in canopy 
Canopy cover 
Substrate diameter 
Canopy density 
Fern species 

2.101 
1.765 
1.256 
1.209 
0.911 
0.777 

0.001 
0.002 
0.118 
0.161 
0.653 
0.862 
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Figure 3.6 The relationship between fern core diameter estimated from ground 
level, before collection, and the number of ant colonies supported by a fern. 
Linear regression equation: Number of colonies = 0.1682*Core diameter + 
0.7568 (r2=0.476). 

 

Applying the regression between the number of resident colonies and 

estimated fern core diameter (Figure 3.6) to all of the fern size estimates from 

the 20 transects described in Chapter 3, I estimate that bird‘s nest ferns 

support 414±86 (±SE of mean) ant colonies per hectare (range 0-1212 

colonies). 

3.5 Discussion 

Bird‘s nest ferns support the most diverse ant fauna ever found in an epiphyte, 

comprising 71 species across 27 genera (Appendix 1). They were also found 

to be of considerable importance in providing nest sites for canopy ant 

species, with an average of 414 colonies per hectare inhabiting bird‘s nest 

ferns in Danum Valley. There were ―hotspots‖ of fern-dwelling ants, with the 

density reaching 1212 colonies per hectare in one transect where ferns were 

large and abundant. This is much lower than the nesting densities found in 
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leaf litter dwelling ants (McGlynn 2006), which range up to 20/m2 (200,000/ha, 

although extrapolations of maxima to larger spatial scales should be treated 

with caution). Individual species of ground-nesting ant can also reach high 

densities of up to 11,500/ha (Schatz and Lachaud 2008). However, total 

nesting densities in the forest canopy are likely to be considerably lower than 

this, indicating that bird‘s nest ferns are a relatively important canopy nest site 

for ants. 

There were a number of species of interest found inhabiting the ferns (Table 

3.1). Peripheral colonies (sensu Pfeiffer and Linsenmair 1998) of C. gigas, 

were found in two of the ferns at heights of 7.6m and 8.9m. These are used as 

transportation nodes and do not contain brood or reproductives. Ellwood et al. 

(2002) found four such colonies in high canopy ferns, but this is the first 

documentation of peripheral colonies above ground level in the lower canopy. 

It would appear that C. gigas uses a network of peripheral nests over the 

whole height of the canopy. 

The ponerine Gnamptogenys menadensis (Mayr) was also present in the 

ferns. Previously this widespread SE Asian species has only been reported 

nesting in pre-existing tree cavities (Gobin et al. 1998), but here they were 

found inhabiting the cores of bird‘s nest ferns. 

Another ponerine, Pachycondyla tridentata Smith, was one of the most 

common species collected, having colonies in ten of the 86 ferns. This 

species is unique among ants in having both mated workers and a queen 

present in some colonies, which then compete for reproductive rights 

(Sommer et al. 1994). P. tridentata also exhibit the unusual defence 
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mechanism of squirting a sticky foam from their enlarged venom glands, 

which entangles and disables other ants (Maschwitz et al. 1981, pers. obs.). 

They also have a highly sclerotized cuticle (Jessen and Maschwitz 1983, pers. 

obs.), which indicates that they may enter the nests of other species and steal 

food or prey on brood. 

Crematogaster modiglianii Emery, which was found nesting in two of the ferns 

surveyed, is known to live parabiotically with Camponotus rufifemur Emery in 

tree holes (Menzel et al. 2008a, Menzel et al. 2008b). While I found no 

resident colonies of C. rufifemur, I did find three workers of that species in one 

of the two ferns inhabited by C. modiglianii. No other C. rufifemur workers 

were found in the 86 ferns surveyed. It is possible that the Crematogaster nest 

in the fern was a fragment of a colony inhabiting the supporting branch, which 

also housed a C. rufifemur colony. 

Bird‘s nest ferns are an example of a non-specific ant-plant interaction 

(Blüthgen et al. 2000), since they are home to a wide range of ant species, 

none of which is present in a large proportion of the ferns. Nor was there any 

evidence that the two species of bird‘s nest fern in Danum Valley had their 

own specific ant communities. In contrast, many other plants form 

partnerships with a much smaller number of species. In these cases the plant 

often provides preformed ant-houses (domatia) and food rewards in the form 

of extra-floral nectaries (EFNs) or food bodies (Huxley 1980), or even 

structural stability for ant species building carton nests (Yu 1994). In return the 

ants may protect the plant from herbivores (Edwards et al. 2007), reduce 

competition from other plants through gardening (Frederickson et al. 2005) 

and even provide nutrients by depositing debris within plant cavities (Treseder 
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et al. 1995). In these cases, the development of mutualisms can lead to high 

levels of partner specificity (e.g. Fonseca and Ganade 1996) and 

consequently a low diversity of resident ants. 

However, bird‘s nest ferns make no attempt to entice ants to live in them: they 

have no domatia, food bodies or EFNs, which may in part explain the large 

number of ant species inhabiting them. Indeed, they support a larger number 

of ant species than any other epiphyte that has been surveyed to date 

(previous highest, Philodendron insigne Schott, 45 ant species in 17 genera, 

Gibernau et al. 2007). The most dominant ant species in this study were 

Monomorium #009 and Hypoponera #039, both of which were present in just 

17% (15/86) of the ferns. In co-evolved ant-plant systems the occurrence of 

the dominant ant species is usually much higher than this (e.g. Janzen 1974; 

"virtually all" epiphytes associated with a single species of ant).  

This lack of a co-evolved ant partner may be because ferns are largely 

unexploited by herbivores due to a lack of morphological complexity and the 

presence of chemical defence mechanisms (Hendrix 1980, but see Hendrix 

and Marquis 1983, Winkler et al. 2005). Only a single herbivore was found 

feeding on the fronds of the bird‘s nest ferns during collection of the 87 plants 

(Figure 3.7). In addition the ferns may derive sufficient nutrients from 

intercepted leaf litter that nutrients are no longer a limiting factor and no 

selective advantage is gained from courting potential debris-gathering ant 

inhabitants. Circumstantial evidence that this is true is the fact that the ferns 

have a significant impact on nutrient concentration of stemflow water passing 

through them, indicating that the fern core itself is already rich in nutrients 

derived from leaf litter decomposition (Turner et al. 2007). In fact, epiphytes 
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that form mutualisms with ants for the purpose of increasing nutrient uptake 

are usually found in open habitats, with little litter-fall (Huxley 1980), rather 

than in habitats like rain forests.  

But while the ferns make no attempt to entice ants to live in them they 

nonetheless provide an important buffered microclimate (Turner and Foster 

2006) and are therefore very frequently inhabited by species that otherwise 

live in other suspended litter in the rest of the canopy. This lack of a mutualist 

ant partner makes them ideal as microcosms, as they are inhabited by a 

diverse range of species, much like the rain forest as a whole. It is also of note 

that another epiphyte with a highly diverse ant fauna, P. insigne, also derives 

nutrients from intercepted leaf litter (Gibernau et al. 2007). 

 

 

Figure 3.7 An herbivorous lepidopteran larva found on one of the ferns 
surveyed. The scale bar is 10mm in length. 
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The relationship between the number of colonies supported and the size of 

the fern might be caused in a number of different ways. Larger ferns might 

provide a larger nesting space and consequently make it possible for them to 

support more colonies. Additionally, they might be easier to locate for 

founding queens. One would also expect larger ferns to buffer microclimate to 

a greater extent than smaller ones, and so they might provide a more 

hospitable microclimate for colony foundation, leading to higher success rates 

of foundresses. Finally, larger ferns will on average be older than smaller 

ones, and so there will have been more time for colonisation to occur. 

There might also be an effect of microclimate on the identities of the ant 

species in the ferns, as well as on how many colonies they can support, since 

different species of ant have different temperature tolerances (e.g. Lessard et 

al. 2009), and smaller, higher, ferns are likely to be hotter and drier (Appendix 

2). There might be a succession of ant species that inhabit the ferns as they 

grow older, and so fern size might only be an indication of the time since the 

start of colonisation, rather than being the driver of the pattern itself. Finally, 

higher ferns may present a more difficult colonisation target for ants, meaning 

that they are more likely to be inhabited by species that are good at 

dispersing. I shall go on to investigate which of these explanations is the most 

likely in Chapter 5. 

The relationship between ant community structure and micro-climatically 

linked environmental variables indicates that ants, as well as epiphytes (see 

Chapter 2), may be vulnerable to climate change. With increasing mean 

temperature, desiccation rates for a given size of epiphyte at a given height 

will increase, potentially causing a shift in the ant communities to lower 
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canopy strata. There will also be an effect of the hypothesised changes 

(Chapter 2) in the distributions of the ferns themselves. If fern density 

decreases at higher levels in the canopy, and increases at lower levels, then 

we might expect a parallel shift in the densities of ant colonies inhabiting the 

ferns. However, the ability of the ferns to buffer microclimate may mean that 

fern-dwelling ants experience a smaller impact of climate change than those 

in other canopy microhabitats. 

In this chapter I have demonstrated the impact of environmental factors on 

fern-dwelling ant communities. In the next chapter I will investigate how ant 

species interact with each other in the ferns, and what effect this has on 

overall ant community structure. 
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4 What are the assembly rules for fern-dwelling ants? 

4.1 Summary 

How are so many species able to coexist in species-rich environments such 

as tropical rain forests? Both stochastic and deterministic effects have been 

cited as being important for diversity maintenance. If diversity is maintained 

purely in a deterministic manner, then all species differ from each other and 

partition their environment into niches. However, if some sets of species are 

ecologically identical, they may still coexist on long random walks to 

extinction. I investigated the relative importance of these two factors using the 

ant assemblage in the bird‘s nest ferns (Asplenium spp.). Eighty-six ferns 

were collected from primary forest in Sabah, Malaysia and their ant 

inhabitants identified (see Chapter 3). The fern-dwelling ant community is 

highly diverse. While the body sizes of ants in the ferns do not differ 

significantly from that expected under random assembly, congeneric colonies 

co-occur less often than expected by chance. By carrying out colonization 

experiments in the laboratory using ferns with artificially manipulated ant 

faunas and a single invader species (Diacamma #200), I demonstrate the 

existence of strong interspecific competition, and confirm the existence of 

strong intra-generic competition; resident colonies aggressively defend ferns 

against conspecifics and congenerics. Using simulation-based colonization 

models I show that niche assembly is better able to explain the observed high 

diversity than neutral-based assembly. I conclude that neutral assembly rules 

are not sufficient to explain the species abundance distribution and diversity of 

ants in this microcosm. 
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4.2 Introduction 

The manner in which species diversity is maintained is a central question for 

community ecology (Chesson 2000). Two mechanisms impacting on diversity 

maintenance have been proposed: niche-based (Grinnell 1917, Colwell and 

Futuyma 1971, Chesson 2000) and neutral (Hubbell 1979, 2001, Chave 

2004). Niche-based mechanisms allow coexistence of species through 

differences in competitive ability in differing biotic and abiotic environments. 

Environmental heterogeneity then allows a range of species to coexist. In 

other words, individuals of the same species compete more strongly than 

those of different species, because individuals of the same species are more 

ecologically similar than those of different species. Since intraspecific 

competition is the main factor limiting population size, temporarily rare species 

are able to recover their abundances. This frequency-dependent change in 

fitness of species is known as a stabilizing mechanism (Chesson 2000).  

Neutral theory (Hubbell 1979, 2001, Chave 2004, Bell et al. 2006) describes 

cases where certain sets of species are ecologically equivalent, so that their 

abundances drift at random until extinction, with speciation supplying extra 

species. With large population sizes, species that do not differ in any 

ecological way can coexist for long periods of time (Hubbell 2001). Both 

niche-based and neutral theories for biodiversity maintenance often employ 

equalizing mechanisms, which reduce fitness differences between species 

(Chesson 2000). For example, if the first sapling to grow into a gap is able to 

outcompete any others, regardless of the identities of the species involved, 

then this would constitute an equalizing mechanism (Tanner et al. 2005), 
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since species become effectively equivalent in this aspect of their life 

histories. 

Whether diversity in the majority of real communities is maintained 

predominantly by species coexisting across discrete niches or in a neutral 

manner is not known (Holyoak and Loreau 2006). Studies of different taxa 

across different spatial and temporal scales have been equivocal in their 

support of either theory. A paleoecological study of small mammals found that 

species persist for longer than would be expected under neutral theory (McGill 

et al. 2005). While Dornelas et al. (2006) showed that coral reef communities 

do not conform to neutral expectations, Volkov et al. (2007) demonstrated that 

broad scale community patterns in both coral reefs and rain forest trees can 

be explained using neutral theory. In fact, it is likely that both niche-based and 

neutral mechanisms operate simultaneously in many communities. Uriarte et 

al. (2004) found that while 34/60 species of tree showed neighbour effects on 

sapling growth the rest showed no effect at all of neighbour identity. 

One of the fundamental ways in which species interact with each other is 

when they are in the process of colonising a habitat. The rules relating to this 

process are known as assembly rules and are of ongoing interest to 

community ecologists (Diamond 1975a, Connor and Simberloff 1979, Gotelli 

and McCabe 2002). Ants are an ideal taxon with which to study assembly 

rules and species diversity maintenance, not only because they are a highly 

important group in terrestrial ecology (Hölldobler and Wilson 1990), but also 

because species interactions are thought to be one of the dominant forces 

shaping ant communities (Andersen 2000). They have a high, but 
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taxonomically manageable, diversity and their taxonomy is better known than 

that of most other arthropod groups. 

Ant assembly rules are known to change with spatial scale. At small scales, 

within habitat patches, ground foraging ant communities seem to be 

assembled randomly, while at larger scales, across patches of a habitat, they 

become structured, although sometimes species are aggregated and 

sometimes segregated (Gotelli and Ellison 2002, Sanders et al. 2007b). In 

island communities, on the other hand, ant species are segregated at small 

scales (within islands) and randomly distributed across larger scales (between 

islands; Lester et al. 2009), although it should be noted that these 

communities were composed mainly of alien species. In general, the scale at 

which sampling takes place should be appropriate for detecting the 

hypothesised processes (Huston 1999). 

Going beyond overall measures of species aggregation and segregation, it is 

useful to identify the species playing different roles in the community. The 

organisation of ant communities over small to medium scales, i.e. within and 

between the canopies of trees in plantations and forests, has received much 

attention under the concept of ant mosaics. Different species may coexist as a 

mosaic where two or more dominant species occur in a mutually exclusive 

pattern over space, with particular subordinate species being associated with 

each dominant species (Room 1971). Ant mosaics have been found in many 

agricultural systems (e.g. Room 1971, Taylor 1977, Dejean et al. 1997), but 

their prevalence in natural ecosystems is uncertain (Blüthgen and Stork 

2007). 
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The sizes of the species involved may also be important for the way in which 

species assembly occurs (Hutchinson 1959). If species that are similar in size 

are more likely to be ecologically similar than those dissimilar in size then we 

would expect body sizes in a community to be evenly spaced along the size 

spectrum (Gotelli and Ellison 2002, Sanders et al. 2007b). Two processes 

might give rise to such a pattern. If species from a species pool that colonise 

local sites experience competition as they arrive at a site then we would 

expect segregation of species sizes at small scales. If, on the other hand, 

character displacement over evolutionary time has caused species to show 

even size spacing we might expect to see this at regional levels (Sanders et 

al. 2007b). Whether or not such a mechanism would give rise to statistically 

detectable even spacing at local scales depends on the strength of the 

interspecific interactions. 

Another hypothesis, although not a mutually exclusive one, is that competition 

is strong within functional groups, or guilds, and weak between them (Sanders 

et al. 2007a). In this case I use genera as surrogates for ecological guilds. 

Since we do not have complete data on the diets of the species involved, and 

species within genera are expected to compete more strongly than those in 

different genera (Sanderson 2004, Sfenthourakis et al. 2006), taxonomic 

similarity is the best estimate of ecological similarity available in this system. 

In general, species with similar evolutionary histories are likely to be more 

ecologically similar than those with different evolutionary histories (Harvey and 

Pagel. 1991). This method has been used to demonstrate that taxonomically 

similar sunfish are less likely to co-occur than would be expected at random 

(Helmus et al. 2007), and that closely related species of tree have a more 
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equitable combined abundance than would be expected under neutral theory 

(Kelly et al. 2008). 

If species within genera compete strongly enough, then we might expect 

within-genus competition to form a ceiling on the numbers of species in a 

genus, and consequently that species to genus ratios would be lower than 

would be expected if species assemble at random (Simberloff 1970). An 

extreme version of this hypothesis would be that species within genera are 

functionally equivalent, i.e. conspecifics and congenerics compete to exactly 

the same degree (Hubbell 2001). However, it should be noted that over large 

geographical scales across different habitat types we would expect congeners 

to co-occur more often than is expected by chance, since a particular genus 

will be likely to occur more often in one habitat than another (Simberloff 1970). 

A proviso here is that some genera are likely to be polyphyletic (e.g. 

Camponotus: Brady et al. 2006), making this analysis less powerful. 

While many studies infer assembly rules by comparing snapshots of 

communities to null models of species assembly, few specifically state what 

these rules are (e.g. stating which species in particular show aggregating or 

segregating behaviour), and even fewer reapply those rules to see how well 

they predict observed community composition. Here I investigate the 

assembly rules operating and the mechanisms maintaining diversity in tropical 

ant communities using a microcosm: the ant assemblage inhabiting a 

common rain forest epiphyte, the bird‘s nest fern (Asplenium spp.). Ants are 

highly abundant in these ferns, and there can be multiple colonies in an 

individual fern, where the microclimate is more favourable than that of the 

surrounding canopy (Ellwood et al. 2002, Ellwood and Foster 2004, Turner 
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and Foster 2006, Chapter 3). Natural microcosms such as bird‘s nest ferns 

have the dual advantages of being more tractable than ecosystems as a 

whole, while being more likely to reflect the real world than laboratory studies 

(Srivastava et al. 2004). In this case, the ability to assess the total ant 

assemblage of an isolated habitat patch is invaluable, as all species found are 

likely to interact with each other, allowing detection of patterns that might 

otherwise go unnoticed in larger or less discretely defined assemblages. 

If species coexist neutrally, then we would expect competition between 

congeneric colonies and competition between conspecific colonies to be 

equally strong. If species coexist in a niche-based manner we would expect 

these levels of competition to differ. Whatever the rules governing the 

assembly of ant species in bird‘s nest ferns, these rules should be sufficient to 

predict the observed levels of species diversity. Here I use observations of the 

existing patterns of species co-occurrence, experimental manipulations of fern 

ant faunas, and simulation-based colonization models to investigate the 

assembly rules operating in this microcosm. 

4.3 Methods 

The ant dataset from Chapter 3 was used for all analyses in this chapter. To 

recapitulate, this comprised the ant colonies inhabiting 86 bird‘s nest ferns of 

a range of sizes in the mid to lower canopy of primary forest. During this 

survey, 71 species in 27 genera were found.  
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4.3.1 Testing patterns of species co-occurrence 

I tested four hypotheses relating to the assembly of ant colonies in bird‘s nest 

ferns: 

1. That there is some overall pattern of species aggregation or segregation. 

2. Species that are similar in size, and consequently are likely to have similar 

nesting and dietary requirements, are less likely to co-occur than those that 

differ greatly in size. 

3. That species in the same genus are less likely to co-occur than those in 

different genera, since congenerics are likely to be ecologically similar.  

4. That species relatedness above the level of the genus has an effect on 

probabilities of co-occurrence. 

Overall patterns of species co-occurrence were analyzed using null model 

approaches. The c-score (chequerboard score) metric was used to assess 

overall levels of co-occurrence. The swap algorithm that maintains both row 

and column totals was used, as recommended by Gotelli (2000). The package 

EcoSim v7 was used to carry out c-score null analyses (Gotelli and 

Entsminger 2007). A total of 30,000 swaps were used to generate null 

distributions of the c-score, as the use of smaller numbers of swaps can lead 

to high type 1 error rates (Chapter 6). The strength of competition between 

congeneric colonies was assessed by analyzing co-occurrence patterns using 

null models written in R 2.7.1. (R Development Core Team 2009).  

The way in which body size affected the assembly of ant species in the ferns 

was assessed using null model techniques. The maximum length of the 
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alitrunk (Weber‘s length), the longest unarticulated body segment in most ant 

species (Weber 1946, Brown 1953) was measured for a maximum of four 

randomly selected individuals per species and was averaged. Logged 

Weber‘s lengths are used in all of the following analyses. In order to generate 

an index reflecting the spacing of ant body sizes, the species were ordered by 

size and the differences between consecutive-sized species was calculated. 

The variance in these differences was then calculated (it was only possible to 

calculate this for ferns with more than three species) andan average value for 

all ferns, weighted by the number of occupant species, was used as the index. 

The associations between ant species were then randomized by repopulating 

the ferns with ant species, keeping the number of species per fern and the 

number of colonies per species the same as for the observed data. The 

number of colonies per fern was kept constant to reflect differences in the 

number of ant colonies each fern could support, which were mainly related to 

size (Chapter 3). The index was then recalculated for these null communities, 

and the observed value compared to the null distribution. 

I also assessed the possible segregation of body size over the evolutionary 

history of the fern-dwelling ant communities by looking at the distribution of 

body sizes in the whole community. Since the body size distribution of fern-

dwelling ants was bimodal (Figure 4.4), analysis was carried out on small 

(Weber‘s length<1.2mm) and large (Weber‘s length>1.2mm) ants separately. 

Using an inappropriate body size distribution, or speculative use of a range of 

distributions, might lead to high type 1 and type 2 error rates. I compared the 

observed variance in the differences between adjacent body lengths to that 

generated using body lengths selected randomly from a normal distribution 
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(since the observed body length distributions were roughly normal for large 

and small ants; Figure 4.4), with mean and variance of the pool distribution 

calculated from the observed Weber‘s lengths. The observed variances were 

compared to the null distributions as above. EcoSim v7 (Gotelli and 

Entsminger 2007) was used for the whole community analyses. 

In order to test the hypothesis of restricted congeneric co-occurrence, the 

number of co-occurring colonies of the same genus was recorded and then 

the observed presence-absence matrix was randomized by replacing colonies 

with a probability proportional to the original number of colonies in each fern. 

Conspecific colonies were not allowed to co-occur in this analysis. For each 

randomized matrix the number of co-occurring congeneric colonies was 

recorded. The observed number of co-occurrences was then compared to this 

null distribution in order to assess the probability of this number of co-

occurrences (or a smaller number) occurring under the null hypothesis of 

there being no interaction between species. 

Even above the level of the genus we might expect more taxonomically similar 

species to be ecologically similar. The relationship between co-occurrence 

and relatedness above the level of the genus was determined using null 

models and published phylogenetic trees (Brady et al. 2006, Moreau et al. 

2006). A Mantel test was used to assess the relationship between the genetic 

distance between genera, and the difference between the expected and 

observed intergeneric co-occurrences. The expected intergeneric co-

occurrences were generated by randomizing a presence-absence matrix of 

genus occurrences and recording the frequency of co-occurrences between 

each pair of genera. 
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4.3.2 Experimental testing of species assembly rules 

Any segregation between species might be caused either by direct 

competition between colonies attempting to invade the same fern, or by 

segregation in the environment ("The ghost of competition past", Connell 

1980). From plots of species distributions against fern size and height in the 

canopy (the two environmental variables affecting ant community composition, 

see Chapter 3) it would appear that most species have overlapping 

environmental requirements (Appendix 3). This indicates that it is direct 

competition, rather than past competition that is likely to be causing any 

patterns of segregation. To test this, and to determine the levels of conspecific 

competition within fern-dwelling ant species, I carried out laboratory-based 

invasion experiments. 

Experiments were run between 27 Feb and 20 May 2008 at Danum Valley. 

Ferns were brought back to the laboratory and were placed on a podium 

constructed of aluminium cans covered in Fluon (Figure 4.1). This podium 

was in turn placed in a Tupperware box with Fluon coated sides in the middle 

of a tray of water containing detergent. This was done to capture ants that had 

been ejected from the fern, while preventing them from re-entering the fern, 

and to exclude the many tramp ants that were present in the laboratory. 
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Figure 4.1 Experimental fern attached to a podium coated in Fluon in the 
laboratory. The container that the podium is in has its inner sides coated in 
Fluon and sits in a tray of water. Fronds were trimmed to prevent escaping 
ants from falling into the water. 

 

Ant colonies were extracted from ferns collected from the lower canopy. For 

large-bodied species, such as Diacamma and Polyrhachis, extraction involved 

removing ants individually. For smaller-bodied species, the volume of fern 

core containing the colony centre was cut out and added to the experimental 

fern. Colonies were kept in the laboratory in plastic containers and fed on a 

diet of sugar solution and dead insects. 

Initially, ferns were inoculated with a single colony from a range of species 

extracted from wild ferns, with colony sizes typically found in these ferns. 

Colonies were given 48 hours to acclimate, and in the case of large-bodied 

species, to excavate a nest site, before the experiment commenced. An 
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undescribed species (Christian Peeters, pers. com.) of Diacamma, often 

found in the ferns (Diacamma #200, see Chapter 3), was used as an invader. 

It was not possible to use multiple invader species, since time constraints 

meant that the resulting individual experiments would have had very low 

statistical power due to small sample sizes. Resident colonies were either of 

the same species of Diacamma, of a different species of Diacamma 

(Diacamma rugosum Le Guillou, also commonly found in the ferns), or from a 

variety of other fern-dwelling genera (see Figure 4.9). All of these species had 

been found in the ferns during the survey detailed in Chapter 3, with the 

exception of Polyrhachis #227. The four Polyrhachis species that were found 

in the ferns during these surveys all occurred only once, indicating that a very 

wide range of Polyrhachis species use the ferns as nesting sites, and that my 

sampling of them is not complete. Where the resident colony was the same 

species as the invading colony, all resident individuals were marked with gloss 

paint on their pronotum. 

A colony of the invader was introduced into a fern and left for 24 hours. 

Colonies of Diacamma do not have a morphologically distinct queen: instead 

they have a single reproductive worker (gamergate) per colony, which can be 

recognised by the presence of tiny thoracic appendages, which are absent 

from non-reproductive workers (Peeters and Higashi 1989). Successful 

invasion was defined as the gamergate entering the fern. Failed invasion was 

defined as the gamergate being found in the base of the Tupperware box. 

When the gamergate remained on the outside of the fern the experiment was 

repeated. 
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Invasion experiments were also carried out with three species inhabiting the 

ferns. All possible combinations of six resident species were used (15 

treatments), with four replicates of each treatment being carried out. Of the 

two Diacamma species, only D. rugosum was used in these experiments, as 

otherwise the majority of ferns would have had a resident Diacamma colony. 

4.3.3 Assessing the impacts of species assembly rules on species diversity 

In order to assess the impact of the observed species assembly rules on fern-

dwelling ant species abundance distributions I used simulation-based 

colonization models. From the degree of co-occurrence between congeners, it 

was possible to determine the average probability of successful invasion when 

a fern already supported a colony from a different species in the same genus. 

If fern-dwelling ant communities are neutrally assembled then we would 

expect some sets of species to be functionally equivalent. The most extreme 

case of this would be entire ant genera, all of the species within which were 

functionally equivalent. Conversely, if the ant communities are assembled in a 

strongly niche-based manner, then we would expect conspecifics to compete 

much more strongly than non-conspecific congenerics. In an extreme case, 

there would never be any co-occurrence at all between conspecifics. The 

reality probably lies somewhere between these two ends of the niche-neutral 

spectrum. In order to investigate this, I used two sets of model parameters: 1. 

a neutral set of parameters that assumed conspecifics co-occurred to the 

same degree as congenerics; 2. a niche-based set of parameters that 

assumed that conspecifics never co-occurred, while congenerics co-occurred 

with the observed frequency. For the neutral model, the average level of 
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competition was held the same as for the niche-based model, but was set as 

equal between conspecifics and congenerics. In order to implement this, an 

average co-occurrence level, weighted by the number of potential pairwise 

interactions between conspecifics and congenerics, was used to calculate the 

probability of colonization in this model. 

Species pools with a range of diversities were used for the simulations, but 

with the same ranked species occurrences and mean species occurrence as 

the observed data. Only the variance in species abundance differed between 

diversities. This was done in order to assess whether or not the estimated 

levels of competition were sufficient to stabilize diversity of the fern-dwelling 

ant community. I used a species pool with a lognormal distribution of species 

occurrences, as this is a distribution often seen in real communities (Magurran 

2004). A fern was selected at random with a weighting proportional to the 

number of colonies inhabiting that fern. A species was then selected at 

random with a weighting proportional to its relative abundance in the species 

pool. Each species selected in this way then colonized the selected fern, 

unless a conspecific or congeneric was already present, in which case 

colonization occurred with the probabilities as given above. This process was 

repeated until the total number of colonies in the simulated fern assemblages 

was the same as that in the observed dataset. Simpson‘s index of diversity (1-

D, Magurran (2004)) was recorded for each simulated matrix and was 

compared to that of the species pool. All code was written in R 2.7.1 (R 

Development Core Team 2009) and 1000 matrices were generated for all null 

distributions. 
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4.4 Results 

4.4.1 Patterns of species co-occurrence 

There was no signal of overall co-occurrence or exclusion between species 

within the fern-dwelling ant community as assessed by the c-score (Observed 

C=8.63, Standardized effect size=0.411, Pupper tail=0.646, Plower tail=0.355, 

Figure 4.2). Nor was there any evidence that assembly in the ferns was 

related to body size (Figure 4.3), i.e. the sizes of the ant species within each 

fern were not more spread out than would be expected at random. The sizes 

of the overall fern-dwelling ant community, on the other hand, were more 

spread out than would be expected at random for smaller ants, but not for 

larger ants (Figure 4.4, Figure 4.5). An interesting property of the fern-dwelling 

ant community was the discontinuity between Weber‘s lengths of 1.2mm and 

1.4mm (Figure 4.6). 

Colonies within the same genus co-occurred less often than would be 

expected by chance (Figure 4.7, Observed co-occurrences=26, P=0.021, 

estimated probability of congener successfully invading = 0.649). The level of 

co-occurrence between colonies from different genera was not related to the 

taxonomic relatedness of those genera (Figure 4.8, Mantel tests, Brady et al. 

phylogeny: Z=12.9, P=0.707, Moreau et al. phylogeny: Z=6320, P=0.639). 
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Figure 4.2 The observed number of chequerboard units for the fern-dwelling 
ant community (broken line) and the distribution of chequerboard units 
expected if ant colonies assemble at random with respect to species 
(histogram). The observed ant communities did not differ from random 
assembly as assessed by number of chequerboard units (Observed 
CUs=21434, Standardized effect size=0.411, Pupper tail=0.646, Plower tail=0.355). 

 

Figure 4.3 Assembly of ant species in ferns was not related to the body size of 
ant species. The observed variance in segment length within fern ant 
communities (broken vertical line) did not differ significantly from a null 
distribution generated by repopulating the ferns at random with ant species 
(histogram, varobs=0.301, nruns=1000, P=0.739). 
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Figure 4.4 Distribution of the sizes of the fern-dwelling ant species (N=71). 
Weber‘s length is the greatest length of the alitrunk (the longest non-
articulated body segment in most species). Since the distribution of body sizes 
was bimodal, analysis of body size overlap was carried out separately for 
larger ants (Weber‘s length > 1.2mm) and smaller ants (Weber‘s length 
<1.2mm). The sizes of larger ants in the fern dwelling community were not 
significantly aggregated or segregated (Varobs=0.00094, N=21, P=0.149), 
while the sizes of smaller ants were significantly segregated (Varobs=0.00012, 
N=50, P=0.028). 

 

Figure 4.5 Body size distribution of fern-dwelling ant genera. Each data point 
denotes the mean Weber‘s length for a particular species. 
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Figure 4.6 Ranked sizes of ant species in the whole fern-dwelling community. 
There is a discontinuity between Weber‘s lengths of 1.2mm and 1.4mm 
(N=71). 

 

 

Figure 4.7 Null model analyses of ant co-occurrence patterns. The broken line 
indicate the observed levels of congeneric co-occurrence and the histogram 
the distribution of expected levels of co-occurrence if colonies were distributed 
at random between the ferns. Colonies of the same genus but different 
species co-occurred less than they would be expected to at random. 
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Figure 4.8 Levels of co-occurrence between genera was not related to their 
taxonomic similarity. The y-axis shows the difference between the observed 
levels of co-occurrence, and those expected if ant colonies from different 
genera assemble at random. Data points high on the y-axis denote pairs of 
genera which co-occur more often than expected, while those low on the y-
axis denote pairs of genera that co-occur less often than expected. The x-axis 
denotes genetic dissimilarity, i.e. the further to the right a data point 
representing a pair of genera appears the more distantly related they are. The 
broken line shows the expected relationship between co-occurrence and 
relatedness if genera co-occur at random with respect to their relatedness. 
Data presented are from the analysis using the phylogeny of Brady et al. 
(2006). Similar results were found using the phylogeny of Moreau et al. 
(2006). 

 

4.4.2 Experimental tests of species assembly rules 

Experimental invasions of ferns in the laboratory showed that colonies of 

Diacamma #200 aggressively defend ferns against conspecific and 

congeneric colonies (Figure 4.9). Uninhabited ferns were successfully invaded 

on 90% of occasions. Ferns inhabited by genera other than Diacamma were 

invaded at rates not significantly different to those of uninhabited ferns (79-

100% of invasions successful). Ferns inhabited by a conspecific or congeneric 

colony were invaded significantly less often than uninhabited ferns (0% and 

7% respectively). During unsuccessful invasion attempts resident workers 

were observed biting and dragging individuals of the invading colony, 
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particularly the gamergate (Figure 4.10), and in some cases throwing them 

from the fern.  

A similar pattern was observed for ferns with three resident ant species 

(Figure 4.11). Ferns in which Diacamma was one of the resident species 

showed a marginally non-significant trend towards being more difficult to 

invade than uninhabited ferns (G=3.61, d.f.=1, P=0.056). Ferns inhabited 

exclusively by non-Diacamma species were no more difficult to invade than 

uninhabited ferns (G=0.81, d.f.=1, P=0.369). There was no departure from the 

expected ability to repel invading colonies (calculated from single-colony runs) 

for three-colony ferns with and without Diacamma (with: G=1.11, d.f.=1, 

P=0.291; without: G=1.39, d.f.=1, P=0.239). 

 

Figure 4.9 Rates of successful invasions of experimental ferns by different 
species of ant. The resident colony was always Diacamma #200. Control 
invasions were carried out using uninhabited ferns. Asterisks denote species 
for which there were a significantly lower proportion of invasions than control 
ferns (GLMs, P<0.05). Morphospecies numbers refer to the morphoseries 
from Chapter 3. 
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Figure 4.10 Resident Diacamma workers attack an individual from an invading 

colony (pronotum marked with yellow paint). For a video of resident workers 

aggressively defending a fern go to www.tomfayle.com/research link.htm and 

download the wmv file from the bottom of the page. 

 

Figure 4.11 Rates of successful invasion for experimental ferns with different 
numbers of resident species, with and without D. rugosum. The isolated data 
points denote the expected probabilities of invasion for three-species ferns on 
the basis of the single species ferns. 
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Figure 4.12 The effects on species diversity of A) the observed level of 
congeneric competition and complete competition between conspecifics B) 
treating congeneric species as ecologically neutral. The upper panel of graphs 
shows the species occurrence distributions for the species pools in black and 
for the observed community in red. Arrows indicate the species pool diversity 
(arrow tail) and the diversity of the resulting simulated community (arrow 
head). Redder arrows denote cases in which the simulated diversity is 
significantly different from that of the source species pool. The observed ant 
community was highly diverse. Niche-based simulations lead to a return 
towards the observed diversity for all levels of species pool diversity. 
Simulation of colonization assuming that congeneric species are ecologically 
neutral lead to a weaker and non-significant convergence of diversity levels 
towards a less diverse community than the observed one. 

 

4.4.3 The impacts of species assembly rules on species diversity 

For the niche-based colonization model, simulated species diversity shifted 

towards the observed diversity for species pools with both higher and lower 

diversity than that of the observed data (Figure 4.12a). However, where the 

diversity of the species pool was similar to the observed diversity the resulting 
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simulated diversity did not differ significantly from the species pool diversity 

i.e. diversity remained the same after ―filtering‖ by the ferns. Where 

competition between all colonies within a genus was set at the same level, 

regardless of whether two focal colonies belonged to the same species or not, 

the shift was much less pronounced and non-significant at low diversities 

(Figure 4.12b). The diversity level that was converged upon was also lower 

than the observed diversity level for this model. 

4.5 Discussion 

My results show that a sufficient model for the assembly of ant colonies in the 

ferns is as follows. Larger ferns support more colonies of ants, for two 

possible (non-mutually exclusive) reasons: 1. larger ferns are older and have 

therefore been exposed to more colonists; 2. larger ferns provide more living 

space (Chapter 3). While environmental variables are important to some 

degree (Chapter 3), the species composition is also determined by species 

assembly rules: the identities of the colonies already present are fundamental 

in determining invasion success. These rules are not related to the sizes of 

the species involved, or to sets of dominant and subordinate species, as 

would be expected in an ant mosaic. Instead, taxonomically similar colonies 

exclude each other from the ferns. The presence of a conspecific colony 

always prevents colonization (from the invasion experiments, and inferred 

from simulations) and the presence of a congeneric colony prevents 

colonization with a probability of 0.351 (from null model analysis of congeneric 

co-occurrences). The presence of a colony that is not in the same genus as 

the invader does not affect colonization success. These rules, when included 
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in a simulation-based colonization model of the assembly of ant colonies in 

ferns, are sufficient to maintain the observed high level of diversity, whereas 

neutral-based rules are not. 

Therefore coexistence between species within a genus is niche-based and is 

achieved through a combination of equalizing and stabilizing mechanisms 

sensu Chesson (2000). An equalizing ―first arrival wins‖ rule operates when 

colonies initially arrive at ferns, but only in cases where a colony of the same 

species or genus is already present. This taxonomic hierarchy of competitive 

interactions between colonies acts as a stabilizing mechanism. These 

stabilizing and equalizing mechanisms within genera are sufficient to stabilize 

diversity at the level observed in the fern-dwelling ant community. Less 

common species within a genus are favoured over more common ones, which 

have a smaller number of viable ―competitor-free‖ ferns to colonize. At high 

diversities the sampling of a very even species pool means that the simulated 

communities are, on average, less even and therefore less diverse than the 

species pool. This is what causes a decrease in diversity for very diverse 

species pools: the process of sampling puts a ceiling on diversity levels. 

However, the recovery of diversity from low diversity species pools is not 

complete (i.e. the simulated diversity is not the same as the observed diversity 

for most levels of species pool diversity), simply because only a single round 

of colonization has taken place. If dispersal ability and colony extinction rate 

were known in this system then these could be built into a model with many 

rounds of colonization. Even with a single round of colonization, as 

implemented here, simulated diversity shifts towards the observed diversity for 

a wide range of species pool diversities. 



80 
 

Similar sorts of rules operate in plant communities. For example, ―First arrival 

wins‖ rules may operate in tropical tree communities (Tanner et al. 2005), and 

individual trees adjacent to a new canopy gap could be considered equivalent 

to the existing ant inhabitants of a fern in this study. The existence of a 

conspecific nearby can cause a decrease in survival probabilities of young 

plants either through direct competition or, in some cases, through indirect 

competition via shared natural enemies (Janzen 1970, Connell 1971). 

However, systems with higher levels of competition between species in the 

same genus than between species in different genera are not widespread 

(Sfenthourakis et al. 2006) which might be taken to indicate that niches of 

congenerics are no more similar than those of non-congenerics. But many of 

these studies were carried out over much larger scales than this one and did 

not use natural sampling units such as epiphytes. Consequently they may not 

be well suited to detect patterns at the small scale over which competitive 

exclusion often operates (Holdaway and Sparrow 2006). 

While the assembly of species in the ferns was not affected by the body size 

of the species involved, there was evidence that the whole fern-dwelling ant 

community was structured according to body size. For smaller species at least 

(and this cannot be ruled out for larger species, since sample size was smaller 

and the trend was in the same direction), species body sizes in the community 

were less aggregated than would be expected. This would imply that similar-

sized species compete strongly, and so character displacement (Brown and 

Wilson 1956) has meant that species are less similar in size than would be 

expected. Perhaps the discrepancy between the effects of size at the scale of 

the fern and the scale of the whole community is because the evolutionary 
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effects on species size are the result of thousands of generations of 

interactions between species in the community. Even if the strength of 

interaction between similar-sized species is very weak and therefore not 

detectable over ecological timescales, such weak interactions might have a 

cumulative effect over evolutionary timescales. 

There was a discontinuity in the size distribution of fern-dwelling ants (Figure 

4.6): there were no ants with a Weber‘s length between 1.2mm and 1.4mm. 

This may be related to the environment that different ant species are adapted 

to moving through. The size grain hypothesis (Kaspari and Weiser 1999) 

states that the larger an organism is, the more planar and less rugose its 

environment. For example, larger leaf litter-dwelling ants are able to move 

across the surface of leaves and step across spaces between them, whereas 

smaller species in the same environment would end up taking a less direct 

route. Consequently, larger species have evolved longer legs to assist in 

moving across planar environments, whereas smaller species have evolved 

shorter legs (relative to their body size) in order to reduce cross sectional area 

and fully exploit interstitial environments (Kaspari and Weiser 1999). While 

there might be a continuum of evolutionarily viable body sizes in leaf litter, 

since there is a continuum of different environments ranging from planar to 

interstitial, this might not be the case in the canopy. For species that forage 

outside of the ferns, the canopy represents a planar environment. However, 

those foraging exclusively within the ferns experience an interstitial 

environment. The discontinuity in size distribution observed might relate to the 

range of sizes where a species could not forage far enough from the fern to 

be able to reach a reasonable number of food resources, but has become too 
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large to be able to fully exploit the interstitial environment of the fern. Further 

work (not included in this thesis) will involve measuring legs lengths of the 

species involved to determine whether all of the species larger than the 

discontinuity are adapted to planar environments, and all species below it to 

interstitial ones. 

Potential niches being partitioned in the system are nesting space within the 

fern, and diet both within the fern and at foraging locations in the canopy 

nearby. Different genera have different preferred nesting sites within the fern 

(TMF, personal observation), for example, Diacamma hollow out large cavities 

in the spongy fern core, whereas Hypoponera nest in cavities within the 

rootstock itself. But other genera, such as Camponotus, also hollow out large 

cavities in the core, seemingly in the same way as Diacamma. These genera 

probably partition the diet niche, with Diacamma being predatory and 

Polyrhachis being a more general forager (Table 3.1, Chapter 3). Additionally, 

larger bodied species may be more likely to forage away from the fern, 

whereas very small-bodied species such as members of the genera Pyramica, 

Strumigenys and Ponera, may never leave the fern (see paragraph above). 

Niche overlap between species in a genus is greater than that between 

genera as inferred by a significantly low level of co-occurrence, although there 

is presumably still some niche partitioning as species are not ecologically 

equivalent. This leads to the conclusion that species richness within a genus 

should be limited, as there is a limit to how similar species can be. In this 

study no genus was represented by more than six species, which would 

otherwise be surprising given the presence of several highly speciose genera 

such as Pheidole, Strumigenys and Camponotus. 
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Using a combination of lines of evidence from observations, experimental 

manipulations and simulations, I have documented the assembly rules that 

operate in this microcosm to maintain the high levels of ant diversity observed. 

Intraspecific competition prevents any one species from becoming highly 

dominant, while intrageneric competition prevents any one genus from 

becoming highly dominant, leading to high diversity at both taxonomic levels. 
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5 Are temporal niches important for maintaining fern-dwelling ant 

diversity? 

5.1 Summary 

In Chapters 3 and 4 I demonstrated that fern-dwelling ant diversity is 

maintained, in part, by the existence of spatial niches. In this chapter I 

investigate the possibility that temporal niches are also a factor in the 

maintenance of ant diversity. Temporal niches might be important in 

explaining ant community structure if different ferns have different colonisation 

histories. One way in which this might happen is through desiccation. Bird‘s 

nest ferns are vulnerable to desiccation in times of extended drought (see also 

Chapter 2). Presumably this makes the ferns uninhabitable for most ant 

species. I identified the ants collected during an experiment (Ellwood et al. 

2009) in which ferns were defaunated and then replaced in primary rain forest 

at different heights. Those ferns were then resampled for ants after intervals 

of one month and eight months. Ant abundance, biomass and species density 

decreased one month after defaunation, but had returned to pre-clearance 

levels after eight months. However, ant community composition after eight 

months still differed significantly from that of pre-clearance communities. 

Species that are highly mobile as whole colonies dominated understory ferns 

after one month, but this pattern had reverted to that seen in pre-clearance 

ferns after eight months, with an increase in the abundance of species 

entering the ferns through independent colony foundation. I conclude that the 

temporal aspect of niches is indeed important in the maintenance of the high 

ant diversity supported by this epiphyte. 
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5.2 Introduction 

Species can co-exist not only by inhabiting different niches in space (Chapters 

2, 3 & 4), but also by inhabiting different niches in time. Rather than being 

segregated spatially, different species can use the same space, but at 

different times. Consequently, interspecific competition is reduced compared 

to intraspecific competition and therefore stable coexistence is possible 

(Chesson 2000). The way in which species partition the temporal environment 

varies. It can be based on predictable, regular cycles in conditions, such as 

different seasons or different times of day, or on unpredictable, non-cyclic 

events (Albrecht and Gotelli 2001). This non-cyclic temporal niche partitioning 

is often seen in the form of recolonisation of disturbed habitats after extreme 

events. 

One example of the way in which different species can co-exist as a result of 

disturbance is through competition-colonisation tradeoffs (Levins and Culver 

1971). Here, two species can co-exist if one is good at colonising new habitat 

patches, while another, which is less good at colonising new habitat patches, 

is better at displacing the first species from existing patches. Competition-

colonisation tradeoffs have been demonstrated in a wide variety of systems 

from grassland plants (Jakobsson and Eriksson 2000) to rotifers and protozoa 

(Cadotte et al. 2006). Note that a niche can be considered either temporal or 

spatial depending on the scale at which a study is conducted. If a snapshot of 

species communities is taken, which includes both new and old habitat 

patches, then this would give the impression that species are coexisting 

through spatial niche partitioning. However, longitudinal studies might reveal 
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the existence of a temporal niche, with predictable changes in community 

composition in relation to time after disturbance. 

A variety of different disturbance mechanisms can initiate this succession of 

species in ant communities. Some can remove the individuals present without 

changing the physical environment. For example, inundation can ―reset‖ the 

communities of ants found in floodplain forest (Ballinger et al. 2007) and raids 

by army ants (Eciton burchellii (Westwood)) may remove some ant species, 

releasing others from competition (Franks and Bossert 1983) while 

presumably leaving the physical environment unchanged. On the other hand, 

some disturbance events can drastically change the rest of the environment 

too: burning not only kills off the ants present in Australian grasslands 

(Andersen et al. 2006), but will change the abiotic environment that 

recolonising species experience. These differences are reflected in two 

different models, described by Pacala and Rees (1998), of competition-

colonisation tradeoffs in relation to succession. In the first, ―colonising 

advantage‖ model, uninhabited patches are assumed not to be any different 

from inhabited ones in terms of the resources they offer. The more 

competitive species always displaces the less competitive species as soon as 

it arrives in a patch. In the second ―successional niche‖ model, each patch has 

a variable resource level, which the superior competitor is able to change, 

eventually to such an extent that the inferior competitor is no longer able to 

persist. For example, slow growing, shade bearing tree species are able to 

displace fast-growing, light demanding species by shading them out 

(Whitmore 1984). 
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Additionally, for taxa that live on or in another organism, there may be a 

predictable change in community composition as the ―host‖ individual ages, 

known as ontogenetic succession. Such a pattern has been observed in ant 

communities on Amazonian trees (Fonseca and Benson 2003, Dejean et al. 

2008) and gall inducing insect communities (Fonseca et al. 2006). As a host 

individual grows, its physical structure changes, providing a constantly shifting 

range of niches that are filled by a changing community. 

Since many of these succession models are based on competition, we might 

expect to see changes in the overall levels of competition in ant communities 

with time after disturbance. In very disturbed habitats, such as plantations, ant 

communities are often very strongly structured by competition. This manifests 

itself in the form of an ant mosaic, with pairs of dominant species excluding 

each other from their territories (Taylor 1977, Dejean et al. 1997, Pfeiffer et al. 

2008). In habitats further down the disturbance gradient, such as logged 

forest, communities are also structured by competition (Floren et al. 2001), 

while in pristine forest, species are more likely to co-occur at random (Floren 

and Linsenmair 2000, Floren et al. 2001). 

These processes dictating the success of potential colonisers give rise to a 

variety of patterns at the community level. In some cases species richness 

rises asymptotically with time (Dauber and Wolters 2005), while in others the 

highest species richness is found during intermediate successional stages 

(Osorio-Perez et al. 2007, Palladini et al. 2007) owing to the presence of a 

mosaic of habitats. The recovery of species richness to pre-disturbance levels 

may be quite swift in some ant communities, but the recovery of species 

composition takes much longer (Dunn 2004). 
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Dispersal mechanisms employed by different ant species will affect their 

potential roles in succession. For example, wood ant species (Formica spp.) 

that reproduce by colony fission have been found to be more abundant in old 

growth forest, while those that can colonise new areas with flying queens are 

more abundant in younger forest (Punttila 1996). Even within a single species 

the mode of dispersal can change in relation to environmental conditions 

(Molet et al. 2008), with harsher conditions leading to an increase in the 

frequency of fission and a decrease in independent colony foundation by 

individual queens. In addition, many species can also regularly move the 

location of their mature colonies (Hölldobler and Wilson 1990 pp171-174, 

Dornhaus et al. 2004, Franks et al. 2007). 

Here I investigate the importance of temporal niches in the ant community 

inhabiting bird‘s nest ferns (Asplenium spp.) by examining the ant 

communities present at various times after experimental defaunation. A 

number of different types of disturbance might affect the ant communities 

present in these epiphytes. The ferns, despite being able to buffer 

microclimate (Turner and Foster 2006) and store water (Ellwood et al. 2002), 

are still vulnerable to drought (Freiberg and Turton 2007). If a drought does 

not kill the fern itself, it may either kill its ant occupants, or cause them to 

emigrate. Once the fern has become moist again it is then available for 

recolonisation by animals. In addition, it is possible that inundation due to 

heavy rainfall might result in an uninhabited fern. When a new fern starts to 

grow, this also presents a virgin habitat for colonisation by ants. Lastly, there 

might be an ontonogenetic succession of species as the fern grows and 

consequently provides a different physical structure and microclimate for its 
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inhabitants. In order to investigate the potential importance of temporal niches 

in this system it is necessary to carry out experimental manipulations. This is 

simply because it is otherwise impossible to know when colonisation started 

for a particular fern. 

I predict that if temporal niches are of importance in maintaining the diversity 

of ants found in the ferns, different sets of species will be present at different 

times after experimental defaunation. In addition, species that are able to 

disperse by fission, or that are mobile as mature colonies, would be able to 

colonise new ferns swiftly, as they can move in as a mature colony. 

5.3 Methods 

5.3.1 Field Methods 

Field work was carried out by Farnon Ellwood in primary forest around Danum 

Valley Field Centre. In order to determine whether the effect of fern size on 

ant community composition (Chapter 3) is related purely to the physical 

structure of the fern (as would be expected from ontogenetic succession), or 

is related to the time since the start of colonisation, ferns of a uniform size 

were sampled at different times after experimental defaunation. Initially, 

undisturbed ferns were sampled (referred to as ―pre-clearance ferns‖). This 

was carried out at two different heights: the high canopy (above 40m) and the 

understory (below 4m). As the upper canopy is hot and dry, it is possible that 

the fern-dwelling ant communities there are affected by desiccation more 

regularly than those in the understory, meaning that they are kept at an earlier 

successional stage. In addition, ferns high in the canopy may present a more 

remote colonisation target than those lower down. 
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Ferns were accessed using arborists‘ climbing techniques (Ellwood and 

Foster 2002a, b) and were collected directly into plastic bags. They were 

fogged using Pybuthrin 33 insecticide while still in bags and were then left for 

two hours and shaken to remove any fogged animals, which were collected. 

Ferns were then placed in mild detergent water baths in order to flush out any 

remaining animals, which were also collected. The fern roots and soil 

washings were inspected under a dissecting microscope to ensure that no 

ants had been missed. For further details of the field methods see Ellwood et 

al. (2009) and Ellwood (2002). It should be noted that it is not possible to 

assess the fern ant fauna without either removing all of the ants, as was done 

here, or destroying the fern itself (Appendix 4). This is why longitudinal studies 

of the changes in the ants present in individual ferns were not carried out. 

The defaunated ferns were then manipulated by trimming the root mass, or by 

adding extra root mass material from other ferns in order to ensure that all 

ferns were of a standard size of 2.2-3.4kg wet weight. These standardised 

ferns were then secured to branches using fishing nets and string and 

resampled using the same extraction methods after one month and eight 

months. Sample sizes are as follows: Pre-clearance: low – 46, high – 30; 1 

month: low – 20, high – 20; 8 months: low – 30, high – 31. 

5.3.2 Ant identification 

I identified ants to genus using keys by Hashimoto (2007) and Bolton (1994) 

and then assigned them to morphospecies, hereafter referred to as ―species‖. 

The speed at which different species recolonise the ferns will depend to an 

extent on their mode of dispersal/reproduction. Some species reproduce by 
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colony fission, i.e. new colonies are founded by a queen plus a group of 

workers from the original colony, or are highly mobile as mature colonies. 

Others reproduce using flying queens, which can disperse further than the 

walking colony fragments, but have a reduced probability of successful colony 

founding (Molet et al. 2008). For the genera collected during the course of this 

study, colonies of Diacamma and Leptogenys are known to be highly mobile, 

even when mature (Peeters and Ito 2001). Additionally, neither have winged 

female reproductives and consequently they both reproduce by fission 

(Peeters and Ito 2001, André et al. 2006). I therefore classified species from 

these two genera as being more mobile (as mature colonies) and the rest of 

the species present as being less mobile. Presumably the less mobile species 

are better at colonising new habitats over longer distances, since they 

reproduce by independent colony foundation of winged queens, and 

consequently their dispersal is not restricted by how far workers can walk. 

5.3.3 Statistical Analysis 

General Linear Models were used to quantify the changes in ant abundance, 

biomass and species density (species per fern) occurring over time at different 

heights. Abundance and biomass were log(x+1) transformed in order to 

achieve normality and homoscedasticity of residuals. Full models with the 

main effects of height and time after clearing, plus an interaction term, were 

fitted initially. Models were then reduced by removing non-significant terms 

starting with the interaction. Tukey simultaneous comparisons were used to 

assess the significance of pairwise differences between time periods. A single 
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fern in the one month understory gave rise to an outlying residual for ant 

abundance and so was removed from abundance analyses. 

Overall ant species richness was assessed using species accumulation 

curves. Curves for each of the six time/height treatment combinations were 

calculated from presence/absence data with the order of sample accumulation 

randomised 100 times in order to smooth the curves. This was carried out 

using the software EstimateS v7 (Colwell 2009). 

Relative abundance distributions were generated using ant species 

occurrences, since presence/absence data are more likely to reflect colony 

densities than abundance data (Longino 2000). Kolmogorov-Smirnnov tests 

(Sokal and Rohlf 1995) were used to compare the relative abundance 

distributions between time periods within heights and between heights within 

time periods. Comparisons were also made across time periods for 

communities collapsed across heights and vice versa. 

In order to assess turnover between heights and times, Sørenson‘s similarity 

index (Magurran 2004) was calculated between pairs of total ant faunas 

across heights and times. The same sets of comparisons as for relative 

abundance distributions were made. To assign significance values to these 

differences, ordination techniques were used. A Detrended Correspondence 

Analysis showed there to be high levels of turnover across the whole dataset 

(longest gradient length = 6.174) and so a unimodal Canonical 

Correspondence Analysis was used to assess the effects of environmental 

factors on ant species composition (Leps and Smilauer 2003). Species that 

occurred only once and ferns containing only a single ant colony were 
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excluded from analysis. A full model including the main effects of time and 

height and an interaction between these factors was fit using the R function 

―cca‖ in the package ―vegan‖ (Oksanen et al. 2009). This was then compared 

with simpler models without the interaction, and with the main effects 

removed, and the model with the lowest AIC (Akaike‘s Information Criterion) 

score selected (Maindonald and Braun 2007 p194). The changes in the 

dominance of mobile vs. less mobile species was assessed using Generalised 

Linear Models with binomial errors and a logit link function with the 

proportional abundance of mobile ants as the response variable. A full model 

was fit initially, including an interaction between height and time. This was 

then compared to simplified models without an interaction, and with different 

categories combined, again using the AIC. 

Overall degree of aggregation or segregation of species across ferns was 

assessed using the c-score (chequerboard score) with significance levels 

assessed using null models. Levels of congeneric co-occurrence were also 

assessed using null models. For full details of these analysis methods see 

Chapter 4. 

5.4 Results 

Ant abundance varied significantly with time (GLM: F2,173=20.75, P<0.001; 

Figure 5.1a), being lower in the one month post-clearance ferns compared 

with pre-clearance ferns (Tukey Simultaneous tests: T76,40=6.187, P<0.001), 

and then returning to pre-clearance levels in the eight month post-clearance 

ferns (1 month vs. 8 months: T40,61=5.283, P<0.001; Pre-clearance vs. 8 

months: T76,61=-0.729, P=0.789). There was no overall effect of height in the 
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canopy on ant abundance (GLM: F1,173=0.49, P=0.487), and no interaction 

between height and time after clearance (GLM: F2,171=0.28, P=0.758). 

The same pattern was found for ant biomass (Main effect of time: 

F2,173=15.26, P<0.001; Figure 5.1b), with one month post-clearance ferns 

supporting less ant biomass than either pre-clearance ferns (T76,40=-4.396, 

P<0.001) or eight month post-clearance ferns (T40,61=5.361, P<0.001). There 

was no difference in the ant biomass supported by pre-clearance and eight 

month post-clearance ferns (T76,61=1.327, P=0.382), no effect of height on ant 

biomass (F1,173=0.01, P=0.917), and no interaction in the effects of height and 

time after clearance on ant biomass (GLM: F2,171=0.31, P=0.731). 

Ant species density also followed this pattern (Main effect of time: 

F2,173=15.46; Figure 5.1c). The number of species decreased from nearly four 

per fern in pre-clearance ferns to just over two per fern one month after 

clearing (T76,40=-5.552, P<0.001). Eight month post-clearance ferns supported 

significantly more ant species than one month post-clearance ferns 

(T40,61=3.713, P=0.001). This recovery of species numbers was sufficient for 

there to be no significant difference in species density between pre-clearance 

and eight month post-clearance ferns (T76,61=1.925, P=0.135). There was no 

effect of height on species density (F1,173=0.77, P=0.382), and no interaction 

between the effects of height and time on species density (GLM: F2,171=0.78, 

P=0.462). 
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Figure 5.1 Changes in A) abundance, B) biomass and C) species density of 
ants in response to fern clearing at different heights. Times refer to intervals 
after clearance. High: High canopy (>40m). Low: Understory (<4m). Bars 
show means plus standard errors. Note the logarithmic scales on the y-axes 
of plots A and B. 
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Overall ant species richness, as assessed using species accumulation curves 

(Figure 5.2), was higher in the understory than in the high canopy at all three 

sampling times. For both high canopy and understory ferns, overall ant 

species richness was at its lowest one month after clearance, but had not yet 

completely returned to pre-clearance levels after eight months. However, 

there was a high degree of overlap between 95% confidence intervals for the 

different times. The shapes of relative abundance distributions did not differ 

between any of the time periods, or between heights (Figure 5.3, Table 5.1). 

 

Figure 5.2 Sample (fern) based species accumulation curves for the different 
treatments for A) high canopy ferns and B) understory ferns. To smooth the 
curves the order of accumulation was randomised 100 times. Sampling was 
carried out without replacement. Thick lines denote mean species richness. 
Thin lines denote 95% confidence intervals. 
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Figure 5.3 Relative abundance distributions for different times after clearance 
for A) fern-dwelling ants in the high canopy and B) fern-dwelling ants in the 
understory. There were no differences in the shapes of any of the pairs of 
curves (Table 1). 
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Table 5.1 Comparisons of the shapes of relative abundance distributions 
between different heights and times after clearance. There were no 
differences in the shape of any of the relative abundance distributions 
compared (Kolmogorov-Smirnov tests). D is the test statistic (the maximum 
difference between the ranked relative abundances), P the P-value, and n1 
and n2 the sample sizes for the two samples (total number of occurrences). 
Overall comparisons used data collapsed across categories i.e. collapsed 
across times to assess overall change with height and vice versa. 

 

 

Levels of species turnover between different heights and times varied 

extensively (Sørenson‘s index: min=0.21, max=0.74; Figure 5.4). Pre-

clearance ant communities in high canopy and understory ferns were similar 

(S=0.67), whereas one month post-clearance communities at different heights 

differed to a greater extent (S=0.21). In eight month post-clearance 

communities this similarity had become re-established in part (S=0.56). 

Communities in post-clearance ferns after one month and eight months were 

more similar to each other than either was to pre-clearance communities. 

There was a significant interaction between the effects of height and time after 
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clearance on fern-dwelling ant community composition (Figure 5.5, Table 5.2). 

The best fit model (lowest AIC) was one in which both time periods for post-

clearance ferns were combined and included an interaction between this 

factor and height in the canopy. 

 

 

 

 

Figure 5.4 Similarities of ant communities in the high canopy (>40m) and the 
understory (<4m) at different times after fern clearing. 1: Pre-clearance 
communities. 2: Communities one month after clearing. 3: Communities eight 
months after clearing. H: High canopy. L: Understory. Proportions above lines 
show Sørenson‘s index of similarity for pairs of communities. A value of one 
indicates that all species are shared, while a value of zero indicates that no 
species are shared. Line thickness is proportional to community similarity. 
Also displayed are the similarities for the communities collapsed across 
heights and times. 
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Figure 5.5 Ordination of ant species composition in relation to time after 
clearance and height in the canopy. Open points relate to pre-clearance ferns, 
grey points to ferns one month post-clearance, and black points to ferns eight 
months post-clearance. Triangles relate to ferns above 40m and circles to 
ferns below 4m. The best fit CCA was one in which all post-clearance ferns 
were combined, but including an interaction between time and height (Table 
5.2, see also Figure 5.4). 

 

Table 5.2 AIC scores for the different CCA models of species composition 
across times and heights. Times 1-3 refer to pre-clearance, 1 month post-
clearance and 8 months post-clearance fern-dwelling ant communities 
respectively. The model with the lowest AIC was one combining times 2 and 
3, and including an interaction between this combined time factor and height 
in the canopy. 

Model AIC F P 

Sp~Time*Height 
Sp~Time.1*Height 
Sp~Time.2*Height 
Sp~Time.3*Height 

549.7 
548.9 

551.7 
551.1 

2.56 
3.05 
2.02 
1.82 

0.005 
0.005 
0.005 
0.005 

 

-4 8

-6
6
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In general, the prevalence of individual genera followed the same pattern as 

that for overall abundance and biomass (Table 5.3), showing a decrease after 

clearing followed by a return to levels similar to pre-clearance ones in the 

eight month old communities. However, not all genera followed this pattern. 

The prevalence of Paratrechina and Camponotus in the high canopy was 

highest one month after clearance, while the pattern for these two genera in 

the understory was the same as that observed for the other genera, with an 

initial decrease after clearing followed by a recovery after eight months. 

Aphaenogaster also followed the usual pattern in the understory, and was 

present in 50% of the upper canopy pre-clearance ferns, but failed to 

recolonise any of the high canopy ferns after clearing. 

Ants with more mobile colonies were proportionally more abundant one month 

after clearance in the understory (Figure 5.6). The model with the lowest AIC 

(8031) was one in which the pre-clearance and eight month post-clearance 

communities were pooled, and included a significant interaction between the 

effects of height and time on the proportional abundance of ants with mobile 

colonies (Height*Time: Z=6.520, P<0.001). This difference was caused by the 

abundance of mobile ants in one month post-clearance understory ferns to be 

similar to that found in pre-clearance and 8 month post-clearance ferns, while 

less mobile ants were much less abundant. 

Ant communities in the different time and height categories were structured at 

random. There was no evidence that communities were structured 

deterministically as assessed by the c-score (Figure 5.7). Nor was it the case 

that congeneric colonies co-occurred less often than would be expected at 

random (Figure 5.8). 
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Table 5.3 Total species richness across all samples within each genus and 
the percentage of ferns in which that genus occurred within each experimental 
treatment. 

 

Figure 5.6 Changes in the abundance per fern of mobile and sedentary ants 
across the different treatments. Mobile species are defined as those known to 
move as a whole colony on a regular basis, and in this case comprise species 
belonging to the genera Diacamma and Leptogenys (Crewe 1994, CSIRO 
2009). While colonies of some of the other species are probably also very 
mobile, this is not well documented, and so only species in these two genera 
are included here. The proportional abundance of mobile ants was greatest in 
1-month post clearance ferns in the understory. The best fit model (AIC) was 
one combining pre-clearance and 8-month post-clearance groups, but 
including an interaction between this combined time factor and height. 
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Figure 5.7 None of the fern-dwelling ant communities were deterministically 
structured. The dotted lines denote the observed C-scores, while the 
histograms show the expected distribution of C-score values under the null 
hypothesis of colonies being distributed at random (with respect to ant 
species) between ferns. Pre-clearance: high, Chequerboard Units=4316, 
P(two tailed)=0.268; low, CU=10033, P=0.210; 1 month: high, CU=857, 
P=0.310; low, CU=547, P=0.314; 9 months: high, CU=2625, P=0.371; low, 
CU=3283, P=0.735. ―1 month‖ and ―8 months‖ refer to time since clearance. 
 

 

Figure 5.8 There was no evidence of reduced levels of congeneric co-
occurrence in ferns at different heights at different times after clearance. Pre-
clearance: high, observed co-occurrences=15, P=0.181; low, obs=22, 
P=0.265. One month post-clearance: high, obs=6, P=0.344; low, obs=0, 
P=0.367. Eight months post-clearance: high, obs=15, P=0.637; low, obs=5, 
P=0.096. The broken distribution in the low, one month post-clearance 
treatment is due to the way the analysis counts co-occurrences: the number of 
co-occurring colonies are counted i.e. one co-occurrence equates to a count 
of two. This only becomes apparent graphically when the x-axis range is 
small. 
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5.5 Discussion 

The effects of removing the ant fauna on ant abundance, biomass and 

species density were still detectable one month after the ferns had been 

replaced. These three responses had returned to pre-clearance levels after 

eight months. There was no effect of height in the canopy on abundance, 

biomass or species density, nor was the recovery of these responses affected 

by height in the canopy. This suggests that high canopy ferns are not 

sufficiently isolated such that the number of species colonising them is lower 

than those in the understory. In comparison to the findings of Chapter 3 

(Figure 5.9), one would expect to find a larger number of species in ferns of 

the size used in these experiments, even for the pre-clearance ferns. This is 

likely to be due to the differences in sampling techniques used. The ferns I 

sampled in Chapter 3 were dissected and placed in Winkler extractors. The 

experimental ferns in this chapter were sampled by fogging and inundation. 

This technique probably fails to sample cryptic species, which are unable to 

escape from the fern in response to these sampling techniques. For example, 

only two species of Strumigenys and one of Pyramica were found in 177 

experimental ferns, whereas I found six species of Strumigenys and four of 

Pyramica in 87 ferns sampled using Winkler extractors. 
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Figure 5.9 The experimental recovery of ant species richness in the context of 
the observed relationship between fern size and number of species (see 
Chapter 3). The arrow shows the recovery of species richness eight months 
after clearing. The arrow tail indicates complete clearing of ferns at zero 
months; the arrow head denotes the number of colonies per fern eight months 
after clearing. The broken line denotes the species richness of pre-clearance 
ferns from this chapter. Experimental ferns were all around 750g dry weight. 
Species richness almost recovers to pre-disturbance levels after eight months. 
Pre-clearance richness is lower than would be expected for ferns of this size, 
possibly due to differences in sampling methods. 

 

The complete recovery of the number of species after only eight months is of 

interest in the light of the relationship between number of species and size of 

fern (Figure 5.9). Unless the ferns grow very swiftly, this pattern suggests that 

the number of ant species is directly related to the size of the fern, rather than 

being a function of how long the fern has been there for (and the relationship 

with fern size merely being a correlative one). The only data that exist on the 

growth rates of bird‘s nest ferns are from surveys of oil palm plantations of 

different ages (Ed Turner, unpublished data). Since plantations are completely 

cleared at the start of each new growing cycle, ferns can only be as old as the 

plantation they inhabit, and the maximum size of ferns in plantations of a 
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particular age gives an idea of how fast these epiphytes can grow. The 

maximum dry weight of a bird‘s nest fern in 7-year-old oil palm plantation was 

511g (Ed Turner, unpublished data). This is smaller than the size of the 

experimental ferns used in this chapter. Even though it would take a fern more 

than seven years to grow to the size of those used in the experiments, it only 

took eight months for the experimental ferns to ―fill up‖ with ant colonies. It 

would seem that the size of the fern, rather than the period of time it has been 

available for colonisation, is most important in terms of how many ant colonies 

it supports. This would indicate that there is only a limited amount of space 

available in the ferns for ant colonies to live in, or that mated queens and 

mobile colonies can find larger ferns more easily than smaller ones. 

The recovery of community composition, on the other hand, was not complete 

even after eight months. This discrepancy between the recovery of number of 

species and species composition has also been observed at larger spatial and 

temporal scales: the recovery of ant species richness to levels observed in 

pristine forest after agricultural land is abandoned is relatively swift (20-40 

years), whereas the communities found after this period of time do not 

resemble those of mature forest (Dunn 2004). However, it should be noted 

that the changes in these communities is probably tied to the changing 

environment that they experience, rather than purely being related to 

interactions between species in the community. Curiously, the communities in 

the pre-clearance ferns were very similar at different heights, while the 

communities in the post-clearance ferns differed significantly with height. A 

possible explanation is that succession in these two height strata proceeds at 

different rates. The hot, dry microclimate in the upper canopy may ―reset‖ 
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succession more often (although one would then expect a difference in the 

pre-clearance ferns), or the higher, more remote ferns may present a 

colonisation target that is more difficult to reach for late-succession species. 

Previous experimental studies on the oribatid mites colonising artificial canopy 

habitats have demonstrated that habitat moisture content effects the mite 

species that are able to colonise it, and that moisture content and community 

composition change with height in the canopy (Lindo et al. 2008). A similar 

effect may be taking place in the fern-dwelling ant communities in my study. 

Even though the endpoints to succession are the same in high and low ferns, 

the ant communities after a short period of time differ because succession 

proceeds at differing rates in the two height strata. 

Previous studies of ant communities have found that community composition 

responses to disturbance are not easy to predict. In some cases the species 

(Ballinger et al. 2007) and genera (Bihn et al. 2008) found in the early stages 

of succession are a subset of those found later on. In others, habitats at 

intermediate stages of succession support species characteristic of both early 

and late succession, as the habitat itself is a mosaic of early and late 

succession habitats (Osorio-Perez et al. 2007). Perhaps the communities 

found in the post-clearance ferns in my study represent a range of 

successional stages, and so have a degree of overlap with the pre-clearance 

ferns, while still supporting some distinct species (Figure 5.5). This would 

make sense if succession in different ferns within a height/time compartment 

proceeds at different rates. 

Ant species that are able to move around as mature colonies, either following 

colony fission, or independently of reproduction, were able to recolonise the 
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understory ferns more swiftly than species with independent colony foundation 

(ICF). Presumably colonisation by ICF is a more lengthy process than colony 

migration, since ICF queens must start from scratch. It seems unlikely that 

colonies founded by ICF would be able to reach their full size after one month. 

The opposite pattern was observed in the one month post-clearance ferns in 

the high canopy. Here it was the ICF colonies that dominated, in the same 

way as they did in the pre-clearance and eight month post-clearance ferns. 

High canopy ferns are likely to be less connected to the rest of the forest than 

understory ferns, which is likely to make a difference for species that colonise 

by fission/migration, but not for ICF species. However, this does not seem to 

be a traditional competition-colonisation tradeoff, as the abundances of 

fission/migration species do not decrease in the eight month post-clearance 

ferns relative to the one month post-clearance ferns. Perhaps these two 

groups that have different dispersal strategies do not compete with each 

other. This echoes my finding in Chapter 4 that species from different genera 

do not compete. 

The uniformity of the shapes of the species abundance distributions across all 

times and heights is not what would be expected across a gradient of 

disturbance. A commonly observed pattern in disturbed habitats is for one 

species to become highly abundant at the expense of others, giving rise to a 

highly non-uniform species abundance distribution (Hill and Hamer 1998, 

Magurran 2004). In undisturbed habitats the species abundance curve is 

expected to be more uniform, with individuals spread more evenly between 

species. The fact that the shapes of the species abundance curves for the one 

month post-clearance ant communities are no different to the pre-clearance 
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communities is therefore surprising. Perhaps this is because the species 

pools for the pre-clearance and experimental ferns are the same: they are the 

species that are present in primary forest. Even though the species found in 

ferns at different successional stages are different, these are all still primary 

forest species coming from a primary forest species pool. Consequently, they 

all show a characteristic low-dominance, high evenness, species abundance 

distribution. In addition, the changes in relative abundance distributions 

normally observed may be related to succession caused by changes in the 

physical characteristics of the environment (e.g. the succession of ant species 

in a regenerating forest), rather than to assembly of species over time in an 

unchanging physical environment, such as in the experimental ferns. 

There was no species aggregation or segregation within any of the time/height 

combinations as assessed by the c-score metric. This result is the same as 

that seen in Chapter 4, where no effect was found for a sample of ferns of a 

variety of sizes and heights. This finding of randomness in species 

associations reflects that found in previous studies, where ant species in 

pristine rain forest have been found not to be positively or negatively 

associated (Floren and Linsenmair 2000, Floren et al. 2001). But some of the 

ant communities in this chapter, particularly those from the one-month post-

clearance ferns, were highly disturbed, and therefore we might expect them to 

show the more deterministic patterns of species associations characteristic of 

ant communities in disturbed habitats (Taylor 1977, Dejean et al. 1997, Floren 

et al. 2001, Blüthgen and Stork 2007). This might be related to the power of 

the tests carried out on the communities from different disturbances. The 

sample sizes of ferns from one-month post-clearance were lower than those 
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for pre-clearance and eight-month post-clearance ferns. Consequently, it is 

less likely that a non-random result would be picked up, even if species 

occurred non-randomly in these communities. Alternatively, the lack of 

determinism in the disturbed communities might be related to the species 

pools from which fern colonists originate. The disturbed habitats for which 

deterministic patterns have been observed are large continuous blocks of 

habitat. However, the disturbed ferns are surrounded by pristine forest. 

Perhaps the lack of determinism in the fern-dwelling ant communities reflects 

the stochasticity of the pool of potential ant colonists. 

In contrast to the findings reported in Chapter 4, there was no evidence that 

congeneric species were less likely to co-occur than non-congeneric species 

for any of the time/height combinations. Again, this may be related to the 

power of the tests. Forty six and 30 pre-clearance ferns were sampled from 

the understory and high canopy respectively, whereas 87 ferns were sampled 

in Chapter 4. Additionally, the fact that some ant genera were not well 

sampled by the protocol used here will further reduce the power of these 

tests. Five out of the six species/height combinations analysed here showed a 

lower number of congeneric co-occurrences than the median null expectation 

(Figure 5.8), with only the eight month post-clearance community from the 

high canopy having a greater number of co-occurrences, indicating that 

further sampling might have lead to the discovery of similar patterns to those 

observed in Chapter 4. 

Other studies of arthropod recolonisation of experimentally placed canopy 

habitats have demonstrated similar patterns to this one. The decomposers 

from the ferns manipulated in this study were stochastically assembled within 
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time/height compartments, but deterministically assembled between them 

(Ellwood et al. 2009). This suggests ecological equivalence between 

arthropods in this guild within a time/height compartment, but niche 

differentiation between those in different compartments. The colonisation 

dynamics of canopy habitats may be important in determining the ecosystem 

functions that their arthropod inhabitants can provide. Wardle et al. (2003) 

showed that the decomposer community composition in epiphytic lilies in New 

Zealand changes with the size of habitat, and differs between tree species. 

They also showed that a variety of decomposition-related ecosystem 

processes varies in a similar manner. 

In conclusion, the existence of a temporal aspect of ant niches is a 

contributing factor in the maintenance of ant species diversity in bird‘s nest 

ferns. Ferns are swiftly colonised by their full complement of ant species after 

disturbance events. However, these are not the same species that inhabited 

the ferns prior to disturbance. Recovery of pre-clearance communities is likely 

to take in excess of eight months. Consequently, ant species diversity is 

maintained in part by the existence of a mosaic of ferns at different stages 

after disturbance. 
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6 What are the error rates for null model analyses of species co-

occurrence? 

6.1 Summary 

Null models of species co-occurrence are widely used to indirectly investigate 

various ecological processes. The c-score (chequerboard score, Stone and 

Roberts 1990) is one of the most commonly applied metrics in this context 

and its popularity is increasing. Here I investigate the susceptibility of this 

metric to type 1 and type 2 errors using simulated datasets with a range of 

numbers of sites, species and variances in species abundance. I find that the 

c-score is particularly susceptible to type 1 errors when applied to matrices 

with large numbers of sites and species and with low variances in species 

abundance. As expected, type 2 error rates decrease with increasing numbers 

of sites and species, although they increase with increasing variance in 

species abundance. Despite this, power remains acceptable over a wide 

range of parameter combinations. In order to overcome the problem of high 

type 1 error rates, I propose two potential solutions: 1. Lowering the critical p-

value for tests of significance of the c-score from 0.1 to 0.05. 2. Increasing the 

number of swaps used to generate null distributions to 30,000, as has already 

been suggested by Lehsten and Harmand (2006). Using simulated datasets I 

show that these solutions have minimal impact on the power of the test, while 

dramatically decreasing its tendency to reject falsely the null hypothesis. 

Finally, I demonstrate that even using these solutions, very large datasets still 

suffer from high type 1 errors. Such datasets therefore require the use of very 

large numbers of swaps, or highly conservation p-values. 
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6.2 Introduction 

Most ecological processes, including competition (e.g. Connell 1961), 

predation (e.g. Krebs et al. 1995), parasitism (e.g. Feener 1981), mutualism 

(e.g. Frederickson et al. 2005), and differences or similarities in resource use 

(e.g. Holdaway and Sparrow 2006) lead to species not occurring at random 

with respect to one another. It is common for ecological studies to make 

inferences on these processes from patterns of species presence and 

absence collected from a variety of locations. There are several metrics that 

can be used to describe patterns of co-occurrence, and statistical testing is 

usually carried out by comparing an observed metric to a distribution of the 

metric under the null hypothesis (Connor and Simberloff 1978). The use of 

such null models of species co-occurrence is on the increase (Figure 6.1a), 

particularly as they serve as a crude method of assessing the importance of 

stochasticity in structuring communities, a subject of interest to those studying 

neutral theory (Hubbell 2001, Gotelli 2006, Ellwood et al. 2009). 
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Figure 6.1 A) The number of publications in the period 1981-2008 listed on 
Web of Science (2009) found using the search term ―null model* AND 
(cooccurrence* OR co-occurrence*)‖. B) The distribution of 271 matrix sizes 
from 47 publications (see Appendix 5 for sources). The majority of datasets 
(241/285, 85%) fall within the range 0-100 species/0-100 sites. 
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One such metric for assessing species co-occurrence in this way is the c-

score, originally proposed by Stone and Roberts (1990). It counts the number 

of pairs of species occurring exclusively on separate sites for all pairs of 

species and all pairs of sampled sites. The availability of free software to test 

the significance for this score using null models (Gotelli and Entsminger 2007) 

has lead to it becoming one of the most popular methods for detecting 

patterns of co-occurrence. The metric has been used in a wide variety of 

contexts, for example, in the study of plant communities on different 

topographies (Badano et al. 2005), parasite communities in fish (Loot et al. 

2007), the effects of habitat fragmentation on geckos (Rugiero et al. 2007) 

and the effects of fire disturbance on terrestrial vertebrates (Sarà et al. 2006). 

Gotelli and McCabe (2002) carried out a meta-analysis of published 

presence/absence matrices using the c-score and found that there was less 

co-occurrence than one would expect by chance. They also found that this 

effect was greater for homeotherms than poikilotherms and postulated 

reasons why this might be the case. 

Despite this extensive use, only limited work has been carried out to 

investigate how susceptible the c-score is to type 1 and type 2 errors. Gotelli 

(2000) assessed error rates for the c-score, but did so using only a single data 

matrix for each type of error. The most commonly used randomization method 

for generating null matrices, the sequential swap, has been shown to be 

slightly conservative compared with completely randomized matrices (Lehsten 

and Harmand 2006), although this was not looked at in relation to any 

properties of the matrices themselves. Kelt et al. (1995) assessed type 2 error 

rates for a similar ―favoured states‖ null model designed not only to detect 
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deviances from randomness, but also to assess the strength of putative 

competitive interactions, and found power to be reasonably high. It has been 

noted that for large matrix sizes (large numbers of species and sites) the c-

score becomes particularly susceptible to type 1 errors (Ulrich and Gotelli 

2007) but this has not been formally investigated. Nor has there been any 

work carried out on the effects of variance in species abundance on error 

rates for the c-score or indeed any other metric of species co-occurrence. This 

might be of particular importance when communities from habitats with 

different species abundance distributions are compared, as is often the case 

in studies of the impacts of habitat conversion. Given the widespread use of 

the c-score it is of vital importance to know how often it gives false positive 

results and how powerful it is at detecting trends when applied to a variety of 

datasets. 

Here I investigate type 1 and type 2 error rates for the c-score by applying it to 

large numbers of simulated matrices in which species are either randomly 

assigned to samples (to assess type 1 errors) or where there is some 

structure to the matrices (to assess type 2 errors). I vary the size of the data 

matrix (number of species and sites) and the variance in species abundance 

in order to assess the effects of these parameters on the error rate. To 

counter problems with high type 1 error rates I investigate two potential 

solutions: increasing the number of swaps used in generating the null 

distribution, and decreasing the critical p-value used in testing the significance 

of the c-score metric. I also test some extremely large matrices, to see 

whether problems with type 1 errors are exacerbated in the analysis of very 

large datasets. 
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6.3 Methods 

Type 1 errors were tested using species/sites matrices of a range of 

dimensions (10-100 species, 10-100 sites, both in steps of 10) while species 

abundances were lognormally distributed with a range of variances (0, 1, 10). 

Species abundances from a wide range of communities follow a lognormal 

distribution (Magurran 2004). All matrices were randomly filled with the 

constraint of following the relevant species abundance distribution. The mean 

number of occurrences per row for any matrix was half the number of sites for 

that matrix. Five thousand matrices were generated for each combination of 

species/sites/variances giving a total of 2 million matrices. Each matrix was 

tested for a significant c-score using 5000 randomizations per matrix, fixed 

column and row sums (as recommended by Ulrich and Gotelli (2007)), and 

the sequential swap randomization algorithm. To give an estimation of the 

type 1 error, I recorded the number of times p was less than 0.05 for each tail 

for each combination of parameters. For such a test the type 1 error should 

therefore be 0.1. 

Type 2 errors were tested by applying the c-score test to structured matrices 

that were then progressively disordered. Structured matrices (noise=0) were 

constructed as ―perfect squares‖ with two sets of species co-occurring 

exclusively within their own sets (Figure 6.2a). For variances greater than 0, 

this was not possible and the equivalent maximally ordered matrices were 

used (Figure 6.2b). To introduce noise I swapped randomly selected pairs of 

cells within each row (i.e. I swapped around the sites at which species were 

observed) following Gotelli (2000). Each pair was only swapped once and the 

noise of any given matrix is defined as the proportion of cells swapped in each 
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row. For example, for a 20 by 20 matrix, five pairs of cells would be swapped 

to give a noise level of 0.5. Noise ranged from 0.0 to 0.8 in steps of 0.2 (a 

noise level of 1.0 being equivalent to the completely random matrices used in 

testing the type 1 error). The combinations of number of sites, number of 

species, and variances in species abundance used were the same as for 

testing type 1 errors. One thousand matrices were generated for each 

combination of parameters, making a total of 2 million matrices. Each matrix 

was tested using the same settings as for type 1 errors. To give an estimate of 

power I recorded the number of times p<0.05 for either tail. Ideally power 

should be greater than 0.8 (Cohen 1992). 

 

 

Figure 6.2 Ordered matrices with variances in species abundance of 0 (a) and 
1 (b). 

 

To combat the problem of high type 1 error rates I tested two approaches. 

First, I reran the analysis of type 1 and type 2 error rates using 30,000 swaps 

instead of 5,000 swaps to generate null matrices against which to test the c-

score. This larger number of swaps has been suggested by Lehsten and 

Harmand (2006) as being sufficient for the majority of matrices. Second, I 

a) b)

A B C D E F G H I J A B C D E F G H I J

Sp1 1 1 1 1 1 0 0 0 0 0 Sp1 1 1 1 1 1 1 1 1 1 0

Sp2 1 1 1 1 1 0 0 0 0 0 Sp2 1 1 1 1 1 1 1 1 0 0

Sp3 1 1 1 1 1 0 0 0 0 0 Sp3 1 1 1 1 0 0 0 0 0 0

Sp4 1 1 1 1 1 0 0 0 0 0 Sp4 1 0 0 0 0 0 0 0 0 0

Sp5 1 1 1 1 1 0 0 0 0 0 Sp5 1 0 0 0 0 0 0 0 0 0

Sp6 0 0 0 0 0 1 1 1 1 1 Sp6 0 0 0 0 0 0 0 0 0 1

Sp7 0 0 0 0 0 1 1 1 1 1 Sp7 0 0 0 0 0 0 0 0 1 1

Sp8 0 0 0 0 0 1 1 1 1 1 Sp8 0 0 0 0 1 1 1 1 1 1

Sp9 0 0 0 0 0 1 1 1 1 1 Sp9 0 1 1 1 1 1 1 1 1 1

Sp10 0 0 0 0 0 1 1 1 1 1 Sp10 0 1 1 1 1 1 1 1 1 1
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reduced the critical p-value used for each test of significance of the observed 

metric from 0.1 (0.05 per tail) to 0.05 (0.025 per tail) while using the original 

number of swaps (5,000). 

While the majority of analyses in the literature are conducted on matrices 

within the range of 10-100 sites and 10-100 species (Figure 6.1b), the 

analysis of much larger datasets is becoming more common. I tested the type 

1 error rates for 1000 randomly generated matrices with 900 sites and 400 

species. For this analysis I employed an intermediate variance in species 

abundance of 1, and 30,000 swaps to generate null matrices. The largest 

number of sites in a matrix analyzed using null model techniques found during 

our literature survey (Figure 6.1) was 890 (Helmus et al. 2007) while the 

largest number of species was 399 (Behnke et al. 2005). A matrix of 900 sites 

and 400 species therefore represents the maximum size of matrices currently 

analyzed using null models. 

For some pilot work, generation of matrices and randomisation was carried 

out using code written in R (R Development Core Team 2009) and run on 

multiple laptops. For the rest of the work, code was written in C and was run 

on CamGrid, a distributed computing resource maintained by the University of 

Cambridge, UK. This work was carried out in collaboration with Andrea 

Manica, who assisted with programming in R, and converted the code into C 

so that large numbers of swaps could be carried out more swiftly. 

6.4 Results 

The proportion of type 1 errors increased both with number of sites and 

number of species but decreased with higher variance in species abundance 
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(Figure 6.3). As the critical p-value for the two-tailed test is 0.1, the acceptable 

type 1 error for this test is also 0.1. The region with error of less than 0.1 was 

restricted to matrices with very small numbers of species and sites. For large 

matrices, particularly at low variances in species abundance, the type 1 errors 

were unacceptably large. 

The c-score statistic proved to be very powerful at detecting patterns, even at 

high noise levels (Figure 6.3). As would be expected, power decreased with 

increasing noise and decreasing numbers of sites and species, but also 

decreased with increasing variance in species abundance. Power was greater 

than the acceptable minimum of 0.8 for most combinations of sites and 

species up to a noise level of 0.6. Even with 80% of the cells in each row 

randomized, power was still high for larger matrices. 

Running the analysis using 30,000 swaps instead of 5,000 reduced the type 1 

error rate substantially without affecting the power of the test (Figure 6.4). 

Type 1 error remained acceptable over a much wider range of species/site 

combinations, while still being lowest at high variance in species abundance. 

For example, for a matrix with 100 species and 100 locations with variance in 

species abundance of 1, type 1 errors decrease from 0.164 with 5,000 swaps 

to 0.116 with 30,000 swaps. However, type 1 errors still increased slowly with 

matrix size, with error rates reaching 0.12 for the largest matrices at variances 

in species abundance of 0 and 1. 

Reducing the critical p-value for the two-tailed test of significance of the c-

score from 0.1 to 0.05 reduced the type 1 error rate substantially and only 

adversely affected the power of the test to a small extent (Figure 6.5). Again, 
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Type 1 error remained acceptable over a wide range of species/site 

combinations and was lowest at high variance in species abundance. Loss of 

power occurred across all matrices, although this was not very pronounced. 

Using the same data matrix as above as an example, the type 1 error is 

reduced from 0.164 to 0.115, while the power at a noise level of 0.8 is not 

detectably affected, remaining at 1. For a smaller matrix (species=50, 

locations=50, variance=1, noise=0.8), the loss of power was detectable, but 

low (with critical p-value of 0.1, power=0.984; with critical p-value of 0.05, 

power=0.976, a loss of 0.8%). 

For very large matrices (900 locations, 400 species), type 1 errors were very 

high. Using 30,000 swaps to generate null distributions of the c-score metric, 

40.0% of random matrices gave false positive results. Reducing the critical p-

value from 0.1 to 0.05 for these matrices reduced the type 1 error rate, but 

only marginally, to 34.8%. 
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Figure 6.3 Type 1 and type 2 errors incurred by the c-score method of 
assessing patterns of species co-occurrence for a range of numbers of sites, 
numbers of species and variances in species abundance. Type 1 errors were 
estimated using completely randomized matrices, while type 2 errors were 
estimated by progressively randomizing ordered matrices. All errors are given 
for a critical p-value of 0.1 (two-tailed). 5,000 swaps were used to generate 
null matrices for testing the significance of the metric. 
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Figure 6.4 Type 1 and type 2 errors incurred by the c-score assessed in the 
same way as for Figure 6.3, but using 30,000 swaps in the generation of each 
of the null matrices for testing the significance of the metric. 
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Figure 6.5 Type 1 and type 2 errors incurred by the c-score assessed in the 
same way as for Figure 6.3, but using a reduced two-tailed critical p-value of 
0.05, rather than one of 0.1. 
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6.5 Discussion 

As expected, larger matrices gave greater power for detecting a signal for a 

given noise level. But the probability of incorrectly detecting a signal in truly 

random data (type 1 error) also increased with matrix size, confirming the 

suspicions of Ulrich and Gotelli (2007). This is problematic, as we have the 

unusual situation in which it is worse to have a larger sample size. It may be 

the case that the sequential swap algorithm used to produce the randomized 

matrices in EcoSim does not sample the total possible set of matrices with 

fixed row and sum totals in an unbiased way. For larger numbers of sites and 

species the universe of possible matrices becomes larger. Consequently the 

efficacy of an algorithm that uses a fixed number of iterations and that 

traverses this universe (rather than sampling it independently) to adequately 

sample all possible matrices decreases. 

Such a bias in the algorithm has been noted before by Manly and Sanderson 

(2002), who claimed that the sequential nature of the randomized matrices 

produced means that they are not independent and can therefore give rise to 

significant results when used on random matrices. But Gotelli and Entsminger 

(2003) were unable to replicate this result and reasserted that the sequential 

swap is a suitable algorithm to use for the generation of null matrices. 

Nonetheless, such a bias might go some way to explaining the preponderance 

of significant results I found in completely random matrices. If the 

randomization algorithm over-sampled the middle ground of possible c-score 

value matrices, this would result in a greater probability of accepting the 

observed c-score as being significant. This bias would be greater with larger 



126 
 

matrices, as the number of iterations carried out by the sequential swap 

algorithm remains the same, but the number of possible matrices increases. 

For matrices with high variance in species abundance, type 1 errors are less 

pronounced than in those with low variance, which is reassuring as most real 

datasets fall into this category. But it is also more difficult to detect real trends 

in high-variance matrices. This overall tendency towards acceptance of the 

null hypothesis when dealing with high variances in species abundances may 

be due to the smaller number of potential checkerboard pairs in these 

matrices. In the extreme case, if half of the species were present in all sites 

and the other half were absent from all sites, the observed number of 

checkerboard pairs would be zero and all possible randomizations would yield 

the same result. If most species occur at all or very few sites, then there will 

be a low probability of getting a significant result, regardless of whether or not 

a signal is really present in the data. 

The tendency to reject falsely the null hypothesis can be overcome either by 

adjusting the critical p-value of the test in question or by using a larger number 

of swaps to produce the null distribution of the c-score. These adjustments 

have only a minimal effect on the power of the test. It may even be possible to 

tailor p-values to a particular data matrix. The precise nature of the tradeoff 

between type 1 and type 2 errors can be judged by inspection of figures 6.3-

6.5, and a particular critical p-value or number of swaps be selected for a 

particular dataset, given its size and variance in species abundance.  

For large datasets these solutions do not work: type 1 errors remain 

unacceptably high. Therefore, I would recommend that when analyzing large 
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datasets, either that critical p-values be lowered even further, or that a 

correspondingly large number of swaps (>>30,000) are used. In these cases, 

the analysis could be repeated with progressively larger numbers of swaps 

until the p-value stabilizes. The current EcoSim software (Gotelli and 

Entsminger 2007), does not allow for numbers of swaps larger than 50,000. 

For such analyses, the R function oecosimu (Oksanen et al. 2009) can be 

used. However, analysis involving ―tweaking‖ of p-values can be carried out 

using the existing EcoSim software as it provides precise p-values as part of 

its output. 

I have demonstrated that the c-score, a widely used metric for the detection of 

patterns of species co-occurrence, is highly vulnerable to type 1 errors, 

particularly when dealing with large numbers of sites and species, and with 

low variances in species abundance. It is probable that many previous studies 

have made type 1 errors when using the C-score, and have inferred the 

presence of segregation between species when none exists. I recommend 

reducing the critical p-value used for these tests or increasing the number of 

swaps used in order to overcome this problem and allow the continued use of 

this powerful community analysis tool. 
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7 What are the impacts of oil palm expansion on ants? 

7.1 Summary 

Oil palm cultivation is expanding rapidly into many of the most biodiverse 

tropical regions. One of the most functionally important animal groups in these 

tropical environments is the ants. Here, for the first time, I quantify the impacts 

of clear-felling lowland dipterocarp rain forest and conversion into oil palm 

plantation on ant diversity from range of microhabitats in Sabah, Malaysia, 

using collections made by Ed Turner. He sampled canopy ants, ants nesting 

in bird‘s nest ferns (Asplenium spp., common in oil palm plantations as well as 

in forest), and leaf litter dwelling ants, which I subsequently identified. Total 

ant species richness decreased from 309 to 110 (-64%) between forest and oil 

palm plantation. However, this impact was not the same across all 

microhabitats, with bird‘s nest ferns maintaining almost the same number of 

ant species in oil palm as in forest (forest→oil palm, ferns: 36→35 (-3%), 

canopy: 120→58 (-52%), leaf litter: 216→56 (-74%)). Relative abundance 

distributions were also the same in the fern-dwelling ants across habitats, but 

became less even in canopy and leaf litter ant communities in plantation. 

These differences may be due in part to the ability of bird‘s nest ferns to 

provide a stable microclimate in hot, dry plantations. Oil palm ant communities 

comprised a mixture of forest species and non-native tramp and invasive 

species. These non-native species were significantly more abundant in oil 

palm than in forest habitat. In contrast to previous studies of oil palm ant 

communities, I did not find an ant mosaic in the oil palm canopy. This may be 

because fogging samples ant communities at larger scales than the methods 
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used in previous studies and is therefore more likely to sample the territories 

of multiple dominant ant species. This difference in sampling techniques is a 

potential explanation for the discrepancy between studies finding mosaics in 

agricultural habitats and those failing to find them in natural forests. Although 

oil palm supports many more ant species than has been previously reported, 

converting forest into plantation still leads to a dramatic reduction in species 

richness, which is likely to impact on the ecosystem services that this group 

provides. Quantification of these ecosystem services under differing land 

uses, and investigation of potential management techniques to sustain them, 

should be an urgent research priority. 

7.2 Introduction 

Habitat change is perhaps the major global threat to biodiversity. The 

extraction of resources and the continuing development of agricultural land is 

an ongoing cause of many species extinctions (Tilman et al. 2001). One of the 

most rapidly expanding agricultural land uses is that of oil palm plantation with 

the area of mature oil palm increasing by 7% annually (Carter et al. 2007, 

Figure 7.1 ). Oil palm (Elaeis guineensis Jacq.) is native to West Africa but is 

now cultivated throughout the tropics, owing to its higher yields per unit area 

than other oil-producing crops. With demand for palm oil for use as food and 

biofuel set to increase (Carter et al. 2007, Corley 2009), the rate of expansion 

is unlikely to slow in the near future. Since the majority of terrestrial 

biodiversity is supported in the tropical environments in which oil palm grows 

best (Fitzherbert et al. 2008) and much oil palm expansion is into forested 

areas not already under cultivation (Koh and Wilcove 2008), this is a cause for 
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concern. In fact, the most rapid expansion of oil palm plantation has taken 

place in some of the countries with the highest densities of threatened species 

(Turner et al. 2008). 

 
 

 
 

Figure 7.1 Oil palm plantation (top left) expanding into forest in Kalimantan, 
Indonesia. Satellite image copyright Google Earth. 

 

Consequently, it is vital that we understand the ecological consequences of 

converting natural habitats into oil palm plantation. Documenting the resulting 

loss of species and ecosystem services will inform decisions over whether to 

expand plantations and make them more biodiversity friendly, or intensify 

production of current areas in combination with land sparing (Green et al. 

2004). In the light of this, it is concerning how little is known about the impacts 

of converting different habitats into oil palm plantation, with less than 1% of 
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research carried out on oil palm being focused on biodiversity and 

conservation (Turner et al. 2008). In addition, the oil palm industry has 

repeatedly claimed that oil palm expansion has no impact on biodiversity, 

despite the fact that all current evidence indicates that this is not true (Koh 

and Wilcove 2009). 

The known impacts of conversion to oil palm plantation on different taxa are 

somewhat idiosyncratic, particularly when changes in abundance are taken 

into account (Figure 7.2). It has recently been found that the abundances of 

different arthropod groups show varied responses to habitat conversion, with 

some groups becoming more dominant and others less so (Turner and Foster 

2009). One pattern that does emerge is that taxa with large numbers of 

individuals and species show decreases in both of these numbers in response 

to conversion, whereas the responses of taxa with small numbers of species 

and individuals tend to be more idiosyncratic (Figure 7.2). Since responses 

are not uniform across all taxa, it is vital that these impacts are properly 

documented for all relevant groups, in particular those that provide ecosystem 

functions (e.g. Koh 2008a). 

One of the most ecologically dominant groups of animals in tropical 

environments is the ants (Hölldobler and Wilson 1990). They comprise a large 

proportion of animal biomass and perform important ecosystem functions 

such as predation, soil turnover, and seed dispersal (Alonso and Agosti 2000). 

To date, three studies have directly compared forest ant communities with 

those in oil palm plantations using the same techniques in both habitats 

(Room 1975, Taylor 1977, Brühl and Eltz 2009). These all documented 

reductions in species richness in plantations compared to forest. However, all 
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three used methods that only sample a subset of ant communities. One relied 

on visual identification in the field (Taylor 1977), a second on hand collecting 

within quadrats located on the ground (Room 1975) and a third used a 

combination of tuna baiting and hand searching around baiting sites (Brühl 

and Eltz 2009). This is reflected in the low species richness of the forest sites 

in these three studies (24, 50 and 26 respectively). Two other collections have 

been made of ants from oil palm plantations, both of which found low ant 

species richness, but neither compared the communities found to those in 

forest (Dejean et al. 1997, Pfeiffer et al. 2008). Consequently, the genuine 

impacts of the conversion of forest to oil palm plantation on whole ant 

communities are not clear. 

The ecosystem services that an ant community provides will depend to some 

extent on which species are present at the highest abundances. There has 

long been interest in the outcome of interactions between dominant ant 

species, particularly in plantations (including oil palm), where the outcome has 

economic implications. Where two or more dominant ant species exist in a 

mutually exclusive spatial pattern and are associated with particular 

subordinate species this is known as an ant mosaic (Blüthgen and Stork 

2007). Such a mosaic was reported in plantations in Cameroon by Dejean et 

al. (1997), who also found that the two dominant species had opposite effects 

on herbivore attack rates on oil palms. While the existence of ant mosaics is 

well known in ant communities on agricultural land, their importance in natural 

systems is more contentious (Blüthgen and Stork 2007). It seems likely that 

increasing levels of human disturbance in general can cause an increase in 

determinism in ant communities (Floren et al. 2001). 
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Figure 7.2 The impacts of converting primary rain forest into oil palm 

plantation on the abundance and species richness of different taxa. Arrow tails 

denote primary forest communities and arrow heads oil palm communities. 

Where multiple oil palm plantations were surveyed, or multiple techniques 

used to sample a single taxon (but where sampling effort was equivalent in 

both habitats) average values are used. Data sources: ants (Room 1975), 

bats and primates (Danielsen and Heegaard 1995), bees (Liow et al. 2001), 

beetles (Chung et al. 2000), birds (Peh et al. 2006), dung beetles (Davis and 

Philips 2005), isopods (Hassall et al. 2006), lizards (Glor et al. 2001), 

mosquitoes (Chang et al. 1997), moths (Chey 2006). Note that studies where 

collection methods differed between habitats and those that do not provide 

abundance data are not included. 

 

Most studies of the biodiversity impacts of conversion to oil palm plantation do 

not distinguish between the effects of conversion on animal communities in 

different microhabitats. This factor is likely to be particularly important for 

small animals such as insects, which may be reliant on a particular part of the 

environment. Such an effect was demonstrated by Turner and Foster (2009), 
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who found that the impacts of habitat conversion varied between arthropods 

inhabiting leaf litter on the ground, epiphytic ferns, and the lower canopy. In 

fact, increasing heterogeneity in agricultural habitats in general (Benton et al. 

2003) and in oil palm in particular (Koh 2008b) has a positive impact on 

biodiversity, presumably as a result of an increase in the number of available 

niches.  

One way in which habitat heterogeneity can be increased is by encouraging 

the growth of epiphytes. A number of species of epiphyte are known to grow 

in oil palm plantations, where the cut frond stumps provide an ideal 

germination site (Nadarajah and Nawawi 1993). One of the most abundant of 

these in SE Asian plantations is the bird‘s nest fern (Asplenium spp., Figure 

7.3). The ferns function in the same way as in primary forest, as litter basket 

epiphytes. They intercept falling leaf litter, the decomposition of which 

provides the plant with nutrients. This accumulation of leaf litter provides a 

buffered microclimate away from the hot dry conditions of the oil palm matrix 

(Turner and Foster 2006), and consequently is an ideal habitat for many 

groups of arthropods (Turner and Foster 2009). In some plantations ferns are 

removed in order to facilitate the collection of oil palm fruits (Piggott 1996), 

presumably resulting in a trade-off between efficiency of harvest and 

biodiversity. 

Here I quantify how conversion of primary forest into oil palm plantation 

impacts on the composition and dynamics of ant communities across a variety 

of microhabitats (ground leaf litter, bird‘s nest ferns and lower canopy) by 

identification of ants collected from existing areas of these two land-use types. 
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Figure 7.3 Bird‘s nest ferns are highly abundant in oil palm plantations and 
grow to very large sizes (Photo credit: Jake Snaddon). 

 

7.3 Materials and Methods 

7.3.1 Study site 

Collections of ants were made from primary forest and oil palm plantation in 

Sabah, Malaysia by Ed Turner as part of work on whole arthropod 

communities (Turner and Foster 2009). Forest sites were located in Danum 

Valley Conservation Area (117°49'E, 5°01'N, altitude 170m) in lowland 
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evergreen dipterocarp rain forest. Oil palm plantation sites were located on 

the Sebrang Estate (118°35'E, 5°02'N, altitude 150m) and had been planted 

between 1984 and 1988. All collections were made between 10 May and 18 

June 2002. Twenty sites were identified in both forest and oil palm habitats 

with each collection site being centred on a fern. The size range of ferns 

collected from both habitats was comparable. Since the objective was to 

document the change in the ant community, including any changes due to a 

difference in the species composition of ferns, and as it is problematic to 

distinguish between species of fern in the field, because they show few useful 

morphological characters (Murakami et al. 2000), bird‘s nest ferns were 

sampled randomly with respect to species. Within primary forest, there is no 

effect of species of fern on ant community composition (Chapter 3). Ferns in 

primary forest were probably a mixture of Asplenium nidus L. and Asplenium 

phyllitidis (D. Don) (Fayle et al. In press, Chapter 2), while all ferns in oil palm 

plantations were probably A. nidus (Nadarajah and Nawawi 1993, Piggott 

1996). Ferns collected ranged between 1m and 6m in height above ground 

level. 

7.3.2 Collection Methods 

Collections were made on days without rain between 0900 and 1200. Litter-

dwelling ants were sampled by collecting four 1m2 areas of leaf litter at 

bearings of 0°, 90°, 180° and 270° from the fern-bearing tree. Litter samples in 

forest sites were taken 1m away from the tree, while those in oil palm 

plantation were taken 3m away from the fern-bearing tree in order to avoid the 

area immediately around the plant which is heavily sprayed with insecticides 
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(Borneo Samudera, oil palm plantation manager, pers. com.). These litter 

samples were then placed in Winkler extractors for three days (Krell et al. 

2005), after which material was hand-sorted to collect any remaining ants.  

Ants inhabiting bird‘s nest ferns were sampled by collection of the ferns 

themselves. Ferns were accessed using ladders or rope techniques (Single 

Rope Technique: Perry 1978) and were removed by hand into plastic bags on 

the same day as litter sampling was carried out. Ferns were dissected in the 

laboratory and placed in Winkler extractors for three days. No published 

studies have assessed the efficiency of Winkler extractors over time for 

extracting arthropods from epiphytes, but this period of time has been found to 

extract 70% of total individual ants and nearly all ant species in leaf litter 

samples (Krell et al. 2005). The dried epiphytic material was then thoroughly 

sorted again in order to collect any individuals that had not been extracted. 

Canopy ants were fogged using a Swingfog SN 50-10PE fogging machine 

with pybuthrin 33BB non-persistent insecticide. This was carried out after litter 

and fern samples had been taken, and was always within two days of the start 

of sampling at that site. At each sampling site four 1m2 fogging trays, with 

attached collecting pots containing 70% alcohol, were suspended 1m above 

ground level at the same locations as the litter samples. Fogging was carried 

out for 1.5 minutes and the trays were left for one hour after fogging had 

finished to allow fogged ants to fall into the trays. There was adequate cover 

of fog up to approximately 15m in the canopy. This means that coverage was 

complete in oil palm plantation, where palms did not exceed this height, but in 

the forest strata higher than 15m, the upper canopy of which can reach 75m 
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(Dial et al. 2006) would have been undersampled. All field work and sorting of 

samples to ordinal level was carried out by Ed Turner. 

7.3.3 Ant Identification 

I identified worker ants to genus using published keys (Bolton 1994, 

Hashimoto 2007) and then to species using online image databases (Pfeiffer 

2009). Where species identification was not possible, morphospecies were 

used, hereafter referred to as species. For ants, morphospecies have been 

shown to reflect true species in the majority of instances, even when 

identification was carried out by a non-specialist (Oliver and Beattie 1996). In 

order to assess the change in proportions of native/non-native species on 

conversion to oil palm plantation, I assigned non-native species according to 

Pfeiffer et al. (2008). Here I define non-native as belonging to either 

―Invasive‖, ―Tramp‖ or ―Alien‖ categories of Pfeiffer et al. (2008). This rather 

restrictive definition probably misses some of the less widespread non-native 

species. 

7.3.4 Environmental Variables 

Three environmental variables were measured at each sampling site in each 

microhabitat. Point readings were taken at the time of sampling in the middle 

of each litter quadrat at ground level, within the bowl of the bird‘s nest fern, 

and at head height (relating to fogging samples). Temperature and humidity 

were measured using a Vaisala HM 34 humidity and temperature meter and 

light levels using a Iso-tech ILM350 light meter. 
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7.3.5 Statistical Analysis 

Generalized linear models were used to assess the effects of habitat 

conversion on ant abundance, species density (species per sample) and 

species diversity across different microhabitats. Simpson‘s diversity index was 

used as it is relatively robust to differences in species richness (Magurran 

2004). Ant abundance and species density were analysed using GLMs with 

log-links and Poisson error distributions. For species diversity an identity link 

and a Gaussian error distribution were used. Species accumulation curves 

were generated in EstimateS v7.52 (Colwell 2009) with accumulated species 

richness being smoothed by randomising the order of sampling units 50 times. 

Species occurrences, rather than ant abundances, were used, since these are 

more likely to reflect the density of ant colonies (Longino 2000). 

Kolmogorov-Smirnov tests were used to assess differences in relative 

abundance distributions (as assessed by species occurrence) of ant 

communities in forest and oil palm plantation across the different 

microhabitats (Sokal and Rohlf 1995 p.435). Since the largest eigenvalue for 

an unconstrained Detrended Correspondence Analysis ordination was less 

than four, Canonical Correspondence Analysis was used to assess the 

impacts of habitat conversion and subsequent changes in microclimate on ant 

community composition as recommended by Leps and Smilauer (2003). 

Analyses were run first using the whole dataset, and then subsequently using 

only data from individual microhabitats to assess differing impacts of 

environmental variables in different microhabitats. Similarity indices were also 

calculated to assess turnover within each microhabitat between habitats. 

Since species accumulation curves had not yet levelled off (Figure 7.4), I used 
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indices that took into account these unsampled species. Three indices were 

calculated (Chao et al. 2005): 1. Sørenson‘s classic index, which uses 

incidence-based data for whole samples (i.e. species lists); 2. A modified 

Sørenson‘s index that takes into account the occurrences of the species 

involved; 3. An occurrence-based Sørenson‘s index that takes into account 

unseen shared species. All similarity indices were calculated using EstimateS 

v7 (Colwell 2009). I used Generalized Linear Mixed Models with logit links and 

binomial error distributions fit with the Laplace approximation to compare 

proportion of occurrences of native and non-native ants in forest and oil palm 

plantation. For these models I looked for a significant interaction between the 

main effects of habitat type and classification as native/non-native species. 

To test whether species occurred at random with respect to each other I used 

null models of species co-occurrence on ant communities from the different 

microhabitats. The c-score (chequerboard score) is a metric that counts the 

number of pairs of species and pairs of sites where each species occurs once 

and at a different site (Stone and Roberts 1990). The higher the c-score, 

therefore, the greater the numbers of non-overlapping species distributions. 

Randomisation of the original matrix is then used to create a null distribution 

of c-scores expected under the assumption that species co-occur at random. 

The observed c-score is then compared to this in order to generate p-values. I 

used the oecosimu function in the r package vegan (Oksanen et al. 2009) with 

constant row and column sums and the sequential swap algorithm as 

recommended by Gotelli (2000) and a burn in of 30,000. I used 30,000 swaps 

to generate null distributions, as smaller numbers of swaps can lead to high 

type 1 error rates (Chapter 6), especially for larger matrices. 
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7.4 Results 

I identified a total of 16,085 worker ants from 309 species in forest decreasing 

to 6,081 ants from 110 species in oil palm plantation. Litter-dwelling ant 

abundance was lower in the oil palm plantation than in the forest (GLM: 

t=3.63, d.f.=38, P<0.001, Figure 7.4a), while the abundances of ants in the 

canopy and in the ferns remained the same (GLMs: Canopy: t=-1.08, d.f.=38, 

P=0.286, Ferns: t=1.74, d.f.=38, P=0.090, Figure 7.4a). Ant species density 

was also lower in the oil palm plantation in both the leaf-litter and the canopy, 

but not in the ferns (GLMs: Litter: t=9.64, d.f.=38, P<0.001, Canopy: t=3.94, 

d.f.=38, P<0.001, Ferns: t=-0.404, d.f.=38, P=0.689, Figure 7.4b). Species 

accumulation curves show the ant communities in the canopy and leaf litter to 

be more species-rich in forest than in oil palm plantation, while those in the 

ferns are of similar species richness in the two habitats (Figure 7.5). Between 

forest and oil palm plantation, total species richness decreased from 120 to 58 

for canopy ants, from 36 to 35 for fern-dwelling ants, and from 216 to 56 for 

litter ants (Table 7.1). Levels of turnover were high for all microhabitats for the 

observed data, with Sørenson‘s species-list based similarity indices being 

0.191, 0.056 and 0.213 respectively. Abundance-based indices showed a 

similar pattern (Sinc: Canopy, 0.160; Fern, 0.066; Litter, 0.333), while the 

indices corrected for missing shared species indicated, as would be expected, 

a lower level of turnover (Ŝinc: Canopy, 0.301; Fern, 0.070; Litter, 0.555). 
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Figure 7.4 Impacts of conversion of primary forest to oil palm plantation on a) 
ant abundance and b) species density. Means plus standard errors are plotted 
for each of the three microhabitats. 

 

 

 

Table 7.1 Numbers of species, numbers of species lost, and levels of species 
overlap between the microhabitats in forest and oil palm. Similarity indices 
used are Sclass (Sørenson‘s classic similarity index), Sinc (Chao‘s incidence-
based index, based on the original Sørenson‘s index) and Ŝinc (Chao‘s 
incidence-based measure with a correction for unseen shared species).   

Microhabitat 
Forest 
species 

Oil palm 
species 

Total 
species 

Species 
lost 

Species 
overlap 

Sclass Sinc Ŝinc 

Canopy 120 58 161 103 17 0.191 0.160 0.301 
Fern 36 35 69 34 2 0.056 0.066 0.070 
Litter 216 56 243 187 29 0.213 0.333 0.555 

Total 309 110 360 250 59 0.282 0.363 0.689 
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Figure 7.5 Species accumulation curves for the habitats and microhabitats 
over 20 sampling points. Thicker lines denote mean species richness. Thinner 
lines denote 95% confidence intervals for species richness. 

 

Relative abundance distributions differed between forest and oil palm 

plantation for canopy and litter-dwelling ants (K-S tests: Canopy: D=0.2731, 

P<0.01, Leaf litter: D=0.3853, P<0.001, Figure 7.6bc) but not for fern-dwelling 

ants (K-S test: D=0.0591, P>0.05, Figure 7.6a). For both litter-dwelling and 

canopy-dwelling ants this difference was due to the more widespread species 

accounting for a higher proportion of the total occurrences in oil palm 

plantation than in forest.  
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Figure 7.6 Relative abundance distributions of species in forest and oil palm 
plantation for the three microhabitats: a) Bird‘s nest ferns, b) Canopy, c) Leaf 
litter. 

 

Table 7.2 F-ratios and P-values for CCAs carried out on ant communities in 
forest and oil palm. Variables were tested sequentially using Monte Carlo 
permutation tests and then added into the model if the resulting p-value was 
less than 0.05. The number of permutations used for each test was 999. Note 
that the final category for each factor is not added, as the variance related to 
this has already been taken into account by the penultimate category for the 
factor. N=180 for all microhabitats. For separate microhabitats N=40 for leaf 
litter and canopy, and N=35 for ferns. P-values of less than 0.05 are in bold 
type. 

Explanatory variable F-ratio P-value 
 

All microhabitats: 
 

Oil palm 

 

 
 

2.76 

 

 
 

0.001 

Litter 2.74 0.001 

Fern 1.70 0.001 
Temperature 1.22 0.016 

Humidity 1.17 0.279 
Light 
 

Separate microhabitats: 
 

Litter only: Oil palm 
Canopy only: Oil palm 
Ferns only: Oil palm 

1.15 
 

 
 

1.26 
1.15 
0.87 

0.131 
 

 
 

0.012 
0.073 
0.658 
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Both habitat (forest/oil palm plantation) and microhabitat (fern/canopy/litter) 

had significant effects on species composition of ant communities (Table 7.2). 

Of the three continuous environmental variables measured, only temperature 

had a significant effect on overall species composition once differences 

between habitats and microhabitats had been taken into account (Table 7.2). 

For the microhabitats analysed separately, with the inclusion of habitat as a 

factor in all models, temperature had a significant effect on species 

composition of litter-dwelling ants, a marginally non-significant effect on 

canopy ants, and no effect on fern-dwelling ants (Table 7.2). In the canopy the 

genera Polyrhachis, Crematogaster and Dolichoderus became less 

widespread in oil palm plantation, while Monomorium, Oecophylla and 

Tapinoma became more widespread (Table 7.3). In bird‘s nest ferns the 

genera Crematogaster, Diacamma and Paratrechina became less 

widespread, while Monomorium, Plagiolepis and Tetramorium became more 

widespread (Table 7.3). A wide range of genera in the leaf litter ant 

communities became less widespread, with only Tapinoma becoming more 

widespread (Table 7.3). 

. 
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Table 7.3 The number of samples that each genus occurred in (out of a total 
of 20) and the total number of species found across all microhabitats for each 
genus. 

  

Species 

Forest Oil palm 

Genus Canopy Fern Litter Canopy Fern Litter 

Acanthomyrmex 

Acropyga 
Aenictus 

Anochetus 

Anoplolepis 
Aphaenogaster 

Calyptomyrmex 

Camponotus 

Cardiocondyla 
Carebara 

Cataulacus 

Cerapachys 

Crematogaster 
Cryptopone 

Dacetinops 

Diacamma 
Dilobocondyla 

Discothyrea 

Dolichoderus 

Emeryopone 
Euprenolepis 

Eurhopalothrix 

Gnamptogenys 

Hypoponera 
Leptogenys 

Lophomyrmex 

Lordomyrma 
Mayriella 

Monomorium 

Myopias 

Myrmecina 
Myrmicaria 

Myrmoteras 

Ochetellus 

Odontomachus 
Odontoponera 

Oecophylla 

Pachycondyla 
Paratrechina 

Pheidole 

Pheidologeton 

Plagiolepis 
Platythyrea 

Polyrhachis 

Ponera 

Prenolepis 
Prionopelta 

Pristomyrmex 

Proatta 
Probolomyrmex 

Proceratium 

Pseudolasius 

Pyramica 
Recurvidris 

Solenopsis 

Strumigenys 
Tapinoma 

Technomyrmex 

Tetramorium 

Tetraponera 
Vollenhovia 

Vombisidris 

1 
1 
1 
4 
1 
1 
1 
15 

3 
11 
2 
2 
20 
2 
2 
4 
1 

3 
10 
1 
1 
2 
7 
19 
12 
3 

5 
2 
11 
1 
5 
3 
2 
1 
2 
2 
1 
7 
12 
35 
3 
3 
2 
32 

8 
2 
1 
2 
1 
5 
1 
2 
7 
2 
1 
22 
5 
7 
22 
3 
9 
1 

0 
0 
0 
0 
0 
0 
0 
12 

0 
3 
1 
0 
14 
0 
0 
4 
1 

0 
7 
0 
0 
0 
4 
0 
2 
2 

0 
0 
3 
0 
0 
4 
0 
0 
0 
0 
0 
0 
11 
13 
4 
5 
1 
19 

0 
1 
0 
0 
0 
0 
0 
2 
1 
0 
0 
3 
2 
9 
4 
3 
4 
1 

0 
0 
0 
0 
0 
0 
0 
1 

0 
4 
0 
0 
6 
0 
0 
8 
0 

0 
3 
0 
0 
0 
2 
4 
1 
0 

0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
1 
6 
3 
0 
0 
0 
4 

3 
0 
0 
1 
0 
0 
0 
0 
1 
0 
1 
0 
0 
2 
2 
0 
1 
0 

6 
3 
1 
7 
0 
2 
1 
3 

1 
17 
1 
3 
13 
7 
3 
0 
0 

5 
1 
1 
1 
12 
9 
19 
6 
14 

10 
4 
12 
1 
3 
1 
10 
0 
9 
5 
0 
15 
17 
20 
6 
0 
0 
7 

17 
1 
2 
4 
3 
4 
0 
9 
7 
3 
7 
20 
1 
4 
19 
0 
8 
0 

0 
0 
0 
2 
3 
0 
0 
9 

5 
0 
0 
0 
4 
0 
1 
2 
0 

0 
2 
0 
0 
0 
2 
0 
0 
5 

0 
1 
10 
0 
0 
0 
0 
0 
0 
0 
7 
0 
7 
9 
1 
6 
1 
3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
11 
4 
8 
0 
3 
0 

0 
0 
0 
0 
1 
0 
0 
0 

0 
5 
0 
0 
2 
1 
0 
2 
0 

1 
0 
0 
0 
0 
0 
1 
0 
1 

0 
0 
9 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
4 
1 
6 
0 
0 

0 
0 
3 
0 
0 
0 
0 
1 
0 
0 
3 
4 
3 
0 
6 
0 
2 
0 

0 
0 
0 
0 
2 
0 
0 
1 

1 
0 
0 
0 
7 
0 
0 
1 
0 

0 
0 
0 
0 
0 
0 
2 
3 
8 

2 
5 
9 
0 
3 
0 
0 
1 
0 
1 
0 
1 
1 
5 
2 
1 
0 
0 

1 
0 
4 
0 
0 
0 
1 
0 
1 
0 
5 
5 
8 
0 
8 
0 
2 
0 
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Levels of species occurrence of native and non-native species differed 

between oil palm plantation and forest (Figure 7.7) in the canopy (GLMM: 

Habitat*Species origin: Z=-2.835, n=322, P=0.005) and litter (GLMM: 

Habitat*Species origin: Z=-3.707, n=486, P<0.001) but not in the ferns 

(GLMM: Habitat*Species origin: Z=-0.0104, n=138, P=0.992). 

I found no evidence of species interactions in any microhabitat other than the 

ferns in the oil palm plantation, where the observed c-score was significantly 

higher than the null expectation indicating high levels of species segregation 

(Figure 7.8, Table 7.4). 

 

 

 

 

Figure 7.7 The mean frequency of occurrence across 20 samples for non-
native ants and all other species in the three microhabitats in oil palm 
plantation and forest. The levels of occurrence of the two sets of species 
changed in the canopy and litter between forest and oil palm plantation, but 
did not change in the ferns (see text for statistics). Number of non-native 
species=7, number of other species=353. 
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Figure 7.8 The observed number of checkerboard units (CUs, broken vertical 
lines) and the distributions of CUs expected if there are no species 
interactions for fern-dwelling ant communities in A) Oil palm plantation and B) 
Primary forest. There were significantly more CUs in oil palm than expected at 
random, but this was not the case for primary forest. Species occurred at 
random with respect to each other in the other two microhabitats in both oil 
palm and forest (distributions not shown, see Table 7.4). 

 

 

Table 7.4 Counts of checkerboard units and significance values when 
compared against a null distribution assuming that species co-occur at 
random to each other. P-values of less than 0.05 are in bold type. See also 
Figure 7.8. 

 

Habitat Microhabitat Checkerboard units P-value 

Forest Litter 104782 0.411 
Forest Fern 1436 0.902 
Forest Canopy 18552 0.740 
Oil palm Litter 3630 0.193 
Oil palm Fern 1406 0.016 
Oil palm Canopy 5019 0.196 
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7.5 Discussion 

The extrapolated levels of species losses that would be sustained by 

conversion of primary forest into oil palm plantation are very high, with 81% of 

the ant species present in primary forest being absent in plantations. Whether 

or not this is an unbiased estimate of species losses due to habitat conversion 

depends on the identity of the unsampled species in the upper canopy of the 

forest. If these are species that do not persist in oil palm plantations then this 

estimate of species losses will be conservative. However, if high canopy 

species do persist in oil palm plantation, which would not be unexpected since 

both plantations and the upper canopy are hot and dry, then this may be an 

overestimate of species losses. Room (1975) found that ground-dwelling ants, 

collected by hand within quadrats showed a similar pattern with a potential 

80% loss in forest species in oil palm plantation in Papua New Guinea (Figure 

7.9). It would seem that such a method undersamples smaller, less apparent 

species, with only nine Pheidole species and three Strumigenys species being 

collected in the two habitats (compared to 32 Pheidole and 19 Strumigenys 

species in litter samples in my study). Presumably the similarity in the 

proportion lost is due to the fact that the more apparent species collected by 

Room show a similar response to habitat conversion to the rest of the ant 

fauna. Taylor (1977) found a smaller loss in the number of forest species of 

50% in ant communities sampled by identification in situ in Nigerian oil palm 

plantation (Figure 7.9). This figure may be rather conservative however, since 

it does not include the ―other species‖ from Taylor‘s (1977) Table 4, of which 

there were eight and five in oil palm and forest respectively. In addition, the 

forest samples were taken from secondary forest, which is reflected in the low 
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species richness (24 species) and its ant community may be more similar to 

that of oil palm plantations than that of pristine forest. 

The impact of conversion to oil palm plantation differed between 

microhabitats. Species density decreased for canopy and litter-dwelling ants 

and the shape of the relative abundance distribution also changed. However, 

species density and the shapes of relative abundance distributions did not 

differ between forest and oil palm ferns. This suggests that in oil palm 

plantations only the ferns are able to provide a habitat similar to that found in 

primary forest. In particular, a relative abundance distribution with a larger 

proportion of the most dominant species is expected in disturbed habitats (Hill 

and Hamer 1998), and this was true for litter and canopy ants, but not for fern-

dwelling ants. The apparent resilience of the fern-dwelling ant community to 

habitat change is probably due to the fact that the ferns are able to buffer 

microclimate (Turner and Foster 2006). As I have shown in this study, 

temperature can be important in determining ant species composition even 

after differences between habitats and microhabitats have been taken into 

account (Table 7.2). In addition, the bird‘s nest ferns are one of the few plant 

species to be found in both rain forest and oil palm plantation, and so may 

provide a similar nesting substrate for ant colonies.  
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Figure 7.9 Summary of the known impacts of conversion of forest to oil palm 
plantation on ant biodiversity. Countries in red are those in which oil palm is 
cultivated (from Koh and Wilcove 2008). Green bars denote the numbers of 
species and genera of ants in forested areas and red bars the corresponding 
numbers for oil palm plantations. Studies ii-iv did not make collections of ants 
from forested areas, and so only the data from plantations are presented here. 
Hatched red and green blocks indicate forest species and genera that are 
present in plantations for each study from which data are available. All 
publications in which ants have been sampled in oil palm plantations are 
represented here, along with numbers for forested areas where surveys with 
the same methodology have been carried out as part of the same study. i) 
Nigeria, visual identification in situ (Taylor 1977) ii) Cameroon, inspection of 
cut fronds (Dejean et al. 1997). iii) Peninsular Malaysia, inspection of cut 
fronds (Pfeiffer et al. 2008). iv) Sabah, Malaysia, inspection of cut fronds 
(Pfeiffer et al. 2008). v) Sabah, Malaysia, tuna baiting and hand collecting 
(Brühl and Eltz 2009), oil palm species richness rarefied. vi) Papua New 
Guinea, hand collecting within 1m2 quadrats (Room 1975). vii) Sabah, 

Malaysia, leaf litter sampling within 1m2 quadrats, Winkler extractors (this 
study). viii) Sabah, Malaysia, canopy fogging (this study). ix) Sabah, 

Malaysia, extracted from bird‘s nest ferns (Asplenium spp.) (this study). 

 

The greater impacts on the litter-dwelling ant communities are likely to be due 

to three factors: 1. the insecticide spraying regime; 2. the decrease in litter 

complexity in plantations where the majority of litter originates from the oil 

palms themselves; 3. the regular ground level disturbance in plantations 

caused by vehicles and clearing of the understory. The impact on canopy-

dwelling ants may also be due to simplification of the canopy structure in 

plantations: a monoculture of a species of palm will inevitably provide fewer 
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niches than a highly species-rich forest plant community. There may also be a 

vertical concertinaing of the canopy ant fauna (Sutton 2008) in oil palm 

plantations, with species usually found at the top of the forest canopy being 

found lower down in plantations. Future work might fruitfully compare oil palm 

canopy ant faunas with those found at the top of rain forest canopies. 

The discrepancy between the impacts of forest conversion on different 

microhabitats suggests that oil palm plantations might be made more 

biodiversity friendly by leaving ferns and other epiphytes to grow, rather than 

removing them in order to improve harvesting efficiency. The increase in the 

number of forest ant species is negligible if ferns are left to grow, since the 

ferns are dominated by non-forest species (Table 7.1). However, the overall 

ant species richness of plantations, including non-forest species, would 

increase by 15%, from 96 to 110 if plantations were managed in this way. This 

is likely to be a conservative estimate of the potential benefits of leaving ferns 

to grow, since oil palm plantations have higher densities of ferns than forests 

(Oil palm, 112/ha; Forest, 80/ha; Turner and Foster 2009). 

The majority of species found in oil palm were not found in the forest and non-

native species were much more widespread in plantations. So the reduction in 

ant species richness may be due not only to physical differences in habitat 

structure, but to competitive interactions with non-native ants. For example, 

one of the non-native species found in this study, Tetramorium bicarinatum 

(Nylander), is known to be highly aggressive towards other ant species 

(Astruc et al. 2001). Other tramp species, such as Cardiocondyla wroughtonii 

(Forel), which do not show behavioural dominance, may nonetheless displace 

less dominant native species (Heinze et al. 2006). The oil palm ant fauna, 
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then, is a combination of forest species native to the area, and non-native 

species which may be very widespread. For example some of the species that 

I identified from oil palm in Sabah, Room (1975) also found on oil palm in 

Papau New Guinea (Tetramorium simillimum (Smith), C. wroughtonii and 

Anoplolepis gracilipes (Smith)). However, there was no overlap between the 

SE Asian oil palm species and those found by Taylor (1977) in Nigeria. 

Since conversion to oil palm significantly alters the ant community it is likely 

also to affect the ecosystem functions performed by that community. 

Decreases in the dominance of predatory genera, such as Odontomachus, 

Pachycondyla, Ponera and Myrmoteras (Table 7.3) indicate that ants are less 

likely to be effective in controlling herbivores in plantations, potentially leaving 

plantations vulnerable to pest outbreaks. Oil palm herbivory rates are known 

to be negatively correlated with the occupancy of Crematogaster and 

positively correlated with the abundance of Tetramorium (Dejean et al. 1997). 

This is particularly concerning as I found that the canopy occurrences of 

Crematogaster decreased from 14/20 in forest to 4/20 in oil palm, whereas the 

occurrences of Tetramorium increased from 4/20 to 8/20 (Table 7.3). The 

decrease in the dominance of Pheidole (Table 7.3), a number of species of 

which are known to harvest seeds (Moreau 2008), suggests that ants may be 

carrying out less seed dispersal in plantations. While the soil-dwelling ants 

were not well sampled by our protocol, the dramatic decrease in occurrence of 

many litter-dwelling genera indicates that ants may also be playing a less 

important role in soil turnover. 

Ant mosaic theory predicts that the presence of dominant, mutually exclusive 

species should give rise to segregated patterns of species co-occurrence. All 
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four previous studies on oil palm ant mosaics (Room 1975, Taylor 1977, 

Dejean et al. 1997, Pfeiffer et al. 2008) have found evidence of them in the 

canopy, whereas our study did not. This may be because ants were collected 

for this study by fogging, whereas previous studies have relied on hand 

collecting from cut fronds, quadrat sampling, or identification in situ. These 

methods potentially sample a much smaller area than fogging does. 

Consequently they are much more likely to include the territory of only a single 

colony of a dominant species. Fogging, on the other hand, may sample the 

territories of multiple dominant species. Therefore the detection of ant 

mosaics is dependent on the scale at which sampling is carried out. This may 

explain why mosaics are more often found in plantations of various kinds, 

where sampling is carried out at small scales, and less often in forests, where 

fogging may sample many different canopy strata. We would expect there to 

be a mosaic in the bird‘s nest ferns, since a single fern represents a small 

area, and my data are consistent with this in oil palm plantation, but not in 

forest (Table 7.4). The lack of mosaic in the forest ferns might be due to the 

lower overall ant abundance in them compared to the oil palm ferns; if 

colonies remain small then they are less likely to interact with one another. 

The fact that sampling to date has not been carried out using diverse methods 

over a range of microhabitats may also explain why I found a much higher 

species richness of ants in oil palm plantations (110 species) than previous 

studies (Dejean et al. 1997, six species; Pfeiffer et al. 2008, 39 and 36 

species in different plantations; Room 1975, 29 species; Taylor 1975, 20 

species). 
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I have found that despite oil palm plantations being able to support a more 

diverse ant fauna than was previously thought, the impacts of conversion of 

rain forest to plantation are still severe. This is likely to have knock-on effects 

on the ecosystem services that ant communities usually provide in natural 

habitats. Management techniques that increase ant diversity in plantations, 

such as leaving epiphytes to grow, should be further explored. Additionally, 

the investigation of the impacts of these changes on ecosystem function, in 

particular in relation to spill-over of species from adjacent forests, should be 

an urgent research priority. 
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8 General Discussion 

8.1 Summary 

The objective of this thesis was to investigate a range of species diversity 

maintenance mechanisms using the ant communities inhabiting bird‘s nest 

ferns as a model system. Here I recapitulate the main findings of each 

chapter, discuss the broader implications of this work, and suggest fruitful new 

research directions. 

8.2 Canopy architecture and fern distribution 

I found that bird‘s nest ferns in Danum Valley belong to two species: 

Asplenium nidus L. and Asplenium phyllitidis (D. Don). These two species, 

which can be morphologically very similar, nonetheless have different niches 

in the canopy. A. phyllitidis inhabits the lower canopy, beneath the continuous 

canopy layer, while A. nidus is able to survive at all heights in the canopy, 

commonly growing on emergent trees and on trees next to gaps. Larger A. 

phyllitidis are found higher in the canopy, while larger A. nidus are found on 

wider supporting structures. These differing habitat requirements allow these 

two species to co-exist. 

The results from Chapter 2 indicate that similar studies on entire epiphyte 

communities might yield interesting results, in particular carrying out surveys 

across a range of habitat types, such as logged forest and oil palm plantation. 

We would perhaps expect epiphytes that are not able to buffer microclimate 

as efficiently as the bird‘s nest ferns to be affected to a greater degree. 
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8.3 The effects of environmental factors on ant community structure 

Together the two species of bird‘s nest fern are an important nesting site for 

tropical rain forest canopy ants, supporting an average of 414 colonies per 

hectare in Danum Valley. They also support a highly diverse ant fauna. In the 

86 ferns that were collected I found 71 species in 27 genera; an 

unprecedentedly diverse fauna for an epiphyte (Appendix 1). Larger ferns 

have more colonies of ants, and ant community composition is affected by 

both fern size and height in the canopy. However, the two different fern 

species did not support different ant communities. 

Since the two species of fern do not seem to have particular ant faunas 

associated with them it may be the case that they are representative of other 

suspended soils in the canopy. Given the highly diverse ant fauna associated 

with them (Appendix 1) it would be surprising if any one ant species was 

specific to the ferns. A useful way of studying the evolution of symbioses 

between ants and epiphytes would be to look at the range of specificities 

between obligate mutualisms and non-specific relationships (such as those 

between bird‘s nest ferns and their ant inhabitants). This would parallel the 

study of the evolution of sociality in insects through the study of primitively 

social, or non-social insects (e.g. Field et al. 2007). One would expect there to 

be correlations between the diversity of the ant inhabitants and the limiting 

factors for epiphyte growth. For example, epiphytes that are vulnerable to 

herbivores and those in areas with little litter fall would be expected to 

cultivate relationships with particular species of ants in order to provide extra 

nutrient input and protection from herbivores. It is also possible that there are 

by-product benefits for non-specific ant plants of habitation by ants. Resident 
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colonies of ants in the core of bird‘s nest ferns might increase decomposition 

rates by increasing aeration of the soil. Presumably it is these by-product 

benefits that selection first acts on in the initial stages of the evolution of ant-

plant mutualisms. 

8.4 Assembly rules for fern-dwelling ants 

In addition to the effects of environmental variables, I found that interactions 

between species were also important in shaping the fern-dwelling ant 

communities. Congeneric and conspecific colonies excluded each other from 

ferns. This was by aggression towards invading colonies in Diacamma, the 

only species that was investigated experimentally. Colonies from different 

genera did not interact. Niche-based assembly models explained the high ant 

diversity found in the ferns more effectively than neutral assembly models. 

The sizes of fern-dwelling ants were also distributed non-randomly, with body 

sizes being more uniformly spaced than would be expected at the scale of the 

whole fern-dwelling ant community, although not at the scale of individual 

ferns. 

One of the interesting consequences of these species assembly rules is that a 

single large fern should, on average, support more ant species than a number 

of smaller ferns that are inhabited by the same total number of colonies as the 

large fern. This is because the smaller ferns might all be inhabited by colonies 

of the same species, while the larger fern must support a number of species 

equal to the number of colonies it contains. For example, in a single fern 

supporting ten ant colonies each colony must be of a different species. In ten 

ferns, each supporting a single ant colony, it is conceivable that all ten 
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colonies might be of the same species. This result echoes the ―Single Large 

or Several Small‖ debate from the 1970s and 1980s (Diamond 1975b, 

Simberloff and Abele 1976, Simberloff and Abele 1982). However, in this case 

the effect is only likely to operate over the small spatial scales at which a 

single ant colony can compete. In larger habitat patches, e.g. forest 

fragments, multiple colonies of a single species will be able to co-exist in most 

sizes of patch. 

8.5 Temporal niches and fern-dwelling ant diversity maintenance 

Fern-dwelling ants also exploit temporal niches. While ant species richness 

recovered swiftly after experimental defaunation of ferns, ant community 

composition did not. Species that are highly mobile as mature colonies 

dominated recently cleared ferns in the understory, but not in the high canopy. 

The communities found within each time period were structured at random as 

assessed by null models of species co-occurrence. 

The patterns of species assembly observed in this experiment may shed light 

on the responses of the fern-dwelling ant communities to habitat conversion 

and climate change. Since the main effect of both of these changes is to make 

the microclimate hotter and drier, we might expect the ant communities that 

are characteristic of high canopy ferns, that are regularly desiccated, to 

become dominant. 

8.6 Error rates for null model analyses of species co-occurrence 

Error analyses of one of the most commonly used methods for detecting 

interactions between species revealed high levels of Type 1 errors, in 
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particular for large datasets and those with low variance in species 

abundance. These errors can be avoided by using a larger number of 

simulated matrices for the generation of null distributions, or by the reduction 

of critical p-values for tests of significance. A variety of other ways of 

improving the analysis of species co-occurrence patterns using null models 

are possible. 

The analysis of species assembly in the literature to date has very much 

focussed on the comparison of observed assemblages with ones generated 

assuming that there are no interactions between species. Significant progress 

could be now made by generating distributions expected under alternative 

hypotheses, as well as those expected at random, and comparing observed 

data to these as I do in Chapter 4. At the very least, the outcomes of such 

analyses need to go further than just saying that the species in a community 

―are not randomly assembled‖. 

I will take the analysis of overall species co-occurrence, as assessed by the c-

score (see Chapter 6), as an example. Rather than saying that the overall 

pattern in an entire matrix is of either competitive interactions (higher c-score 

than expected) or positive interactions (lower c-score than expected), it may 

be more interesting to look at the distribution of the interaction strengths 

between species, and even at individual interactions themselves. It is well 

known, at least for ant communities, that many species are more likely to exist 

in the presence of another particular species (Maschwitz et al. 2000, 

Kaufmann et al. 2003, Menzel et al. 2008a, Menzel et al. 2008b). In fact, this 

is a fundamental part of ant mosaic theory (Blüthgen and Stork 2007). 
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However, the main focus of recent work has been on competitive interactions 

between species. 

It may be the case that positive interactions of this kind are more important in 

structuring tropical communities than competitive ones. This is because many 

tropical taxa are species rich, and any individual species is relatively rare. This 

means that competitive interactions between any particular pair of species are 

also very rare. However, since obligate mutualists (for example) can only exist 

in the presence of each other, colonisation attempts by mutualists in habitats 

where their partner is absent (which are very common in communities 

dominated by rare species) will fail. Consequently, positive interactions play a 

much greater role in structuring communities with many rare species than do 

negative interactions. 

Another way of investigating which interactions are structuring a community 

could be to look at the distribution of pairwise c-scores between species. 

Current c-score analysis looks only at the mean c-score across all pairs of 

species in a dataset. Analysis of the shape of the distribution of pairwise c-

scores would allow a more in depth assessment of the nature of species 

interactions in the system without going into the detail of looking at every 

pairwise interaction. This method of analysis would be able to detect patterns 

in datasets in which there are both positive and negative interactions, which 

would otherwise be missed by the averaging algorithm used in the traditional 

calculation of the c-score. Such an effect might explain the supposedly 

random co-occurrence of ant species in primary rain forest compared with the 

deterministic (segregating) co-occurrence of ant species in plantations (Floren 

et al. 2001, Floren and Linsenmair 2001). Perhaps in undisturbed habitats 
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positive and negative interactions balance each other out. But when there is 

disturbance some native species become locally extinct and non-native 

species become more abundant. Some of the positively associating partner 

species may be among those that are no longer present. As there will not 

have been sufficient evolutionary time for mutualisms to have evolved 

involving non-native species the overall level of positive interaction would be 

reduced. However, species do not need to have co-evolved to be able to 

compete with each other. Consequently, even if the levels of competition do 

not increase with increasing habitat disturbance, the lack of positive 

interactions would mean that the overall c-score would indicate overall 

segregation between species. 

The way in which size spacing between species in communities is analysed 

could also be improved. At the moment null models are fitted without regard to 

the underlying distributions from which size values are drawn. Many studies 

use a speculative range of null size distributions (usually the ones available on 

EcoSim) without reference to the distribution of real body sizes. This could 

lead to type 1 and type 2 errors when carrying out null model analyses. Even 

if the real size distribution is inspected, it may not fit any of the distributions 

used in EcoSim (e.g. bimodally distributed sizes, Chapter 4). One way of 

making such methods more robust would be to select sizes for the null 

distribution from a smoothed histogram of the observed sizes. This would 

remove the need to assume any particular underlying distribution of body 

sizes. This could be done by progressively enlarging the body size bins into 

which species are assigned and then calculating the variance in difference in 

frequency of observations between consecutive bins. This variance will be 
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high initially, but should decrease as the distribution becomes smoother. The 

body sizes used to create the null distribution could then be drawn from this 

smoothed distribution. 

8.7 The impacts of oil palm expansion on ants 

Surveys for ants in oil palm plantations across a range of microhabitats 

revealed much higher ant species richness than was previously estimated for 

this habitat type. Despite this, overall conversion of forest to oil palm still has a 

large negative impact on ant diversity. However, by virtue of their buffered 

microclimate, bird‘s nest ferns are able to maintain ant species richness 

(although not ant community composition) in plantations similar to that 

observed in primary forest. 

In Chapter 7 I speculated that high canopy ant species might be pre-adapted 

to life in hot, dry oil palm plantations. A preliminary test of this hypothesis is 

presented here at the level of genus from ferns in the high canopy and 

understory (Chapter 5) and ferns from oil palm plantation (Chapter 7, Figure 

8.1). At the level of genus, the ants from high canopy ferns are no more 

similar to oil palm ant communities than are low canopy ants. However, there 

is some degree of overlap between all three categories, and patterns at the 

species level might differ from those seen here.  
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Figure 8.1 Ordination (DCA) of fern-dwelling genera for high canopy and 
understory ferns (Chapter 5) and oil palm ferns (Chapter 7). Oil palm 
communities are no more similar to high canopy than understory communities 
from primary forest. 

 

Another fruitful future research direction would be to investigate the traits that 

pre-adapt a species of ant to be good at surviving in disturbed environments. 

The oil palm ant species tended to have larger eyes than primary forest 

species from the same genus (pers. obs.). It might be the case that large-

eyed, highly active species fare better in the open, uniformly structured 

plantation environment. Techniques such as RLQ analysis, that link changes 

in the traits of species and changes in species composition to environmental 

variables would be suitable for this (Dolédec et al. 1996). If my hypothesis 

regarding the persistence of high canopy ants in plantation environments is 

correct, then it would be interesting to see if it is the morphological 

adaptations to high canopy life that make them successful. 
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While non-native species are highly abundant in oil palm plantations I did not 

find many non-native species in pristine forest. It may be the case that 

habitats that are not highly disturbed are difficult for new species to colonise. 

This is probably one of the reasons why islands, which are more disturbed 

habitats than mainland areas, are highly susceptible to invasive species 

(Lester et al. 2009). Even when surveys of supposedly pristine habitats take 

place it is likely that some level of human disturbance has taken place, since 

areas that are easy to access are those most likely to be sampled. 

Consequently, it may be the case that we have a distorted view of the impacts 

of invasive species on species-rich ecosystems (King and Tschinkel 2008). 

Increases in the abundance of invasive species and the decline of native ones 

may both relate to deterioration of habitat, rather than one causing the other. 

Of course, there are many examples in which invasive species really do have 

drastic impacts on native communities (e.g. Suarez et al. 1998). 

While expansion of oil palm is currently greatest in SE Asia, it is a potential 

threat to natural habitat across the whole of the tropics. This is particularly true 

in South America. Brazil has the largest area of land of any single country 

suitable for oil palm cultivation (2,283,000km2) yet is ranked 15th in terms of 

palm oil production (Butler 2008). In fact, SE Asian oil palm companies are 

already starting to establish extensive plantations in the country. Given the 

extremely high yield of oil palm, coupled with increasing crude oil prices, we 

can expect extensive development of oil palm plantations on tropical 

landscapes around the equator. 
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8.8 Conclusions 

I have demonstrated that ant diversity can be maintained by a range of 

mechanisms. At small scales, within the ant community inhabiting a tropical 

epiphyte, diversity is maintained by a combination of different environmental 

preferences and strong within-fern niche partitioning. There is also a temporal 

niche, with different sets of ant species occupying ferns with different histories 

of disturbance. Consequently the ferns support an extremely species-rich ant 

fauna; no other epiphyte has ever been found to support more species of ant 

than A. phyllitidis. It is likely that these processes maintaining ant diversity are 

also operating in other suspended soils in the rain forest canopy, and even in 

ground nesting ant communities. These diverse communities are dramatically 

affected by deforestation and conversion to oil palm plantation. Although ant 

species richness can be increased by encouraging the growth of epiphytes in 

plantations, there is no substitute for the maintenance of large areas of 

primary forest to allow the continued existence of these fascinating insects. 
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9 Appendices 

 
Appendix 1 Number of ant species found in a range of epiphytic plant species 
as a function of the number of epiphytes sampled (see below for source 
references). Asplenium phyllitidis supports more species of ant than has ever 
before been observed inhabiting an epiphyte, even though many other 
species have been sampled more thoroughly. 

 

 
 
Source references for the graph above 
 
Blüthgen, N., M.Verhaagh, W. Goitía, and N. Blüthgen. 2000. Ant nests in tank 

bromeliads – an example of non-specific interaction. Insectes Sociaux 
47:313-316. 

Dejean, A., S. Durou, I. Olmsted, R. R. Snelling, and J. Orivel. 2003. Nest site 
selection by ants in a flooded Mexican mangrove, with special reference to 
the epiphytic orchid Myrmecophila christinae. Journal of Tropical Ecology 
19:325-331. 

Dejean, A., I. Olmsted, and R. R. Snelling. 1995. Tree-Epiphyte-Ant Relationships in 
the Low Inundated Forest of Sian Ka'an Biosphere Reserve, Quintana Roo, 
Mexico. Biotropica 27:57-70. 

Fisher, B. L. and J. K. Zimmerman. 1988. Ant/orchid associations in the Barro 
Colorado National Monument, Panama. Lindleyana 3:12-16. 

Gibernau, M., J. Orivel, J. H. C. Delabie, D. Barabe, and A. Dejean. 2007. An 
asymmetrical relationship between an arboreal ponerine ant and a trash-
basket epiphyte (Araceae). Biological Journal of the Linnean Society 91:341-

346. 
Huxley, C. R. 1978. The Ant-Plants Myrmecodia and Hydnophytum (Rubiaceae), and 

the Relationships between their Morphology, Ant Occupants, Physiology and 
Ecology. New Phytologist 80:213-268. 

Stuntz, S., C. Ziegler, U. Simon, and G. Zotz. 2002. Diversity and structure of the 
arthropod fauna within three canopy epiphyte species in central Panama. 
Journal of Tropical Ecology 18:161-176. 
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Appendix 2 Measurements of temperature were made inside bird‘s nest ferns 
experimentally located in either the high canopy (30m) or the understory (3m) 
using Hobo onset dataloggers. In both the high canopy and the understory 
one logger was left exposed to measure ambient temperature, one was 
placed directly beneath a small fern (core diameter < 10cm), and one was 
placed directly beneath a large fern (core diameter > 20cm). Only a single run 
was carried out, and so the data are not replicated and are therefore not 
presented in the body of the thesis. From this single run it would appear that 
temperature is higher in the upper canopy than in the understory and that the 
ferns have a greater microclimate buffering effect in the upper canopy. Larger 
ferns are better at buffering microclimate than smaller ones, which still buffer 
temperature to some extent. 
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Appendix 3 Distributions of the ten most prevalent ant species in relation to 
fern size and height in the canopy. While there are some trends in species 
distributions, the majority of species have overlapping habitat requirements. 
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Appendix 4 

Ten bird‘s nest ferns were used to test methods of non-destructively detecting 
resident ant species. I carried out field work in the primary forest around 
Danum Valley during April 2007. On each fern ten baited pitfall traps were set 
out for 24 hours. Five traps were baited with tuna and five with honey-soaked 
tissue paper (Figure A1, below). After traps were taken down the leaf litter 
inside the bowl of the fern was removed and the fern itself was taken down. 
The ferns were dissected and material was placed in Winkler extractors for 
three days, as was the leaf litter. The specimens from both types of pitfall trap 
and the specimens from the leaf litter were combined as a total ―non-
destructive sample‖ which was then compared to the destructive sampled 
acquired from dissection of the fern core.  
 
Abundances of different species as assessed by non-destructive sampling 
were not generally a good predictor of resident abundances (Figure A2, 
below). The total number of species occurrences in the ferns themselves was 
84, compared to 72 for the non-destructive sampling. However, only 26 of 
these occurrences were of the same species in the same fern. Consequently, 
only 36% of the species detections by non-destructive sampling correctly 
indicated the presence of that species in the fern. Furthermore, 69% of the 
species occurrences in the ferns were not detected by non-destructive 
sampling. Taking subsamples of the fern core with a sharpened metal coring 
device was also very briefly tried, but this did not accurately assess the 
resident ant species as colonies are not evenly distributed throughout the fern 
core (no data presented).  
 
In addition, I observed that a colony of Leptogenys that had been resident in a 
fern sampled in this manner was not present the next day. The colony of this 
genus, which often moves nest site as a mature colony (Crewe 1994), had 
probably moved in response to the disturbance of sampling. I conclude that 
baited pitfall trapping, collection of the leaf litter contained in the bowl of the 
fern, and removing subsets of the fern core are not robust methods for 
assessing the fern ant fauna. 
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Figure A1. Pitfall traps arranged around the core of a bird‘s nest fern. Each 
trap was hung on a wire loop that passed around the rachis of a frond such 
that part of the plastic cup was in contact with the fern core. Traps were baited 
with tuna and honey hung from a wire crossing the centre of each trap. Traps 
were part filled with water containing a small amount of detergent to break 
surface tension in order to increase capture rates (Southwood 1987). 
 

 

Figure A2. Abundances of two ant species across the ten bird‘s nest ferns 

compared between non-destructive sampling using baited pitfall traps plus 

leaf litter collection, and collection of the entire fern and subsequent dissection 

and ant extraction using Winkler apparatus. A) For Monomorium #002 non-

destructive sampling was a reasonably good predictor of ant abundance in the 

fern (r2=0.381). B) For Pheidole #009, and for the rest of the species found in 

the ferns (graphs not shown), non-destructive sampling was not a good 

predictor of the abundance of fern-dwelling species (r2=0.015).  
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Appendix 5. Publications used to generate Figure 6.1b. 

 
Armbruster, W. S. 1986. Reproductive Interactions Between Sympatric Dalechampia 

Species: Are Natural Assemblages "Random" or Organized? Ecology 67:522-

533. 
Azevedo, M. C. C. d., F. G. Araujo, A. L. M. Pessanha, and M. d. A. Silva. 2006. Co-

occurrence of demersal fishes in a tropical bay in southeastern Brazil: A null 
model analysis. Estuarine, Coastal and Shelf Science 66:315-322. 

Bagchi, S., C. Mishra, and Y. V. Bhatnagar. 2004. Conflicts between traditional 
pastoralism and conservation of Himalayan ibex (Capra sibirica) in the Trans-
Himalayan mountains. Animal Conservation 7:121-128. 

Behnke, J. M., F. S. Gilbert, M. A. Abu-Madi, and J. W. Lewis. 2005. Do the helminth 
parasites of wood mice interact? Journal of Animal Ecology 74:982-993. 

Boschilia, S. M., E. F. Oliveira, and S. M. Thomaz. 2008. Do aquatic macrophytes co-
occur randomly? An analysis of null models in a tropical floodplain. Oecologia 
156:203–214. 

Brualdi, R. A. and J. G. Sanderson. 1999. Nested species subsets, gaps, and 
discrepancy. Oecologia 119:256-264. 

Burns, K. C. 2007. Patterns in the assembly of an island plant community. Journal of 
Biogeography 34:760-768. 

Cook, R. R. and J. F. Quinn. 1998. An evaluation of randomization models for nested 
species subsets analysis. Oecologia 113:584-592. 

Feeley, K. 2003. Analysis of avian communities in Lake Guri, Venezuela, using 
multiple assembly rule models. Oecologia 137:104-113. 

Fernandez-Palacios, J. M. and C. Andersson. 1993. Species composition and within 
archipelago co-occurrence patterns in the Canary Islands. Ecography 16:31-

36. 
Franzen, D. 2004. Plant species coexistence and dispersion of seed traits in a 

grassland. Ecography 27:218-224. 

Giokas, S. and S. Sfenthourakis. 2008. An improved method for the identification of 
areas of endemism using species co-occurrences. Journal of Biogeography 
35:893-902. 

Gjerde, I., M. Saetersdal, J. Rolstad, H. H. Blom, and O. Storaunet. 2004. Fine-scale 
Diversity and Rarity Hotspots in Northern Forests. Conservation Biology 
18:1032-1042. 

Gotelli, N. J. 2000. Null Model Analysis of Species Co-Occurrence Patterns. Ecology 
81:2606-2621. 

Gotelli, N. J. and A. M. Ellison. 2002. Assembly rules for New England ant 
assemblages. Oikos 99:591-599. 

Gotelli, N. J. and K. Rohde. 2002. Co-occurrence of ectoparasites of marine fishes: a 
null model analysis. Ecology Letters 5:86-94. 

Graves, G. R. and N. J. Gotelli. 1993. Assembly of avian mixed-species flocks in 
Amazonia. Proceeding of the National Academy of Sciences 90:1388-1391. 

Hausdorf, B. and C. Hennig. 2007. Null model tests of clustering of species, negative 
co-occurrence patterns and nestedness in meta-communities. Oikos 116:818-

828. 
Heino, J. and J. Soinnen. 2005. Assembly rules and community models for 

unicellular organisms: patterns in diatoms of boreal streams. Freshwater 
Biology 50:567-577. 

Helmus, M. R., K. Savage, M. W. Diebel, J. T. Maxted, and A. R. Ives. 2007. 
Separating the determinants of phylogenetic community structure. Ecology 
Letters 10:917-925. 
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Hoeinghaus, D. J., K. O. Winemiller, and J. S. Birnbaum. 2007. Local and regional 
determinants of stream fish assemblage structure: inferences based on 
taxonomic vs. functional groups. Journal of Biogeography 34:324-338. 

Janovy, J., M. T. Ferdig, and M. A. McDowell. 1990. A Model of Dynamic Behavior of 
a Parasite Species Assemblage. Journal of Theoretical Biology 142:517-529. 

Jonsson, B. G. 2001. A null model for randomization tests of nestedness in species 
assemblages. Oecologia 127:309-313. 

Klop, E. and J. v. Goethem. 2008. Savanna fires govern community structure of 
ungulates in Benoue National Park, Cameroon. Journal of Tropical Ecology 
24:39-47. 

Leibold, M. A. and G. M. Mikkelson. 2002. Coherence, species turnover, and 
boundary clumping: elements of meta-community structure. Oikos 97:237-
250. 

Luiselli, L., E. A. Eniang, and G. C. Akani. 2007. Non-random structure of a guild of 
geckos in a fragmented, human-altered, African rainforest. Ecological 
Research 22:593-603. 

Manly, B. F. J. 1995. A Note on the Analysis of Species Co-Occurrences. Ecology 
76:1109-1115. 

Manly, B. F. J. 1996. The Statistical Analysis of Artefacts in Graves: Presence and 
Absence Data. Journal of Archaeological Science 1996. 

Mason, N. W. H., C. Lanoiselee, D. Mouillot, P. Irz, and C. Argillier. 2007. Functional 
characters combined with null models reveal inconsistency in mechanisms of 
species turnover in lacustrine fish communities. Oecologia 153:441-452. 

Mast, A. R. and R. Nyffeler. 2003. Using a Null Model to Recognize Significant Co-
Occurrence Prior to Identifying Candidate Areas of Endemism. Systematic 
Biology 52:271-280. 

Mouillot, D., O. Dumay, and J. A. Tomasini. 2007. Limiting similarity, niche filtering 
and functional diversity in coastal lagoon fish communities. Estuarine, Coastal 
and Shelf Science 71:443-456. 

Namgail, T., S. Bagchi, C. Mishra, and Y. V. Bhatnagar. 2008. Distributional 
correlates of the Tibetan gazelle Procapra picticaudata in Ladakh, northern 
India: towards a recovery programme. Oryx 2008. 

Panitsa, M., D. Tzanoudakis, and S. Sfenthourakis. 2008. Turnover of plants on small 
islets of the eastern Aegean Sea within two decades. Journal of 
Biogeography 35:1049-1061. 

Peres-Neto, P. R. 2004. Patterns in the co-occurrence of fish species in streams: the 
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