
 

 

 

Tree holes as habitat for 

aquatic and terrestrial invertebrates 

in mixed broadleaf-podocarp rainforest, 

New Zealand. 

 

A thesis submitted for the degree of 

Doctor of Philosophy in Ecology 

at the 

University of Canterbury 

by 

Tanya J. Blakely 

 

 

University of Canterbury 

2008 



 

 i 

GENERAL ABSTRACT 

 

Little is known about the spatial distribution and abundance of tree holes in New 

Zealand’s native forests, or the invertebrate communities that they support. I found that 

tree holes were common on five endemic tree species, belonging to the families 

Fagaceae and Podocarpaceae in the mixed broadleaf-podocarp rainforest of Orikaka 

Ecological Area, Buller District, New Zealand. However, tree holes were not uniformly 

distributed throughout the forest, with more holes found on the three podocarp species, 

Prumnopitys ferruginea, P. taxifolia and Dacrycarpus dacrydioides, than on 

Nothofagus fusca or N. menziesii. Nevertheless, Nothofagus fusca had the largest holes 

of any of the tree species sampled and larger trees generally had larger holes. Large, 

hole-bearing Nothofagus fusca trees support a specialist hole-dwelling vertebrate fauna 

in New Zealand and worldwide, tree holes provide habitat for a range of invertebrate 

species. Using specially-designed emergence traps, I collected invertebrates emerging 

from naturally-occurring dry tree holes and compared this assemblage with 

invertebrates inhabiting leaf litter on the forest floor and those dispersing aerially 

throughout the study area. At the higher taxonomic resolution (i.e., Order or Class), 

community composition within the tree holes was highly variable, and there was no 

strong distinction between invertebrates from tree holes, leaf litter or Malaise traps. 

Moreover, although some beetle species emerging from tree holes were found 

exclusively in tree holes, most of these were represented by a single individual. 

Consequently, only minor differences in species composition were detected between 

beetle assemblages from tree holes, leaf-litter and those aerially dispersing throughout 

the forest. In contrast, the aquatic invertebrate assemblage within water-filled tree holes 

was highly distinctive from that in ground-based freshwater ecosystems, with only six 

aquatic taxa in common between all freshwater habitats. Using experimental water-

filled tree-hole microcosms, I found that species richness and community composition 

within these microcosms were primarily driven by resource concentration, although 

habitat quality (i.e., water chemistry parameters) was also an important determinant of 

the identity and composition of colonising species. Overall, my study has shown that 

tree holes are common in the study area, and are likely to be more abundant in New 

Zealand’s indigenous forests than previously thought. Moreover, these generally small, 
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discrete forest ecosystems support a diverse array of terrestrial invertebrates as well as a 

distinctive aquatic invertebrate community that is primarily structured by organic matter 

resource availability. These findings not only represent an important advance in our 

knowledge of New Zealand’s freshwater invertebrate biodiversity, but also highlight the 

need for further investigation into these unique forest canopy habitats which may well 

be at risk from deforestation and land use change. 
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CHAPTER 1 

General Introduction 

 

1.1 FOREST ECOSYSTEMS 

Natural forests cover about one quarter of the earth’s landmass and support a vast 

amount of the world’s biodiversity (Heywood 1995). Furthermore, forest canopies are 

home to perhaps 50% of all living organisms. Forest canopies are structurally complex, 

and individual tree crowns harbour rich microcosms of epiphytic life. The surface area, 

biomass and productivity of forest canopies – including all aboveground plant structures 

and the interstitial spaces between them – provide a diverse range of niches that are 

exploited by a plethora of canopy invertebrates, many of which are specialised for life 

in the treetops (Lowman & Nadkarni 1995). For example, bark and crevices on trunks 

(Mooed & Meeds 1983), foliage and flowering plant parts (Basset et al. 1992), 

epiphytes and parasitic vines (Ellwood & Foster 2004), suspended soils, leaf litter and 

detritus (Nadkarni & Longino 1990; Wardle et al. 2003), phytotelmata (plant-held 

waters, Kitching 1971, 2001) and tree holes (Nilsson & Baranowski 1997; Ranius 2002) 

are some of the canopy microhabitats known to support invertebrates. However, there is 

still a limited understanding about how many forest species are canopy specialists, or if 

they simply utilise a range of microhabitats throughout forested ecosystems (Stork et al. 

1997). 

 

1.2 TREE HOLES: WHAT ARE THEY AND WHY ARE THEY IMPORTANT 

Tree holes are characteristic of old-growth forests, and the formation of these canopy 

microhabitats involves a complex set of processes that undoubtedly depends on myriad 

factors, including intrinsic traits of particular tree species (e.g., wood density), 

individual tree characteristics (e.g., diameter, age and growth habit), and site features 

such as stand basal area, slope, topographic position and rainfall (Bennett et al. 1994; 

Lindenmayer et al. 2000; Whitford 2002; Fan et al. 2003). Size and age structure of the 

forest, logging practices and habitat fragmentation can also influence the distribution 

and abundance of tree holes (cf. Gibbons & Lindenmayer 2002), and therefore the 

wildlife they support. 
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In addition, tree-hole abundance and distribution are influenced by many abiotic and 

biotic factors which differ among biogeographic regions. In many Northern Hemisphere 

forests tree holes are largely formed by primary hole-excavating species, such as 

woodpeckers, but woodpeckers do not occur in Australasia where large tree holes can 

take more than 200 years to form (Gibbons & Lindenmayer 2002). Instead, wounding 

(e.g., mechanical-scarring or incomplete branch abscission) from stochastic 

disturbances such as fire, wind storms and snow damage are all important factors in 

tree-hole formation in Australasia (Gibbons & Lindenmayer 2002), predisposing the 

tree to the slow decay processes instigated by fungal and invertebrate attack, eventually 

leading to the formation of tree holes (Stewart & Burrows 1994). 

 

Over time, senescent leaf litter collects in these tree holes and decomposing fungi often 

colonise the interior wood, subsequently modifying the size and shape of tree holes 

through decay processes. Thus, tree holes provide detrital-based resources within the 

forest canopy that support a wide range of wildlife species, including numerous species 

of birds (Elliott et al. 1996; Carlson et al. 1998; Bai et al. 2003), bats (Sedgeley & 

O'Donnell 1999; Kerth et al. 2001), marsupials (Lindenmayer et al. 1990; Gibbons et al. 

2002; Russell et al. 2003), snakes (Webb & Shine 1997) and many invertebrate species 

(e.g., mites, honeybee colonies, beetles and pseudoscorpions, Gibbons & Lindenmayer 

2002; Ranius 2002). 

 

Some tree holes can retain standing water for periods of time, collected by rainfall or 

nutrient-rich stemflow. Water-filled tree holes are important ephemeral and permanent 

freshwater habitats suspended within the forest canopy that are used by a plethora of 

(primarily) detritivorous aquatic species (e.g., mites, annelid worms, crabs, frogs and 

aquatic insects, Kitching 1971, 2001; Greeney 2001; Yanoviak 2001b). 

 

Many studies have indicated that there is a high degree of habitat specialisation within 

the tree-hole fauna, and that tree holes support unique terrestrial and aquatic 

invertebrate assemblages. For example, in a review of food webs in phytotelmata (plant-

held waters), Kitching (2001) noted that the majority of arthropods inhabiting water-

filled tree holes were habitat specialists. Similarly, the beetle and pseudoscorpion 
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species that feed on decomposing fungi within old, hollow oaks in southern Sweden 

appear to be obligate tree-hole dwellers, as they are rarely found in other decaying, 

detrital habitats (Ranius & Nilsson 1997; Ranius & Wilander 2000). Moreover, these 

beetle and pseudoscorpion species are thought to be poor dispersers, having evolved 

instead to reside within long-lived tree-hole microhabitats that may persist for many 

hundreds of years in some instances (Gibbons & Lindenmayer 2002), and maintain 

relatively stable climatic conditions (Ranius & Nilsson 1997). 

 

Many obligate hole-dwelling invertebrates are thought to have very specific habitat 

requirements. For example, numerous aquatic insect species were more abundant in 

large than small water-filled tree holes (Sota 1998), while Harlan & Paradise (2006) 

found that dissolved oxygen concentrations had a positive effect on a hole-dwelling 

mosquito species. Yanoviak (1999) also showed that water temperature can influence 

species composition. Nevertheless, a large literature suggests that invertebrate species 

richness is greatest in large tree holes that have high resource availability, and that 

resource concentration is a major determinant of community structure (e.g., Jenkins et 

al. 1992; Ranius & Nilsson 1997; Srivastava & Lawton 1998; Yanoviak 1999b, 2001b; 

Ranius & Wilander 2000; Yee & Juliano 2006). The observation that species richness in 

natural tree holes scales with increasing hole size, in much the same way that species 

richness scales with ecosystem size in a wide range of other systems, has led to their use 

as microcosms in a multitude of studies (e.g., Sota et al. 1994; Ranius 2000, 2001; 

Yanoviak 1999a, 2001a). Moreover, with their generally small size, clearly delineated 

boundaries, and comparatively well known fauna (Srivastava et al. 2004), tree holes 

make a perfect experimental analogue of isolated habitat islands that can be used to test 

ecological theories such as metapopulation dynamics and Island Biogeography theory 

(e.g., Sota et al. 1994; Srivastava & Lawton 1998; Ranius 2000, 2001; Srivastava 2005; 

Ellis et al. 2006; Yee & Juliano 2007). 

 

1.3 TREE HOLES IN A NEW ZEALAND CONTEXT 

Although a considerable amount of empirical and experimental work has been done on 

tree holes in many parts of the world (e.g., Sota et al. 1994; Kitching 1971, 2001; 

Srivastava & Lawton 1998; Yanoviak 1999b, 2001b; Yee & Juliano 2006, 2007), 
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almost nothing is known about tree hole microhabitats in New Zealand. The limited 

research conducted to date suggests that tree holes in New Zealand forests are important 

nesting and roosting sites for approximately 12 native bird species, two native bats and 

many exotic bird and marsupial species (Robertson 1985; Sedgeley 2003). Many of 

these native tree-hole dwelling bird and bat species are either endangered or declining in 

numbers (O’Donnell 1996, 2000; Hitchmough 2002) and it is likely that the lack of 

quantitative knowledge on the abundance, distribution and structural characteristics of 

tree holes in remnant forests is a major factor restricting the successful conservation and 

management of tree-hole vertebrate fauna in New Zealand. 

 

Even less is known about the invertebrate fauna tree holes may support in New Zealand, 

despite the increased focus on invertebrate communities within forest canopies 

worldwide (Basset et al. 2003), and to a lesser extent in New Zealand (Mooed & Meads 

1983; Didham 1992, 1997; McWilliam & Death 1998). From the few studies of tree 

holes as habitat for invertebrates in New Zealand (Taylor & Ewers 2003; Derraik & 

Heath 2005), it remains unclear whether the invertebrates inhabiting tree holes are 

habitat specialists, or simply vagrants that also exploit other detrital-based habitats. For 

example, in a study more than two decades ago, Mooed & Meeds (1983) found that 

perched leaf litter and epiphytes in tree cavities contained invertebrates otherwise 

associated with the forest floor and concluded that invertebrates within New Zealand’s 

lowland forests appear to be habitat generalists. But since then, no other studies have 

been conducted to investigate if tree holes are habitat for invertebrate species. There are, 

however, a handful of empirical studies where artificial containers have been used as 

analogues of water-filled tree holes to investigate a small subset (i.e., mosquitoes, 

Diptera: Culicidae) of the potential aquatic invertebrate tree-hole fauna (e.g., Derraik & 

Slaney 2005). 

 

1.4 HOW THIS THESIS CONTRIBUTES TO AN UNDERSTANDING OF TREE HOLES AND THE 

AQUATIC AND TERRESTRIAL FAUNA THEY SUPPORT IN NEW ZEALAND 

Thesis objectives 

There were four main goals of this research. First, in order to determine the importance 

of tree holes as habitat for terrestrial and aquatic invertebrate species in New Zealand an 
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initial study needed to be conducted to determine the abundance, structural 

characteristics and distribution of tree holes in an indigenous rainforest. Second, it was 

imperative to assess the degree of habitat specialisation of invertebrates within tree 

holes, and therefore determine if these habitats are indeed important for aquatic and 

terrestrial invertebrate species. Third, naturally colonised water-filled tree-hole 

microcosms were used to disentangle the proximate mechanisms driving ecosystem size 

effects on aquatic species diversity and community structure. Fourth, to use my data to 

address gaps in the New Zealand knowledge of tree holes as habitat for invertebrate 

fauna, and place the findings of this research in a conservation context – thus, exploring 

the conservation implications of deforestation and selective logging on the abundance of 

tree holes and the consequences for the wildlife they support. 

 

Thesis structure 

This thesis has been written as a series of (4) scientific manuscripts intended for 

publication. As a result, there is inevitably some overlap between chapters, but I have 

attempted to keep repetition to a minimum. 

 

Chapter 2: A quantitative survey of tree holes in mixed broadleaf-podocarp rainforest, 

New Zealand 

In review, New Zealand Journal of Ecology 

To establish base-line data on the abundance, structural characteristics and distribution 

of tree holes in a mixed broadleaf-podocarp rainforest, I surveyed a total of 50 trees of 

five common tree species using single-rope climbing techniques. I compared my 

findings with (the few) previous tree-hole studies in New Zealand and discussed the 

importance of my findings in regards to tree-hole dwelling fauna and historical 

deforestation practises in New Zealand. 

 

Chapter 3: A preliminary assessment of whether tree holes provide habitat for a 

distinctive saproxylic invertebrate assemblage in New Zealand 

For submission to New Zealand Natural Sciences 

I conducted the first large-scale survey of invertebrates inhabiting dry tree holes in New 

Zealand. I captured invertebrates emerging from 70 tree holes and compared the 
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abundance and community composition of these with invertebrates collected from leaf 

litter on the forest floor and invertebrates aerially dispersing throughout the forest area. I 

intended to use the data collected in Chapter 2 to investigate how the structural 

characteristics of tree holes (e.g., tree-hole height, tree-hole size, location) influenced 

Coleoptera species richness and community composition. However, despite placing 

emergence traps over a large number of tree holes, I collected relatively few individuals 

compared with the abundances of invertebrates captured from leaf litter and those 

aerially dispersing. Due to low sample sizes, formal statistical analyses were not able to 

be use to test whether tree hole structural characteristics influenced Coleoptera 

community structure and consequently these data were not presented in my thesis. 

However, a simple comparison of invertebrate composition among tree holes, leaf litter 

and aerially dispersing invertebrates did allow investigation of a question that has not 

previously been addressed in New Zealand; whether dry tree holes support a distinctive 

assemblage of terrestrial invertebrates. 

  

Chapter 4: Are the macroinvertebrates of water-filled tree holes a distinct component of 

the New Zealand freshwater fauna? 

For submission to New Zealand Journal of Marine and Freshwater Research 

In Chapter 4, I compare the abundance and composition of aquatic macroinvertebrates 

that colonised experimentally-constructed water-filled tree holes with the 

macroinvertebrate communities inhabiting four freshwater habitats located on the forest 

floor nearby. This study is the first to specifically investigate whether water-filled tree 

holes support a distinctive macroinvertebrate assemblage compared with those 

inhabiting other freshwater habitats. 

 

Chapter 5: Disentangling the mechanistic drivers of ecosystem size effects on aquatic 

insect assemblages in water-filled tree-hole microcosms 

For submission to Ecology 

Tree holes are ideal microcosms for testing ecological theory because of their generally 

small size and contained structure with clearly delineated boundaries (Srivastava et al. 

2004). Consequently, tree holes have been used as model systems to test a wide range of 

globally relevant ecological principles such as metapopulation dynamics (Ranius 2000, 
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2001; Ellis et al. 2006), drought-disturbance impact (Sota et al. 1994; Srivastava 2005) 

and productivity-diversity relationships (Srivastava & Lawton 1998; Yee & Juliano 

2007). Chapter 5 presents the findings from a large-scale experimental test of the 

proximate mechanisms of ecosystem size effects on species richness and community 

composition on aquatic insect assemblages inhabiting water-filled tree-hole 

microcosms. These data add to the growing body of knowledge on the mechanisms 

driving ecosystem size effects. I use an advanced statistical technique (structural 

equation modelling) that has only recently been adopted in ecological research, to 

simultaneously explore the direct, indirect and composite effects of ecosystem size 

effects on species richness in experimental microcosms. 

 

Chapter 6: General Discussion 

In this final chapter, I have summarised my findings within previous chapters and put 

the results into a conservation management context. I discuss the importance of 

deforestation and land-use change for the long-term persistence of a distinctive tree-hole 

dwelling fauna. 

 

This study investigates a novel subject that is poorly understood and it is hoped that the 

results of this study will be of considerable interest to both New Zealand and 

international audiences. As the first intensive, long-term investigation of the fauna 

inhabiting tree holes in New Zealand native forest ecosystems, I envisage my findings 

will substantially increase knowledge of canopy arthropod ecology and diversity in 

temperate regions, and add to what is currently known about how tree-hole communities 

respond to the abiotic and biotic characteristics within these discrete ecosystems. I have 

highlighted the discovery of new species that exploit specialist microhabitats unique to 

forest systems, and I have shown how these detritus-based ‘microcosms’ can provide an 

ideal opportunity to test important ecological questions, such as ecosystem size effects 

on species richness and community structure. 

 

Finally, two Appendices contain additional works derived from this study and a 

complementary study. 
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Appendix A is a manuscript of a complementary study on the abundance, distribution 

and structural characteristics of tree holes in an area of old-growth Nothofagus forest, 

Lewis Pass, New Zealand. This paper was written in conjunction with students of the 

2004 postgraduate Community Ecology course at the University of Canterbury, co-

ordinated by Raphael Didham. It has been accepted for publication in Austral Ecology 

as Tanya J. Blakely, Phillip G. Jellyman, Robert J. Holdaway, Laura Young, Ben 

Burrows, Patrick Duncan, Daniel Thirkettle, Jamie Simpson, Robert M. Ewers and 

Raphael K. Didham (In press). “The abundance, distribution and structural 

characteristics of tree holes in Nothofagus forest, New Zealand”. 

 

Appendix B is a manuscript of the taxonomic description and feeding habits of a 

tanypod (Diptera: Chironomidae) larva, Monopelopia sp., a newly discovered genus in 

New Zealand. This new genus was the most abundant larva in experimentally-

constructed water-filled tree holes used in Chapters 4 & 5. All gut analyses were 

conducted by Mike Winterbourn from slides I had compiled as part of this thesis, and 

Peter Cranston confirmed the identification of Monopelopia. The manuscript has been 

submitted to The Weta: News Bulletin of the Entomological Society of New Zealand as 

Tanya J. Blakely, Peter S. Cranston, and Mike J. Winterbourn. “Container-inhabiting 

Monopelopia larvae (Chironomidae: Tanypodinae) from a north Westland forest”. 
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CHAPTER 2 

A quantitative survey of tree holes in mixed broadleaf-

podocarp rainforest, New Zealand 

Tanya J. Blakely & Raphael K. Didham 

In press New Zealand Journal of Ecology v32(2) 

http://www.newzealandecology.org/nje/ 

 

2.1 ABSTRACT 

Despite the ecological importance of tree holes as habitat for many species in New 

Zealand, few studies have quantified the abundance, distribution or structural 

characteristics of tree holes in native forests. We recorded a total of 364 tree holes in 

ground-to-canopy surveys on 50 trees of five endemic species in the families Fagaceae 

and Podocarpaceae within Orikaka Ecological Area, Buller District, New Zealand. Tree 

holes were not uniformly distributed throughout the forest, with more holes in the three 

podocarp species, Prumnopitys ferruginea, P. taxifolia and Dacrycarpus dacrydioides, 

than in Nothofagus fusca or N. menziesii. However, N. fusca had the largest tree holes of 

any of the tree species sampled. Tree-hole volume and tree-hole opening both increased 

with tree size. Tree-hole opening was strongly positively correlated with internal 

volume, especially for the podocarps. It therefore potentially provides a useful surrogate 

measure for quantifying the abundance of large tree holes from cost-effective ground 

surveys. We estimated there might be as many as 771 tree holes per hectare of forest at 

this site, but fewer of these were thought to be large enough for obligate hole-dwelling 

vertebrate species. Our findings indicate that previous researchers have dramatically 

underestimated the abundance of tree holes in native forests around New Zealand, and 

this could be particularly important for the conservation management of native 

vertebrate and invertebrate species dependent on these forest microhabitats. 

 

 

Key words: Dacrycarpus; Fagaceae; Forest canopy; Microhabitats; Nothofagus; 

Podocarpaceae; Prumnopitys; Tree holes 
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2.2 INTRODUCTION 

Tree holes provide important ecological resources for many vertebrate and invertebrate 

species throughout the world (Kitching 1971; Greeney 2001; Kitching 2001; Yanoviak 

2001; Gibbons & Lindenmayer 2002; Ranius 2002). In New Zealand, water-filled tree 

holes support an array of aquatic insect species (Taylor & Ewers 2003; Derraik 2005; 

Derraik & Heath 2005; T.J. Blakely, unpublished data), while dry tree holes are known 

to be important nesting and roosting sites for a wide range of native obligate hole-

dwelling bird and bat species (e.g., stitchbird Notiomystis cincta, saddleback 

Philesturnus carunculatus, mohua Mohoua ochrocephala, yellow-crowned kakariki 

Cyanoramphus auriceps, long-tailed bat Chalinolobus tuberculatus and lesser short-

tailed bat Mystacina tuberculata; Robertson 1985; Elliott et al. 1996; Greene 2003; 

Sedgeley 2003), as well as many exotic bird and mammalian species. However, despite 

the undoubted importance of tree holes for endangered species, the distribution and 

frequency of tree holes have remained largely unstudied in the native forests of New 

Zealand (but see Rasch 1989; Elliot et al. 1996; Sedgeley 2001, 2006). A recent study in 

the Lewis Pass, New Zealand, found that tree holes may be very abundant in old-growth 

Nothofagus forest (Appendix A), but little is known about the abundance of tree holes in 

mixed broadleaf-podocarp forests. In particular, no direct comparisons of the spatial 

distribution of tree holes and their structural characteristics have been made between 

podocarp and Nothofagus species within the same forest. 

 

In New Zealand forest ecosystems, tree holes form when a tree is exposed to 

physiological or physical stressors including wounding from mechanical-scarring or 

incomplete branch abscission, stochastic storm events, fungal and invertebrate attack, 

and increasing tree age (Stewart & Burrows 1994; Peterson 2000). A wide range of 

factors can influence the development and abundance of tree holes, including individual 

tree characteristics, such as diameter, age, species, health and growth habit, as well as 

site features such as stand basal area, slope, topographic position and rainfall (Bennett et 

al. 1994; Lindenmayer et al. 2000; Whitford 2002; Fan et al. 2003). 

 

Perhaps most importantly, size and age structure of the forest can have a primary 

influence on the distribution and abundance of tree holes, with older, larger trees having 
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more tree holes than young trees (Gibbons & Lindenmayer 2002, Appendix A). 

Consequently, deforestation and logging practices that alter the age structure of forest 

stands can reduce the abundance of tree holes and their associated wildlife. Reduced 

availability of tree-hole habitat can result from two interrelated processes: first, the 

direct loss of hole-bearing trees due to removal for timber and, second, the limitation of 

recruitment of trees into hole-bearing cohorts. Tree harvesting and selective logging 

generally target large trees (Wardle 1984) and therefore reduce the availability of 

roosting / nesting sites for obligate hole-dwelling species (Mackowski 1984; 

Lindenmayer et al. 1991). Ball et al. (1999) developed a simulation model in a 

monospecific Australian eucalypt forest showing that when the harvest rotation is 100 

years or less, a long-term supply of hole-bearing trees cannot be ensured, even if all 

hole-bearing trees are retained. Ball et al. (1999) also indicated that if some of the hole-

bearing trees conserved from initial logging events later die from logging-related 

mortality, the loss of hollow-bearing trees over time will be greatly exacerbated. 

 

In New Zealand, many native tree species have been extensively logged in most regions 

until relatively recently (Griffiths 2002). The loss of hole-bearing trees is of utmost 

importance as Nothofagus spp. and many native podocarp species provide important 

habitat for hole-nesting bird and bat species around New Zealand (Rasch 1989; Elliott et 

al. 1996; Knegtmans & Powlesland 1999; Greene 2003; Sedgeley & O’Donnell 2004; 

Sedgeley 2006). Although large-scale clearfell and selective logging are no longer 

practised on New Zealand’s conservation lands, there is a long legacy of historical 

logging and many private landowners can still remove native trees indiscriminately 

(Griffiths 2002), making it all the more important to quantify the abundance, 

distribution and structural characteristics of tree holes on Nothofagus and podocarp 

species. Thus, the purpose of this paper was to present the first comprehensive and 

systematic investigation of the frequency and spatial distribution of tree holes within a 

temperate broadleaf-podocarp rainforest in New Zealand. Specifically, we investigated 

variation in the abundance, distribution and structural characteristics of tree-holes with 

respect to: 1) variation among five endemic tree species from two common families 

(Fagaceae and Podocarpaceae), and 2) variation in individual tree traits (tree height and 

diameter). 
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2.3 METHODS 

Study site 

This study was undertaken in a southern temperate broadleaf-podocarp rainforest within 

Orikaka Ecological Area, Buller District, South Island, New Zealand. Orikaka 

Ecological Area is part of the largest continuous forest remaining in New Zealand 

today, at over 1 million hectares in extent. The study area was approximately 1000 m 

north-west of the convergence of the Orikaka and Buller Rivers, at c. 80 m asl (41°27´ 

S, 171°25´ E) (Fig. 2.1). A humid, maritime, cool temperate climate is characteristic of 

this region. Mean annual precipitation is 2838 mm, while mean annual air temperature 

ranges from 8.0–16.5 °C, with winter minimum and summer maximum temperatures of 

-1.0 °C and 25.0 °C, respectively (National Institute of Water and Atmospheric 

Research 2008). The nearest climate station recording sunshine hours is c. 30 km west 

of the study site in Westport, and these data suggest that Orikaka might receive around 

1843 sunshine hours annually (National Institute of Water and Atmospheric Research 

2008). 

 

 

 

 

 

 

 

 

 

Figure 2.1. Location of Orikaka Ecological Area, 

situated within continuous indigenous forest (grey 

shading) 30 km east of Westport, South Island, New 

Zealand. 

 

 

 

The Orikaka Ecological Area is geologically diverse, with limestone, siltstone, quartz, 

glacial outwash and coal measures throughout, and includes the catchments of 

numerous creeks and rivers as well as some wetland areas in the south. Orikaka forest 
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covers a series of ridges and intervening basins lying between 60 and 600 m altitude. 

The forest canopy is dominated by Nothofagus fusca (red beech) and N. menziesii 

(silver beech) with N. truncata (hard beech) at higher elevations, and emergent D. 

cupressinum, D. dacrydioides, P. ferruginea, P. taxifolia and Metrosideros umbellata 

(southern rata) throughout. The understorey is dominated by Pseudowintera colorata 

(horopito), Carpodetus serratus (putaputaweta), Dicksonia squarrosa (tree ferns), 

Weinmannia racemosa (kamahi), Nothofagus seedlings, Pseudopanax crassifolius 

(lancewood), Griselinia littoralis (broadleaf), Fuchsia excorticata, and a dense ground 

layer of ferns. 

 

Approximately 1000 ha of Orikaka Ecological Area have been logged previously for 

podocarp and Nothofagus spp., but D. dacrydioides and P. ferruginea were protected 

from commercial logging in this region (Dalley & Richards 1998). Small areas of forest 

have also been modified by coal mining activities and an electricity transmission line 

crosses the south-western corner of Orikaka. However, more than 80% of the forest 

remains largely unmodified by logging or mining, and Park & Walls (1978) identified 

parts of Orikaka Ecological Area as important representative stands of tall lowland 

forest in the Nelson Land District. 

 

Tree-hole survey 

A 1.96-ha portion of the Orikaka study area, unmodified by recent Timberland’s 

forestry practises, was subdivided into 196, 10 x 10 m contiguous subplots for 

systematic sampling. The 19 600 m
2
 plot was established by randomly selecting a 

starting point, the south-western corner, and then measuring 140 m in both a northerly 

and an easterly direction to create a square. Within this 19 600-m
2
 plot, 5-25 trees of 

each of Nothofagus fusca (n = 25), N. menziesii (n = 10) (Family Fagaceae), 

Dacrycarpus dacrydioides (n = 5), Prumnopitys ferruginea (n = 5) and P. taxifolia (n = 

5) (Family Podocarpaceae) were randomly selected and surveyed for tree holes in 

January 2006 using single-rope climbing techniques (Barker & Standridge 2002). 

Climbable trees (i.e., ≥ 20 cm trunk diameter at breast height (1.4 m), DBH) with 

multiple large branches in the upper canopy were selected using a random-walk, 

beginning at the south-eastern corner of the 19 600-ha study area. Each tree was 
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selected by generating a random compass bearing and walking a random number of 

metres (1–60, using the seconds hand on a watch), following which the nearest 

climbable tree, of any of the five tree species, was selected until the full sample of each 

species had been climbed. If the random walk took the arborists outside the study plot, 

or no climbable trees were available at the selected point, a new random bearing and 

distance were generated. Using a modified cross-bow, a climbing rope was positioned at 

the highest possible point within each tree and subsequently the trunk and all branches 

of each tree were systematically surveyed for holes. 

 

Tree size (DBH, cm) was measured for each climbed tree. Where trees had multiple 

stems at breast height, the DBH was taken below the initial stem split. We also recorded 

the height (m), location (branch, trunk or fork) and aspect (North, South, East or West) 

of each individual tree hole on all climbed trees. Tree holes were recorded only if they 

were ≥ 1 cm in entrance height, width or horizontal depth and penetrated at least into 

the outer sapwood, rather than simply representing a deformation in the tree bark 

(following Appendix A). The internal (vertical and horizontal depths, cm) and external 

(height and width, cm) dimensions were also recorded for each tree hole. From these 

measurements, we calculated the entrance size (hole opening, cm
2
) and volume (cm

3
) of 

each tree hole using standard formulas, where tree holes were treated as ellipses. 

Entrance angle (° from vertical) was also recorded for each tree hole, with vertical holes 

being recorded as 0°, holes overhanging and facing towards the ground recorded as 

negative angles, and those facing upwards recorded as positive angles. 

 

The presence of standing water, versus damp or dry conditions (an internal condition 

considered important for tree-hole inhabiting fauna) was recorded in early December 

2004 and 2006. Rainfall is fairly constant both inter-annually and throughout the year, 

with slightly lower values from January–March, in Orikaka Ecological Area (long-term 

data, 1971–2000; National Institute of Water and Atmospheric Research 2008). 

Furthermore, we recorded consistent rainfall levels near our study area, in November 

and December 2004–2006. Therefore, even though the internal conditions in tree holes 

were measured only at two discrete time periods, we expect that this was representative 

of the presence of standing water in the study area, except perhaps for the hottest 
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periods in mid-summer. Lip size (cm) at the lower edge of each tree hole was also 

recorded, as this was considered to be a possible determinant of microclimatic 

conditions inside the hole (e.g., ability to retain standing water). 

 

In order to make predictions about the number of tree holes per hectare in our study area 

we also recorded tree species and DBH for all trees ≥ 20 cm DBH in a subset of 100 

randomly selected 10 x 10 m subplots, in January 2005. This gave us size-frequency 

distribution information for all canopy and subcanopy trees (≥ 20 cm DBH) in 1 ha of 

our 1.96-ha study area. 

 

2.4 STATISTICAL ANALYSES 

Analysis of covariance (ANCOVA) was used to explore the main and interactive effects 

of tree species and size (DBH) on the number of tree holes identified during the 

climbed-inspections. We used linear mixed-effects (LME) models (using the lmer 

package in R, R Foundation 2007) tested with maximum likelihood (ML) to explore the 

amount of variation in tree-hole volume (cm
3
) and hole opening (cm

2
) explained by the 

fixed effect of tree species (N. fusca, N. menziesii, D. dacrydioides, P. ferruginea and P. 

taxifolia) and the fixed covariate effect of tree size (DBH), while accounting for the 

random effect of variation in hole size among individual trees (tree identity), nested 

within tree species. Nested mixed-effects models were used because of the hierarchical 

design of the survey in which there was dependence among individual holes within 

trees. Thus, hole volumes and openings within trees were not treated as independent 

replicates, but were nested within tree species to avoid pseudoreplication (Crawley 

2007). We used model simplification to estimate the P values and test the significance 

of tree species, DBH, and their interaction (Crawley 2007). That is, the fixed effects of 

tree species and DBH, as well as their interaction, were removed one-by-one from the 

LME models and using ML we were able to estimate the chi-square (χ2
) statistic and its 

significance level for each of the predictors, and their interaction. 

 

Pearson’s correlations were used to test if tree size (DBH) and mean tree-hole 

characteristics per tree, such as mean hole opening, internal volume or hole height 

above ground, were linearly related. Pearson’s correlations were also used to test if 
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these three tree-hole characteristics were linearly related to each other, independent of 

tree DBH. Chi-square contingency tables were used to determine whether tree holes 

were equally distributed amongst branches and trunks, or if they were more likely to 

occur on N, E, S or W aspects, for the five tree species surveyed. Chi-square 

contingency tables were also used to test separately whether the internal condition of 

tree holes (i.e., wet versus dry) was influenced by tree species, hole aspect, location, 

entrance angle or lip size. Entrance angles were pooled together into three categories 

(vertical, upwards, or downwards facing) while lip sizes were combined into four 

arbitrarily-assigned size categories (0–0.9, 1–4.9, 5–9.9 or ≥ 10 cm). Tree holes in 

branch forks were excluded from the analyses and tree holes containing standing water 

were combined with damp holes to meet the recommended statistical assumption that no 

more than 20% of the categories had expected frequencies of less than five. 

 

All analyses were performed in R version 2.6.0 (R Foundation 2007). Response and 

predictor variables were ln (x + 1) transformed where necessary to meet assumptions of 

normality and homogeneity of variances. 

 

2.5 RESULTS 

The ground-vegetation survey of 100 randomly selected 10 x 10 m subplots within the 

1.96-ha Orikaka study area, indicated that N. fusca and N. menziesii were the most 

abundant canopy tree species (53% and 34%, respectively; Table 2.1). Although present 

in the study area, D. dacrydioides, P. ferruginea and P. taxifolia were much less 

common in the canopy, together making up just 13% of canopy trees in the 1-ha area 

surveyed (Table 2.1). Meanwhile, the tree fern D. squarrosa was the most abundant 

subcanopy species ≥ 20 cm DBH (89%), followed by W. racemosa and C. serratus 

(73% and 4%, respectively; Table 2.1). 



Tree holes in broadleaf-podocarp forest 

 22 

Table 2.1. Total number of a) canopy and b) subcanopy trees ≥ 20 cm DBH (diameter 

at breast height, 1.4 m), and the proportion that each species contributes to five 

arbitrarily-assigned size classes within 100 randomly selected 10 x 10 m subplots 

surveyed inside the 1.96-ha Orikaka Ecological Area study plot. This stand-level size-

frequency distribution information allowed us to extrapolate tree-hole abundances per 

hectare of forest, including water-filled trees holes and dry tree holes that may be 

suitable for native bird and bat species. 

 

Tree Total number Prop. of trees in DBH (cm) class Prop. of 

species of trees 20–20.9 30–30.9 40–40.9 ≥ 50 trees / ha 

a) Canopy species 

Nothofagus fusca 101 0.12 0.12 0.11 0.66 0.53 

N. menziesii 65 0.29 0.23 0.11 0.37 0.34 

Prumnopitys ferruginea 14 0.29 0.21 0.00 0.50 0.07 

P. taxifolia 9 0.33 0.11 0.11 0.44 0.05 

Dacrycarpus dacrydioides 2 0.00 0.00 0.50 0.50 0.01 

Dacrydium cupressinum 1 0.00 0.00 0.00 1.00 0.01 

b) Subcanopy species 

Dicksonia squarrosa 486 0.84 0.14 0.01 0.01 0.89 

Weinmannia racemosa 41 0.46 0.44 0.10 0.00 0.07 

Carpodetus serratus 1 0.76 0.24 0.00 0.00 0.03 

Pseudopanax crassifolium 1 1.00 0.00 0.00 0.00 <0.01 

Griselinia littoralis 1 1.00 0.00 0.00 0.00 <0.01 
Pseudowintera colorata 1 1.00 0.00 0.00 0.00 <0.01 

 

 

In total, 364 tree holes were recorded on the 50 sampled trees in Orikaka Ecological 

Area. Furthermore, 96% of these climbed trees were hole-bearing, with only one of each 

of N. fusca and N. menziesii having no tree holes. The 50 climbed trees were highly 

variable in size (46.5–136.0 cm DBH), but there was no significant difference in 

average tree size across the five tree species (F4, 45 = 0.40, P = 0.890). There were many 

more holes in large trees than in small trees (F1, 44 = 5.12, P = 0.029; Fig. 2.2), but more 

importantly the effect of tree size (DBH) on tree-hole abundance was consistent across 

the five tree species (F4, 40 = 1.01, P = 0.415; Fig. 2.2). The three podocarp species had 

more holes per tree than either of the Nothofagus species (F4, 44 = 3.85, P = 0.009; Fig. 

2.2). Prumnopitys ferruginea had the most holes per tree (15.2 ± 3.0, n = 5), followed 

by P. taxifolia (8.6 ± 2.0, n = 5), D. dacrydioides (7.8 ± 3.0, n = 5), N. fusca (6.8 ± 0.8, 

n = 25) and N. menziesii (3.7 ± 1.0, n = 10). 
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Figure 2.2. Variation in the number of tree holes recorded during climbed-inspections 

on Nothofagus fusca (closed circles and solid fitted line, n = 25), N. menziesii (open 

circles and dash-dot fitted line, n = 10), Dacrycarpus dacrydioides (open squares and 

dash-dot-dot fitted line, n = 5), Prumnopitys ferruginea (open triangles and dashed 

fitted line, n = 5) and P. taxifolia (open diamonds and dotted fitted line, n = 5) of 

differing sizes (DBH) climbed in Orikaka Ecological Area, Buller District. Note that the 

y-axis is plotted on a logarithmic scale. The equations of fitted lines are: ln(y) = -

1.769+0.829.ln(x) (for N. fusca), ln(y) = -2.258+0.829.ln(x) (for N. menziesii), ln(y) = -

1.721+0.829.ln(x) (for D. dacrydiodes), ln(y) = -0.869+0.829.ln(x) (for P. ferruginea) 

and ln(y) = -1.528+0.829.ln(x) (for P. taxifolia). 

 

 

We measured the internal dimensions on 354 of the 364 tree holes identified during the 

climbed-inspections. Tree-hole volume varied markedly among these 354 holes, from 

the smallest measurable hole of only 0.5 cm
3
 up to the largest, 6 orders of magnitude 

greater, at more than 157 000 cm
3 

(0.157 m
3
). However, the majority (83%) of holes on 

all tree species were small (0–999 cm
3
 volumes). Although N. fusca had significantly 

fewer tree holes than all three podocarp species, tree holes on N. fusca were much 

larger, on average, than all other tree species (Fig. 2.3). There was a significant effect of 

tree species on hole volume (χ2
(4) = 11.64, P = 0.020), while the tree DBH covariate also 

significantly affected hole volume (χ2
(1) = 29.45, P < 0.001; Fig. 2.3a). The effect of 

DBH did not vary across the five tree species (χ2
(4) = 4.42, P = 0.353), indicating that 
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the increase in hole volume with increasing tree size or age was consistent among these 

tree species (Fig. 2.3a). 

 

Although there was a slight trend for Nothofagus fusca to have larger hole openings, 

there was no overall effect of tree species on hole entrance size (χ2
(4) = 8.45, P = 0.076; 

Fig. 2.3b). There was, however, a significant effect of tree DBH on hole opening, with 

larger trees having substantially larger hole openings (χ2
(1) = 21.96, P < 0.001). In this 

case, the increase in tree-hole entrance with increasing tree DBH was consistent among 

the five tree species (χ2
(4) = 5.12, P = 0.276) (Fig. 2.3b). 

 

Tree DBH was positively correlated with both mean hole opening (r = 0.70, P < 0.001) 

and mean hole volume (r = 0.58, P < 0.001) per tree, with larger trees of all species 

having bigger holes. However, holes situated higher off the ground tended to have 

smaller openings on N. menziesii and P. ferruginea (hole height and hole entrance 

correlations: r = -0.36, P = 0.031 and r = -0.35, P = 0.002, respectively), and holes high 

up on D. dacrydioides and P. ferruginea had smaller hole volumes (r = -0.38, P = 0.016 

and r = -0.31, P = 0.006, respectively). 

 

Hole entrance size was strongly, positively correlated with its internal hole volume (r = 

0.69, P < 0.001; Fig. 2.4). This was true for all tree species, with large tree holes 

(internally) generally having greater openings. However, the relationship between hole 

opening and volume was more variable on N. fusca (r = 0.65, P < 0.010; Fig. 2.4a) and 

N. menziesii (r = 0.53, P = 0.001; Fig. 2.4b) trees, compared with D. dacrydioides (r = 

0.81, P < 0.001; Fig. 2.4c), P. ferruginea (r = 0.74, P < 0.001; Fig. 2.4d) and P. 

taxifolia (r = 0.70, P < 0.001; Fig. 2.4e). 

 

Although tree holes were evenly distributed between trunks (48%) and branches (52%) 

overall, the relative spatial distribution of holes varied among tree-species (χ2
(4) = 20.48, 

P < 0.001; Table 2.2). Tree holes were also non-randomly distributed on different 

aspects of trees (χ2
(12) = 27.26, P = 0.007; Table 2.2). 
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Figure 2.3. Variation in the average (±1 SE) a) tree-hole volume and b) tree-hole 

entrance size per tree recorded on Nothofagus fusca (closed circles and solid fitted line, 

n = 24), N. menziesii (open circles and dash-dot fitted line, n = 9), Dacrycarpus 
dacrydioides (open squares and dash-dot-dot fitted line, n = 5), Prumnopitys ferruginea 

(open triangles and dashed fitted line, n = 5) and P. taxifolia (open diamonds and dotted 

fitted line, n = 5) of differing sizes (DBH) climbed in Orikaka Ecological Area, Buller 

District. Note that there was no significant effect of species on b) hole entrance size, so 

the solid line indicates a common slope for all species. The y-axes are plotted on 

logarithmic scales. The equations of fitted lines for a) tree-hole volume are: ln(y) = -

9.998+3.432.ln(x) (for N. fusca), ln(y) = -10.667+3.432.ln(x) (for N. menziesii), ln(y) = -

12.042+3.432.ln(x) (for D. dacrydiodes), ln(y) = -10.536+3.432.ln(x) (for P. ferruginea) 

and ln(y) = -11.251+3.432.ln(x) (for P. taxifolia). Equation of fitted line for b) tree-hole 

entrance size is: ln(y) = -5.491+1.812.ln(x). 
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Figure 2.4. Relationship between the entrance size (cm
2
) of tree holes and tree-hole 

volume (cm
3
) for a) Nothofagus fusca (closed circles, n = 162), b) N. menziesii (open 

circles, n = 35), c) Dacrycarpus dacrydioides (open squares, n = 39), d) Prumnopitys 
ferruginea (open triangles, n = 75), e) P. taxifolia (open diamonds, n = 43) and f) all 

tree species (n = 354) climbed in Orikaka Ecological Area, Buller District. 
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Table 2.2. Relative abundance (%) of tree holes located on trunks or branches, and on 

North (N), East (E), South (S) or West (W) facing aspects of Nothofagus fusca (n = 25), 

N. menziesii (n = 10), Dacrycarpus dacrydioides (n = 5), Prumnopitys ferruginea (n = 

5) and P. taxifolia (n = 5) of differing sizes (DBH) climbed in Orikaka Ecological Area, 

Buller District. 

 

Tree Total number Location Aspect 

species of tree holes Trunk Branch N E S W 

Nothofagus fusca 169 59 41 14 25 30 31 

N. menziesii 37 27 73 19 33 16 32 

Dacrycarpus dacrydioides 39 56 44 41 16 10 33 

Prumnopitys ferruginea 76 40 60 13 17 33 37 

P. taxifolia 43 33 67 20 26 21 33 

 

 

Only 2% of all the tree holes inspected contained standing water suitable for aquatic 

fauna to inhabit, while a further 18% were damp at the time of sampling. Thus, 20% of 

all holes contained some moisture (i.e., potentially containing water at times); the 

remaining 80% of tree holes were dry inside in December 2004 and 2006. Entrance 

angle (positive or negative angle, or 0°) was not a significant determinant of the internal 

conditions of these tree holes (i.e., damp or dry) (χ2
(2) = 4.37, P = 0.112). Few tree holes 

(20%) faced downwards (negative entrance angle) and the majority either faced directly 

out from the vertical face of the tree (45% at an angle of 0°) or were upwards facing 

(35%). Similarly, there was no clear relationship between internal dampness and hole 

aspect (χ2
(3) = 5.62, P = 0.132), lip size (χ2

(3) = 4.76, P = 0.190) or location on the tree 

(χ2
(1) = 0.69, P = 0.406). There was, however, significant variation in the proportion of 

damp or water-filled holes among tree species (χ2
(3) = 9.80, P = 0.020). Just 3% of tree 

holes on D. dacrydioides were either water-filled or damp, while 13% of Prumnopitys 

ferruginea holes were wet compared with much higher proportions for N. fusca (22%), 

P. taxifolia (30%) and N. menziesii (30%). 

 

2.6 DISCUSSION 

Concurrent work in mixed broadleaf-podocarp forest within Orikaka Ecological Area 

(this study) and within Nothofagus spp. forest in the Lewis Pass (Appendix A) indicates 

that previous researchers have dramatically underestimated the abundance of tree holes 

in native forests around New Zealand (Table 2.3). Nearly all trees in this study and in 
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the Lewis Pass (Appendix A) were hole-bearing (≥ 90%), compared with previous 

studies where, at most, 60% of trees were reported to be hole-bearing (Table 2.3). Of 

course, it is important to consider that tree-hole abundance is likely to be strongly 

dependent on local climatic differences, forest stand age, disturbance history, and 

pathogen abundance. Thus, the abundance of tree-holes may naturally vary to some 

degree between forest sites. For example, in Orikaka Ecological Area, N. fusca had 10-

fold more tree holes and N. menziesii more than 5-fold the number of holes than 

reported for the same tree species in previous work conducted at the same level of 

sampling intensity (cf. Table 2.3 and Appendix A). For the most part, the main reason 

that earlier studies have underestimated tree hole density in New Zealand forests is that 

they have relied on ground-based surveys of tree holes and focused primarily on the 

trunk and lower branches, or have indirectly quantified tree-hole abundance by tracking 

obligate hole-dwelling vertebrate species (e.g., Sedgeley & O’Donnell 1999b; Sedgeley 

2003, 2006). However, New Zealand’s native hole-nesting bird and bat species often 

select tree holes with very specific dimensions (Elliott et al. 1996; Sedgeley & 

O’Donnell 1999b; Greene 2003; Sedgeley 2003), and consequently previous work has 

been biased towards recording larger holes suitable for these hole-dwelling vertebrate 

species. Yet, the majority of tree holes are actually very small (83% of all holes were < 

999 cm
3
) and our data indicate that results from these previous studies (Table 2.3) do 

not fairly represent the true underlying distribution of tree holes from which vertebrate 

and invertebrate species are selecting habitat. 
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Table 2.3. A comparison of the proportion of hole-bearing trees, mean number of holes 

per tree, and  minimum hole entrance-size measured in the present study versus several 

other studies in Nothofagus and mixed broadleaf-podocarp forest, New Zealand; 
1
This 

study, 
2
Appendix A, 

3
Sedgeley & O’Donnell (1999b), 

4
Sedgeley (2006). *These 

podocarp-hardwood species included Podocarpus hallii, Weimannia racemosa, 

Prumnopitys ferruginea, Dacrydium cupressinum, Metrosideros umbellata, Griselinia 
littoralis, Leptospermum scoparium and dead trees of any of these species. § indicates 

direct-inspections (e.g., climbed inspections), while ŧ
 
indicates ground-based surveys 

using binoculars. 

 

Tree species No. of trees Prop. of hole- Mean no. of Min. entrance 

 in sample bearing trees holes / tree size (cm) 

Nothofagus fusca 1 25 0.96
§
 6.8 1.0 

N. fusca 2 10 1.00
§
 17.4 1.0 

N. fusca 3 358 0.45
ŧ
 0.7 1.3 

N. menziesii 1 10 0.90
§
 3.7 1.0 

N. menziesii 2 10 1.00
§
 8.1 1.0 

N. menziesii 3 136 0.21
ŧ 

0.7 1.3 

Prumnopitys ferruginea 1 5 1.00
§
 15.2 1.0 

P. taxifolia 1 5 1.00
§
 8.6 1.0 

Dacrycarpus dacrydioides 1 5 1.00
§
 7.8 1.0 

Podocarp-hardwood spp* 
4
 188 0.16

ŧ
 0.4 1.3 

 

 

Frequency, distribution and formation of tree holes 

Tree size had an important influence on tree-hole abundances, with larger (and older) 

trees having many more tree holes. These holes were also bigger, both inside and out. 

Tree species also had an important effect on the abundance, distribution and structural 

characteristics of tree holes. The three podocarp species had many more tree holes per 

tree than either N. fusca or N. menziesii at this site. In fact, P. ferruginea had more than 

twice as many tree holes as N. fusca, and more than four times the number of holes per 

tree as N. menziesii. This marked effect of tree species on hole abundances could result 

from a range of different processes, including differential growth rates among species. 

For instance, podocarp species are typically slower growing than Nothofagus spp. (e.g., 

Lusk & Smith 1998), and within Nothofagus species N. fusca is typically slower 

growing than N. menziesii (Wardle 1984). Thus, in areas of equivalent site productivity, 

P. ferruginea, P. taxifolia or D. dacrydioides trees of a given diameter are likely to be 

older than N. fusca or N. menziesii trees of the same size, and may therefore contain 
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more holes due to age rather than size, per se (Lindenmayer et al. 1993; Gibbons & 

Lindenmayer 2002). 

 

It is also plausible that the observed variation in the distribution and abundance of tree 

holes among species may be related to differences in wood density, as tree species with 

lower wood densities are probably more susceptible to branch breakage. Wood density 

is the single most important factor determining mechanical breaking strength (Persson 

et al. 1995; Beets et al. 2001) and can be highly variable across different tree species. 

The timber densities of N. fusca, N. menziesii, P. ferruginea and P. taxifolia are similar 

(c. 590-630 kg m
-3

), while timber of D. dacrydioides is only slightly less dense (450 kg 

m
-3

) (Wardle 1984; Timbers of New Zealand Ltd 2007), suggesting that D. dacrydioides 

should be more susceptible to branch breakage and subsequent tree-hole formation. 

However, although P. ferruginea and P. taxifolia are known to have extremely strong 

timber, they can also be very brittle (Hay & Dellow 1952). This may potentially cause 

these podocarp species to experience greater branch breakage frequency, and therefore 

greater tree-hole formation rates, than the Nothofagus species in this study. 

 

By contrast, although hole-formation rates may be high in podocarp trees, it is possible 

that the natural durability of their timber may limit hole-expansion rates. For example, 

Gibbons & Lindenmayer (2002) suggested that many tree holes form when heartwood 

decay is already present and a tree is subsequently exposed to some form of 

physiological or physical stress. Therefore, if some species are more susceptible to 

branch breakage due to comparatively lower breaking strengths or brittleness, more tree 

holes might form in the outer sapwood. But many podocarp species contain high levels 

of chemical defences (e.g., Bauch et al. 2006), thereby potentially providing heartwood 

with some level of protection from fungal decay and rot. 

 

Consistent with the hypothesis of differences in susceptibility to rot, Blakely et al. 

(Appendix A) found that N. fusca in the Lewis Pass had many more, larger tree holes 

than N. menziesii and N. solandri (mountain beech) and inferred that these findings 

were a reflection of the differences in timber properties and the associated susceptibility 

to rot and attack by decay-causing organisms. Thus, despite the fact that the Nothofagus 
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spp. had fewer tree holes per tree than the podocarp species surveyed, the timber 

durability of these podocarp species might partially explain why they have smaller tree 

holes than N. fusca in Orikaka Ecological Area. 

 

Implications for management 

In the past, numerous studies from around New Zealand have used ground-based 

surveys to quantify the number of holes suitable for hole-dwelling fauna by scanning 

trees with binoculars (e.g., Sedgeley & O’Donnell 1999b; Sedgeley 2006). However, in 

the Lewis Pass region, Blakely et al. (Appendix A) found that ground-based surveys 

consistently underestimated the abundance of tree holes in pure Nothofagus forest, when 

compared with tree-hole counts obtained during climbed inspections. It fact, less that 

10% of the tree holes on any given tree could be identified from the ground, and those 

situated higher off the forest floor were the hardest to detect (Appendix A). Of course, 

the argument could be made that the holes missed in ground surveys are also the 

smallest tree holes and therefore the least likely to be important for many of New 

Zealand’s hole-dwelling birds and bats (e.g., Elliott et al. 1996; Sedgeley & O’Donnell 

1999a; Greene 2003). This is true to an extent (although small tree holes are also 

important for invertebrate biodiversity), therefore it is of great interest that we found 

tree-hole opening to be significantly positively correlated with tree-hole volume, 

potentially making entrance size a useful external predictor of internal hole dimensions. 

Thus rapid, cost-effective, ground-based surveys of tree-hole entrance size could be a 

useful management approach for quantifying the abundance of large tree holes that are 

most likely to be suitable for specific hole-dwelling fauna, particularly if ground 

surveys are calibrated intermittently with climbed-inspections. However, it is important 

to note that although tree-hole entrance size was significantly correlated with tree-hole 

volume in Orikaka Ecological Area, the strength of this relationship varied among tree 

species. For example, tree holes with large openings on N. fusca and N. menziesii 

typically had larger volume, but this was not always the case. Some tree holes we 

measured in Nothofagus spp. trees were very large internally, but had small hole 

openings, leading to high variance around the observed relationship. In contrast, there 

was a much more predictable relationship between hole volume and entrance size on 
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tree holes measured on D. dacrydioides, and to a lesser extent P. ferruginea and P. 

taxifolia. 

 

Extrapolating tree-hole densities 

By extrapolating from the average number of holes recorded on tree species within each 

of four arbitrarily-assigned size classes (20–29.9, 30–39.9, 40–49.9 > 50 cm DBH), 

multiplied by the relative frequency of trees of that size present in a 1-ha area of the 

study plot, we estimated that there might be as many as 771 tree holes per hectare of 

forest at this site. It is possible that even this high density of tree holes might be an 

underestimate as not all tree species present in Orikaka Ecological Area were surveyed. 

Furthermore, although the utmost care was taken to survey each tree in its entirety, tree 

holes on the outer-most edges of large canopy branches may have been missed. 

 

We also estimated that ‘large’, dry tree holes suitable for solitary lesser short-tailed and 

long-tailed bats (minimum entrance 1.3 x 2.7 cm, volume ≥ 23 cm
3
 and situated ≥ 5 m 

off the forest floor; Sedgeley & O’Donnell 1999a; Sedgeley 2003) may be very 

common in our study area. In fact, we predicted that there might be as many as 384 tree 

holes per hectare available for native bats, and N. fusca was estimated to harbour 76% 

of these. Nevertheless, these bat species have very specific habitat requirements 

(Sedgeley & O’Donnell 1999a) and it is likely that fewer tree holes provide habitat 

suitable for colonies of lesser short-tailed and long-tailed bats. 

 

Dry tree holes available for mohua and yellow-crowned kakariki nests (minimum 

entrance dimension 2.5 cm, minimum internal dimension ≥ 15 cm and situated ≥ 14 m 

off the forest floor; Elliott et al. 1996) were relatively uncommon in our study area, with 

an estimate of as few as 14 holes per hectare. However, it is important to remember that 

this study was conducted in a relatively small area, so estimates such as these need to be 

treated with caution. Moreover, it is important to point out that tree-hole abundance and 

size were strongly dependent on both tree species and DBH and is therefore likely to 

differ throughout New Zealand. For example, tree holes were estimated to be far more 

abundant (3 906 holes / ha) in continuous old-growth Nothofagus forest in the Lewis 

Pass just 60 km away (Appendix A). Holes for native bats were also more abundant in 
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the Lewis Pass (963 holes / ha), than at Orikaka, whereas estimates of the number of 

holes for mohua and yellow-crowned kakariki were more comparable with just 8 holes 

estimated per ha in Lewis Pass (Appendix A). 

 

The presence of standing water plays an integral role in determining the composition of 

tree-hole communities, supplying resources for highly specialised aquatic invertebrate 

communities (Kitching 1971). However, very little is known about water-filled tree-

holes or the communities they support in New Zealand (but see Derraik & Heath 2005). 

In this study, there were marked differences in internal conditions of the tree holes 

across tree species. Unlike D. dacrydioides, and to a lesser extent P. ferruginea, where 

the vast majority of tree holes were dry at the time of sampling, a large proportion of 

tree holes on N. menziesii, N. fusca and P. taxifolia were either water-filled or damp. 

Although only 2% of tree holes contained standing water, a further 18% were damp 

inside, indicating that as many as 20% of holes may collect rainwater via stemflow at 

times. Therefore, despite the low proportion of water-filled tree holes encountered at the 

time of sampling, we estimate there could be as many as 144 holes per hectare that 

retain standing water for a period of time, providing important, albeit ephemeral, 

resources for a multitude of aquatic and semi-aquatic invertebrate species (Kitching 

1971; Yanoviak 2001; Taylor and Ewers 2003; T.J. Blakely unpublished data). 

 

Deforestation and selective logging 

Deforestation and selective logging are known to greatly influence the distribution of 

hole-bearing trees and in turn the abundance of tree holes (Ball et al. 1999; Graves et al. 

2000; Gibbons & Lindenmayer 2002). Many of New Zealand’s obligate hole-dwelling 

species, in particular mohua, yellow-crowned kakariki and long-tailed bats (all of which 

nest in large, hole-bearing trees), have almost certainly been greatly impacted by the 

large-scale removal of forest throughout New Zealand, exacerbated by predation from 

exotic species (O’Donnell 1996; Sedgeley & O’Donnell 2004). Large-scale logging of 

native forest is no longer practised in New Zealand, but historically, Orikaka Ecological 

Area was subject to commercial logging, and both Nothofagus and podocarp spp. were 

harvested from approximately 1000 ha of forest (Dalley & Richards 1998). At this time, 

silviculture aimed to perpetuate an even-aged forest structure, where trees were 
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generally removed after 60–120 years before they reached a large size (< 75 cm DBH) 

(Wardle 1984). 

 

Clearly, the direct loss of hole-bearing trees due to their removal for timber, coupled 

with the reduction in future hole-bearing cohorts, may have dire impacts on obligate 

hole-dwelling fauna, as has been shown for many vertebrate and invertebrate species 

overseas (O’Donnell 1991; Graves et al. 2000; Ranius 2002). Indeed, modified forests, 

with fewer medium- and large-sized trees have disproportionately fewer hole-bearing 

trees than unmodified forests (Mackowski 1984; Lindenmayer et al. 1991; Newton 

1994; Kirby et al. 1998; Gibbons & Lindenmayer 2002).  

 

2.6.5 Conclusions 

This is the first systematic survey of the distribution of tree-hole microhabitats for a 

range of Nothofagus and podocarp tree species in New Zealand. All tree species 

surveyed in Orikaka Ecological Area provided tree-holes of a variety of sizes, heights 

and volumes, and for some tree species the frequencies of holes per tree were amongst 

the highest ever recorded in a New Zealand forest (Table 2.3) and worldwide (Appendix 

A). These tree-holes are likely to support a diverse array of vertebrate and invertebrate 

fauna in this temperate rainforest environment. This is particularly important for the 

conservation management of hole-dwelling birds and bats in New Zealand, because 

even though detailed information is available on habitat requirements (e.g., Elliott et al. 

1996; Greene 2003; Sedgeley & O’Donnell 1999a; Sedgeley 2003), little work has been 

done to map the spatial distribution of suitable tree-hole microhabitats within, and 

beyond, the current distributions of these endangered species. Knowledge of this kind 

could be particularly important when conservation managers are investigating species 

reintroduction and attempting to quantify the abundance and distribution of available 

hole microhabitats. Finally, sustainable logging of native forests is a controversial issue 

in New Zealand (Norton 2000; Wilson & Memon 2005), and there has been little 

thought given to the disproportionate impact that the removal of medium- to large-sized 

hole-bearing trees might have on the long-term distribution of tree holes and the hole-

nesting fauna these unique microhabitats support. 
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CHAPTER 3 

A preliminary assessment of whether tree holes provide 

habitat for a distinctive saproxylic invertebrate assemblage 

in New Zealand 

Tanya J. Blakely & Raphael K. Didham 

In preparation as a Short Communication for New Zealand Natural Sciences 

 

3.1 ABSTRACT 

Tree holes can be common in New Zealand’s old-growth forests, but little research has 

been conducted on the importance of these microhabitats for saproxylic invertebrate 

species. In order to test whether tree holes support a distinct saproxylic invertebrate 

assemblage, we used specially-designed emergence traps to collect invertebrates 

emerging from a large number of naturally occurring tree holes in mixed broadleaf-

podocarp rainforest of Orikaka Ecological Area, north-west South Island, New Zealand. 

We compared the tree-hole assemblage with invertebrates inhabiting leaf litter on the 

forest floor (using Berlese extraction) and invertebrates dispersing aerially throughout 

the study area (using Malaise traps). A total of 34,222 invertebrates belonging to 95 

higher taxa, including 32 Diptera families and 35 Coleoptera families were collected 

from all habitats. Of these, 928 individuals emerged from 75 tree holes from October 

2006 to April 2007, with Diptera, Colembolla, Acari and Coleoptera dominating the 

fauna. At this higher taxonomic resolution, community composition within the tree 

holes was highly variable, and there was no indication that the relative abundance of 

invertebrates occurring in tree holes was distinct from that found in leaf litter or Malaise 

traps. A species-level analysis of the similarity of community composition between 

microhabitat types was conducted for the Coleoptera fauna, with 777 adult beetles from 

57 species collected in leaf litter, and 711 adult beetles from 89 species captured in 

Malaise traps. But just 43 adult beetles belonging to 25 species were collected from tree 

holes. Many of the beetle species emerging from tree holes were represented by a single 

individual and there was large variation in species composition among tree holes, which 

was mainly driven by the large differences between leaf-litter dwelling and aerially-

dispersing assemblages. There were weak but significant differences in species 
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composition between tree-hole and leaf-litter beetle assemblages and between tree-hole 

and canopy Malaise-trap assemblages. Beetle assemblages were not significantly 

different between tree holes and understorey Malaise traps. Overall, our preliminary 

findings provide no direct support for the specialisation of saproxylic invertebrates to 

tree-hole microhabitats in New Zealand, but further research is needed to confirm this. 

 

 

Keywords: ANOSIM; Berlese funnel; Coleoptera; Community composition; Diptera; 

Emergence trap; Forest canopy; Invertebrate; Malaise trap; Microhabitats; NMDS; 

SIMPER 

 

 

3.2 INTRODUCTION 

Recent research indicates that old-growth indigenous forests of New Zealand have a 

remarkably high frequency of tree holes (Chapter 2; Appendix A), but the importance of 

tree holes for native vertebrates and invertebrates is poorly understood. The limited 

amount of research that has been conducted on the tree hole dwelling fauna of New 

Zealand has focussed primarily on species-specific studies of threatened birds and bats 

(Elliott et al. 1996; Greene 2003; Sedgeley 2003, 2006; Sedgeley & O’Donnell 2004), 

whereas comparatively little is known about their resident invertebrate communities. 

 

Worldwide, many tree holes collect rainwater and stemflow, providing lentic 

microhabitats for a multitude of canopy-dwelling aquatic invertebrate species (e.g., 

Kitching 1971; Greeney 2001; Derraik 2005; Derraik & Heath 2005). However, tree 

holes often remain dry, or are only intermittently damp, and thus provide important 

ecological resources for a wide diversity of terrestrial invertebrates including specialist 

saproxylic species (species that feed on wood, wood-decomposing fungi and bark, 

Grove 2002) and their associated predators, parasitoids and commensals (e.g., McComb 

& Noble 1982; Nilsson & Baranowski 1997; Ranius & Nilsson 1997; Ranius & 

Wilander 2000; Ranius 2002b). 

Saproxylic invertebrates are an important component of forest biodiversity, accounting 

for a large proportion of all the invertebrates in natural forests (cf. Grove 2002). In 
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many regions of the world, notably Europe, substantial research emphasis has been 

placed on improving our understanding of the saproxylic invertebrate fauna of tree 

holes. In particular, research has focussed on saproxylic species belonging to the Orders 

Coleoptera and Pseudoscorpiones that feed on wood-decomposing fungi in hole-bearing 

oak (Quercus robur) trees (Ranius & Nilsson 1997; Ranius 2002b). For example, the 

scarabaeid beetle Osmoderma eremita and the pseudoscorpions Larca lata and 

Allochernes wideri appear to be obligate tree-hole dwellers, as they are rarely found in 

other decaying, detrital habitats (Ranius & Nilsson 1997; Ranius & Wilander 2000). In 

fact, the resident specialist species in tree holes are often poor dispersers, compared 

with invertebrates from more ephemeral habitats (Nilsson & Baranowski 1997; Ranius 

& Hedin 2001), which may be an evolutionary consequence of the fact that tree holes 

are long-lived forest microhabitats that can last for hundreds of years (Gibbons & 

Lindenmayer 2002) and present relatively stable climatic conditions (Ranius & Nilsson 

1997). 

 

Nevertheless, the old trees that these obligate hole-dwelling saproxylic species are 

known to inhabit in Europe, commonly occur in regions with a long history of land-use 

change, where today most forest stands are small and scattered throughout a 

predominantly agricultural matrix in highly fragmented landscapes (Ranius 2002a, b). 

Consequently, conservationists are acutely aware that many of the saproxylic species in 

Europe are now rare or threatened (Ranius 2002b). For example, 73% of the obligate 

hole-dwelling saproxylic beetles (Coleoptera) in south-eastern Sweden are on the 

Swedish Red List of Invertebrates (cf. Table 2 in Ranius & Jansson 2000). The highly 

threatened status of Europe’s saproxylic fauna is most likely a direct result of historical 

deforestation and logging practices (Ranius 2002a), both of which are known to reduce 

the abundance of tree holes and their associated wildlife (Ball et al. 1999; Graves et al. 

2000; Gibbons & Lindenmayer 2002). 

 

New Zealand also has an intense, but comparatively short, legacy of historical logging 

and nearly three-quarters of the indigenous forest cover has been removed (Ewers et al. 

2006). Therefore, the question is whether we should be similarly concerned about the 

distinctiveness and conservation status of hole-dwelling saproxylic invertebrate species 
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in New Zealand? At present, it is unknown whether New Zealand has a large fauna of 

obligate tree-hole dwelling saproxylic invertebrates, but there is every reason to expect 

that this might be the case, as many old-growth forests in New Zealand have abundant 

tree holes (see Chapter 2; Appendix A), and many tree species are exceptionally long 

lived. 

 

This paper presents preliminary findings from the first survey of terrestrial invertebrate 

communities inhabiting humus and leaf-litter filled tree holes within a temperate mixed 

broadleaf-podocarp rainforest in New Zealand. More specifically, we sought to 

catalogue the terrestrial invertebrates inhabiting tree holes, and 1) determine whether 

tree holes support an obligate saproxylic invertebrate fauna distinct from nearby 

decaying, detrital habitats (leaf litter on the forest floor) and 2) compare invertebrates 

inhabiting tree holes with those dispersing aerially throughout the forest understorey 

and forest canopy, using Malaise traps. 

 

3.3 METHODS 

The study was undertaken in a 1.96-ha area of continuous southern temperate broadleaf-

podocarp rainforest within Orikaka Ecological Area (41°27´ S, 171°25´ E), Buller 

District, South Island, New Zealand (see Chapter 2 for a detailed site description). In a 

previous survey at the study site, tree holes were found to be common, occurring across 

a range of vertical strata from ground- to canopy-level and with a wide range of tree-

hole volumes. We used an emergence trap (Fig. 3.1) specifically designed to capture 

invertebrates inhabiting naturally occurring tree holes and compared the abundance and 

composition of tree-hole dwelling invertebrates with invertebrates inhabiting leaf litter 

on the forest floor (using Berlese extraction) and with invertebrates dispersing aerially 

throughout the study area (using Malaise traps). 
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Figure 3.1. Emergence trap made from tie wire, plastic tubing, fine mesh and collecting 

container, specifically designed to capture invertebrates emerging from naturally 

occurring tree holes in Orikaka Ecological Area. 

 

 

Tree-hole invertebrates 

In October 2006, we placed emergence traps over 75 randomly selected, dry tree holes 

(tree holes containing standing water in October 2006 were excluded) located on 29 

Nothofagus fusca trees within the study site. Tree holes were of a range of sizes (0.5-

8802 cm
3
 internal volume) and located at various heights (6-23 m) above ground-level, 

reflecting the natural variation in tree-hole volume and height in Orikaka Ecological 

Area (Chapter 2). 

 

Emergence traps were constructed from a piece of plastic tubing (30 mm diameter, 150 

mm length) housed in a flexible wire (14 gauge tie wire) coil and covered with fine (300 

µm) mesh held in place by cloth (duct) tape (Fig. 3.1). One end of the tube was centred 

over the tree-hole opening and the other end was inserted into the collecting container 

(190 ml plastic container). The wire coil was attached to the trunk of each tree using 

galvanised fencing staples while the mesh was securely fastened to the outer edge or lip 

of each tree hole with nails, washers and non-toxic rubber foam. The rubber foam gave 

a tight seal around each tree hole, ensuring the capture of invertebrates dispersing from 

each tree hole, but excluding those present in the surrounding forest environment. 
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Emerging invertebrates were forced to navigate through the tubing into the collecting 

container filled with equal measures (c. 50 ml each) of monoethylene glycol and ethanol 

(100%). Emergence traps were removed from the tree holes after six months, in April 

2007. 

 

Leaf-litter invertebrates 

We collected 29, 0.25-m
2
 leaf-litter quadrat samples during dry weather conditions on 

15 April 2007, with one leaf-litter sample collected directly below the canopy of each of 

the 29 N. fusca trees with emergence traps attached. All loose leaf litter was rapidly 

scraped from the forest floor within each quadrat down to the compact mineral soil 

layer, placed in separate cotton bags and kept chilled in a cooler box until further 

processing. Within 24 hours of collection, leaf-litter samples were placed in a 

collapsible cloth-bag Berlese funnel (BioQuip Products Inc.) to extract invertebrates 

over a 72 hour period. Inside the Berlese funnel a single 0.25-m
2
 leaf-litter sample was 

carefully placed on nested mesh (1 mm and 6 mm) screens. A 40-watt light bulb was set 

approximately 5 cm above the leaf litter and entirely contained within the unbleached 

muslin sack of the Berlese funnel, which was tightly closed with a drawstring at the top. 

A Whirl-Pak bag containing 100 ml of ethanol (70%) was secured to the plastic funnel 

below to collect invertebrates moving through the Berlese funnel as the leaf litter dried 

out. 

 

Aerially dispersing invertebrates 

Aerially dispersing invertebrates were collected from the study site on three occasions 

during 1 October – 31 December 2006 using standard Malaise traps (1.9 m high, with 

36.8 m
2
 of trapping area; Australian Entomological Supplies Pty. Ltd.). At each of five 

randomly selected N. fusca trees within our study area, we suspended a single Malaise 

trap in the forest canopy (c. 15-18 m above ground level) using the frame design of 

Faulds and Crabtree (1995), while a second trap was set up on the ground directly below 

the same tree. Trapped invertebrates from the five canopy traps and five understorey 

traps accumulated in the collecting containers filled with equal measures (c. 100 ml) of 

monoethylene glycol and ethanol (100%), and were emptied each month. 
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Invertebrate identification 

All invertebrates collected from tree holes, leaf litter and Malaise traps were identified 

to Class and Order in the laboratory. Diptera were further identified to family-level, 

while Coleoptera were dried, pinned and identified to species or morphospecies-level 

(hereafter referred to as species) following the nomenclature of Leschen et al. (2003). 

Coleoptera species identifications were confirmed by Steven Thorpe (New Zealand 

Arthropod Collection, Auckland). 

 

A falling branch tore the mesh on one tree-hole emergence trap and four other 

emergence traps did not collect any tree-hole dwelling invertebrates, so our total sample 

size was reduced to 70 tree holes. 

 

Our primary interest was in determining if tree holes supported a distinct invertebrate 

fauna from those found in leaf litter on the forest floor and those aerially dispersing 

throughout the study area. Therefore, catches from each Malaise trap were pooled over 

the three sampling periods (for each of the 10 separate Malaise traps) and monthly 

trends in aerially-dispersing invertebrate abundance was not investigated. 

 

3.4 STATISTICAL ANALYSES 

We used separate non-metric multidimensional scaling (NMDS) ordinations, with 500 

random permutations, to investigate differences in composition and relative abundance 

of 1) higher taxonomic groupings and 2) Coleoptera species collected from tree holes, 

leaf litter and (understorey and canopy) Malaise traps. The higher taxonomic-groupings 

used here include Classes and Orders of all terrestrial invertebrates, except for the 

Orders Diptera and Coleoptera where Family groupings were used. Abundance data 

were square-root transformed to downweight the contribution of very common taxa and 

account for the contribution of rare taxa to site similarity. In both the higher taxonomic-

groupings analysis and in the Coleoptera species analysis, those taxa that were 

represented by a single individual were removed from the data sets prior to analyses. 

Thus, in total there were 70 tree holes, 29 leaf-litter samples and 10 Malaise trap 

samples for higher taxonomic-groupings analyses. Only 22 of the 70 tree holes 

contained Coleoptera and of these, two tree holes contained a single coleopteran species 
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(Scirtidae: Cyphon sp.5), which was not found in any other tree hole, leaf litter or 

Malaise trap sample. An initial NMDS on coleopteran species composition indicated 

that these two tree holes were outliers and were therefore removed from further analyses 

giving a total sample size of 20 tree holes, 29 leaf-litter samples and 10 Malaise traps 

for the Coleoptera species analyses. 

 

The NMDS ordinations ranked sites such that distance in ordination space represented 

community similarity (in this case using the Bray-Curtis distance metric), where sites 

closest together were more similar in species composition than those further apart 

(Quinn & Keough 2002). Goodness-of-fit of the NMDS ordination was assessed by the 

magnitude of the associated ‘stress’ value. A stress value of 0 indicated a perfect fit, 

where the configuration of points on the ordination diagram was a good representation 

of the actual community dissimilarities, while stress values < 0.2 corresponded to a 

good ordination with no real prospect of misleading interpretation (Quinn & Keough 

2002). 

 

One-way analysis of similarity (ANOSIM) was used to test for significant differences in 

community composition among the four habitat types (tree holes, leaf litter, and 

understorey or canopy Malaise traps) for higher taxonomic groupings. ANOSIM was a 

non-parametric permutation procedure applied to the rank similarity matrices 

underlying the NMDS ordination, comparing the degree of separation among and within 

habitats using the test statistic, R. When R equalled 0 there was no distinguishable 

difference in community composition among habitats, whereas an R value of 1 indicated 

completely distinct communities among habitats. A negative R value suggested that 

community composition was more dissimilar within habitats (i.e., high within-habitat 

variability) than among habitats (Quinn & Keough 2002). Thus, a global R statistic was 

first calculated for the higher taxonomic groupings, indicating if there were overall 

differences in community composition among the four habitat types. If significant 

differences (α = 0.05) in overall community composition were detected among habitats 

(i.e., R ≠ 0), pairwise comparisons were examined. This procedure was repeated for 

coleopteran species community composition. 
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Similarity percentages (SIMPER) were calculated if the ANOSIM procedures revealed 

significant differences in community composition (i.e., R ≠ 0, P < 0.05) among tree 

holes, leaf litter and understorey or canopy Malaise traps for either higher taxonomic 

groupings or coleopteran species. The SIMPER routines computed the percentage 

contribution of each species to the dissimilarities between all pairs of sites among 

habitats. All analyses were performed in PRIMER version 5.2.1 (Clarke & Warwick 

2001). 

 

3.5 RESULTS 

A total of 34,222 invertebrates belonging to 95 higher taxa, including 32 Diptera 

families and 35 Coleoptera families, were collected from tree holes, leaf litter and 

Malaise traps. Of these, 928 individuals were collected from tree holes belonging to 45 

higher taxa, including 15 Diptera families and 16 Coleoptera families (Appendix 3.1). 

Ceratopogonidae and Sciaridae were the most abundant Diptera families in tree holes, 

while Scirtidae, Scarabaeidae, Scraptiidae, Carabidae and Curculionidae were the most 

common Coleoptera families. The tree-hole fauna was dominated by Diptera (60%), 

Colembolla (15%) Acari (9%) and Coleoptera (6%) (Fig. 3.2). Orthoptera (tree weta, 

Hemideina crassidens, and cave weta, Gymnoplectron sp.), Lepidoptera and other 

invertebrates including Pulmonata (a single leaf-veined slug), Pseudoscorpiones, 

Opiliones, Blattodea and Hemiptera were less common (Fig. 3.2). 

 

By comparison, 20,824 invertebrates belonging to 36 higher taxa, including 15 

Coleoptera families were collected from leaf-litter samples taken from the forest floor 

(Appendix 3.1). Leaf litter was dominated by Acari (53%), Collembola (22%), 

Ostracoda (7%) and Coleoptera (6%) (Fig. 3.2). In total, 12,470 invertebrates were 

captured in Malaise traps from 73 higher taxonomic groups, including 32 Diptera 

families and 26 Coleoptera families (Appendix 3.1). Insects dominated both the 

understorey and canopy Malaise catches, with Diptera (78% and 66%, respectively) and 

Lepidoptera (8% and 21%, respectively) being the most abundant orders (Fig. 3.2). 

 

Of the 158 Coleoptera species collected in the four habitats, only 43 adult specimens 

belonging to 25 species were collected from the tree holes, and many of these were 
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represented by a single individual. Conversely, 777 adults belonging to 57 species were 

collected from leaf litter, while 83 adults belonging to 29 species and 628 adults 

belonging to 75 species were captured in understorey and canopy Malaise traps, 

respectively (Appendix 3.1). 

 

 

Figure 3.2. Relative abundances (%) of the 34,222 invertebrates collected from tree 

holes (n = 70), leaf litter (n = 29), canopy Malaise traps (Malaise (C), n = 5) and 

understorey Malaise traps (Malaise (U), n = 5) in Orikaka Ecological Area. ‘Other’ 

includes Annelida, Nematomorpha, Amphipoda, Isopoda, Pulmonata, 

Pseudoscorpiones, Opiliones, Araneae, Chilopoda, Diplopoda, Blattodea, Dermaptera, 

Hemiptera, Psocoptera, Neuroptera, Mecoptera, Ephemeroptera, Plecoptera, Trichoptera 

and Thysanoptera. 

 

 

Distinctiveness of the tree-hole communities 

Although tree holes shared only 11 higher taxa with leaf litter and Malaise traps 

(Collembola, Orthoptera, Hemiptera, Psocoptera, Lepidoptera, Thysanoptera, 

Hymneoptera, and the coleopteran families Carabidae, Cryptophagidae, Curculionidae, 

Staphylinidae), very few taxa were found exclusively in tree holes (Appendix 3.1). 

Furthermore, few higher taxa were collected from both leaf litter and Malaise traps. The 

NMDS was a good representation of the actual community dissimilarities among the 

tree holes, leaf litter, and understorey and canopy Malaise traps (stress = 0.13), 

indicating that the higher-level taxonomic composition of invertebrates was variable 
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within the 70 tree holes and was not completely distinct from the communities found 

within leaf litter, or those within the understorey or canopy Malaise traps (Fig. 3.3). 

Nevertheless, ANOSIM did reveal a weak, but statistically significant difference in 

community composition among tree holes, leaf litter and Malaise traps at the higher-

taxonomic level (ANOSIM global R = 0.46, P = 0.001). Pairwise comparisons indicated 

that this overall difference in community composition was largely due to dissimilarities 

in community composition between leaf litter and understorey Malaise trap catches (R = 

1.00, P = 0.001), between leaf litter and canopy Malaise traps (R = 1.00, P = 0.001), and 

between understorey and canopy Malaise traps (R = 0.76, P = 0.008) (Fig. 3.3). 

Conversely, tree hole communities were relatively indistinct from communities within 

forest floor leaf litter (R = 0.48, P = 0.001) or those captured in understorey (R = 0.37, P 

= 0.004) or canopy Malaise traps (R = 0.37, P = 0.003). 

 

 

 

Figure 3.3. Non-metric multidimensional scaling (NMDS) ordination graphically 

illustrating the relationship among higher taxonomic composition of invertebrates 

collected from tree holes (closed circles, n = 70), leaf litter (open triangles, n = 29), and 

understorey (open circles, n = 5) and canopy Malaise traps (open squares, n = 5) located 

within continuous mixed broadleaf-podocarp temperate rainforest, Orikaka Ecological 

Area. The NMDS ordination is based on a Bray-Curtis matrix of dissimilarities 

calculated from square-root transformed abundance data. Note that the axes are scaled 

identically so that samples closest together are more similar in community composition 

than those further apart. 

 



Saproxylic invertebrates in tree holes 

 51 

Variation in higher-level taxonomic composition between tree holes and leaf litter was 

driven primarily by Acari, which were markedly more abundant in leaf litter than in the 

tree holes (SIMPER analysis, Table 3.1). Collembola were also a good discriminator 

between tree holes and leaf litter (Table 3.1), as were Ostracoda which were not present 

in tree holes but highly abundant in leaf litter (Tables 3.1). Lepidoptera and the Diptera 

families Mycetophilidae, Tipulidae, Psychodidae and Empididae were some of the best 

discriminators of community composition in tree holes versus understorey Malaise traps 

(Table 3.1). These taxa were found in both habitats, but many more were captured in 

understorey Malaise traps than from tree holes (Table 3.1). Meanwhile, Lepidoptera and 

the Diptera families Tipulidae, Chironomidae and Mycetophilidae were more abundant 

in canopy Malaise traps than in tree holes, and were good discriminators of community 

composition between these habitats (Table 3.1). Acari, Collembola and numerous 

Diptera families were good discriminators of community composition among leaf litter 

and understorey and canopy Malaise traps, while Mycetophilidae (Diptera) were more 

abundant in understorey, than canopy, Malaise traps and were the best discriminator of 

community composition (Table 3.1). 

 

When we considered variation in Coleoptera species composition between microhabitat 

types, NMDS (stress = 0.03) showed a similar trend of high variability and low 

distinctiveness among tree-hole communities, and a high degree of dissimilarity with 

leaf litter, and understorey and canopy Malaise traps (Fig. 3.4). An ANOSIM revealed 

that these differences in Coleoptera community composition among tree holes, leaf litter 

and Malaise traps were highly significant (ANOSIM global R = 0.65, P = 0.001). 

Pairwise comparisons again indicated that this overall difference in community 

composition was largely due to dissimilarities between leaf litter and understorey 

Malaise trap catches (R = 0.97, P = 0.001), between leaf litter and canopy Malaise traps 

(R = 0.97, P = 0.001), and between understorey and canopy Malaise traps (R = 0.63, P = 

0.008). However, there was also a significant difference in composition between tree 

holes and leaf litter (R = 0.62, P = 0.001). By contrast, there was only a weak difference 

in composition between tree holes and canopy Malaise traps (R = 0.11, P = 0.025). 

Community composition was more variable within, than between, understorey Malaise 

traps and tree holes, but these differences were non-significant (R = -0.03, P = 0.635). 
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Table 3.1. Pairwise comparisons of community dissimilarity among higher taxonomic 

groupings of invertebrates collected from tree holes (n = 70), leaf litter (n = 29), and 

understorey (n = 5) and canopy Malaise traps (n = 5) (see Fig. 3.3), calculated using 

‘similarity percentages’ (SIMPER) analysis. Average percentage dissimilarity (Av. 

diss.) of community composition among the four habitats are shown, along with the 

total abundances and percentage contributions of higher contributing taxa (i.e., taxa that 

contributed ≥ 5%) to total between-habitat dissimilarity. 

 

Taxonomic group Total abundances % Contribution 

 Leaf litter Tree holes Av. diss. 93.63% 

Acari 11,096 82 24.4 

Collembola 4,460 141 14.0 

Unidentified larvae (Diptera) 1,039 4 7.0 

Ostracoda 1,509 0 6.6 

 Understorey Malaise Tree holes Av. diss. 95.55% 

Mycetophilidae (Diptera) 3,445 20 11.3 

Tipulidae (Diptera) 1,356 3 8.4 

Lepidoptera 937 9 6.8 

Psychodidae (Diptera) 969 11 6.1 

Empididae (Diptera) 728 1 5.5 

 Canopy Malaise Tree holes Av. diss. 92.56% 

Lepidoptera 291 9 12.6 

Tipulidae (Diptera) 311 3 12.2 

Chironomidae (Diptera) 203 5 8.8 

Mycetophilidae (Diptera) 176 20 8.0 

Araneae 74 0 6.5 

 Understorey Malaise Leaf litter Av. diss. 90.42% 

Mycetophilidae (Diptera) 3,445 0 8.9 

Acari 0 11,096 8.7 

Tipulidae (Diptera) 1,356 0 6.5 

 Canopy Malaise Leaf litter Av. diss. 87.96% 

Acari 0 11,906 16.2 

Collembola 7 4,460 9.2 

Tipulidae (Diptera) 311 0 6.7 

 Understorey Malaise Canopy Malaise Av. diss. 55.84% 

Mycetophilidae (Diptera) 3,445 176 10.6 

Psychodidae (Diptera) 969 11 7.0 

Empididae (Diptera) 728 1 5.6 

Tipulidae (Diptera) 1,356 311 5.2 

 

 

Although 14 coleopteran species were found exclusively in tree holes (Appendix 3.1), 

many of these species were represented by a single individual and were not included in 

the ordination. Instead the variation in species composition between tree holes and leaf 

litter was driven predominantly by unidentified Coleoptera larvae, which were less 
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abundant in tree holes than leaf-litter samples (SIMPER analysis, Table 3.2). The 

Coleoptera species Geochus tibialis (Curculionidae), Notoptenidium sp. (Ptiliidae), 

Cyloma sp.2 (Hydrophilidae) and Thortus ovalis (Cryptophagidae) were abundant in 

leaf litter but never encountered in any of the tree holes surveyed and were good 

discriminators of community composition between tree holes and leaf litter (Table 3.2). 

 

Two scirtid species, ?Atopida sp.1 and Amplectopus sp., and a chrysomelid Eucolaspis 

sp. which were never present in emergence traps, were the best discriminators of 

dissimilarity in community composition between tree holes and understorey Malaise 

traps (Table 3.2). Meanwhile,?Cyphon sp.10, Nascioides enysi and ?Ctenoplectron sp. 

were never present in tree holes and were the best discriminators of dissimilarity in 

community composition between tree holes and canopy Malaise traps (Table 3.2). 

Coleoptera larvae were not captured in understorey or canopy Malaise traps but were 

relatively abundant in leaf litter, and therefore were a good discriminator of community 

dissimilarity among these three habitats (Table 3.2). Numerous Coleoptera species were 

also good discriminators of composition in leaf litter, and understorey and canopy 

Malaise traps, but each contributed only a small percentage to the total between-habitat 

dissimilarity (Table 3.2). The scirtids ?Atopida sp.1 and Amplectopus sp. and the 

chrysomelid Eucolaspis sp. were more abundant in understorey than canopy Malaise 

traps, and were good discriminators of dissimilarity in community composition (Table 

3.2). 
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Table 3.2. Pairwise comparisons of community dissimilarity among species of 

Coleoptera collected from tree holes (n = 20), leaf litter (n = 29), and understorey (n = 

5) and canopy Malaise traps (n = 5) (see Fig. 3.4), calculated using ‘similarity 

percentages’ (SIMPER) analysis. Average percentage dissimilarity (Av. diss.) of 

community composition among the four habitats are shown, along with the total 

abundances and percentage contributions of higher contributing taxa (i.e., taxa that 

contributed ≥ 5%) to total between-habitat dissimilarity. 

 

Species Total abundances % Contribution 

 Leaf litter Tree holes Av. diss. 96.85% 

Unidentified larvae 418 6 19.3 

Geochus tibialis (Curculionidae) 140 0 12.8 

Notoptenidium sp. (Ptiliidae) 180 0 9.9 

 Understorey Malaise Tree holes Av. diss. 98.52% 

?Atopida sp.1 (Scirtidae) 68 0 10.4 

Amplectopus sp. (Scirtidae) 92 0 8.3 

Eucolaspis sp. (Chrysomelidae) 99 0 6.6 

 Canopy Malaise Tree holes Av. diss. 98.73% 

?Cyphon sp.10 (Scirtidae) 7 0 11.6 

Nascioides enysi (Buprestidae) 16 0 7.7 

?Ctenoplectron sp. (Melandryiidae) 2 0 7.0 

?Cyphon sp.2 (Scirtidae) 3 4 6.1 

Elateridae sp.1 (Elateridae) 3 0 5.5 

 Understorey Malaise Leaf litter Av. diss. 99.83% 

?Atopida sp.1 (Scirtidae) 68 0 6.7 

Unidentified larvae 0 418 6.3 

Amplectopus sp. (Scirtidae) 92 0 6.0 

Eucolaspis sp. (Chrysomelidae) 99 0 5.1 

 Canopy Malaise Leaf litter Av. diss. 100.00% 

Unidentified larvae 0 418 13.5 

Geochus tibialis (Curculionidae) 0 140 8.0 

Notoptenidium sp. (Ptiliidae) 0 180 6.7 

 Understorey Malaise Canopy Malaise Av. diss. 89.59% 

?Atopida sp.1 (Scirtidae) 68 1 8.3 

Amplectopus sp. (Scirtidae) 92 11 6.3 

Eucolaspis sp. (Chrysomeldiae) 99 1 6.1 
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Figure 3.4. Non-metric multidimensional scaling (NMDS) ordination graphically 

illustrating the similarity of beetle (Coleoptera) species composition among tree holes 

(closed circles, n = 20), leaf litter (open triangles, n = 29), and understorey (open 

circles, n = 5) and canopy Malaise traps (open squares, n = 5) located within continuous 

mixed broadleaf-podocarp temperate rainforest, Orikaka Ecological Area. The NMDS 

ordination is based on a Bray-Curtis matrix of dissimilarities calculated from square-

root transformed abundance data. Note that the axes are scaled identically so that 

samples closest together are more similar in species composition than those further 

apart. 

 

 

3.6 DISCUSSION 

Tree holes provided habitat for a diverse array of invertebrate fauna in Orikaka 

Ecological Area, but at a higher taxonomic level (i.e., the relative abundance of Classes, 

Orders and Families) tree-hole communities were highly variable and remarkably 

similar to those collected from the forest floor leaf litter and to aerially dispersing 

invertebrates captured by Malaise trapping. Of course, this lack of distinctiveness in 

invertebrate assemblages at higher taxonomic levels could mask subtle species-level 

differences in some habitats that we were unable to detect for most taxa. Nevertheless, 

when we considered Coleoptera species assemblages at greater taxonomic resolution, 

there was still no marked distinctiveness between communities from tree holes and 

understorey or canopy Malaise traps, although there were significant differences 

between communities from tree holes and leaf litter. These dissimilarities in coleopteran 

community composition were driven primarily by the greater abundance of unidentified 
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coleopteran larvae in leaf litter than in tree holes, but it is not known if this indicates a 

significant difference in species composition. For the identifiable adult Coleoptera, our 

study was limited by the very small number of individuals collected from tree holes 

(43), compared with leaf litter (777) and Malaise traps (711). This was unexpected, as 

emergence traps were placed over a large number of tree holes (70) during the peak 

summer emergence time for most adult invertebrates. It is possible that a number of the 

invertebrates living in these environments have much longer larval life-histories than we 

had anticipated, and that our relatively short (6 month) trapping period may not have 

collected all taxa inhabiting these holes. 

 

Just 15 taxa, of which 14 were Coleoptera species represented by just a few individuals, 

were found exclusively in our tree holes. However, occupancy patterns alone do not 

necessarily indicate habitat specialisation (e.g., obligate tree-hole species). For example, 

we may have sampled only a subset of the habitats utilised by some species. Many of 

the Coleoptera species found exclusively in tree holes were previously described 

species, including Agapytho foveicollis (Agaphythidae), Mecodema ducale (Carabidae), 

Euophryum ?confine (Curculionidae), Triphyllus hispidellus (Mycetophagidae) and 

Soronia asperella (Nitidulidae), and are known to occur in habitats other than tree holes 

(Britton 1940; Klimaszewski & Watt 1997; Ewers 2004; Neumegen 2006). Moreover, 

tree holes are likely to be used by an array of species as temporary resting sites. The 

microclimate within a tree hole is more constant than in the open forest (e.g., on the tree 

trunk) (Schmid 1998; Sedgeley 2001; Gibbons & Lindenmayer 2002) and some 

Psychodidae (Diptera) species exploit this, using tree holes as diurnal resting shelters 

(Comer & Brown 1993). In our study, a small number of psychodids (11 individuals) 

were captured in emergence traps set over tree holes, while psychodids were also 

collected in Malaise traps but in much greater quantities (980 individuals). Similarly, it 

is unlikely that the single leaf-veined slug (Pulmonata: Athoracophoridae) collected 

from one tree hole is a tree-hole specialist. Instead, this largely nocturnal species was 

probably using the tree hole as a diurnal shelter. 

 

Preliminary indications, gleaned from admittedly limited species-level data, are that 

there is little habitat specialisation of the saproxylic invertebrate communities in 
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Orikaka Ecological Area. Whether this is the case more generally for many indigenous 

forests around New Zealand is difficult to judge. It is possible that the apparent lack of 

habitat specialisation of saproxylic invertebrates to tree holes in New Zealand is because 

many of New Zealand’s indigenous forests have an abundance of dead-wood habitats 

(Stewart & Allen 1998), thereby providing ample microhabitats for saproxylic species 

scattered throughout the forest. In contrast, many of the obligate tree-hole dwelling 

species in Europe occur predominantly in small forest stands scattered throughout 

pasture landscapes (Ranius 2002a, b). There is almost certainly a paucity of other 

habitats suitable for saproxylic species in these fragmented woodland areas in Europe, 

possibly increasing the dependence on tree holes, and the apparent habitat 

specialisation. 

 

In conclusion, this is the first study of its kind to investigate the potential importance of 

tree hole microhabitats for saproxylic invertebrates in New Zealand. Although our 

preliminary findings do not indicate any marked habitat specialisation of saproxylic 

invertebrates to tree holes, this certainly warrants further investigation. Further studies 

should survey a much greater number of naturally occurring tree holes over a longer 

period of time, or use experimentally-constructed analogues of tree holes, to increase 

the number of individuals collected. This may enable more subtle trends in habitat 

specialisation to be detected, if indeed they occur. 
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Appendix 3.1. Total number of invertebrates sampled from leaf litter (n = 29 quadrat 

samples), tree holes (n = 70 holes), and understorey (Under, n = 5) and canopy (n = 5) 

Malaise traps in Orikaka Ecological Area. *indicates taxa found exclusively in tree 

holes. **This is the first record of the family Clusiidae (Diptera) occurring in New 

Zealand and formal taxonomic validation is pending. 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

Ostracoda 1,509 0 0 0 1,509 

Annelida 52 0 0 0 52 

Nematomorpha 0 0 9 0 9 

Amphipoda 191 0 0 0 191 

Isopoda 9 0 0 0 9 

Pulmonata 

 Leaf-veined slug* 0 1 0 0 1 

 Snails 17 0 0 0 17 

Pseudoscorpiones 92 1 0 0 93 

Opiliones 29 4 0 0 33 

Acari 11,096 82 0 0 11,178 

Araneae 109 0 121 74 304 

Collembola 4,640 141 24 7 4,812 

Chilopoda 24 0 0 0 24 

Diplopoda 93 1 0 0 94 

Blattodea 0 11 19 1 31 

Orthoptera 2 21 52 0 75 

Dermaptera 16 0 0 0 16 

Hemiptera 112 9 58 6 185 

Psocoptera 10 1 64 4 79 

Neuroptera 0 0 2 0 2 

Lepidoptera 405 9 937 291 1,642 

Mecoptera 0 0 0 1 1 

Ephemeroptera 0 0 2 0 2 

Plecoptera 0 0 9 1 10 

Trichoptera 0 0 14 1 15 

Thysanoptera 9 7 6 4 26 

Hymenoptera 

 Formicidae 160 28 0 0 188 

 Other Hymenoptera 15 5 550 0 570 
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Appendix 3.1 continued 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

Diptera 

 Unidentified larvae 1,039 4 0 0 1,043 

 Acroceridae 0 0 58 0 58 

 Anisopodidae 0 5 55 2 62 

 Asilidae 0 0 4 6 10 

 Bibionidae 0 0 0 5 5 

 Calliphoridae 0 0 12 1 13 

 ?Canthyloscelidae 0 0 1 0 1 

 Cecidomyidae 0 25 407 47 479 

 Ceratopogonidae 0 267 30 3 300 

 Chironomidae 0 5 483 203 691 

 Chloropidae 0 0 6 0 6 

 Clusiidae** 0 0 1 0 1 

 Culicidae 0 0 6 2 8 

 Ditomyidae 0 0 45 7 52 

 Dixidae 0 0 1 18 19 

 Dolichopodidae 0 16 471 8 495 

 Empididae 0 1 728 1 730 

 Heleomyzidae 0 0 20 1 21 

 Keroplatidae 0 1 45 2 48 

 Lauxaniidae 0 0 3 1 4 

 Muscidae 0 0 33 0 33 

 Mycetophilidae 0 20 3,445 176 3,641 

 Phoridae 0 13 107 31 151 

 Pipunculidae 0 0 19 0 19 

 Psychodidae 0 11 969 11 991 

 Sciaridae 0 162 244 34 440 

 Simulidae 0 24 3 0 27 

 Sphaeroceridae 0 0 1 0 1 

 Stratiomyiidae 0 0 1 0 1 

 Syrphidae 0 0 45 0 45 

 Tachinidae 0 1 3 3 7 

 Tipulidae 0 3 1,356 311 1,670 

 Trichoceridae 0 0 2 0 2 

Coleoptera 

 Unidentified larvae 418 6 0 0 424 

 Agapythidae Agapytho foveicollis* 0 1 0 0 1 

 Anthribidae Etnalis spinicollis 0 0 2 0 2 

 Buprestidae Nascioides enysi 0 0 1 16 17 

 Cantharidae Asilis sp. 0 0 3 0 3 
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Appendix 3.1 continued 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

 Carabidae Amarotypus edwardsii 0 1 1 0 2 

  Mecodema ducale* 0 3 0 0 3 

  Nesamblyops oreobius 12 0 0 0 12 

  Nesamblyops subcaecus 16 0 0 0 16 

  Scopodes sp. 0 0 1 0 1 

 Cerambycidae Hybolasius sp. 0 0 0 1 1 

  Nodulosoma sp.1 1 0 0 0 1 

  Ophryops sp. 0 0 1 0 1 

  Stenellipsis cuneata 0 0 0 1 1 

  Tetrorea sellata 0 0 1 2 3 

  Zorion sp. 0 0 0 3 3 

 Chalcodryidae Chalcodrya ?hilaris 0 0 0 3 3 

  Philpottia ?mollis 0 0 0 1 1 

 Chrysomelidae Eucolaspis sp. 0 0 99 1 100 

 Ciidae Cis cf. rufulus 1 0 0 0 1 

 Coccinellidae Adoxellus sp. 0 0 1 0 1 

 Corylophidae Arthrolips ?oblonga 0 2 24 0 26 

  Holopsis sp.* 0 1 0 0 1 

 Cryptophagidae ?Micrambina sp.1 0 0 1 0 1 

  ?Micrambina sp.2 0 1 0 0 1 

  Paratomaria ?crowsoni 0 0 1 0 1 

  Thortus ovalis 54 0 0 0 54 

 Curculionidae Agacalles comptus 7 0 0 0 7 

  Andracalles sp. 0 0 1 0 1 

  ?Araeoscapus estriatus 6 0 0 0 6 

  ?Araeoscapus subcostatus 8 0 0 0 8 

  Baeorhynchodes cristatus 0 0 0 1 1 

  Bantiades sp.1 2 0 0 0 2 

  Bantiades sp.2 1 0 0 0 1 

  Bantiades sp.3 1 0 0 0 1 

  Catoptes ?angustulus 0 0 10 0 10 

  Curculionidae sp.1 2 2 1 0 5 

  Curculionidae sp.2 0 0 1 0 1 

  Dermotrichus ?mundulus 12 0 0 0 12 

  ?Didymus sp. 0 0 1 0 1 

  Etheophanus ?striatus 10 0 0 0 10 

  Euophryum ?confine* 0 1 0 0 1 

  Euprocas scitulus 0 0 1 0 1 

  Geochus tibialis 140 0 0 0 140 

  Heterotyles argentatus 0 0 1 0 1 

  Hypotagea lewisi 0 0 1 0 1 

  Hypotagea rubida 0 0 1 0 1 

  Hypotagea tibialis 0 0 1 0 1 

  Lithocia sp.1 6 0 0 0 6 
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Appendix 3.1 continued 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

 Curculionidae Metacalles sp. 1 0 0 0 1 

  ?Microcryptorhynchus sp.1* 0 1 0 0 1 

  ?Microcryptorhynchus sp.2 1 0 0 0 1 

  ?Microcryptorhynchus sp.3 1 0 0 0 1 

  Nestrius ovithorax 8 0 0 0 8 

  Nestrius sp.1 13 0 0 0 13 

  Nestrius sp.2 2 0 0 0 2 

  Phrynixus ?astutus 1 0 0 0 1 

  Phrynixus nr astutus 1 0 0 0 1 

  Phrynixus ?squamalis 2 0 0 0 2 

  Praolepra sp. 0 0 4 0 4 

  Psepholax macleayi 0 0 4 3 7 

  Psepholax sulcatus 0 0 1 3 4 

  Rhopalomerus ?fasciatus 0 0 3 0 3 

  Rhopalomerus ?monachus 0 0 2 0 2 

  Rhopalomerus ?tenuirostris 0 0 7 0 7 

  Rhopalomerus n.sp. 0 0 4 0 4 

  Rhopalomerus sp.1 0 0 2 0 2 

  Rhynchodes ursus 0 0 2 2 4 

  Zeacalles sp.1 9 0 0 0 9 

  Zeacalles sp.2 6 0 0 0 6 

 Derodontidae Nothoderodontus gourlayi 1 0 11 0 12 

 Elateridae ?Ctenicera olivascens 0 0 39 0 39 

  Elateridae sp.1 0 0 9 3 12 

  Elateridae sp.2 0 0 3 0 3 

  Elateridae sp.3* 0 2 0 0 2 

  Metablax acutipennis 0 0 1 0 1 

  ?Oxylasma sp. 0 0 27 0 27 

  Protelater sp.1 0 0 1 0 1 

  Protelater sp.2 0 0 2 0 2 

 Hydrophilidae Cyloma sp.1 2 0 0 0 2 

  Cyloma sp.2 49 0 0 0 49 

  Tormus sp. 2 0 0 0 2 

 Latridiidae Latridiidae sp.2 0 1 1 0 2 

  Latridiidae sp.3 0 0 5 0 5 

  Latridiidae sp.4 0 0 0 2 2 

 Leiodidae Mesocolon sp. 0 0 2 0 2 

  Leiodidae n.sp. 2 0 0 0 2 

 Melandryiidae Allopterus cavelli 0 0 0 2 2 

  ?Ctenoplectron sp. 0 0 0 2 2 

 Mordellidae Mordella detracta 0 0 6 0 6 

 Mycetophagidae Triphyllus hispidellus* 0 1 0 0 1 
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Appendix 3.1 continued 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

 Nitidulidae Brounthina aequalis 0 0 14 0 14 

  Epuraea sp. 0 1 21 0 22 

  Hisparonia hystrix 0 0 5 0 5 

  Priateles optandus 0 0 1 0 1 

  Soronia asperella* 0 1 0 0 1 

  Soronia sp.* 0 1 0 0 1 

 Ptiliidae Notoptenidium sp. 180 0 0 0 180 

  ?Ptinella sp.1 40 0 0 0 40 

  ?Ptinella sp.2* 0 1 0 0 1 

  ?Ptinella sp.3 3 0 0 0 3 

 Pyrochroidae Techmessodes sp. 0 1 0 1 2 

 Salpingidae Salpingus ?unguiculus 0 1 0 1 2 

 Scarabaeidae Costelytra sp. 0 0 20 0 20 

  Odontria halli 0 0 3 0 3 

  Odontria sp.1 0 0 12 0 12 

  Odontria sp.2 0 0 2 0 2 

  Saphobius ?edwardsi 3 0 0 0 3 

  Sericospilus ?advena 0 0 4 0 4 

 Scirtidae Amplectopus sp. 0 0 92 11 103 

  ?Atopida sp.1 0 0 68 1 69 

  ?Atopida sp.2 0 0 17 2 19 

  ?Cyphon sp.1 0 0 19 1 20 

  ?Cyphon sp.2 0 4 1 3 8 

  ?Cyphon sp.3* 0 2 0 0 2 

  ?Cyphon sp.4 0 0 2 0 2 

  ?Cyphon sp.5* 0 3 0 0 3 

  ?Cyphon sp.6 0 0 1 0 1 

  ?Cyphon sp.7 0 0 3 0 3 

  ?Cyphon sp.8 0 0 2 0 2 

  ?Cyphon sp.9 0 0 0 1 1 

  ?Cyphon sp.10 0 0 0 7 7 

  ?Cyphon sp.11 0 0 5 0 5 

  ?Cyphon sp.12 0 0 1 0 1 

  ?Mesocyphon sp.1 0 0 10 5 15 

  ?Mesocyphon sp.3 0 0 1 0 1 

  ?Mesocyphon sp.7 0 0 1 0 1 

  ?Veronatus sp.1 0 0 12 1 13 

  ?Veronatus sp.2 0 0 10 4 14 

 Scraptiidae Nothotelus sp. 0 8 1 0 9 

 Scydmaenidae Scydmaenidae sp. 2 0 0 0 2 

 Silvanidae Dendrophagella ?capito 0 0 3 0 3 
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Appendix 3.1 continued 

 

 Leaf Tree Malaise 

 litter holes Under Canopy Total 

 Staphylinidae ?Agnosthaetus sp. 2 0 0 0 2 

  Coprostygnus sp. 0 0 1 0 1 

  Euplectini sp.1 5 0 0 0 5 

  Euplectini sp.2 1 0 0 0 1 

  Euplectini sp.3* 0 1 0 0 1 

  Euplectini sp.4 1 0 1 0 2 

  Myllaena sp. 1 0 0 0 1 

  ?Paraconosoma sp. 1 0 0 0 1 

  Paratorchus sp.1 46 0 0 0 46 

  Paratorchus sp.2 39 0 0 0 39 

  Paratorchus sp.3 5 0 0 0 5 

  ?Phormiobius sp. 2 0 0 0 2 

  "Pselaphus" sp. 5 0 0 0 5 

  ?Quedius sp.* 0 1 0 0 1 

  Sepedophilus sp. 2 0 0 0 2 

  Staphylinidae sp.1 27 0 0 0 27 

  Staphylinidae sp.2 2 0 0 0 2 

  Staphylinidae sp.3 0 0 0 1 1 

  ?Stenomalium sp. 0 0 2 0 2 

 Tenebrionidae Artystona sp. 0 0 0 1 1 

  Periatrum sp. 10 0 0 0 10 

  Zeadelium sp. 3 0 0 0 3 

 Trogossitidae Grynoma sp. 0 1 1 0 2 

 Ulodidae Brouniphylax sp. 1 0 0 0 1 

 Zopheridae ?Heterargus sp. 4 0 0 0 4 

  Pristoderus bakewellii 1 0 0 0 1 

  Pycnomerus sp. 11 0 0 0 11 

Total 20,824 928 1,371 11,099 34,222 
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CHAPTER 4 

Are the macroinvertebrates of water-filled tree holes a 

distinct component of the New Zealand freshwater fauna? 

Tanya J. Blakely, Jon S. Harding, Raphael K. Didham 

In preparation for New Zealand Journal of Marine and Freshwater Research 

 

4.1 ABSTRACT 

Water-filled tree holes can be abundant in temperate regions, and provide important 

freshwater microhabitats within the forest canopy for an array of aquatic species. 

However, naturally-occurring water-filled tree holes are comparatively uncommon in 

New Zealand mixed broadleaf-podocarp forest, and little is known about their 

macroinvertebrate fauna. We used 108 experimentally-constructed analogues of water-

filled tree holes of various sizes and heights above ground to examine the composition 

and abundance of tree hole macroinvertebrate communities and compared them with 

communities of nearby ground-based lentic and lotic habitats in native forest within 

Orikaka Ecological Area, north-west South Island. A total of 22,231 individuals 

belonging to 15 aquatic species of Diptera and Coleoptera colonised the experimental 

water-filled tree holes. Dominant taxa were Monopelopia sp. (Chironomidae), 

Maorigoeldia argyropus (Culicidae) and Eristalis tenax (Syrphidae). Water-filled tree 

holes had only six taxa in common with ground-based freshwater ecosystems in which 

71 aquatic taxa were found. Although community composition within the 108 water-

filled tree holes was highly variable, communities within small tree holes were more 

distinct from those of large-sized tree holes than medium ones. Meanwhile, there was 

no distinct difference in community composition between ground- and canopy-level 

water-filled tree holes. Our findings indicate that water-filled tree holes provide 

important habitat for a distinct suite of freshwater species in New Zealand and highlight 

the need for further research to investigate the biotic and abiotic processes which may 

influence community composition within these patchily-distributed canopy 

microhabitats. 
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4.2 INTRODUCTION 

Phytotelmata (plant-held waters), such as pitcher plants, bromeliad ‘tanks’, leaf and 

bract axils, bamboo internodes and water-filled tree holes occur in a wide range of 

ecosystems throughout the world (Kitching 1971). In temperate zones, water-filled tree 

holes are the most common type of phytotelmata (Kitching 1971) and form in rot holes 

and natural hollows of trees where rainwater and stemflow collects. Moreover, water-

filled tree holes contribute important, albeit patchily-distributed, lentic microhabitats for 

a multitude of canopy-dwelling aquatic vertebrate and invertebrate species in the forest 

canopy (Kitching 1971; Greeney 2001). 

 

The macroinvertebrate fauna inhabiting water-filled tree holes has been well described 

in some regions of the world, including comprehensive studies in Australia (Kitching & 

Callaghan 1981; Kitching 1983), Papua New Guinea (Kitching 1990), Indonesia 

(Kitching 1987, 1996), North America (Jenkins & Carpenter 1946; Woodward et al. 

1988; Copeland 1989; Barrera 1996; Paradise 2004), Europe (Kitching 1971) and the 

Neotropics (Fincke 1992, 1998, 1999; Yanoviak 2001; Yanoviak et al. 2006). However, 

comparatively few studies have investigated water-filled tree holes in New Zealand 

(Taylor & Ewers 2003; Derraik 2005; Derraik & Heath 2005), and the aquatic 

macroinvertebrate fauna inhabiting these phytotelmata remain poorly understood. 

 

Aquatic insects numerically dominate water-filled tree-hole communities worldwide, 

with Diptera, Coleoptera and Odonata typically being the best represented insect 

families (Greeney 2001). Moreover, water-filled tree holes, and phytotelmata in general, 

may support distinctive aquatic insect assemblages (Kitching 1987, 2001; Yanoviak 

2001). However, no study has yet been designed specifically to examine whether 

species occurring in water-filled tree holes are unique to tree holes, or whether they 
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merely represent a subset of the macroinvertebrate communities inhabiting lotic and 

lentic freshwater habitats nearby. 

 

Here we present the first comprehensive study of aquatic macroinvertebrate 

communities colonising experimentally-constructed analogues of water-filled tree holes 

within temperate broadleaf-podocarp rainforest in New Zealand. Specifically, we 

investigated whether the aquatic communities inhabiting experimentally-constructed 

water-filled tree holes were distinct from those found in nearby ground-based lentic and 

lotic ecosystems. The arrangement of these experimentally-constructed tree holes also 

allowed us to examine if the size and height of water-filled tree holes influenced aquatic 

macroinvertebrate community composition. 

 

4.3 METHODS 

The study was undertaken in a southern temperate broadleaf-podocarp rainforest within 

Orikaka Ecological Area (41°27´ S, 171°25´ E), Buller District, South Island, New 

Zealand (see Chapter 2 for a detailed site description). In a previous survey, tree holes 

with a wide range of hole volumes were found to be common in Orikaka Ecological 

Area, across a range of vertical strata from ground-level to canopy-level. However, only 

2% of tree holes contained standing water in mid to late summer (Chapter 2). Therefore, 

in order to make a robust assessment of the aquatic macroinvertebrate composition of 

water-filled trees holes, we used a large number of replicates of artificial water-filled 

containers as experimental analogues of natural tree holes. Artificial containers of a 

range of sizes, reflecting the natural variation in tree-hole volume, were placed at 

ground-level and within the canopy, and the aquatic macroinvertebrates colonising these 

containers were compared with the fauna of ground-based freshwater habitats nearby. 

 

Artificial water-filled tree holes 

In January 2005 (austral summer), six artificial water-filled tree holes (hereafter, 

referred to simply as WFTH) of three different sizes (water volumes of c. 560 ml, 1540 

ml and 3070 ml) were attached at ground-level (c. 2–4 m) and within the canopy (c. 16–

18 m) on the south-facing side of each of twenty randomly-selected red beech 

(Nothofagus fusca) trees (≥ 20 cm diameter at breast height, see Chapter 2 for further 
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details) within 1.96 ha of Orikaka Ecological Area, giving a total of 120 WFTH. The 

WFTH were constructed from white polyethylene containers (Stowers Containment 

Solutions, Christchurch, New Zealand) and the inner surfaces were roughened with 80-

grit sandpaper, for aquatic insects (particularly mosquitoes) to cling to during 

oviposition (Beckel 1955). A 50 mm-diameter hole was cut in the lid of each WFTH to 

allow access for ovipositing adults, and a 10 mm-diameter, mesh-covered (100 µm 

mesh) overflow hole was cut in the side of each WFTH to regulate maximum water-

levels. 

 

Three leaf packs (2.5 ± 0.001 g dry weight) of green N. fusca leaves enclosed in 10 mm-

mesh nylon bags were added to each of the WFTHs. Leaves were collected from 

Orikaka Ecological Area in December 2004, washed in tap water and dried at 50°C for 

three weeks. Finally, WFTHs were filled with filtered (50 µm-mesh size) stream water 

(6.4 pH, Oakton CON 10 Series) from a nearby creek, and one N. fusca twig (c. 5 mm 

diameter x 160 mm length) was added to each WFTH to serve as an oviposition site for 

adult insects. Senescent leaf litter, rainwater and stemflow were allowed to naturally 

accumulate in each WFTH. 

 

Twelve WFTH samples were lost or damaged by falling branches in the canopy or from 

interference by wildlife (native South Island robin Petroica australis, and introduced 

brushtail possum Trichosurus vulpecula). Therefore, total sample size was reduced to 

108 WFTH. 

 

The aquatic fauna inhabiting WFTHs was censused after 12 months (January 2006). 

Each of the three leaf packs was removed, placed in a separate zip-lock bag and kept 

chilled in a cooler box in the field. Leaf packs were frozen within 8 hrs of collection, 

and kept at -18°C until final processing in the laboratory. All remaining water and 

organic matter was collected from each WFTH and preserved in 100 % ethanol in the 

field. 

 

In the laboratory, defrosted leaf packs, preserved loose organic matter and the water 

column samples were rinsed separately through 500 µm-mesh sieves and all aquatic 
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macroinvertebrates were removed, counted and identified to genus or species-level, 

where possible (Miller 1921; Goldson 1977; Stubbs et al. 1978; McAlpine et al. 1981; 

Stehr 1991; Winterbourn et al. 2000; Snell 2005). Peter J. Cranston confirmed 

Chironomidae identifications. 

 

Macroinvertebrates collected from leaf packs, loose organic matter and the water 

column were pooled within each WFTH. 

 

Other nearby freshwater habitats 

Orikaka Ecological Area includes the catchments of numerous permanent and 

ephemeral waterways, as well as some wetland areas. Rahui Creek is a second-order, 

stony-bottomed, brown-water, perennial stream, which flows through the study area. 

Numerous stony- and muddy-bottomed ephemeral waterways flow into Rahui Creek 

during periods of heavy rainfall, but dry to form distinct pools during low-flow periods. 

Rainfall also collects in numerous ponds scattered throughout the study area, which are 

intermittently connected with permanent and ephemeral waterways during heavy 

rainfall events (hereafter referred to as outwash ponds). 

 

To examine whether WFTHs contained a distinct aquatic macroinvertebrate fauna from 

those in other nearby freshwater habitats we conducted a one-off survey of all ground-

based freshwater habitats located in our study area, within Orikaka Ecological Area in 

January 2006. Three Surber samples (500-µm mesh, 0.05 m
2
), disturbed to c. 5 cm 

depth for 20 s, were collected from a riffle, backwater and soft bottomed microhabitat at 

each of 12 randomly-selected sites along a 500 m section of Rahui Creek. Two 

quantitative sweep-net (500 µm-mesh, 0.25 m
2
 quadrat) samples were taken to collect 

macroinvertebrates from the benthos and the water column within three microhabitats at 

each of five sites along the ephemeral waterways, and from all of the six outwash 

ponds. 

 

Samples were preserved in 70% ethanol in the field, and all aquatic macroinvertebrates 

were removed, counted and identified to genus- or species-level where possible, in the 
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laboratory. Aquatic macroinvertebrates were pooled across the three microhabitat 

samples from each site to give one measure of macroinvertebrate abundance per site. 

 

4.4 STATISTICAL ANALYSES 

We used separate non-metric multidimensional scaling (NMDS) ordinations, with 500 

random permutations, to investigate differences in community composition (1) among 

the four freshwater habitats (WFTHs, permanent waterways, ephemeral waterways and 

outwash ponds), and (2) within the WFTHs of differing sizes and heights. Abundance 

data were square-root transformed to downweight the contribution of dominant species 

and account for the contribution of rare species to site similarity. The NMDS ordination 

ranks sites such that distance in ordination space represents community similarity (in 

this case using Bray-Curtis metric), where sites closest together are more similar in 

species composition than those further apart (ter Braak 1995; Quinn & Keough 2002). 

Goodness-of-fit of the NMDS ordination is assessed by the magnitude of the associated 

‘stress’ value. A stress value of 0 indicates a perfect fit, where the configuration of 

points on the ordination diagram is a good representation of actual community 

dissimilarities, whereas stress values < 0.2 correspond to a good ordination with no real 

prospect of misleading interpretation (Quinn & Keough 2002). 

 

One-way analysis of similarity (ANOSIM) was used to test for significant differences in 

community composition among the freshwater habitats (WFTHs, permanent and 

ephemeral waterways and outwash pond habitats). A separate two-way ANOSIM was 

used to determine significant differences in community composition within WFTHs of 

differing sizes and heights. ANOSIM is a nonparametric permutation procedure applied 

to the rank similarity matrix underlying the NMDS ordination and compares the degree 

of separation among and within groups using the test statistic, R. When R equals 0 there 

is no distinguishable difference in community composition among groups, whereas an R 

value of 1 indicates completely distinct communities among groups. A negative R value 

suggests that community composition is more dissimilar within groups (i.e., high 

within-group variability) than among groups (Quinn & Keough 2002). A global R 

statistic was first calculated, to determine whether there was an overall difference in 
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community composition among all groups. Where a significant difference (α = 0.05) 

was detected (i.e., R > 0), pairwise comparisons were made between groups. 

 

Similarity percentages (SIMPER) were calculated if ANOSIM revealed significant 

differences in community composition (i.e., R ≠ 0, P < 0.05) among all freshwater 

habitats, or within the WFTHs. The SIMPER routine computes the percentage 

contribution of each species to the dissimilarities between all pairs of sites among 

groups. All analyses were performed in PRIMER version 5.2.1 (Clarke & Warwick 

2001). 

 

4.5 RESULTS 

A total of 22,231 larvae belonging to 15 aquatic insect species were present in the 

WFTHs after 12 months. All WFTHs were colonised by at least one species of aquatic 

insect, and 81% of WFTHs had ≥ 2 species inhabiting them in January 2006. Scirtid 

larvae were the only coleopterans found and were rarely encountered; the remaining 14 

species were all Diptera (Appendix 4.1). A chironomid Monopelopia sp. (Tanypodinae), 

the endemic mosquito Maorigoeldia argyropus, the syrphid Eristalis tenax, and a 

tipulid Limoniinae sp.1 were the most common species, together comprising more than 

97% of all individuals found colonising the 108 WFTHs (Appendix 4.1). 

 

The permanent and ephemeral waterways and outwash pond habitats supported more 

diverse aquatic macroinvertebrate communities than WFTHs, with 71 taxa and 14 

higher taxonomic groupings (Appendix 4.2). Ephemeroptera was the dominant aquatic 

insect order, comprising 35.5% of the 3,109 macroinvertebrates collected in these 

ground-based lentic and lotic systems. Diptera was the second most abundant order 

(25.2%) in the permanent and ephemeral waterways and outwash pond habitats. Five 

non-insect groups (Amphipoda, Gastropoda, Oligochaeta, Acari and Nematomorpha) 

were collected from these waterways and ponds, whereas only insects colonised 

WFTHs (Appendices 4.1 & 4.2). 
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Distinctiveness of the tree-hole fauna 

The WFTHs shared only 3 species in common with the three other freshwater habitats, 

Limnophyes ?vestitus (Chironomidae: Orthocladiinae), Limoniinae sp.2 (Tipulidae) and 

Psychoda penicillata (Psychodidae) (Appendices 4.1 & 4.2). Three other insect taxa, 

Scirtidae spp., Muscidae spp. and Ceratopogoniinae spp. were found in both WFTHs 

and the three ground-based freshwater systems (Appendices 4.1 & 4.2). However, we 

were unable to identify these to species-level, and cannot rule out that they were 

common to all of the freshwater habitats sampled. None of the above six taxa were 

abundant in all four freshwater habitats sampled (Appendices 4.1 & 4.2). 

 

This high degree of distinctiveness of WFTH communities was reflected in the NMDS 

ordination analyses, which gave a good representation of the actual community 

dissimilarities (stress = 0.08). That is, aquatic insect communities inhabiting the 

WFTHs were more similar (closer in ordination space) to each other than to the 

macroinvertebrate communities from any of the nearby permanent and ephemeral 

waterways or outwash pond habitats (Fig. 4.1). Furthermore, ANOSIM revealed highly 

significant differences in aquatic composition among the four freshwater habitats 

(ANOSIM global R = 0.88, P = 0.001). Pairwise comparisons showed that WFTH 

communities were almost completely distinct from communities inhabiting permanent 

waterways (R = 0.91, P = 0.001), ephemeral waterways (R = 0.91, P = 0.001) and 

outwash pond habitats (R = 0.91, P = 0.001). By comparison, differences in community 

composition between permanent and ephemeral waterways (R = 0.80, P = 0.001) and 

between permanent waterways and outwash ponds (R = 0.74, P = 0.001) were less 

distinct. Finally, community composition was more variable within, than between, 

ephemeral waterway and outwash pond habitats, but these differences were non-

significant (R = -0.21, P = 0.892). 
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Figure 4.1. Non-metric multidimensional scaling (NMDS) ordination based on a Bray-

Curtis matrix of dissimilarities calculated from square-root transformed abundance data 

illustrating the relationship among aquatic macroinvertebrate communities inhabiting 

water-filled tree holes (closed circles, n = 108), permanent waterways (open diamonds, 

n = 12), ephemeral waterways (open triangles, n = 5) and outwash ponds (open squares, 

n = 6) located within 1.96 ha of continuous mixed broadleaf-podocarp temperate 

rainforest. Note the axes are scaled identically so that the freshwater habitats closest 

together are more similar in species composition than those further apart. 

 

 

Variation in community composition between WFTHs and permanent or ephemeral 

waterways and outwash ponds was driven predominantly by the chironomid 

Monopelopia sp., which was present in 94% of the WFTHs, but absent from the other 

three freshwater habitats (Table 4.1). The mayfly Deleatidium and the chironomid 

midge, Chironomidae sp.2 (Chironominae), were not collected in WFTHs, and were 

good discriminators of community composition in permanent and ephemeral waterways 

compared to WFTHs (Table 4.1). Conversely, Deleatidium was almost never present in 

the outwash ponds, where Chironomidae sp.2 (Chironominae) and the amphipod 

Paracalliope fluviatilis were the best discriminators of community composition (Table 

4.1). Differences in community composition between permanent and ephemeral 

waterways and outwash ponds were more subtle and were driven by numerous species, 

each of which contributed only a small percentage to the total among-group 

dissimilarities (Table 4.1). 
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Table 4.1. Pairwise comparisons of community dissimilarity among aquatic 

macroinvertebrate species from experimental water-filled tree holes (WFTH), 

permanent and ephemeral waterways, and outwash ponds (see Fig. 4.1), calculated 

using ‘similarity percentages’ (SIMPER) analysis. Average percentage dissimilarity 

(Av. diss.) of community composition among the four freshwater habitats are shown, 

along with the total abundances and percentage contributions of higher contributing taxa 

(i.e., taxa that contributed ≥ 5%) to total between-group dissimilarity. 

 

Species Total abundances % Contribution 

 Permanent WFTHs Av. diss. 99.82% 

Monopelopia sp. 0 18,661 18.0 

Deleatidium spp. 727 0 13.2 

Chironomidae sp.2 201 0 6.6 

Nesameletus ornatus 173 0 6.0 

 Ephemeral WFTHs Av. diss. 99.71% 

Monopelopia sp. 0 18,661 23.5 

Chironomidae sp.2 118 0 13.5 

Deleatidium spp. 22 0 6.1 

 Outwash WFTHs Av. diss. 99.86% 

Monopelopia sp. 0 18,661 23.4 

Chironomidae sp.2 236 0 11.9 

Paracalliope fluviatilis 205 0 11.3 

Polyplectropus spp. 39 0 6.3 

 Permanent Ephemeral Av. diss. 73.93% 

Deleatidium spp. 18,661 22 11.0 

Chironomidae sp.2 201 118 6.9 

Nesameletus ornatus 173 0 6.5 

 Permanent Outwash Av. diss. 78.26% 

Deleatidium spp. 18,661 21 13.3 

Paracalliope fluviatilis 33 205 8.8 

Nesameletus ornatus 173 0 6.2 

 Ephemeral Outwash Av. diss. 70.64% 

Paracalliope fluviatilis 33 205 11.9 

Chironomidae sp.2 118 236 8.3 

Deleatidium spp. 22 21 6.0 

Polyplectropus spp. 22 39 5.3 

Gastropoda 100 0 5.1 

 

 

Community composition within water-filled tree holes 

The NMDS gave a good representation of the actual community dissimilarities among 

the 108 WFTHs (stress = 0.14), but community composition was highly variable, with 

no clear grouping based on size or height above ground (Fig. 4.2). However, ANOSIM 

indicated there were weak, but highly significant, differences in community 
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composition among WFTHs of different sizes (R = 0.13, P = 0.001). Pairwise 

comparisons indicated that communities within small WFTHs was more similar to those 

of medium-sized WFTHs (R = 0.12, P = 0.002) than large ones (R = 0.22, P = 0.001). 

Community composition did not differ strikingly between medium and large WFTHs (R 

= 0.06, P = 0.020), and there was no significant difference in community composition 

between WFTHs located at ground-level and those situated within the canopy (R = 0.03, 

P = 0.082). 

 

 

 

Figure 4.2. Non-metric multidimensional scaling (NMDS) ordination based on a Bray-

Curtis matrix of dissimilarities calculated from square-root transformed abundance data 

illustrating the relationship among aquatic macroinvertebrate communities inhabiting 

small (circles, n = 34), medium (squares, n = 36), and large (triangles, n = 38) water-

filled tree holes located near ground-level (2–4 m, filled symbols) and in the canopy 

(16–18 m, open symbols) within 1.96 ha of continuous mixed broadleaf-podocarp 

temperate rainforest. Note the NMDS was a good representation of the actual 

community dissimilarities among the 108 experimental water-filled tree holes (stress = 

0.14), and axes are scaled identically so that water-filled tree holes closest together are 

more similar in species composition than those further apart. 

 

 

The difference in community composition between small and large WFTHs was 

primarily a result of variation in the abundances of Monopelopia sp., M. argyropus and 
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Chironomidae sp.1, which were all more abundant in large WFTHs (Tables 4.2). The 

best discriminator between small and medium WFTHs was also Monopelopia sp. which 

was more abundant in medium than small WFTHs (Table 4.2); Eristalis tenax was more 

abundant in small and medium-sized WFTHs, and was also a good discriminator among 

groups (Table 4.2). 

 

 

Table 4.2. Pairwise comparisons of community dissimilarity among aquatic 

macroinvertebrate species from experimental water-filled tree holes (WFTH) of three 

different sizes (small 560 ml, medium 1540 ml, and large 3070 ml) (see Fig. 4.2), 

calculated using ‘similarity percentages’ (SIMPER) analysis. Average percentage 

dissimilarity of community composition among WFTHs are shown, along with the total 

abundances and percentage contributions of higher contributing taxa (i.e., taxa that 

contributed ≥ 5%) to total between-group dissimilarity. 

 

Species Total abundances Contribution to total dissimilarity 

(%) 

 Small Large Average dissimilarity: 65.50% 

Monopelopia sp. 2,487 7,818 48.7 

Maorigoeldia argyropus 62 2,233 20.2 

Chironomidae sp.1 40 66 5.7 

Eristalis tenax 121 18 5.1 

 Small Medium Average dissimilarity: 63.42% 

Monopelopia sp. 2,487 8,356 55.5 

Eristalis tenax 121 347 10.7 

Sylvicola fenestralis 61 49 6.8 

Chironomidae sp.1 40 47 5.6 

 Medium Large Average dissimilarity: 54.16% 

Monopelopia sp. 8,356 7,818 52.4 

Maorigoeldia argyropus 77 2,233 21.3 

Eristalis tenax 121 18 8.6 

 

 

4.6 DISCUSSION 

Our experimental analogues of water-filled tree holes supported an aquatic 

macroinvertebrate community dominated by species that were distinct from those 

inhabiting ground-based lentic and lotic freshwaters nearby. Moreover, the 

macroinvertebrate communities inhabiting our WFTHs were comparable with the 

faunas reported from phytotelmata around the world (Kitching 2001) and those 

encountered in the few studies on naturally occurring water-filled tree holes and other 
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phytotelmata in New Zealand (Table 4.3). Thus, our findings indicate that water-filled 

tree holes in New Zealand provide important lentic microhabitats within the forest 

canopy for a suite of obligate aquatic species. This is consistent with previous studies on 

the aquatic invertebrate fauna of phytotelmata in both temperate and tropical regions 

(e.g., Kitching 1971, 1996, 2001; Yanoviak 2001). Furthermore, although we used 

experimentally-constructed analogues of water-filled tree holes, our study is the first to 

specifically demonstrate the distinctiveness of macroinvertebrate communities in water-

filled tree holes in New Zealand, and throughout the world. 

 

 

Table 4.3. A comparison of Diptera families found inhabiting naturally occurring 

water-filled tree holes (Natural WFTH), other naturally occurring phytotelmata (Other 

phytotelmata; e.g., leaf axils and fallen plant parts) and artificial WFTH (Artificial 

WFTH) in New Zealand; 
1
TJ Blakely (unpublished data), 

2
Derraik & Heath (2005), 

3
Taylor & Ewers (2003), 

4
Derraik (2005), 

5
This study. 

 

 Natural Other Artificial 

Family WFTH
1, 2, 3

 phytotelmata
4
 WFTH

5
 

Ceratopogonidae + + + 

Chironomidae + + + 

Psychodidae + + + 

Syrphidae + + + 

Tipulidae + + + 

Culicidae + – + 

Anisopodidae – + + 

Muscidae – – + 

Empididae + – – 

 

 

In a review of foodwebs in phytotelmata, Kitching (2001) noted that the majority of 

animals inhabiting phytotelmata were specialists and almost all were arthropods. In 

addition, the arthropods were dominated by insects of which certain groups appear to be 

highly characteristic of phytotelmata in general (Kitching 2001). For example, dipterans 

such as mosquitoes, ceratopogonids, chironomids, psychodids, syrphids, and tipulids 

often dominate phytotelmata (Greeney 2001; Kitching 2001). Our WFTHs were indeed 

numerically dominated by chironomids, mosquitoes, syrphids and tipulids (Appendix 

4.1). 
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An undescribed chironomid species belonging to the genus Monopelopia (Tanypodinae, 

Appendix B) was the most abundant species in our WFTHs. Monopelopia is a 

worldwide genus, but Monopelopia sp. has not been recorded from New Zealand 

(Boothroyd & Forsyth 2000; Macfarlane et al. 2000; Appendix B). Although a formal 

description of this species is still pending, it is unsurprising that a species of 

Monopelopia would be a phytotelm specialist in our study, as species within this genus 

have been widely recorded plant-held-waters, including bromeliads in Jamacia, Brazil, 

Puerto Rico and Florida (Epler & Janetzky 1999; Mendes et al 2003; Cranston 2007; 

John Epler pers. comm.). 

 

The endemic mosquito Maorigoeldia argyropus (tribe Sabethini) was also found 

exclusively in our WFTHs. Although little is known about the ecology of M. argyropus 

(Snell et al. 2005), the larvae seem to breed preferentially in phytotelmata, such as 

water-filled tree holes (Pillai 1965; Hayes 1974; Laird 1995), but are also capable of 

using artificial containers, such as rainwater tanks, for breeding (Hayes 1974). 

Furthermore, sabethine mosquitoes, in general, are known worldwide as container- or 

phytotelmata breeders (Kitching 1996, 2001) and the obligate tree-hole breeding 

mosquito, Tripteroides, from Australia, the Pacific Islands and south-east Asia is the 

closest relative of M. argyropus (Pillai 1965; Belkin 1968; Judd 1996; Kitching 1996).  

 

Scirtid beetle larvae were collected from a number of WFTHs, and inhabit phytotelmata 

worldwide (e.g., Kitching 1971; Stribling & Young 1990; Barrera 1996; Greeney 2001; 

Yanoviak 2001; Srivastava 2005). However, scirtids are also common in lentic and lotic 

waters around New Zealand (Winterbourn et al. 2000), and we collected larvae from all 

freshwater habitats sampled. New Zealand has over 100 scirtid species (Klimaszewski 

& Watt 1997) and no aquatic larvae have been positively associated with adult beetles 

(Winterbourn et al. 2000). Klimaszewski & Watt (1997) noted that scirtid larvae have 

been associated with water which often accumulates in the base of epiphytic plants, 

especially in wet forested areas of New Zealand. However, we were unable to identify 

the scirtid larvae in our study to species-level, and it is difficult to state with any level of 

certainty if the species collected in our WFTHs were phytotelmata specialists. 
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Some of the taxa we collected may be generalist species, despite being found only in 

our WFTHs. Thus, occupancy patterns alone (particularly for rare species) do not 

necessarily indicate habitat specialisation, e.g., species preferentially breeding or living 

in phytotelmata. For example, ceratopogonid (Diptera) larvae belonging to the 

subfamily Forcipomyiinae are occasionally found in South Island freshwaters 

(Winterbourn et al. 2000), although in our study they were rare in WFTHs and never 

found in the other freshwater habitats. 

 

Several of the species found only in our WFTHs may also have semi-aquatic larval 

stages, which are able to survive in moist environments and therefore take advantage of 

a wide range of damp microhabitats within the forest ecosystem. For example, the 

anisopodid Sylvicola fenestralis was abundant in some WFTHs. Anisopodids are 

occasionally recorded from phytotelmata (e.g., Kitching 1969; Derraik & Heath 2005), 

but they are not considered to be tree-hole specialists (Kitching 1971). 

 

This disproportionate number of seemingly obligate species in our experimental-

analogues of water-filled tree holes is unusual by New Zealand standards. Lentic and 

lotic freshwaters in New Zealand tend to have similar faunas dominated by common 

genera and species with many generalists capable of exploiting a range of habitats 

(Winterbourn et al. 1981; Burns et al. 1984; Wissinger et al. 2006). Having said this, 

Collier and Smith (2006) found that macroinvertebrate communities inhabiting seepages 

(diffuse water films or shallow lotic microhabitats often flowing over rockfaces) were 

distinctive from the springs and streams nearby yet, there was no distinguishable 

difference in community composition between springs and streams. This was also 

apparent in our study, where permanent and ephemeral waterways and outwash pond 

habitats were more similar to each other, than they were to the WFTHs. 

 

More importantly, although the WFTH faunas were distinct from nearby lentic and lotic 

ecosystems, they were also similar in community composition between ground- and 

canopy-level WFTHs. There were, however, significant differences in species 

abundances among WFTHs of differing sizes, indicating that the species inhabiting 

these unique forest microhabitats are likely to be more strongly influenced by habitat 
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size and associated in situ abiotic conditions such as water chemistry, temperature and 

resource availability, than microclimatic, structural or vegetation differences within the 

canopy environment. 

 

In conclusion, water-filled tree holes in our study area occur at a multitude of vertical 

strata from ground-level up into the canopy and have naturally variable volumes 

(Chapter 2). Although naturally occurring water-filled tree holes are patchily distributed 

in Orikaka Ecological Area (Chapter 2), numerous aquatic insect species exclusively 

colonised our experimental-analogues of natural water-filled tree holes. Moreover, we 

have shown that water-filled tree holes are likely to support potentially threatened 

species (M. argyropus) and species that may be newly discovered in New Zealand 

(Monopelopia sp.). This is of utmost interest, as New Zealand has a long legacy of 

historical deforestation (Ewers et al. 2006) which may have influenced the distribution 

and abundance of tree holes available for obligate tree-hole dwelling species in native 

forest remnants today. 

 

It is clear that water-filled tree holes provide important habitats for a distinctive 

component of New Zealand’s freshwater biodiversity. Our study has taken the first and 

essential step towards cataloguing the freshwater insect fauna inhabiting water-filled 

tree holes in New Zealand. However, further work is needed to investigate the biotic 

and abiotic processes influencing community composition within these unique and 

patchily distributed lentic microhabitats within the forest canopy. 
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Appendix 4.1. Aquatic insects inhabiting experimental water-filled tree holes (WFTH) 

of varying sizes near the ground and in the canopy within Orikaka Ecological Area, 

after 12 months colonisation from January 2005–2006. WFTH volumes: Small (S) = 

560 ml, Medium (M) = 1540 ml, Large (L) = 3070 ml. Ground = 2–4 m above forest 

floor; Canopy = 16–18 m above ground. 

 Ground Canopy 

 S M L S M L Total 

Coleoptera 

 Scirtidae spp. 3 2 0 1 0 0 6 

Diptera 

 Chironomidae  

 Tanypodinae  
 Monopelopia sp. 658 3,050 3,323 1,829 5,306 4,495 18,661 

 Chironominae 

 Chironomidae sp.1 23 40 34 17 7 32 153 

 Orthocladiinae 

 Limnophyes ?vestitus 60 3 2 26 0 6 97 

 Gymnometriocnemis ?lobifer 5 0 0 0 0 0 5 

 Culicidae  

 Maorigoeldia argyropus 45 61 1,692 17 16 541 2,372 

 Syrphidae  

 Eristalis tenax 32 182 17 89 165 1 486 

 Tipulidae  

 Limoniinae sp.1 11 7 15 12 36 100 181 

 Limoniinae sp.2 10 1 0 0 0 0 11 

 Anisopodidae 

 Sylvicola fenestralis 45 49 1 16 0 1 112 

 Psychodidae  

 Psychoda penicillata 56 21 0 15 4 0 96 

 Psychoda formosa 27 14 0 0 0 0 41 

 Muscidae  

 Muscidae spp. 0 0 0 0 5 0 5 

 Ceratopogonidae  

 Forcipomyia spp. 4 0 0 0 0 0 4 

 Ceratopogoniinae spp. 0 0 0 1 0 0 1 

Total 979 3,430 5,539 2,023 5,084 5,176 22,231 

Number of samples 17 20 19 17 16 19 108 
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Appendix 4.2. Total number of aquatic macroinvertebrates collected from permanent 

and ephemeral waterways and outwash pond habitats in the Orikaka Ecological Area 

study site, January 2006. 

 

 Permanent Ephemeral Outwash pond Total 

Ephemeroptera 

 Deleatidium spp. 727 22 21 770 

 Nesameletus ornatus. 173 0 0 173 

 Coloburiscus humeralis 129 0 0 129 

 Neozephlebia scita 8 2 5 15 

 Zephlebia spp. 5 0 0 5 

 Icthybotus hudsoni 3 0 0 3 

Plecoptera 

 Austroperla cyrene 29 0 0 29 

 Spaniocerca bicornuta 3 9 5 17 

 Stenoperla prasina 16 0 0 16 

 Cristaperla fimbria 0 6 1 7 

 Zelandoperla sp. 2 0 1 3 

 Zelandobius sp.1 0 0 1 1 

 Acroperla sp.1 1 0 0 1 

Trichoptera 

 Olinga jeanae 70 0 0 70 

 Polyplectropus sp. 3 22 39 64 

 Hydrobiosidae sp. 49 5 4 58 

 Aoteapsyche colonica 13 0 2 15 

 Oeconesus sp. 8 2 2 12 

 Confluens sp. 9 0 0 9 

 Triplectides obsoletus 7 0 2 9 

 Helicopsyche sp. 7 0 0 7 

 Rakiura vernale 5 0 0 5 

 Oxyethira albiceps 3 0 0 3 

 Psilochorema sp.1 2 0 0 2 

 Hudsonema amabile 1 1 0 2 

 Hydrobiosella sp.1 1 0 0 1 

Coleoptera 

 Elmidae spp. 110 1 7 118 

 Scirtidae spp. 30 1 5 36 

 Hydraenidae spp. 0 0 7 7 

 Ptilodactylidae spp. 1 0 5 6 

 Hydrophilidae sp.1 1 1 0 2 
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Appendix 4.2 continued 

 

 Permanent Ephemeral Outwash pond Total 

Diptera 

 Chironomidae 

 Tanypodinae 

 ?Larsia sp. 9 4 3 16 

 Macropelopia spp. 26 13 19 58 

 Procladius sp. 0 1 0 1 

 Chironominae 

 Aspectrotanypus spp. 1 2 0 3 

 Chironomidae sp.2 201 118 236 555 

 Chironomus zelandicus 0 3 0 3 

 ?Paratanytarsus grimmii 10 2 1 13 

 Paucispinigera spp. 6 4 14 24 

 Polypedilum spp. 4 19 19 42 

 Orthocladiinae 

 Cricotopus spp. 17 11 2 30 

 Eukiefferiella sp. 0 0 1 1 

 Limnophyes ?vestitus 0 1 0 1 

 Naonella forsythi 4 0 0 4 

 ?Pirara matakiri 5 1 5 11 

 ?Stictocladius spp. 11 2 2 15 

 Tipulidae 

 Eriopterini spp. 36 1 3 40 

 Austrosimulium spp. 12 1 0 13 

 Zelandotipula spp. 1 0 7 8 

 Paralimnophila ?skusei 3 2 2 7 

 Aphrophila spp. 4 0 1 5 

 Molophilus sp.1 1 1 1 3 

 Limoniinae sp.2 1 0 1 2 

 Limonia ?nigrescens 1 0 1 2 

 Molophilus sp.2 0 0 1 1 

 Ceratopogonidae 

 Ceratopogoniinae spp. 9 6 36 51 

 Empididae 

 Empididae sp.2 4 1 0 5 

 Empididae sp.1 2 0 0 2 

 Dixidae 

 Paradixa ?fuscinervis 0 19 2 21 

 Psychodidae 

 Psychoda penicillata 1 0 1 2 

 Sciomyzidae 

 Sciomyzidae spp. 1 0 0 1 

 Muscidae 

 Muscidae spp. 0 0 5 5 
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Appendix 4.2 continued 

 

 Permanent Ephemeral Outwash pond Total 

Megaloptera 

 Archichauliodes diversus 19 0 0 19 

Odonata 

 Austrolestes colensonis 1 0 0 1 

Mecoptera 

 Nannochorista philpotti 1 1 5 7 

Neuroptera 

 ?Kempynus spp. 1 0 0 1 

Amphipoda 

 Paracalliope fluviatilis 15 33 205 253 

Acari  2 0 1 3 

Gastropoda 119 100 0 219 

Oligochaeta 27 10 5 42 

Nematomorpha 

 Gordioidea 1 0 0 1 

Total 1,972 328 786 3,086 

Number of samples 12 5 6 23 
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CHAPTER 5 

Disentangling the mechanistic drivers of ecosystem size effects 

on aquatic insect assemblages in water-filled tree-hole 

microcosms 

Tanya J. Blakely and Raphael K. Didham 

In preparation for Ecology Letters 

 

5.1 ABSTRACT 

Species richness and diversity are typically positively correlated with ecosystem size, 

yet there is no general consensus on the proximate mechanisms driving this relationship. 

In natural ecosystems, the four major hypothesised mechanisms underlying ecosystem 

size effects (resource concentration, disturbance regime, colonisation-extinction 

dynamics and habitat heterogeneity) are inherently intercorrelated with one another. In 

aquatic ecosystems, species-area relationships are often attributed to increasing resource 

concentration in larger ecosystems, but the significance of resource productivity as the 

mediator of ecosystem size effects (e.g., the “productive space” hypothesis) has been 

strongly debated. Here we experimentally manipulate the proximate mechanisms of 

ecosystem size effects on the species richness of aquatic insects colonising water-filled 

tree-hole microcosms, by reversing the resource concentration gradient (i.e., organic 

matter availability per unit volume) and enhancing a drought-disturbance gradient, 

while holding colonisation-extinction dynamics and habitat heterogeneity 

approximately constant, under field conditions. Treatments were established in a fully-

randomised block design with three microcosms of differing sizes attached at ground-

level (c. 2-4 m) and in the forest canopy (c. 16-18 m) on each of 20 trees in a natural 

rainforest stand in New Zealand. Contrary to ecological theory and much empirical 

evidence, species richness and diversity were greatest in small rather than large 

microcosms, due explicitly to the experimental reversal of the resource concentration 

gradient from large to small microcosms. Species richness and diversity were also 

greatest in ground rather than canopy microcosms. Partitioning the direct and indirect 

drivers of species richness using structural equation modelling (SEM) revealed that 

ecosystem size influenced species richness indirectly through resource concentration 
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and via the flow-on effects that resource concentration had on conductivity and pH. 

Similarly, SEM revealed that community composition was primarily influenced by 

resource concentration and water chemistry (habitat quality) parameters. Microcosm 

height had both direct and indirect (through water chemistry and temperature) effects on 

community composition, potentially indicating harsher environmental conditions within 

the forest canopy and species-specific responses to in situ resource concentration, water 

chemistry and temperature conditions. Our findings indicate that resource concentration 

was the principal driver of ecosystem size effects on the richness and diversity of 

species in this system, while habitat quality (i.e., water chemistry parameters) was also 

an important determinant of the identity and composition of colonising species. 

 

 

Keywords: Community composition; Ecosystem size; Forest canopy; Aquatic insects; 

Mixed-effects model; Microcosm; Resource concentration; Species diversity; Structural 

equation modelling 



Mechanistic drivers of ecosystem size effects 

 94 

 

5.2 INTRODUCTION 

Ecosystem size is an important determinant of community structure and positive 

species-area relationships are typical of many ecosystems (e.g., Rosenzweig 1995; Sota 

1996; Yanoviak 1999; Post et al. 2000; Bell et al. 2005; Reche et al. 2005; Peay et al. 

2007). The reasons for this are complex, but several key drivers of ecosystem size 

effects have been identified, including colonisation-extinction dynamics, habitat 

heterogeneity, disturbance regimes and in situ resource concentration or productivity 

(MacArthur & Wilson 1967; Hart & Horwitz 1991). Nevertheless, many of the potential 

mechanisms that influence species-area relationships are not only intercorrelated with 

ecosystem size, but are also inherently confounded with one another, and there is still 

much debate over which of these factors is the dominant driver of community structure 

across ecosystems of differing size (Post et al. 2000; Post 2002). 

 

First, colonisation-extinction dynamics often vary predictably with ecosystem size 

(MacArthur & Wilson 1967), with large ecosystems being more readily seen or 

intercepted by potential colonists than small ecosystems (the ‘target effect’, Lomolino 

1990), and with greater population sizes in larger ecosystems that are less prone to 

extinction (Russell et al. 2006). Second, larger ecosystems typically also have greater 

habitat heterogeneity and are more structurally complex, promoting an increase in the 

number of species with differing habitat requirements (Hart & Horwitz 1991; 

Rosenzweig 1995; Russell et al. 2006). Third, the intensity or frequency of disturbance 

can be inversely related to ecosystem size, with larger ecosystems having greater 

stability (cf. Post 2002). For example, larger lentic ecosystems may be less susceptible 

to drought-disturbances than smaller ecosystems, thereby supporting more diverse 

communities (Sota et al. 1994; Armbruster et al. 2002; Kneitel & Chase 2004; Chase 

2007). Fourth, resource concentration is commonly positively correlated with ecosystem 

size and Wright (1983) found that species richness of both angiosperm plants, and land 

and freshwater birds was driven by the total amount of energy (i.e., resource) available 

on islands of differing sizes. More recently, Hurlbert (2006) showed that Drosophila 

species richness was dependent on the concentration of banana-agar resources available 

in artificial microcosms of a variety of sizes. 
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In aquatic ecosystems, there is a vast body of empirical evidence suggesting that 

resource concentration is the primary driver of the positive species-area relationship 

seen in many ecosystems. Ecosystem size and resource concentration are often 

positively correlated with one another, and larger ecosystems generally collect more 

resources, have higher in situ productivity than smaller ones, and support more 

individuals and species (Jenkins et al. 1992; Srivastava & Lawton 1998; Vander Zanden 

et al. 1999; Yanoviak 1999, 2001). In fact, Sota (1996) concluded that the positive 

species-area relationship within small, detritus-based aquatic systems was largely 

determined by resource availability. Similarly, Srivastava & Lawton (1998) found that a 

greater diversity of detritivorous aquatic insects colonised more productive natural 

water-filled tree holes (i.e., habitats with most organic matter), and Yee & Juliano 

(2006) found aquatic insect species richness was strongly linked to detritus (insect- or 

leaf litter-derived) availability within water-filled tree hole microcosms. 

 

However, these proposed mechanisms of ecosystem size effects on species richness in 

aquatic ecosystems are not mutually exclusive of one another. Greater resource 

concentrations in large ecosystems can also increase structural complexity (Street & 

Titmus 1982) and habitat heterogeneity, which promotes colonisation by a wider range 

of species, and provides greater protection from extreme (biotic and abiotic) 

disturbances (Yanoviak 2001), thereby lowering extinction rates. The inherent 

intercorrelation of these mechanisms with one another frequently confounds attempts to 

distinguish their respective importance in driving ecosystem size effects on species 

diversity and community structure (cf. Post 2002). 

 

Here we describe an empirical study using experimentally-constructed water-filled tree-

hole microcosms as model systems, to disentangle the proximate mechanisms (resource 

concentration, drought-disturbance regime, colonisation-extinction dynamics and 

habitat heterogeneity) driving ecosystem size effects on species richness. We 

experimentally reversed the resource concentration (i.e., organic matter) gradient within 

microcosms, and used a novel experimental design to enhance a drought-disturbance 

gradient across ecosystem size, while holding both colonisation-extinction dynamics 

and habitat heterogeneity approximately constant under field conditions (Fig. 5.1). This 
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approach controlled for factors that have confounded previous attempts to evaluate the 

proximate mechanisms driving species-area relationships in aquatic ecosystems. 

 

Using these experimental microcosms, we specifically test the following predictions: (1) 

if resource concentration was the primary proximate mechanism driving ecosystem size 

effects on species richness, we predicted that richness would decline with increasing 

ecosystem size in response to the reversal of in situ resource concentration; (2) if 

drought-disturbance was the proximate mechanism driving ecosystem size effects on 

species richness, we predicted that large ecosystems would have greater stability and 

thus support more species, and that species richness would be greatest in ground 

microcosms (low drought-disturbance regime) than canopy microcosms (high drought-

disturbance regime); (3) if however, colonisation-extinction dynamics or habitat 

heterogeneity were the proximate mechanisms driving ecosystem size effects, we 

predicted that richness would remain constant across ecosystem size in response to the 

experimental standardisation of these mechanisms across microcosm size; (4) if a 

mechanism other than resource concentration, drought-disturbance regime, 

colonisation-extinction dynamics or habitat heterogeneity was driving ecosystem size 

effects, we predicted that species richness would increase across ecosystem size in spite 

of our experimental manipulation of resource concentration. 
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Figure 5.1. In natural systems, species richness increases with ecosystem size as a result 

of four inherently intercorrelated mechanisms: resource concentration, disturbance 

regime, colonisation-extinction dynamics, and habitat heterogeneity. Larger ecosystems 

generally collect more resources, undergo fewer and less intense disturbance events 

(i.e., have greater stability), support larger populations that are less prone to extinction 

and have greater habitat heterogeneity, thus supporting more individuals and species. To 

disentangle the proximate mechanism driving ecosystem size effects on species 

richness, we experimentally reversed the resource concentration gradient and enhanced 

a drought-disturbance gradient across ecosystem size while holding colonisation-

extinction dynamics and habitat heterogeneity approximately constant under field 

conditions. If resource concentration was the main proximate mechanism driving 

ecosystem size effects on species richness, we predicted that richness would decrease 

with increasing ecosystem size. If the enhanced disturbance regime was an important 

proximate mechanism of ecosystem size effects, we predicted that species richness 

would be greater in ground microcosms (low drought-disturbance regime) than canopy 

microcosms (high drought-disturbance regime). If colonisation-extinction dynamics or 

habitat heterogeneity were the proximate mechanisms driving ecosystem size-diversity 

relationships, we predicted that species richness would be constant across ecosystem 

size. If a mechanism other than resource concentration, drought-disturbance regime, 

colonisation-extinction dynamics or habitat heterogeneity was driving ecosystem size 

effects, we predicted that species richness would increase across ecosystem size in spite 

of the experimental manipulation. 
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5.3 METHODS 

Study system 

We used experimentally-constructed water-filled tree-hole microcosms (hereafter 

‘microcosms’) exposed to field conditions, as replicates of discrete aquatic ecosystems. 

Microcosms are easily manipulated and replicated without suffering scaling problems 

commonly associated with miniaturisation, and are widely used to test ecological theory 

(Petersen et al. 1999; Srivastava et al. 2004). Furthermore, artificial microcosms attract 

the same suite of aquatic insects as natural water-filled tree holes (Chapter 4; Pimm & 

Kitching 1987; Fincke et al. 1997; Srivastava & Lawton 1998; Yanoviak 2001; Derraik 

& Heath 2005). 

 

The study was located in a southern temperate rainforest within Orikaka Ecological 

Area (41°27´ S, 171°25´ E), Buller District, South Island, New Zealand (see Chapter 2 

for a detailed site description). 

 

Experimental design 

We manipulated ecosystem size by using microcosms of three different sizes, 

constructed from white polyethylene containers (Stowers Containment Solutions, 

Christchurch, New Zealand). The inner surfaces were roughened with 80-grit 

sandpaper, as many aquatic insects (particularly mosquitoes) require rough surfaces to 

cling to during oviposition (Beckel 1955). A 10 mm-diameter overflow hole was cut in 

the side of each microcosm and covered with 100-µm mesh, in order to precisely 

regulate maximum experimental water levels within the microcosms while retaining 

resident aquatic insects. Thus, small microcosms consisted of a 1 l rectangular container 

of 160 mm x 70 mm basal area with an overflow hole positioned to allow a maximum 

water level of 50 mm, giving a maximum volume of 0.56 l. Medium (1.54 l) and large 

(3.07 l) microcosms were made from 2 l and 4 l square containers, both with 160 mm x 

160 mm basal area, and with maximum water levels regulated at 60 mm and 120 mm, 

respectively. 

 

To ensure that the opportunity for colonisation was the same for all microcosms, a 50 

mm-diameter hole was cut in the lid and attached to each microcosm. This mimicked 
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the hole-opening of natural tree holes and allowed aquatic insects equal opportunity of 

access to microcosms regardless of ecosystem size. Further, by holding the hole-

opening constant we were able to experimentally homogenize microcosm surface area 

across the three size categories, and control for ‘target-area effects’ (Lomolino 1990) 

even though the basal area of medium and large containers was twice that of the small 

containers. 

 

We used a novel experimental design to manipulate a drought-disturbance gradient 

among the microcosms in order to expose species-specific tolerances to changes in 

habitat quality (e.g., water chemistry and temperature), thereby exacerbating the effect 

of microcosm size. Using a fully-randomised block design (see Chapter 2 for details on 

random-block selection), microcosms of each of the three different sizes (0.56 l, 1.54 l 

and 3.07 l) were attached at approximately ground-level (c. 2-4 m) and within the forest 

canopy (c. 16-18 m) to the south-facing aspect of each of twenty randomly selected 

Nothofagus fusca trees (random block, ≥ 20 cm diameter at breast height), using single-

rope climbing techniques (Fig. 5.2, Barker & Standridge 2002). Thus, each tree had a 

‘cluster’ of three different sized microcosms at each height, giving six microcosms per 

tree and a total of 120 microcosms. The three different sized microcosms were 

randomly allocated to one of each of these three positions within each of the two height 

categories (i.e., ground: 2, 3 or 4 m; canopy: 16, 17 or 18 m) and individual microcosms 

were horizontally off-set from one another (c. 0.5 m) within each cluster, to avoid 

interference with stemflow, rainfall or accumulation of senescent leaf litter. Ground-

level microcosms were all attached ≥ 2m above the forest floor to reduce interference 

from browsing mammals. 
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Figure 5.2. Microcosms of three differing sizes (c. 560 ml, 1540 ml and 3070 ml 

volume) were attached to the trunk of each of 20 Nothofagus fusca trees at 

approximately ground-level (c. 2-4 m) and within the forest canopy (c. 16-18 m, not 

shown in this photo) using single-rope climbing techniques. 

 

 

We experimentally reversed the resource concentration gradient across ecosystem size 

by adding three leaf packs, each consisting of 2.5 g (±0.001 g dry weight) of green N. 

fusca leaves contained in a 10 mm-mesh nylon bag, to all microcosms. Thus, small 

microcosms had proportionally more leaf litter resource per litre (13.39 g l
-1

) than 

medium (4.87 g l
-1

) and large (2.44 g l
-1

) microcosms. The green N. fusca leaves were 

collected from Orikaka Ecological Area in December 2004, soaked in tap water for 24 h 

and dried at 50°C for three weeks. In addition to the leaf packs, senescent leaves were 

expected to fall into microcosms throughout the 12 month period and we did not expect 

the microcosm communities to be resource-limited. Moreover, senescent leaf inputs are 

generally, positively correlated with the size of tree-hole openings (Kitching 1987, Sota 
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1996), thus by standardising the microcosm hole-opening (50 mm-diameter hole in 

microcosm lid) we predicted that the amount of senescent leaf litter that accumulated in 

each microcosm, over the duration of the experiment, would be similar regardless of 

microcosm size. In summary, we held habitat heterogeneity approximately constant 

under field conditions by adding a consistent resource type (N. fusca leaves), controlling 

inputs of senescent leaf litter across ecosystem size (via the standardised hole-opening) 

and using plastic containers of a uniform structure. 

 

Each microcosm was filled to the overflow hole with filtered (50-µm mesh) stream 

water (6.4 pH, Oakton CON 10 Series) from a nearby creek and a single Nothofagus 

fusca twig (c. 5 mm diameter x 160 mm length) was added to provide an emergence site 

for adult insects to perch on. Aquatic insect communities were allowed to establish over 

a 12 month period. Over this period of time, it was expected that variation in 

colonisation-extinction dynamics across microcosm size would not greatly influence 

ecosystem size effects on species richness and community structure. 

 

Data collection 

We destructively sampled the microcosms in January 2006, twelve months after 

commencing the experiment. Basic water chemistry, including specific conductivity 

(µS25 cm
-1

), pH (Oakton CON 10 Series), dissolved oxygen (DO, mg l
-1

) and water 

temperature (°C) (YSI 550 DO), were measured in each microcosm in January 2006. 

 

The insect fauna inhabiting each microcosm was censused after 12 months using two 

methods. First, each of the three N. fusca leaf packs was removed, placed in a separate 

zip-lock bag and kept chilled in a cooler box in the field. Leaf packs were frozen within 

8 hrs of collection and kept at -18°C until final processing in the laboratory. Second, all 

water in each microcosm and any remaining organic matter that had accumulated was 

filtered through 100 µm-mesh nets and preserved in 70% ethanol in the field. 

 

In the laboratory, leaf packs were defrosted and gently rinsed through nested (500 and 

125 µm) sieves to separate the coarse particulate organic matter (CPOM, ≥ 500 µm) 

from each sample while retaining all aquatic insects, including early instar larvae (≥ 125 
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µm). Preserved loose organic matter and water column samples were also rinsed 

through nested sieves, as above. 

 

All aquatic insects were removed, counted and identified to the lowest taxonomic level 

possible (Miller 1921; Goldson 1977; Stubbs et al. 1978; McAlpine et al. 1981; Stehr 

1991; Winterbourn et al. 2000; Snell 2005). Species could not be resolved, accurately 

for larval Scirtidae (Coleoptera), Muscidae and Ceratopogonidae (Diptera). However, 

these families were represented by only 16 individuals (0.7% of the total fauna) so had 

negligible impact on measurement of species richness and diversity. Aquatic insects 

collected from leaf packs, loose organic matter and the water column were pooled to 

give total abundance and species richness per microcosm. 

 

CPOM collected from each leaf pack was dried at 50°C for 5 days and weighed (±0.001 

g). We also dried and weighed CPOM and FPOM that accumulated outside the leaf 

packs in each microcosm. Total CPOM present after 12 months was then calculated and 

expressed as total CPOM (g dry weight) / microcosm and g l
-1

 dry weight. Total FPOM 

(g dry weight) and FPOM concentration (g l
-1

 dry weight) were calculated in the same 

way. The sums of total FPOM and CPOM gave measures of total resource (g) and 

resource concentration (g l
-1

) used in all analyses. 

 

Twelve microcosm samples were lost or damaged during the study therefore only 

microcosms that had all of the water chemistry, temperature, leaf litter and aquatic 

insect measurements were included in analyses. Total sample size was therefore 108 

microcosms, giving an unbalanced, randomised block design (microcosm replicates: 

ground-level small = 17, medium = 20, large = 19; canopy small = 17, medium = 16, 

large = 19). 

 

5.4 STATISTICAL ANALYSES 

Community structure indices 

Four indices were used to assess community structure in the microcosms: total insect 

density, species richness, species diversity, and community composition (represented by 

multiple axes scores from a multivariate ordination technique). Species richness was the 
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number of species observed in each microcosm, and diversity was the complement of 

Simpson’s (1949) index, D = 1 - ∑pi
2
, where pi is the proportion of individuals in the ith

 

species. Simpson’s Diversity (1-D) takes into account both species richness and 

evenness and is one of the least biased with respect to sample size (Lande 1996). Its 

value ranges from 0 to 1, where 1 indicates maximum diversity and 0 indicates no 

diversity. 

 

Non-metric multidimensional scaling (NMDS) ordination, with 500 random 

permutations, was used to reduce the abundance matrix of the entire aquatic community 

within the 108 microcosms to two axis scores for use in later analyses. Community 

abundance data were square-root transformed to downweight the contribution of 

dominant species and better take into account the contribution of rare species to site 

similarity. The NMDS ranks sites such that distance in ordination space represents 

community similarity (in this case using Bray-Curtis metric), where sites closest 

together are more similar in species composition than those further apart (Quinn & 

Keough 2002). Goodness-of-fit of the NMDS ordination is assessed by the magnitude 

of the associated ‘stress’ value. A stress value of 0.0 indicates a perfect fit, where the 

configuration of points on the ordination diagram is a good representation of the actual 

community dissimilarities, while stress values < 0.2 correspond to a good ordination 

with no real prospect of misleading interpretation (Quinn & Keough 2002). 

 

Linear mixed-effects models 

We used linear mixed-effects (LME) models (the lmer package in R version 2.6.0; R 

Foundation 2007) with maximum likelihood (ML) estimation to investigate the effects 

of microcosm height and microcosm size on community structure (total density, species 

richness, Simpson’s Diversity [1-D]) within the 108 microcosms. LME models were 

also used to investigate the effects of microcosm height and microcosm size on water 

temperature, pH, conductivity, dissolved oxygen, total resource (g) and resource 

concentration (g l
-1

) within the 108 microcosms. The LMEs allowed us to account for 

variation due to the spatial arrangement of the twenty N. fusca trees (random block 

effect), while testing the main and interactive effects of the fixed variables, microcosm 

height and microcosm size. The semi-dichotomous variables microcosm height (i.e., 2, 
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3, 4, 16, 17 or 18 m above ground) and size (i.e., 0.56 l, 1.54 l or 3.07 l volume) were 

treated as continuous variables as one microcosm of each of the three sizes was 

randomly assigned to one of three possible heights within the two height categories. In 

tests of validity of this approach, analyses treating height and size as categorical 

variables gave the same qualitative interpretation of the results for community response 

variables (Appendix 5.1).  

 

Using model simplification (Crawley 2007) we tested the significance level and 

estimated P values for the fixed main effects and their interaction for each separate 

LME. That is, the fixed effects of microcosm height, microcosm size, and the 

microcosm height: size interaction, were removed one-by-one from the LME models, 

and using ML we were able to estimate the chi-square (χ
2
) statistic and its significance 

level (P < 0.05) for each of the fixed effects and their interaction on each of the 

response variables. The 108 microcosms were treated as replicates in all LME analyses. 

All response and predictor variables (except pH) were ln-transformed prior to analyses 

to meet the assumptions of normality and homoscedasticity of variances. 

 

Structural equation modelling 

We used separate structural equation models (SEMs) tested with ML estimation to 

disentangle the relative direct, indirect and total (composite) effects of microcosm size, 

microcosm height, the microcosm height: size interaction, resource concentration, water 

chemistry (pH, DO, conductivity) and temperature on (1) aquatic insect species richness 

and (2) community composition (represented by axes 1 and 2 scores from NMDS), 

using Amos version 16.0 (Arbuckle 2007a). As in the LME models above, microcosm 

height and microcosm size were treated as continuous variables in SEM analyses. All 

variables, except pH, were ln-transformed prior to analyses to meet the assumptions of 

ML and multivariate normality. To overcome problems of linear dependency and 

collinearity when using interaction terms in SEM, the microcosm height by size 

interaction was calculated by multiplying deviation scores (i.e., each of the microcosm 

height and microcosm size values minus their respective grand mean), rather than the 

raw score cross-products (Kline & Dunn 2000). 
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Structural equation modelling is far superior to multiple regression, correlation and path 

analysis techniques as it allows variables in each model to be specified as both a 

predictor and a response variable, enabling the causal structure of a composite path 

model to be tested (Kline 2005). More importantly, unlike ordinary least-squares 

methods, the entire suite of paths (hypothesised relationships among independent and 

dependent variables) in the SEM model is tested at once via ML, weighted least squares, 

or other methods (Kline 2005). Maximum likelihood estimation minimises the 

difference between the observed covariance matrix of variables included in the model 

and the predicted covariance matrix calculated from the model structure. As a result, 

SEM presents standardised path coefficients (pc), which are equivalent to standardised 

regression coefficients, and used to quantify the direct effects of an independent 

variable on a dependent variable, while controlling for the effects of other independent 

variables (Mitchell 2001). Standardised path coefficients are expressed as the number of 

standard deviations of change in the dependent variable for every one standard deviation 

of change in the independent variable. 

 

We began by running an SEM on the full aquatic insect species richness (Fig. 5.3a) and 

community composition (Fig. 5.3b) models. We were interested in determining the 

relative importance of resource concentration as the mechanism driving ecosystem size 

effects on aquatic insect species richness and community composition. For example, 

ecosystem size could have direct effects on species richness or community composition 

indicating that resource concentration is not the mechanism responsible for changes in 

community structure in ecosystems of differing sizes. Alternatively, ecosystem size 

could have indirect effects (operating through resource concentration) on species 

richness or community composition, indicating that resource concentration is the 

mechanism responsible for changes in community structure in ecosystems of differing 

sizes. 
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Figure 5.3. The a priori multivariate hypotheses used in structural equation modelling 

to test the direct and indirect network of causal factors that influence a) aquatic insect 

species richness, and b) community composition (represented by non-metric 

multidimensional scaling (NMDS) axes 1 and 2) in water-filled tree-hole microcosms. 

The fixed treatment effects (microcosm height and size) may affect species richness 

directly via mechanisms such as colonisation-extinction dynamics, habitat 

heterogeneity, or drought-disturbance regime, or alternatively may be mediated 

indirectly by resource concentration. See main text for further explanation. Arrows 

point from predictor to response variables. 
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To find the most parsimonious SEM model with the minimum adequate suite of paths 

necessary to explain variation in species richness among microcosms, we compared 

multiple hierarchical models using a stepwise specification search in Amos 16.0.1 

(Arbuckle 2007a, b), where all paths directly and indirectly affecting species richness 

were fixed as optional (i.e., pc = 0). Thus, the stepwise specification search fits models 

both with and without such optional arrows, performing a heuristic search by alternating 

between forward and backward selection. 

 

In order to select the best fitting hierarchical model (the full model or one of the reduced 

models) for each of community composition and species richness from the stepwise 

specification search results, we determined the root mean square error of approximation 

(RMSEA) with its upper boundary of a two-sided 90% confidence interval, the 

minimum discrepancy function (ĈMIN), as well as ĈMIN / df (i.e., ĈMIN adjusted for 

sample size) and the likelihood ratio (χ2
M), tested with the model degrees of freedom 

(dfM). The RMSEA is a parsimony-adjusted index so that when two models with similar 

overall explanatory power for the same data are compared with this index, the simpler 

model will be favoured (Kline 2005). The readily accepted rule of thumb is that an 

RMSEA value ≤ 0.05 indicates exceptional model fit, a value between 0.05–0.10 

suggests good model fit, but ≥ 0.10 indicates a poor fit of the overall SEM (Kline 2005). 

Similarly, lower ĈMIN / df values indicate good model fit, where ĈMIN / df ≤ 2 is an 

acceptable minimum value (Bollen 1989). The likelihood ratio (χ2
M) tests the null 

hypothesis that the model fits the data, where PM ≥ 0.05 indicates that the null 

hypothesis cannot be rejected and the predicted correlations and covariances of the 

model equal their observed counterparts (Kline 2005). Using all four goodness-of-fit 

indices (RMSEA, ĈMIN / df, χ2
M, PM) we were able to determine the best fitting, most 

parsimonious models explaining both species richness and community composition. 

Finally, we used bias-corrected bootstrapping with 1,000 random samples generated 

from the observed covariance matrix to estimate the standard error and significance 

values for the standardised direct, indirect and total effects (Kline 2005) for each of the 

final, most parsimonious models. 
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5.5 RESULTS 

A total of 22,231 larvae belonging to 15 species were present in the microcosms after 12 

months. All 108 microcosms were colonised by at least one species, and 81% of 

microcosms had ≥ 2 species inhabiting them in January 2006. Scirtidae larvae were the 

only coleopterans found and were rarely encountered; the remaining 14 species were all 

Diptera (Table 5.1). The most common species recorded were a chironomid 

Monopelopia sp., the endemic mosquito Maorigoeldia argyropus, the syrphid Eristalis 

tenax, and a tipulid Limoniinae sp.1. Together they comprised over 97% of all 

individuals found (Table 5.1).  

 

Microcosm size and height effects on habitat quality 

Water chemistry and temperature were highly variable among microcosms (Appendix 

5.2), with pH ranging from acid (3.2) to circum-neutral (7.0). However, it did not vary 

significantly with microcosm height, size or their interaction (Table 5.2). Conversely, 

specific conductivity increased with height above ground but did not significantly differ 

with microcosm size, or the height: size interaction (Table 5.2; Appendix 5.2). 

Dissolved oxygen concentration and water temperature also increased with height above 

ground (Table 5.2). However, water temperature decreased with increasing microcosm 

size, while DO showed the opposite trend with concentration being greater in large than 

smaller microcosms (Table 5.2). Larger microcosms in the canopy had greater DO 

concentration than small, ground-level microcosms as indicated by the significant 

microcosm height: size interaction (Table 5.2; Appendix 5.2). 

 

Microcosm height and size had no significant effect on the total amount of detrital 

resource (i.e., leaf packs and senescent litter inputs) present in the microcosms (Table 

5.2; Appendix 5.2). However, small microcosms had markedly more resource per litre 

than their larger counterparts as indicated by a highly significant microcosm-size effect 

(Table 5.2). Microcosm height had no significant effect on resource concentration 

(Table 5.2; Appendix 5.2). 
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Table 5.1. Aquatic insects inhabiting experimental water-filled tree-hole microcosms of 

three different sizes, near the ground and in the canopy, after 12 months colonisation 

from January 2005–2006. Microcosm volumes: Small (S) = 0.56 l, Medium (M) = 1.54 

l, Large (L) = 3.07 l. 

 

 Ground Canopy 

 Microcosm size: S M L S M L Total 

Coleoptera 

 Scirtidae spp. 3 2 0 1 0 0 6 

Diptera 

 Chironomidae  

 Tanypodinae  
 Monopelopia sp. 658 3,050 3,323 1,829 5,306 4,495 18,661 

 Chironominae 

 Chironomidae sp.1 23 40 34 17 7 32 153 

 Orthocladiinae 

 Limnophyes ?vestitus 60 3 2 26 0 6 97 

 Gymnometriocnemis ?lobifer 5 0 0 0 0 0 5 

 Culicidae  

 Maorigoeldia argyropus 45 61 1,692 17 16 541 2,372 

 Syrphidae  

 Eristalis tenax 32 182 17 89 165 1 486 

 Tipulidae  

 Limoniinae sp.1 11 7 15 12 36 100 181 

 Limoniinae sp.2 10 1 0 0 0 0 11 

 Anisopodidae 

 Sylvicola fenestralis 45 49 1 16 0 1 112 

 Psychodidae  

 Psychoda penicillata 56 21 0 15 4 0 96 

 Psychoda formosa 27 14 0 0 0 0 41 

 Muscidae  

 Muscidae spp. 0 0 0 0 5 0 5 

 Ceratopogonidae  

 Forcipomyia spp. 4 0 0 0 0 0 4 

 Ceratopogoniinae spp. 0 0 0 1 0 0 1 

Total 979 3,430 5,539 2,023 5,084 5,176 22,231 

Number of samples 17 20 19 17 16 19 108 
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Table 5.2. Linear mixed-effects models tested with maximum likelihood estimation to 

investigate the main and interactive effects of microcosm height and size (fixed 

continuous variables) on the habitat quality parameters (pH, conductivity, dissolved 

oxygen, water temperature, total resource, and resource concentration) while accounting 

for variation due to the spatial arrangement of the twenty N. fusca trees (random block 

effect). We used model simplification to estimate the chi-square (χ2
) statistic and its 

significance level (P value) for each of the fixed effects and their interaction (Crawley 

2007). df = degrees of freedom, var. = variance explained by the random block effect 

(Tree). P values < 0.05 are indicated in bold. 

 

Response Predictors var. χ
2
 df P value 

pH Tree 0.39    

 Height  0.72 1 0.397 

 Size  0.00 1 0.982 

 Height: Size  0.04 1 0.851 

 

Conductivity (µS cm
-1

) Tree 0.22    

 Height  6.11 1 0.013 

 Size  3.37 1 0.067 

 Height: Size  1.62 1 0.203 

 

Dissolved oxygen (mg l
-1

) Tree 0.04    

 Height  14.43 1 <0.001 

 Size  11.29 1 0.001 

 Height: Size  8.20 1 0.004 

 

Water temperature (°C) Tree 0.02    

 Height  25.78 1 <0.001 

 Size  9.30 1 0.002 

 Height: Size  0.17 1 0.683 

 

Total resource (g) Tree 0.02    

 Height  <0.01 1 0.993 

 Size  2.13 1 0.145 

 Height: Size  0.10 1 0.752 

 

Resource concentration (g l
-1

) Tree 0.02    

 Height  <0.01 1 0.993 

 Size  119.15 1 <0.001 

 Height: Size  0.10 1 0.752 
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Effects of microcosm size and height on community structure 

Although small microcosms had slightly more individuals l
-1

 than large microcosms 

(Fig. 5.4a), there was no significant effect of microcosm size on insect density after 

variation across the random block (tree) was accounted for (Table 5.3). There was, 

however, a weak effect of microcosm height on insect density (Table 5.3), with canopy 

microcosms having slightly more individuals l
-1

 than ground microcosms (Fig. 5.4a). 

The effect of microcosm size on density did not vary with microcosm height (Table 

5.3). 

 

Simpson’s diversity was greatest in smaller than larger microcosms (Table 5.3), and 

decreased with increasing height above ground (Table 5.3; Fig. 5.4b). There was no 

significant interaction effect of microcosm height and size on diversity (Table 5.3). 

Similarly, smaller microcosms had significantly more species than their larger 

counterparts (Table 5.3), and again there was a trend for species richness to decline with 

increasing height from the forest floor (Table 5.3; Fig. 5.4c). There was no significant 

interaction effect of height and size on species richness (Table 5.3). 

 

 

Table 5.3. Linear mixed-effects models tested with maximum likelihood estimation to 

investigate the main and interactive effects of microcosm height and size (fixed 

continuous variables) on community structure (density, Simpson’s diversity and species 

richness) while accounting for variation due to the spatial arrangement of the twenty N. 
fusca trees (random block effect). We used model simplification to estimate the chi-

square (χ2
) statistic and its significance level (P value) for each of the fixed effects and 

their interaction (Crawley 2007). df = degrees of freedom, var. = variance explained by 

the random block effect (Tree). P values < 0.05 are indicated in bold. 
 

Response Predictors var. χ
2
 df P value 

Density (individuals l
-1

) Tree 0.34 

 Height  4.73 1 0.030 

 Size  1.11 1 0.292 

 Height: Size  0.32 1 0.858 

Simpson’s diversity (1-D) Tree <0.01    

 Height  11.25 1 <0.001 

 Size  6.44 1 0.011 

 Height: Size  0.15 1 0.702  

Species richness Tree 0.02    

 Height  5.61 1 0.018 

 Size  9.99 1 0.002 

 Height: Size  0.06 1 0.810 
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Microcosm size (ml)  

Figure 5.4. Mean (± 1SE) a) aquatic insect abundance, b) species richness and c) insect 

diversity in water-filled tree-hole microcosms of three different volumes in the canopy 

(open circles) and at ground-level (closed circles). Note y-axes are on a logarithmic 

scale. 
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Mechanisms of ecosystem size effects on species richness 

The most parsimonious model for species richness selected by stepwise specification 

search did not significantly differ from the data (χ2
(19) = 15.55, P = 0.687) and had the 

best goodness-of-fit indices, RMSEA = 0.00 (0.06 upper-boundary of 90% CI), ĈMIN / df 

= 0.818 scores. In the final reduced model (Fig. 5.5a), 12 paths were found to be 

unimportant and their path coefficients were fixed to zero by the specification search, 

leaving just 17 direct path coefficients to be calculated (Fig. 5.5a). 

 

SEM showed that microcosm size had no direct effect on species richness, and this 

direct ‘microcosm size–richness’ pathway was removed by the specification search 

(Fig. 5.5a). There were, however, significant indirect and total effects of microcosm size 

on species richness, indicating that the effects of ecosystem size on species richness 

were mediated by resource concentration and the habitat quality variables. Specifically, 

microcosm size had the strongest total effect on species richness (pc = -0.251) however 

this was mediated by several indirect effects of size on richness (pc = -0.148), primarily 

via resource concentration, but also through pH and conductivity (Fig. 5.5a). 

Microcosm height also had a strong negative total effect on species richness (Table 5.4), 

however the direct effect of height on richness was non-significant and the influence of 

microcosm height on species richness was entirely mediated by pH and conductivity, 

via the ‘height–water temperature–pH–richness’ and ‘height–water temperature–

conductivity–richness’ pathways (Table 5.4, Fig. 5.5a). Water temperature was the only 

other habitat quality variable measured that had a significant, yet very weak (pc = -

0.070) total effect on species richness (Table 5.4), and this was entirely mediated by pH 

and conductivity (Fig. 5.5a). 
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Figure 5.5. Final reduced structural equation model for a) aquatic insect species 

richness, and b) community composition (represented by non-metric multidimensional 

scaling axes 1 and 2) in water-filled tree-hole microcosms. These final models showed 

the statistically best fit to the data, compared with the hierarchical and full models, 

based on multiple goodness-of fit indices derived from stepwise specification searches 

in Amos version 16 (see methods for further explanation). Arrows point from predictor 

to response variables and the thickness of lines indicates the magnitude of the 

standardised path coefficients. Small arrows without an origin represent unmeasured, 

residual variation affecting the endogenous variables. Bootstrapped standard errors, 

estimated across 1,000 random samples generated from the observed covariance matrix, 

were used to calculate probability values for each path coefficient. Solid lines are 

significant effects at * P < 0.05, ** P ≤ 0.01 and *** P ≤ 0.001, while dotted lines are 

non-significant effects (ns; P ≥ 0.05) in the models. 
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Mechanisms of ecosystem size effects on community composition 

Two NMDS ordination axes (1 and 2) gave a good representation of the actual 

community dissimilarities among the 108 microcosms (stress = 0.14), and the addition 

of a third axis did not markedly improve the stress value (0.11). The NMDS ordination 

biplot of axes 1 and 2 (Fig. 5.6) illustrated that community composition was generally 

similar across microcosms, although there were subtle differences in composition 

evident among microcosm sizes (Fig. 5.6).  

 

 

 

Figure 5.6. Non-metric multidimensional scaling (NMDS) ordination based on a Bray-

Curtis matrix of dissimilarities from square-root transformed abundance data 

graphically illustrating the relationship among the aquatic insect communities inhabiting 

small (circles, n = 34), medium (squares, n = 36), and large (triangles, n = 38) water-

filled tree-hole microcosms located at ground-level (2–4 m, filled symbols) and in the 

canopy (16–18 m, open symbols) within continuous mixed broadleaf-podocarp 

temperate rainforest. Note axes are scaled identically so that microcosms closest 

together are more similar in species composition than those further apart. 
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The most parsimonious SEM for community composition (represented by axes 1 and 2 

scores from NMDS) selected by stepwise specification search did not significantly 

differ from the data (χ2
(23) = 16.92, P = 0.735) and had the best goodness-of-fit indices: 

RMSEA = 0.00 (0.05 upper-boundary of 90% CI), ĈMIN / df = 0.813 scores. In the final 

reduced model, 15 paths were found to be unimportant and their path coefficients were 

fixed to zero by the specification search, leaving just 22 direct path coefficients to be 

calculated (Fig. 5.5b). 

 

SEM showed that microcosm size had no direct effect on community composition (Fig. 

5.5b). There were, however, weak and non-significant indirect and total effects of 

microcosm size on both NMDS axes 1 and 2 (Table 5.4), indicating that community 

composition was influenced by resource concentration and habitat quality, rather than 

ecosystem size per se. Microcosm height exhibited the strongest total effect (pc = -

0.279) on community composition, due to its negative direct relationship with NMDS 

axis 1 (pc = -0.362), but this was slightly offset by the significant positive indirect 

effects via the ‘height–water temperature–pH–NMDS 1’ and ‘height–DO–NMDS 1’ 

pathways (pc = 0.083; Table 5.4) (Fig. 5.5b). Resource concentration showed a strong 

total effect on community composition NMDS axis 1, although this positive total effect 

was entirely mediated by pH (Fig. 5.5b; Table 5.4). Water temperature also had a 

significant, albeit very weak, total effect on NMDS axis 1, which was entirely mediated 

by pH (Table 5.4). Finally, DO and pH significantly and directly affected NMDS axis 1 

(Table 5.4). 

 

There was no significant direct effect of microcosm size, microcosm height, resource 

concentration, or any of the habitat quality variables on NMDS axis 2 (Table 5.4). There 

was, however, a moderate negative total effect of resource concentration on NMDS axis 

2 (pc = -0.148; Table 5.4), which was entirely mediated by pH and conductivity (Fig. 

5.5b) as there was no direct effect of resource concentration on NMDS axis 2 (Table 

5.4). Similarly, the negative total effect of water temperature on NMDS axis 2 (pc = -

0.072) was mediated by conductivity and pH, while the weak positive total effect of the 

microcosm height by size interaction on NMDS axis 2 (pc = 0.029) was entirely 

mediated by DO (Fig. 5.5b; Table 5.4). 
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Table 5.4. Standardized path coefficients (pc) showing the direct, indirect (product of 

direct effects that comprise them) and total effects (sum of direct and indirect effects) of 

factors influencing a) aquatic insect community composition (represented by non-metric 

multidimensional scaling (NMDS) axes 1 and 2) and b) species richness in experimental 

water-filled tree hole microcosms, Orikaka Ecological Area. Standardised path 

coefficients are expressed as the number of standard deviations of change in the 

dependent variable for every one standard deviation of change in the independent 

variable. Dashes indicate paths that were fixed as zero (i.e., pc = 0) in the final, most 

parsimonious structural equation model found by specification search in Amos version 

5.0.1 (Arbuckle 2007a, b). Bootstrapped standard errors, estimated across 1,000 random 

samples generated from the observed covariance matrix, were used to calculate 

probability values for each of the direct, indirect and total effects below. * P ≤ 0.05, ** 

P ≤ 0.01; ns = non-significant. 

 

 Causal variable Direct effects Indirect effects Total effects 

Species richness 

 Microcosm height -0.173
ns

 -0.038
ns

 -0.211
*
 

 Microcosm size – -0.251
**

 -0.251
**

 

 Microcosm height: size – – – 

 Resource density 0.287
**

 -0.148
*
 0.139

ns
 

 Conductivity 0.176
ns

 – 0.176
ns

 

 pH 0.121
 ns

 – 0.121
ns 

 Water temperature – -0.070
**

 -0.070
** 

 Dissolved oxygen – – – 

 

Community composition 

 NMDS axis 1 

 Microcosm height -0.362
** 

0.083
**

 -0.279
**

 

 Microcosm size – -0.015
ns

 -0.015
ns

 

 Microcosm height: size 0.086
ns

 0.049
*
 0.135

ns
 

 Resource density 0.087
ns

 0.136
*
 0.223

*
 

 Conductivity – – – 

 pH -0.196
*
 – -0.196

*
 

 Water temperature – 0.039
*
 0.039

* 

 Dissolved oxygen 0.216
*
 – 0.216

* 

 

 NMDS axis 2 

 Microcosm height -0.191
ns

 0.005
ns

 -0.185
ns

 

 Microcosm size – 0.017
ns

 0.017
ns

 

 Microcosm height: size – 0.029
*
 0.029

*
 

 Resource density – -0.148
*
 -0.148

*
 

 Conductivity 0.184
ns

 – 0.184
ns

 

 pH 0.116
 ns

 – 0.116
ns

 

 Water temperature – -0.072
**

 -0.072
** 

 Dissolved oxygen 0.129
ns

 – 0.129
ns 
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5.6 DISCUSSION 

Contrary to ecological theory (Schoener 1976; Rosenzweig 1995; Lawton 1999) and the 

weight of empirical evidence from similar studies (Frank et al. 1977; Spencer & Warren 

1996; Sota 1996, 1998; Yanoviak 1999; Paradise 2004; Harlan & Paradise 2006), we 

found that species richness and diversity were greatest in small, rather than large 

microcosms. Furthermore, our structural equation models indicated that aquatic insect 

species richness and community composition were predominantly responding to the 

experimentally reversed resource concentration gradient (and the flow on effects of 

resource concentration on water chemistry and temperature) rather than any 

unquantified direct effects of ecosystem size, per se. The SEM on community 

composition also showed that resource concentration was influencing aquatic insect 

composition within the microcosms via in situ water chemistry and temperature (i.e., 

habitat quality). Together these findings suggest that resource concentration (organic 

matter availability per unit volume) was the proximate mechanism driving ecosystem 

size effects on species richness and community composition in our aquatic microcosms. 

 

Resource-driven dynamics in tree-hole communities 

Resource concentration is often used as a surrogate for productivity in water-filled tree 

holes and other freshwater systems (Pimm & Kitching 1987; Yee & Juliano 2007) and 

numerous studies have found that tree-holes with a greater concentration of detrital-

resources, and therefore higher productivity, support more species (Jenkins et al. 1992; 

Srivastava & Lawton 1998; Yee & Juliano 2007). Polis and Hurd (1995) found that 

small islands in the Gulf of California were naturally more productive, supporting 

greater abundances of spiders and insects than large, less productive islands. This 

reversed productivity-ecosystem size gradient was due to small islands receiving more 

allochthonous marine-derived input from sea bird guano per island area, which served 

as the basal resources for most of the consumers in this system (Polis & Hurd 1995). In 

our study, we manipulated resource concentration at the start of the experiment, and 

regulated senescent leaf-litter accumulation by holding the hole-opening constant across 

microcosms of differing sizes. As a result, both fine and coarse particulate organic 

matter were proportionally more abundant in small than large microcosms. Thus, it is 

likely that productivity levels were highest in our small microcosms, as a result of this 



Mechanistic drivers of ecosystem size effects 

 119 

experimentally reversed resource concentration gradient, thereby supporting more 

species. 

 

Furthermore, detritus represents the dominant resource base in many ecosystems 

(O’Neill & Reichle 1980) and can affect trophic dynamics, species interactions, 

ecosystem functioning (Moore et al. 2004) and insect density or biomass (Sota 1998; 

Daugherty & Juliano 2001). Senescent leaf-litter inputs and stem flow (water flowing 

along tree trunks containing fine and dissolved organic matter) are the most common, 

but not exclusive, types of detrital inputs into water-filled tree holes. These 

allochthonous inputs affect populations and community composition of heterotrophic 

microorganisms and, in turn, have consequences for invertebrate consumers (Yee & 

Juliano 2006). In fact, Armbruster et al. (2002) found that detrital-resource 

concentration had the strongest effect on macrofauna (including amphibians, annelids 

and arthropods) morphospecies richness within tank bromeliads, a common type of 

phytotelmata in tropical regions. Moreover, ecosystem size (i.e., bromeliad plant 

volume) was only a marginally significant explanatory variable on morphospecies 

richness, once the effects of resource concentration, habitat complexity and water 

volume were taken into account (Armbruster et al. 2002).  

 

Detrital resources, specifically leaf litter, are used primarily as food by many 

detritivorous invertebrates in aquatic ecosystems (Winterbourn 1978; Richardson 1992). 

However, it is important to note that although detritus is consumed by filter-feeding and 

detritivorous invertebrates, the microbes (fungi and bacteria) resident within this 

organic matter can be more important nutritionally than the detritus itself (Cummins 

1974). Although we did not measure heterotrophic biomass directly, it is likely to be 

positively correlated with the detrital-resource concentration that we did measure. Thus, 

resource concentration was probably influencing food availability and food quality, 

simultaneously in our microcosms. However, heterotrophic biomass does not represent 

a separate independent path mediating ecosystem size effects, as there was no 

significant residual direct effect of ecosystem size remaining unexplained in any of the 

SEMs. 
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In some studies, habitat quality has been found to be a more important primary 

determinant of insect species diversity than ecosystem size, particularly in forest 

ecosystems (Thomas & Junin 1999; Summerville & Crist 2001; Summerville et al. 

2005). For example, Summerville & Crist (2004) showed that small, but high quality 

forest fragments (i.e., those with high plant diversity) support more species of 

Lepidoptera than lower quality, large forest stands. In water-filled tree holes (Kitching 

2001; Yanoviak 2001) and many other large detritus-based systems (Gee 1988; 

Richardson 1992; Dobson 1994), detrital-resource concentration is a key measure of 

habitat quality and is considered to be one of the most important measures of habitat 

quality. Resource concentration may also influence other habitat quality parameters, 

such as in situ water chemistry and temperature conditions. Thus, reversal of the 

resource concentration gradient in our experimental microcosms most likely altered 

habitat quality via in situ detrital-resource availability, water chemistry and temperature 

conditions. Many of these habitat quality parameters have been found to influence 

community structure in natural water-filled tree holes (Srivastava & Lawton 1998; 

Fincke 1999; Paradise & Kuhn 1999; Yanoviak 2001; Yee & Juliano 2006; Harlan & 

Paradise 2006). Consequently, we argue that resource concentration drove an increase 

in habitat quality in small microcosms, leading to greater species richness in small, 

rather than large microcosms. 

 

Community-level responses to habitat quality 

Habitat quality (water chemistry and temperature) had an important influence on aquatic 

insect community composition in our water-filled tree-hole microcosms. What is more, 

SEM indicated that ecosystem size (i.e., water volume) influenced dissolved oxygen, 

pH, conductivity and water temperature, while resource concentration influenced pH 

and conductivity. As a result there were further downstream effects of all these 

parameters, combined, on community composition. Conductivity is a measure of total 

ion concentration or available essential nutrients within the microcosms, and therefore is 

sometimes used as a surrogate of productivity (Yee & Juliano 2007). It is unsurprising 

therefore, that conductivity was slightly, albeit not significantly, greater in small 

microcosms as a result of the experimentally increased resource concentration, and 

subsequently influenced species richness and community composition. 
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Further, Harlan and Paradise (2006) suggested that habitat dimensions of water-filled 

tree holes may influence insect communities by mediating dissolved oxygen availability 

to insect larvae. They found that dissolved oxygen was vertically stratified within deep 

mesocosms, and the potentially anoxic conditions in the bottom layers of these tree 

holes could facilitate facultative or obligate anaerobic microorganisms that produce 

toxic byproducts, such as hydrogen sulphide (Harlan & Paradise 2006). Consequently, 

Harlan and Paradise (2006) hypothesised that although deep mesocosms may provide 

more area, the quality of this ecosystem could be compromised by anoxic, hydrogen 

sulphide rich conditions, thus limiting diversity and abundance of the community and 

restricting sensitive larvae. 

 

Unlike Harlan and Paradise (2006), dissolved oxygen did not influence species richness 

in our experimental water-filled tree-hole microcosms. This might be expected as DO 

was generally low in our microcosms (Appendix 5.2), and aquatic insects that inhabit 

water-filled tree holes have larvae are well adapted to living in low dissolved oxygen 

conditions. Many of these species also have morphological adaptations, such as siphons 

and spiracular discs enabling them to breathe atmospheric oxygen. Furthermore, Fincke 

(1999) found that abiotic factors (i.e., water chemistry) were poor predictors of species 

occupancy in water-filled tree holes on Barro Colorado Island, Panama, but other 

researchers have found species-specific responses to water chemistry conditions within 

phytotelmata (see review in Kitching 2001). Our community composition SEM 

indicated there may be idiosyncratic species responses to resource concentration due to 

its influence on other habitat quality parameters, including conductivity and pH. That is, 

while the amount of leaf-litter resource present in water-filled tree holes had a strong 

consistent influence on overall community structure in these systems, and is likely one 

of the best indicators of habitat quality in water-filled tree holes and phytotelmata in 

general, individual species may be responding very differently to water chemistry 

parameters such as pH and conductivity. 

 

Moreover, the vertical location of water-filled tree holes within the forest ecosystem can 

influence habitat quality, and Yanoviak (1999) found dissolved oxygen concentration 

and water temperature were greatest in canopy-level, natural and artificial water-filled 
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tree holes. This may be expected as the canopy is generally windier and receives more 

sunlight than the forest understorey (Parker 1995). More importantly, the products of 

decaying organic matter can provide important chemical oviposition cues for adult 

insects. Nutrient concentration and water chemistry are also important factors 

determining site selection of some aquatic insects, such as mosquitoes (Bentley & Day 

1989; Clements 1999). In our microcosms, Maorigoeldia argyropus (Diptera: 

Culicidae) was the only species to show a classical response to ecosystem size, 

regardless of our manipulation of resource concentration across ecosystem size. It is 

possible that adults of this endemic, tree-hole dwelling mosquito species (Snell et al. 

2005) was specifically selecting larger microcosms to oviposit in, or that it had lower 

densities in small microcosms due to inhibition by leachates, from the high 

concentration of organic matter, and associated chemical effects. 

 

Finally, in our study we experimentally enhanced a drought-disturbance gradient across 

ecosystem size, by placing microcosms in the forest canopy and the understorey. 

Although resource concentration did not differ between our ground-level and canopy 

microcosms, SEM indicated that our experimental enhancement of a drought-

disturbance gradient (microcosm height), affected habitat quality variables, including in 

situ pH, conductivity and temperature. Subsequently, these habitat quality variables 

influenced species richness and community composition. In a recent study, Chase 

(2007) illustrated that environmental filters, such as drought-disturbance, can eliminate 

a large proportion of the species that would otherwise colonise comparatively benign 

environments. In addition to these differences in community composition due to water 

chemistry and temperature, our community composition SEM indicated community-

level responses to microcosm height. These location or height preferences were 

presumably related to differences in unmeasured habitat quality variables specifically 

important for the adult insects. For example, where the adults primarily live and fly, 

adult-food availability or differences in environmental conditions (e.g., microclimate 

and light levels) throughout vertical forest strata, as well as the influence habitat quality 

certainly had on oviposition preferences mentioned above. For example, many adult 

insect species have specific flight height preferences (Basset et al. 2003), which are 
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likely to influence where they feed, mate and eventually deposit eggs (Scholl & 

Defoliart 1977; Sinsko & Grimstad 1977; Copeland & Craig 1990). 

 

Conclusions 

Ecosystem size, per se, is not a mechanistic driver of species diversity. It is crucial to 

recognise that ecosystem size is no more than a surrogate for a range of intercorrelated 

proximate drivers of variation in community structure. In order to gain a mechanistic 

understanding of the abiotic and biotic factors that determine community structure in 

naturally variable aquatic ecosystems, it is essential to tease apart the direct and indirect 

drivers that underlie the ecosystem size effects on species richness. Our findings 

indicate that resource concentration, with minor effects of other habitat quality 

conditions (i.e., water chemistry and temperature), predominantly determined aquatic 

insect community structure in aquatic tree-hole microcosms, and these factors were the 

underlying mechanisms driving the ecosystem size effects in this experimental system. 

We expect these conclusions to apply also to drivers of ecosystem-size effects in natural 

water-filled tree holes, and likely many other detritus-based, aquatic ecosystems, 

because resource concentration is often positively correlated with ecosystem size in 

natural phytotelmata (Sota 1996; Srivastava & Lawton 1998; Yanoviak 1999, 2001; Yee 

& Juliano 2006), and other aquatic and terrestrial ecosystems (Wright 1983; Polis & 

Hurd 1996; Russell et al. 2006; see review in Post 2002). However, Spencer & Warren 

(1996) and Post (2002) showed that in some natural systems, resource concentration has 

little direct role in determining specific components of community structure 

(specifically food-chain length), suggesting that caution is necessary in extending this 

conclusion too broadly. It is important to note, however, that although they speculate on 

the disturbance-drought regime as an alternative mechanistic explanation for ecosystem 

size effects in their studies, no single mechanism was fully determined. Further, it is 

possible that colonisation-extinction dynamics may be more important over long time 

periods in natural water-filled tree holes than in our short-term experimental 

microcosms. Naturally occurring water-filled tree holes are patchily distributed within 

forested ecosystems, and range enormously in size (Chapter 2; Appendix A; Kitching 

1971), which is likely to have a significant influence on colonisation dynamics, with 

large tree holes providing more apparent targets for many potential immigrants than 
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small habitats (Lomolino 1990). These processes were not addressed in our 

experimental microcosms, in which we held the hole-opening, and thus potential for 

colonisation, constant. Therefore, future research should focus on experimentally 

controlling resource concentration within microcosms while discriminating the relative 

importance of colonisation-extinction dynamics as an independent driver of ecosystem 

size effects in natural tree holes.  
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Appendix 5.1. Linear mixed-effects models tested with maximum likelihood estimation 

to investigate the main and interactive effects of microcosm height and size (fixed 

categorical variables) on community structure (density, species richness and Simpson’s 

diversity) while accounting for variation due to the spatial arrangement of the twenty N. 
fusca trees (random block effect). We used model simplification to estimate the chi-

square (χ2
) statistic and its significance level (P value) for each of the fixed effects and 

their interaction (Crawley 2007). df = degrees of freedom, var. = variance explained by 

the random block effect (Tree). P values < 0.05 are indicated in bold. 

 

Response Predictors var. χ
2
 df P value 

Density (individuals l
-1

) Tree 0.33    

 Height  6.47 1 0.012 

 Size  2.48 2 0.289 

 Height: Size  1.71 2 0.425 

 

Simpson’s diversity (1-D) Tree <0.01   

 Height  8.73 1 0.003 

 Size  8.77 2 0.013 

 Height: Size  0.48 2 0.785 

 

Species richness Tree 0.01   

 Height  3.82 1 0.050 

 Size  11.26 2 0.004 

 Height: Size  0.10 2 0.953 
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Appendix 5.2. Mean (± 1SE) a) pH, b) specific conductivity (µS25 cm
-1

), c) dissolved 

oxygen (mg l
-1

), d) water temperature (°C), e) total resource (g, dry weight), and f) 

resource concentration (g l
-1

, dry weight) in water-filled tree-hole microcosms of three 

different volumes in the canopy (open circles) and at ground-level (closed circles). Note 

y-axes are on a logarithmic scale. 
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CHAPTER 6 

General Discussion 

 

6.1 DISCUSSION 

Forest canopies are home to perhaps 50% of all living organisms, and their structural 

complexity provides a diverse range of microhabitats such as foliage, flowering plant 

parts, suspended soils, litter and epiphytes, bark, crevices and dry or water-filled tree 

holes. Because of this structural complexity, the forest canopy supports high 

biodiversity (Erwin 1983; Stork et al. 1997; Basset et al. 2003). However, although 

there is a growing body of knowledge on the invertebrates that these canopy 

microhabitats support, the forest canopy is still relatively unexplored, particularly in 

New Zealand (but see Moeed & Meads 1983; Didham 1992, 1997; McWilliam & Death 

1998; Wardle et al. 2003). Moreover, of the major canopy microhabitats, tree holes are 

the least studied in New Zealand. Thus, I conducted the first survey on the distribution, 

abundance and structural characteristics of tree holes in mixed broadleaf-podocarp 

forest, New Zealand. Further, I investigated whether tree holes provided habitat for 

obligate terrestrial and aquatic invertebrates, and experimentally tested the mechanistic 

drivers of ecosystem size effects on species diversity and community structure within 

tree-hole microcosms. 

 

6.2 TREE HOLES AS HABITAT FOR TERRESTRIAL AND AQUATIC INVERTEBRATES 

In my initial survey of the distribution, abundance and structural characteristics of tree 

holes, I found that previous researchers have dramatically underestimated the 

abundance of tree holes in native forests throughout New Zealand (cf. Table 2.3, 

Chapter 2) and that tree holes may actually be far more common in New Zealand forests 

than in many forests overseas (cf. Table 3 in Appendix A). It was immediately obvious 

that larger (and older) trees had more holes, of a larger size, than small trees. Tree 

species was also an important determinant of tree-hole abundance, and podocarp species 

(specifically Prumnopitys ferruginea, P. taxifolia and Dacrycarpus dacrydioides) had 

many more tree holes than Nothofagus fusca and N. menziesii. Despite this difference in 

hole frequency, N. fusca had the largest tree holes of all tree species surveyed, which is 

consistent with a previous survey of tree holes in old-growth mixed Nothofagus spp. 
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forest (Appendix A). In New Zealand, large hole-bearing N. fusca are commonly 

inhabited by hole-dwelling vertebrate species, such as mohua Mohoua ochrocephala, 

yellow-crowned kakariki Cyanoramphus auriceps, long-tailed bats Chalinolobus 

tuberculatus and lesser short-tailed bats Mystacina tuberculata (Elliott et al. 1996; 

Sedgeley & O’Donnell 1999; Sedgeley 2003). 

 

No previous study has specifically investigated the importance of dry tree holes for 

terrestrial invertebrate species in New Zealand. Tree holes certainly provide important 

habitat for a range of terrestrial invertebrates worldwide, and much research has been 

conducted on the rare saproxylic species that inhabit hollow-oaks in Europe (cf. Ranius 

2002). I found that tree holes supported a wide range of terrestrial invertebrate species 

within a temperate rainforest in New Zealand. Surprisingly, though, there was very little 

dissimilarity between tree-hole invertebrate assemblages and the invertebrate 

assemblages inhabiting leaf litter on the forest floor and those dispersing aerially 

throughout the forest (Chapter 3), suggesting that the degree of habitat specialisation is 

low. Moeed & Meads (1983) found that tree trunks were important links between the 

forest floor and canopy for many ground-living invertebrates and concluded that tree 

cavities contained invertebrates otherwise associated with the forest floor, indicating a 

broad degree of habitat generalisation among invertebrates. Despite this apparent lack of 

habitat specialisation in my study, a number of Coleoptera species were found 

exclusively in tree holes, although they were represented by just a few individuals and it 

is likely they were using tree holes as temporary resting sites or diurnal shelters 

(Chapter 3). 

 

In comparison with the terrestrial invertebrates collected from dry tree holes, the 

majority of the aquatic insect species collected from experimental water-filled tree holes 

appeared to be obligate species (Chapter 4), including a genus of chironomid midge, 

Monopelopia sp., not previously known from New Zealand (Appendix B), and an 

endemic mosquito species, Maorigoeldia argyropus. In fact, these experimentally-

constructed water-filled tree holes supported a diverse array of aquatic invertebrate 

species that were comparable with the specialist faunas reported from phytotelmata 

around the world (Kitching 2001) and those encountered in the few studies on naturally 
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occurring water-filled tree holes and other phytotelmata in New Zealand (Table 4.3, 

Chapter 4). Unfortunately, naturally occurring water-filled tree holes occurred at low 

density in the study area (only 2% of tree holes contained standing water at time of 

sampling, Chapter 2), but both my findings (Chapter 4) and the limited previous 

research conducted in New Zealand (e.g., Taylor & Ewers 2003; Derraik & Heath 2005) 

suggest that although they are patchily distributed, water-filled tree holes provide 

important lentic microhabitats throughout the forest canopy for a suite of obligate 

aquatic invertebrate species.  

 

Logistically, the patchy distribution of naturally occurring water-filled tree holes, 

coupled with the highly variable and often strongly intercorrelated nature of factors such 

as tree-hole size, water volume and resource availability, makes it difficult to test the 

determinants of faunal composition in tree holes. Therefore, I used experimentally-

constructed analogues of water-filled tree holes to test the mechanistic drivers of 

ecosystem size effects on species diversity and community structure. Previous research 

has shown that aquatic invertebrate community structure is primarily driven by resource 

availability (organic matter) in water-filled tree holes (Jenkins et al. 1992; Srivastava & 

Lawton 1998; Yanoviak 1999b, 2001). Moreover, resource concentration, and thus 

species richness, is often greatest in large tree holes (e.g., Sota et al. 1994; Yanoviak 

1999a; Yee et al. 2007). As a consequence, previous research has been confounded by 

the inherent intercorrelation of resource availability, ecosystem size and the other 

potential proximate mechanisms driving greater species richness with increasing area. 

Using a novel experimental reversal of resource concentration across ecosystem size in 

water-filled tree-hole microcosms, I tested whether resource availability was the 

primary mechanism underlying ecosystem size effects on aquatic insect species richness 

and community composition (Chapter 5). 

 

Contrary to the vast majority of empirical examples of species-area relationships (e.g., 

Rosenzweig 1995; Vander Zanden et al. 1999; Post 2002) aquatic insect richness was 

greater in small rather than large microcosms due explicitly to my experimental reversal 

of the resource concentration gradient (Chapter 5). Moreover, the powerful statistical 

technique, structural equation modelling, indicated there was no direct effect of 
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ecosystem size on community structure, and therefore, there was no residual 

unexplained variance that could be attributed to other mechanisms of ecosystem size 

(e.g., resource heterogeneity or colonisation-extinction dynamics) (Fig. 5.5). Thus, my 

results clearly show that resource concentration was the principle driver of ecosystem 

size effects on the specialist invertebrate communities inhabiting water-filled tree-hole 

microcosms. 

 

The most important questions that remain to be determined now are whether resource 

availability increases with increasing ecosystem size in natural tree holes systems in 

New Zealand, and whether these influence community structure in a predictable 

manner? My study certainly has shown a simple, yet effective way to experimentally 

manipulate water-filled tree-hole communities, and I hope that this will inspire further 

studies that use experimental tree-hole microcosms to test ecological theory. 

 

6.3 CONSERVATION IMPLICATIONS 

Deforestation and subsequent habitat loss are global phenomena (Robinson et al. 1992; 

Young & Mitchell 1994; Murcia 1995) and are recognised as two of the main causal 

agents of biodiversity decline worldwide (Tilman et al. 1994; Fahrig 2003). This is of 

particular relevance in New Zealand, as humans have put enormous pressure on 

indigenous forests, and today native forests have virtually disappeared from some parts 

of the country (Ewers et al. 2006). Moreover, although large-scale clearfell and 

selective logging are no longer practised on New Zealand’s conservation lands, many 

private landowners can still remove native trees indiscriminately (Griffiths 2002). 

 

Size and age structure of the forest can greatly influence the distribution and abundance 

of tree holes, with older, larger trees having more tree holes than young trees (cf. 

Gibbons & Lindenmayer 2002; Appendix A; Chapter 2). Past logging practises in New 

Zealand aimed to maintain an even-aged forest structure in New Zealand, and large 

trees were generally removed after 60–120 years (Wardle 1984). Therefore, it is likely 

that historical deforestation and logging practises have greatly reduced the abundance of 

large hole-bearing trees, and tree holes in general, from indigenous forests around New 

Zealand. This certainly is the case in many other parts of the world (Ball et al. 1999; 
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Graves et al. 2000; Gibbons & Lindenmayer 2002). Indeed, deforestation and land-use 

change have severe impacts on aquatic macroinvertebrate communities inhabiting 

water-filled tree holes and other phytotelmata in tropical forests (Yanoviak et al. 2006a, 

2006b). For example, in northeastern Peru, forest is cleared and converted to pineapple 

(Ananas comosus) and sugar cane (Saccharum officinarum) plantations. Tree holes are 

not only more abundant in the native forests than within plantations, but are also more 

variable in size, thereby providing a wide range of hole volumes for aquatic 

invertebrates to colonise (Yanoviak et al. 2006a). More importantly, Yanoviak et al. 

(2006b) showed that community composition was altered in plantations, and aquatic 

invertebrate species richness was greater in tree holes in primary forest, than those in 

plantations or regenerating forests. This also appears to be the case for New Zealand 

tree-hole dwelling invertebrates. In a recent study, Leisnham et al. (2007) found that 

tree holes within native forests contained a more diverse community than tree holes in 

pasture or urban areas. Moreover, community composition and water chemistry differed 

with land use (Leisnham et al. 2007), and it is likely that obligate forest tree-hole 

species were excluded by the harsher environment found within pasture and urban 

phytotelmata. 

 

In my study, the endemic mosquito Maorigoeldia argyropus commonly occurred in 

large water-filled tree holes, and these habitats are more likely to be found on large, 

older trees. It is thought that M. argyropus requires large areas of native forest (Pillai 

1965; Hayes 1974) and may be slowly disappearing from many sites throughout New 

Zealand (Snell et al. 2005). Thus, the long-term survival of this endemic tree-hole 

dwelling species could be at risk from deforestation. Moreover, even from a relatively 

short-term study at one lowland forest site, at least one genus of aquatic invertebrate 

was found that was previously unrecorded in New Zealand (Monopelopia sp., 

Chironomidae, Chapter 4; Appendix B). The response of Monopelopia to deforestation 

and habitat fragmentation are unknown, but both Monopelopia sp. and M. argyropus are 

reliant on a microhabitat that is generally characteristic of old-growth forest. Given the 

poor state of knowledge of tree hole assemblages in New Zealand, it is unknown how 

many more undescribed species remain to be identified, and how many more might be 



General discussion 

 139 

lost from heavily deforested regions of New Zealand before they have even been 

discovered. 

 

In conclusion, tree holes support a diversity of terrestrial invertebrates and a distinctive 

assemblage of aquatic invertebrate species, therefore adding an important component to 

New Zealand’s freshwater invertebrate biodiversity. This research is an important first 

step towards understanding the importance of tree holes as habitat for invertebrates in 

New Zealand, and provides an ideal platform for future research, such as the role of 

colonisation-extinction dynamics on tree-hole communities of differing sizes, or the 

influence of habitat fragmentation and edge effects on obligate tree hole invertebrate 

communities. 
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ABSTRACT 

Tree holes provide an important microhabitat that is used for feeding, roosting and 

breeding by numerous species around the world. Yet despite their ecological importance 

for many of New Zealand’s endangered species, few studies have investigated the 

abundance or distribution of tree holes in native forests. We used complementary 

ground and climbed-tree surveys to determine the abundance, distribution and 

characteristics of tree holes in undisturbed Nothofagus forest in the Lewis Pass, New 

Zealand. We found that hole-bearing trees were surprisingly abundant compared with 

many other studies, including Australian Eucalyptus species and American beech. In 

fact, we estimated as many as 3,906 tree holes per hectare, of which 963 holes per 

hectare were potentially large enough to provide roost sites for hole-nesting bats in New 

Zealand, while only eight holes per hectare were potentially suitable for specialist hole-

nesting birds. This was of great interest as primary cavity-excavating animals are absent 

from New Zealand forests, compared with North America and Australia. Moreover, 

tree-hole formation in New Zealand is likely to be dominated by abiotic processes, such 

as branch breakage from windstorms and snow damage. As has been found in many 

other studies, tree holes were not uniformly distributed throughout the forest. Tree holes 

were significantly more abundant on the least abundant tree species, Nothofagus fusca, 

than on either N. menziesii or N. solandri. In addition to tree species, tree size was also 

an important factor influencing the structural characteristics of tree holes and their 

abundance in this forest. Moreover, these trends were not fully evident without climbed-

tree surveys. Our results revealed that ground-based surveys consistently 
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underestimated the number of tree holes present on Nothofagus trees, and illustrate the 

importance of using climbed-inspections where possible in tree-hole surveys. We 

compare our results with other studies overseas and discuss how these are linked to the 

biotic and abiotic processes involved in tree-hole formation. We consider the potential 

implications of our findings for New Zealand’s hole-dwelling fauna and how stand 

dynamics and past and future forest management practices will influence the structural 

characteristics of tree holes and their abundance in remnant forest throughout New 

Zealand. 

 

Key words: Forest canopy – Microhabitats – Nothofagus – Phytotelmata – Tree holes 

 

INTRODUCTION 

Tree holes provide important ecological resources for a diverse range of animal species 

throughout the world (Greeney 2001; Gibbons & Lindenmayer 2002). Tree holes may 

be dry or water-filled, with the latter providing both ephemeral and permanent 

freshwater habitats in the forest canopy that are used by a plethora of aquatic insect 

species (Kitching 1971; Greeney 2001). Dry tree holes have been found to be an 

important resource for a wide range of wildlife species, including numerous species of 

birds (Elliott et al. 1996; Carlson et al. 1998; Bai et al. 2003), bats (Sedgeley & 

O'Donnell 1999a; Kerth et al. 2001), marsupials (Lindenmayer et al. 1990; Gibbons et 

al. 2002; Russell et al. 2003) and snakes (Webb & Shine 1997) that use tree holes as 

nesting or roosting sites. In Australia, for example, tree holes are known to provide nest, 

den and shelter sites for more than 300 vertebrate species, of which at least 100 are 

thought to be rare or threatened (Gibbons & Lindenmayer 2002). In New Zealand, 

comparatively little is known about the fauna of tree holes. The limited research 

conducted to date suggests that tree holes are important nesting and roosting sites for 

approximately 12 native bird species, two native bats and many exotic bird and 

marsupial species (Robertson 1985; Sedgeley 2003). Furthermore, many of the native 

bird and bat species utilising tree holes are either endangered or declining in numbers 

(e.g., mohua Mohoua ochrocephala, yellow-crowned kakariki Cyanoramphus auriceps, 

long-tailed bat Chalinolobus tuberculatus and lesser short-tailed bat Mystacina 

tuberculata) (O’Donnell 1996, 2000; Hitchmough 2002). A major limiting factor in the 
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conservation and management of tree-hole dwelling fauna in New Zealand is the lack of 

quantitative knowledge on the abundance, distribution and structural characteristics of 

tree holes in remnant forests. So far only a few published studies have investigated the 

distribution and structural characteristics of tree holes in New Zealand. Of these studies, 

most have emphasised habitat usage by vertebrate species (e.g., Sedgeley & O’Donnell 

1999b), or involved qualitative inspections of insect communities inhabiting selected 

holes in just one or a few trees (e.g., Taylor & Ewers 2003; Derraik & Heath 2005). 

 

A wide range of factors can influence the development of tree holes, including 

individual tree characteristics such as diameter, age, health and growth habit, as well as 

site features such as stand basal area, slope, topographic position and rainfall (Bennett et 

al. 1994; Lindenmayer et al. 2000; Whitford 2002; Fan et al. 2003). The intrinsic traits 

of particular tree species also play an important role in influencing the distribution and 

abundance of tree holes. For example, wood density is the single most important factor 

determining mechanical breaking strength (Persson et al. 1995; Beets et al. 2001). 

Wood density can be highly variable across different tree species and undoubtedly 

influences branch shedding, subsequent fungal attack, and rot. Similarly, different tree 

species have unique growth responses to damage, with species-specific ‘grow-over’ 

reactions to limb breakage and scarring leaving some species more susceptible to rot 

than others (e.g., Nothofagus, Wardle 1984; Sessile oak, Quercus versicolor, Guilley et 

al. 2004). Size and age structure of the forest, logging practices and habitat 

fragmentation can also influence the distribution and abundance of tree holes. 

 

In addition, tree-hole abundance and distribution are influenced by many abiotic and 

biotic factors which differ among biogeographic regions. For example, in many 

Northern Hemisphere forests tree holes are largely formed by primary cavity-excavating 

species, such as woodpeckers. Conversely, woodpeckers do not occur in Australia, 

however, there are several species of parrot and cockatoo, as well as many marsupials 

and invertebrates that excavate both decayed and sound wood (Gibbons & Lindenmayer 

2002). However as none of these animals initiate cavity excavation, large tree holes 

suitable for vertebrate fauna can take more than 200 years to form (Gibbons & 

Lindenmayer 2002). Fire is also an important factor in tree-hole formation in Australia 
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(Gibbons & Lindenmayer 2002). Tree holes form when heartwood decay is present and 

a tree is exposed to some sort of physiological or physical stress, such as fire, increasing 

tree age and subsequent branch shedding, or damage from insects (Gibbons & 

Lindenmayer 2002). Tree-hole formation processes in New Zealand forest ecosystems 

are likely to differ dramatically from those in the Northern Hemisphere and, to a lesser 

extent, Australia. Primary cavity-excavating vertebrates are absent from New Zealand 

and instead abiotic factors play the essential role in cavity development. However, 

unlike in Australia where fire is an important abiotic factor stimulating tree-hole 

formation in Eucalyptus forests, windstorms and snow damage are likely to be more 

important in New Zealand. In New Zealand forest ecosystems, wounding (such as 

mechanical-scarring or incomplete branch abscission) from storm events or heavy 

snowfall predisposes trees to the slow decay processes instigated by fungal and 

invertebrate attack, eventually leading to the formation of tree holes (Stewart & 

Burrows 1994). Despite these differences, most of our current knowledge on tree holes 

in Southern temperate regions comes from studies in Australia’s Eucalyptus forests. 

 

Given the substantial difference in the relative importance of processes involved in tree-

hole formation in different biogeographic regions, it is therefore difficult to determine a 

priori whether individual tree characteristics (e.g., tree size, age and tree species) will 

have the same influence on the abundance and distribution of tree holes in New Zealand 

forest ecosystems, as elsewhere in the world. Thus, the purpose of this paper is to 

present the first comprehensive and systematic investigation of the abundance, 

distribution and structural characteristics of tree holes within temperate southern beech 

(Nothofagus) forest in New Zealand. Specifically, we investigated: 1) variation in the 

abundance, distribution and structural characteristics of tree-holes among tree species, 

2) variation in the abundance and structural characteristics of tree-holes in relation to 

individual tree traits and 3) the degree of difference between ground-based and climbed 

survey techniques that may allow an estimate of potential bias in future rapid-

assessment surveys of tree-hole abundance. 
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METHODS 

Study site 

This study was undertaken in a southern temperate mixed-beech forest within the Lewis 

Pass National Reserve, South Island, New Zealand, in April and September 2004. The 

Lewis Pass National Reserve is part of the largest continuous forest remaining in New 

Zealand today, at over 1 million hectares in extent. The study area was situated at the 

convergence of the Nina and Lewis Rivers, at c. 700 m asl (42°28´ S, 172°23´ E). This 

area of New Zealand has an average rainfall of 1900–2000 mm per annum (Stewart et 

al. 1991), with winter minimum and summer maximum air temperatures of -7°C and 

32°C, respectively (Stewart et al. 1991; Stewart & Burrows 1994). 

 

The Nina Valley is glacial in origin, with mountain beech (Nothofagus solandri var. 

cliffortioides) dominating the flora at the timberline (c. 1300 m asl), giving way to silver 

beech (N. menziesii) at lower elevations and mixtures of silver and red beech (N. fusca) 

on the lower slopes and river flats (Hosking & Kershaw 1985). The forest understorey is 

open, with extensive moss and leaf litter cover on the ground. Nothofagus seedlings 

dominate the understorey, with broadleaf (Griselinia littoralis), lancewood 

(Pseudopanax crassifolius), Myrsine divaricata and Coprosma spp. also present 

(Hosking & Kershaw 1985). 

 

Ground-based tree-hole survey 

A 0.36 ha portion of the study area was subdivided into 36 contiguous, 10 x 10 m 

subplots, for systematic sampling. The 3600 m
2
 plot was established by randomly 

selecting a starting point, the south-western corner, and then measuring 60 m in both a 

northerly and an easterly direction to create a square. Within each subplot, tree species 

(dead Nothofagus spp., or live N. fusca, N. menziesii or N. solandri) and trunk diameter 

at breast height (DBH at 1.4 m) were recorded for all trees ≥ 10 cm DBH, in April 2004. 

Dead Nothofagus trees were only included in the ground survey if they had an erect 

trunk greater than 1.4 m in height. Where trees had multiple stems at breast height, the 

DBH was taken below the initial stem split. 
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Tree holes with an entrance height, width or horizontal depth into the trunk of less than 

1 cm were excluded from both the ground and climbed surveys, due to time constraints 

and the large number of potential holes likely to fall into this size category. 

Furthermore, tree holes were only recorded if they penetrated at least into the outer 

sapwood, rather than simply representing a deformation in the tree bark. Two teams of 

three randomly-selected surveyors circumnavigated each tree, scanning it with 

binoculars and recording the total number of holes visible from the ground, as well as 

the height (m), location (branch, trunk or fork) and aspect (0, 90, 180 or 270°) of each 

individual tree hole. Once a possible tree hole was detected, it was only formally 

recorded if all three surveyors agreed that it met the pre-defined criteria described 

above. Furthermore, each team surveyed all trees in 18 randomly-selected 10 x 10 

subplots, covering the full range of tree sizes and species present. For these reasons, the 

potential for individual observer bias is minor and consistent across the three tree 

species and all size categories. Hole heights were measured with a handheld clinometer 

and tape measure. 

 

Climbed-tree inspections 

Trained arborists surveyed ten live trees of each of the three Nothofagus species (N. 

fusca, N. menziesii and N. solandri) using single-rope climbing techniques (Barker & 

Standridge 2002), in April and September 2004. Dead Nothofagus trees were not 

climbed, to ensure safe climbing practices. Climbable trees (i.e., ≥ 20 cm DBH and with 

multiple large branches in the upper canopy) were selected using a random walk 

through the study area. The random-walk began at the south-eastern corner of the 3600 

m
2
 study area. Each tree was selected by generating a random compass bearing and 

walking a random number of metres (1 – 60, using the seconds hand on a watch), 

following which the nearest climbable tree, of any of the three Nothofagus species, was 

selected until ten of each species had been climbed. If the random walk took the 

arborists outside the study plot, or no climbable trees were available at the selected 

point, a new random bearing and distance were generated. A climbing rope was placed 

at the highest possible point within each tree and arborists systematically surveyed the 

trunk and all branches for tree holes. All information about the tree holes was 
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communicated to a recorder on the ground, yet kept confidential from the other 

surveyors until the ground surveys had been completed (refer to Harper et al. 2004). 

 

The total number of holes, the height of each and their location and aspect were 

recorded to compare with ground surveys. Additionally, the internal (vertical and 

horizontal depths, cm) and external (height and width, cm) dimensions were recorded 

for each tree hole. From these measurements, the minimum entrance and internal 

dimensions were derived using the smallest of the height or width and horizontal or 

vertical depths, respectively. Internal and external measures made in the field were also 

used to calculate hole entrance area (cm
2
) and internal volume (cm

3
) using standard 

formulas that treated tree holes as ellipses. Entrance angle (° from vertical) was also 

recorded for each tree hole, with vertical holes being recorded as 0°, holes overhanging 

and facing towards the ground recorded as negative angles, and those facing upwards 

recorded as positive angles. 

 

The internal conditions considered important for tree-hole inhabiting fauna were 

recorded (i.e., the presence of standing water, versus damp or dry) in April and 

September 2004 (early austral Autumn and Spring, respectively). Rainfall is fairly 

constant throughout the year in the Lewis Pass, with monthly averages of 161 and 177 

mm in April and September, respectively (long-term data, 1971–2000, National Institute 

of Water and Atmospheric Research 2007). Therefore, even though the internal 

conditions in tree holes were measured at two discrete time periods, we expect that this 

was representative of the presence of standing water in the Lewis Pass, except perhaps 

for the hottest periods in mid-summer. Lip size (cm) at the lower edge of each tree hole 

was also recorded, as this was considered to be a possible determinant of microclimatic 

conditions inside the hole (e.g., ability to retain standing water).  

 

STATISTICAL ANALYSES 

Ground-based survey 

An analysis of covariance (ANCOVA) was used to test the main and interactive effects 

of the four Nothofagus tree species categories (dead, N. fusca, N. menziesii, N. solandri) 
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and tree size (DBH, covariate) on the number of tree holes observed on the 423 ground-

surveyed trees in the 36, 10 x 10 m subplots. 

 

Ground-based survey versus climbed-tree inspections 

To compare the accuracy of ground-based surveys and climbed inspections, ANCOVA 

was used to compare the numbers of tree holes identified from ground-based surveys 

versus climbed inspections on trees of varying size (DBH, covariate). Only trees that 

were both climbed and surveyed from the ground (n = 30) were used in analyses. Chi-

squared contingency tables were used to determine whether ground-based surveys over- 

or under- estimated the number of tree holes among different aspects (0, 90, 180, 270°), 

locations (trunk, branch, fork) or arbitrarily-assigned height categories (0–4.9, 5–9.9, 

10–14.9 or 15–19.9 m above ground), relative to the climbed inspections. 

 

Tree-hole characteristics 

We used ANCOVA to explore the main and interactive effects of tree species and size 

(DBH, covariate) on the number of tree holes identified during the climbed-inspections. 

Type-I mixed-effects general linear models (GLMs) were used to explore separately the 

amount of variation in tree-hole volume and entrance area explained by the fixed effect 

of tree species (N. fusca, N. menziesii, and N. solandri), the random effect of variation 

in hole size among individual trees within each tree species (tree identity) and the fixed 

covariate effect of tree size (DBH). Tree-hole volume and entrance area were ln-

transformed prior to analyses to meet assumptions of normality and homogeneity of 

variances (Quinn & Keough 2002). The covariate DBH was ln-transformed prior to 

analyses. Mixed-effects models were used with Type-I sums of squares because of the 

hierarchical design of the survey in which there was dependence among individual holes 

within trees. Thus, individual hole volumes and entrance areas within trees were not 

treated as independent replicates. In mixed-effects GLMs, the error degrees of freedom 

in F-ratio tests involving random treatment effects are calculated using the Satterthwaite 

(1946) method of denominator synthesis which can yield non-integer values. 

 

Pearson’s correlations were used to test whether tree DBH, tree-hole height, entrance 

size (entrance area and minimum entrance dimensions) or internal measurements 
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(volume and minimum internal dimensions) were linearly related to each other. Chi-

squared contingency tables were used to determine whether holes were equally 

distributed amongst branches and trunks, or if they were more likely to occur on N, E, 

S, W aspects, for the 30 climbed Nothofagus trees. Chi-squared contingency tables were 

also used to test if tree species, DBH, hole aspect, location or lip size influenced the 

internal conditions of tree holes (i.e., wet versus dry). Forks were excluded from the 

analyses and tree holes containing standing water were combined with damp holes to 

meet the recommended statistical assumption that no more than 20% of the categories 

had expected frequencies of less than five. 

 

All analyses were performed in Statistica version 7 (StatSoft 2003). Response and 

predictor variables were ln (x + 1) transformed where necessary to meet assumptions of 

normality and homogeneity of variances (Quinn & Keough 2002). 

 

RESULTS 

Ground-based surveys 

A total of 423 Nothofagus trees (≥ 10 cm DBH) were recorded in the ground-based 

survey of the 36 subplots. Of these, N. solandri was the most abundant species 

comprising 48% of the total trees surveyed, followed by N. menziesii (29%), dead 

Nothofagus spp. (16%) and N. fusca (7%). Trees were highly variable in size, ranging 

from 10.0–87.8 cm DBH, however N. fusca trees were significantly larger (34.8 ± 6.4 

cm DBH) than dead Nothofagus spp. or live N. menziesii and N. solandri trees in the 

study area (22.9 ± 2.8, 20.3 ± 1.8 and 22.9 ± 1.6 cm DBH, respectively) (One-way 

ANOVA, ln-transformed DBH, Species effect: F3, 420 = 13.84, P < 0.001). Although N. 

solandri was the most common canopy species, large specimens were rare in the study 

area (1% of N. solandri were ≥ 50 cm DBH). Large dead Nothofagus and N. menziesii 

were also relatively rare in the study area (3% of dead Nothofagus and 4% of N. 

menziesii were ≥ 50 cm DBH), while N. fusca was more evenly distributed across the 

five size classes and was the dominant mid- to large-sized canopy tree at this site (50% 

of N. fusca were ≥ 30 cm DBH; Table 1). 

 

A total of 340 tree holes were observed from the ground on the 423 Nothofagus trees 
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surveyed within the study plot. Although N. fusca was the least abundant tree species in 

the study area, most (74%) of the trees were hole-bearing (Table 1). Furthermore, N. 

fusca had many more tree holes per tree (2.6 ± 0.5, n = 31) than the other Nothofagus 

species (Table 1). By contrast, N. solandri was the most common canopy species yet it 

had the fewest holes per tree (0.4 ± 0.1, n = 205) with proportionally fewer trees 

containing visible holes (29%; Table 1). However, the main effect of tree species 

(ANCOVA, ln-transformed tree-hole count, tree species main effect: F3, 415 = 0.92, P = 

0.430) was not directly interpretable because of significant variation in the covariate of 

tree size (DBH) between different tree species (ANCOVA, ln-transformed tree-hole 

count, DBH main effect: F1, 415 = 53.55, P < 0.001; tree species*DBH interaction effect: 

F3, 415 = 3.74, P = 0.010). Significantly more tree holes were identified from the ground 

in large N. fusca trees than in small N. fusca trees, whereas similar numbers of tree 

holes were observed in N. solandri regardless of DBH. 

 

Table 1. Distribution of tree holes identified on 423 Nothofagus trees (≥ 10 cm DBH) 

during a ground-based survey of 36, 10 x 10 m contiguous subplots in the Lewis Pass 

National Reserve, April 2004. ‘Prop. with holes’ indicates the proportion of trees 

containing holes. 

 

Species No. of Proportion of trees in DBH (cm) class Prop. Mean (SE) no. 

 trees 10-19.9 20-29.9 30-39.9 40-49.9 ≥50 with holes holes / tree 

Dead trees 67 0.54 0.22 0.15 0.06 0.03 0.45 1.2(0.3) 

N. fusca 30 0.20 0.30 0.20 0.10 0.20 0.74 2.6(0.5) 

N. menziesii 125 0.62 0.24 0.05 0.05 0.04 0.42 0.8(0.1) 

N. solandri 201 0.41 0.41 0.15 0.02 0.01 0.29 0.4(0.1) 

Total 423 0.48 0.33 0.12 0.04 0.03 0.39 0.7(0.1) 

 

 

Ground-based survey versus climbed-tree inspections 

In contrast to the 340 tree holes identified during the ground-based surveys of 423 trees, 

the direct, climbed inspections revealed 304 tree holes on just 30 of these same 

Nothofagus trees. Thus, significantly more tree holes were found through the climbed 

inspections (10.1 ± 1.4 / tree) than were identified on the same trees during the ground-

based surveys (2.8 ± 0.5 / tree; Paired t-test: tcalc = 6.08, n = 30, P < 0.001). Importantly 

though, there was a significant positive correlation in the number of holes per tree 

between the two techniques (r = 0.52, n = 30, P = 0.003). ANCOVA confirmed that 
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DBH did not influence the degree of underestimation of tree-hole counts in ground-

based surveys (ANCOVA, ln-transformed tree-hole count, survey type*DBH 

interaction: F1, 56 = 0.01, P = 0.990; Fig. 1). 

 

In addition to underestimates of tree-hole numbers, the ground-based survey also 

inadequately identified where the holes were found on the Nothofagus trees. The 

number of tree holes on branches were significantly underestimated from the ground-

based survey (18%), compared with climbed inspections (36%) (χ
2

(2) = 10.17, P < 

0.001). Furthermore, tree holes located in the 10.0–14.9 m hole height category were 

harder to detect using the ground-based surveys than the climbed inspections, thus the 

number of holes higher up the trees was significantly underestimated from the ground 

(χ
2

(3) = 27.57, P < 0.001). 

 

 

 

Figure 1. Comparison of the number of tree holes identified from the ground-based 

survey (open circles and dotted fitted line) and climbed direct-inspections (closed 

circles and solid fitted line) of 30 Nothofagus trees of differing sizes (DBH) in the 

Lewis Pass National Reserve, in April and September 2004. Note that the y-axis is 

plotted on a logarithmic scale. The equations of the fitted lines are: ln(y) = -

4.388+1.428.ln(x) (for ground-based counts) and ln(y) = -3.263+1.428.ln(x) (for 

climbed-inspection counts). 
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Tree-hole characteristics 

Internal dimensions were measured for 290 of the 304 tree holes identified during the 

climbed-inspections. The volume of tree holes varied markedly among these 290 holes, 

from the smallest measurable hole of only 0.5 cm
3
 up to the largest, 6 orders of 

magnitude greater, at more than 477,000 cm
3
. However, large holes were relatively rare 

and all Nothofagus trees contained predominantly small tree holes (0–999 cm
3
 volumes; 

Fig. 2). 

 

 

Figure 2. The distribution of tree-hole volumes for 290 holes measured on ten 

Nothofagus fusca, N. menziesii and N. solandri during the direct, climbed inspections in 

the Lewis Pass National Reserve, April and September 2004. 
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As expected from information gathered during the ground-based surveys, N. fusca had 

the greatest number of tree holes in the climbed survey (ANCOVA, ln-transformed tree-

hole count, species effect: F2, 24 = 4.15, P = 0.028). More tree holes were also found in 

large than small trees (ANCOVA, ln-transformed tree-hole count, DBH effect: F1, 24 = 

7.35, P = 0.012; Fig. 3). However, in contrast to the ground-based surveys, there was no 

significant interaction between these two main effects, where the effect of tree size on 

tree-hole abundance was consistent across the three Nothofagus species (ANCOVA, ln-

transformed tree-hole count, species*DBH interaction: F2, 24 = 3.30, P = 0.055; Fig. 3). 

Of potentially greater interest was the fact that N. fusca also had the largest tree holes. A 

mixed-effects GLM showed that there was a significant effect of tree species on hole 

volume (F2, 11.33 = 7.55, P = 0.008), while the tree DBH covariate also significantly 

affected hole volume (F1, 10.45 = 12.47, P = 0.005; Table 2a). The effect of DBH on tree-

hole volume did not vary across the three tree species (Species*DBH interaction: F2, 

11.92 = 3.14, P = 0.08), indicating that the increase in tree-hole volume with increasing 

tree size or age is consistent among these Nothofagus species (Fig. 4). 

 

 

Figure 3. Variation in the number of tree holes recorded during climbed-inspections of 

ten of each of Nothofagus fusca (closed circles and dashed fitted line), N. menziesii 
(open squares and solid fitted line) and N. solandri (open triangles and dash-dot fitted 

line) trees of differing sizes (DBH) climbed in the Lewis Pass, April and September 

2004. Note that the y-axis is plotted on a logarithmic scale. The equations of fitted lines 

are: ln(y) = -1.185+1.031.ln(x) (for N. fusca), ln(y) = -1.999+1.031.ln(x) (for N. 
menziesii) and ln(y) = -2.032+1.031.ln(x) (for N. solandri). 
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Figure 4. Variation in the average (±1 SE) tree-hole volume recorded on ten 

Nothofagus fusca (closed circles and dashed fitted line), nine N. menziesii (open squares 

and solid fitted line) and ten N. solandri (open triangles and dash-dot fitted line) trees of 

differing sizes (DBH) climbed in the Lewis Pass, in April and September 2004. Note 

that the y-axis is plotted on a logarithmic scale. The equations of the fitted lines are: 

ln(y) = -2.037+1.920.ln(x) (for hole volumes on N. fusca), ln(y) = -2.999+1.920.ln(x) 

(for hole volumes on N. menziesii) and ln(y) = -3.178+1.924.ln(x) (for hole volumes on 

N. solandri). 
 

 

Unlike tree-hole volume, there was no significant effect of tree species on tree-hole 

entrance area (Mixed-effects GLM, ln-transformed tree-hole entrance area, tree species 

main effect: F2, 10.30 = 2.13, P = 0.17). Nevertheless, larger trees had tree holes with 

substantially larger entrance areas (F1, 12.41 = 22.07, P < 0.001; Table 2b). Again, the 

effect of DBH did not vary across the three tree species (Species*DBH interaction: F2, 

9.63 = 0.05, P = 0.95), indicating that the increase in tree-hole entrance area with 

increasing tree size or age is consistent among these Nothofagus species. 
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Table 2. Mixed-effects Generalised Linear Model analyses of variation in a) tree-hole 

volume and b) tree-hole entrance area on randomly selected Nothofagus fusca (n = 10), 

N. menziesii (n = 9), and N. solandri (n = 10) trees of differing sizes (diameter at breast 

height: DBH). Only nine N. menziesii trees were included in the analyses as internal 

tree-hole dimensions were not able to be measured on of the one trees during the 

climbed-inspections. Tree-hole volume and surface area were ln-transformed prior to 

analyses to normalize residuals. DBH was ln-transformed and entered into the model as 

a fixed covariate. Tree identity was the random effect of variation in tree-hole size 

among individual trees within each tree species. Type-I sums of squares (SS) were used 

because of the hierarchical design of the treatments. Error degrees of freedom (df) and 

error mean squares (MS) in F-ratio tests involving random treatment effects are 

calculated using the Satterthwaite (1946) method of denominator synthesis, which 

yields non-integer values. Significant P-values (≤ 0.050) are indicated in bold. 

 

a) Tree-hole volume 

  df MS df MS  
Sources of variation SS effect effect error error F P 

Tree species 120.48 2 60.24 11.33 7.98 7.55 0.008 

Tree identity 45.07 9 5.01 8.55 9.62 0.52 0.826 

Tree DBH 101.78 1 101.78 10.45 8.16 12.47 0.005 

DBH x Species 46.92 2 23.46 11.92 7.48 3.14 0.080 

Tree identity x Species 95.55 14 6.83 261.00 3.34 2.05 0.015 

Error 871.15 261 3.34 

Total 1280.95 289 

 

b) Tree-hole entrance surface area 

  df MS df MS  
Sources of variation SS effect effect error error F P 

Tree species 13.54 2 6.77 10.30 3.17 2.13 0.167 

Tree identity 11.92 9 1.32 7.55 3.87 0.34 0.933 

Tree DBH 65.30 1 65.30 12.41 2.96 22.07 0.001 

DBH x Species 0.32 2 0.16 9.63 3.34 0.05 0.953 

Tree identity x Species 39.47 14 2.82 261.00 1.60 1.76 0.045 

Error 418.85 261 1.61 

Total 549.40 289 

 

 

Tree holes were equally as common on N, E, S and W aspects (χ
2

(6) = 8.36, P = 0.213). 

However, holes were slightly more common on trunks (182), than branches (104) (χ
2

(2) 

= 9.96, P = 0.012) but this depended on tree species. Nothofagus fusca had half as many 

holes on branches (55) than trunks (110) and N. solandri showed a similar pattern (12 

and 35, respectively). By contrast, holes were equally distributed on N. menziesii, with 

37 holes located on both trunks and branches. Furthermore, several tree-hole 

characteristics were weakly, positively correlated with tree size (DBH), including 
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minimum internal dimensions (r = 0.32, n = 290, P < 0.050) and minimum entrance 

opening (r = 0.32, n = 290, P < 0.05). Holes situated higher above the forest floor also 

tended to have greater entrance areas (r = 0.19, n = 290, P < 0.050). However, of 

potentially greatest interest, hole entrance size was strongly, positively correlated with 

internal hole volume (r = 0.62, n = 290, P < 0.001). This was true for all three 

Nothofagus species, with larger tree holes generally having greater entrance sizes on N. 

fusca (r = 0.57, n = 168, P < 0.001), N. menziesii (r = 0.71, n = 73, P < 0.001) and N. 

solandri (r = 0.60, n = 49, P < 0.001) (Fig. 5). 

 

 

Figure 5. The relationship between the entrance area (cm
2
) of tree holes and tree-hole 

volume (cm
3
) for ten Nothofagus fusca (closed circles), nine N. menziesii (open squares) 

and ten N. solandri (open triangles) trees climbed in the Lewis Pass National Reserve. 

 

 

Only 4% of all the tree holes inspected contained standing water suitable for aquatic 

fauna to inhabit, while 27% were damp at the time of sampling. Thus, 31% of all holes 

contained some moisture (i.e., potentially containing water at times), while the 

remaining 69% of tree holes were dry inside, in April (early autumn) or September 

(early spring) 2004. The majority (59%) of tree holes faced downwards (negative 

entrance angle), yet entrance angle (positive angle, negative angle or 0°) was not a 
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significant determinant of the internal conditions of these tree holes (i.e., damp or dry) 

(χ
2

(2) = 0.28, P = 0.87). Similarly, there were no clear relationships between internal 

dampness and tree species (χ
2

(3) = 3.30, P = 0.350), hole aspect (χ
2

(1) = 0.50, P = 0.480) 

or location on the tree (χ
2

(2) = 3.10, P = 0.210). There were, however, significantly 

fewer water-filled or damp tree holes on medium sized (30.0–39.9 cm DBH) 

Nothofagus trees than expected (χ
2

(3) = 9.80, P = 0.020). Similarly, damp or water-filled 

tree holes were more common (61%) than dry holes (39%), when an external lip was 

present at the entrance of the hole (χ
2

(1) = 7.50, P = 0.006). 

 

DISCUSSION 

Formation, frequency and distribution of tree holes 

Despite the total absence of cavity-excavating woodpeckers and the relative paucity of 

large wood-boring insects in New Zealand, hole-bearing trees are abundant in 

unmodified Nothofagus forests (see also Elliott et al. 1996; Sedgeley & O’Donnell 

1999b). In comparison, hole-bearing trees overseas, such as Australian Eucalyptus 

species and American beech (Fagus grandifolia) appear to have far fewer tree holes 

than New Zealand’s Nothofagus forests (Table 3). Abiotic processes leading to hole 

formation are important in both Australia and New Zealand, where tree holes form 

when heartwood decay is present and a tree is exposed to some sort of physiological or 

physical stress (Gibbons & Lindenmayer 2002). However, the relative importance of 

different abiotic stressors is likely to be different in New Zealand, where disturbances 

from snow or wind storms are more important than fire. Furthermore, New Zealand has 

few hole-dwelling vertebrate species (approximately 14 native species) (Robertson 

1985; Sedgeley 2003), compared with the 303 Australian species that use holes for 

nesting, roosting, thermoregulation, or feeding (Gibbons & Lindenmayer 2002). In 

Australia, parrots, cockatoos and arboreal marsupials are known to excavate both 

decayed and healthy wood, thereby assisting in hole formation (see review in Gibbons 

& Lindenmayer 2002). Thus, hole formation in Australian forest ecosystems is likely to 

be more similar to North America, where biotic factors, such as primary cavity-

excavating fauna, strongly interact with abiotic disturbances in the hole formation 

process over time. Conversely, only a few of New Zealand’s hole-dwelling birds, such 

as red-crowned kakariki (Cyanoramphus novaezelandiae) and kaka (Nestor 
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meridionalis), are known to further excavate already established tree holes (Greene 

2003). Despite this, we found that tree holes were extremely common in our study area. 

In fact, by extrapolating from the average number of holes found on climbed trees 

within each of four arbitrarily-assigned size classes (20–29.9, 30–39.9, 40–49.9 >50 cm 

DBH), multiplied by the relative frequency of trees of that size present in the 0.36 ha 

study plot, we estimated that there might be as many as 3,906 tree holes per hectare of 

Nothofagus forest at this site. However, it is important to point out that tree-hole 

abundance was strongly dependent on both tree species and tree size, and is likely to 

vary to some degree between forest sites. These results are consistent with numerous 

studies of old-growth and second-growth forests in a range of other biogeographic 

regions, including the midwestern USA (Fan et al. 2003) and Australia (Lindenmayer et 

al. 1993; Bennett et al. 1994; Gibbons et al. 2002; Whitford 2002; Harper et al. 2004). 

 

 

Table 3. A comparison of the proportion of hole-bearing trees and mean number of 

holes per tree in the present study versus several studies overseas; 
1
This study, 

2
Sedgeley & O’Donnell (1999b), 

3
Sedgeley (2003), 

4
Fan et al. (2003), 

5
Whitford 

(2002), 
6
Harper et al. (2004), 

7
Wormington & Lamb (1999). *indicates direct-

inspections (e.g., climbed inspections), while ŧ
 
indicates ground-based surveys using 

binoculars. 

 

Tree species Country No. trees Prop. hole- Holes / Minimum  

  in sample bearing tree entrance (cm) 

Nothofagus fusca NZ
1
 10 1.0

*
 17.4 1.0 

Nothofagus menziesii NZ
1
 10 1.0

*
 8.1 1.0 

Nothofagus solandri NZ
1
 10 1.0

*
 4.9 1.0 

Nothofagus spp. NZ
2
 78 0.2

* 
0.7 1.7 

Nothofagus spp. NZ
3
 120 0.6

*
 0.3 1.7 

Acer saccharum USA
4
 1201 0.2

ŧ
 3.2 2.0  

Corymbia colaphylla Australia
5
 40 0.5

*
 1.9 2.0 

Eucalyptus leucoxylon Australia
6
 40 0.9

*
 7.8 1.0 

Eucalyptus marginata Australia
5
 112 0.7

*
 3.3 2.0  

Eucalyptus microcorys Australia
7
 62 0.7

ŧ
 - 1.0 

Eucalyptus pilularis Australia
7
 111 0.5

ŧ
 - 1.0  

Eucalyptus signata Australia
7
 85 0.5

ŧ
 - 1.0  

Fagus grandifolia USA
4
 1489 0.2

ŧ
 3.1 2.0  

Quercus spp. USA
4
 2791 0.1

ŧ
 4.1 2.0 
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In this study, climbed-surveys revealed that N. fusca had on average many more holes 

than N. menziesii or N. solandri (Fig. 3). These findings may reflect differences in the 

properties of the timber and the associated susceptibility to rot and attack by decay-

causing organisms (Stewart & Burrows 1994; Niemela et al. 1995; Allen et al. 2000; 

Olson 2003). Many insects, including tree weta Hemideina spp. and larvae of the moth 

Heterocrossa eriphylla almost certainly facilitate the development of rot in beech trees 

by keeping wounds open to the air (Wardle 1967; Milligan 1974). Some beetles, such as 

the New Zealand native pinhole borer, Platypus spp., can also induce fungal attack and 

rotting, potentially playing an important role in tree-hole formation in Nothofagus 

forests (Wardle 1984). Interestingly, Litchwark (1978) found that N. fusca was 8–9 

times more susceptible to Platypus attack than N. menziesii, which might partly explain 

why N. fusca had more tree holes than the other beech species in this study. The 

variation in tree-hole abundance among species might also result from differential 

growth rates. For example, N. menziesii is typically slower growing than N. solandri, 

while N. fusca is the slowest growing Nothofagus species in New Zealand (Wardle 

1984). Thus, in areas of equivalent site productivity, a N. fusca tree of a given diameter 

is likely to be older than a N. solandri or N. menziesii tree of the same size, and 

therefore might contain more holes due to age rather than size, per se (Lindenmayer et 

al. 1993; Bennett et al. 1994). 

 

Nevertheless, tree-hole formation involves a complex set of processes that undoubtedly 

depends on many other factors such as stochastic events, genetic differences in rot 

susceptibility, and the chaotic nature of wind currents in the forest canopy (Robertson 

1994). Therefore, it is not surprising that larger (and taller) trees not only had many 

more holes, but the holes were also bigger, both inside and out. Research on Australian 

eucalypts suggests that although the propensity to develop tree holes is dependant on 

tree species and size (Gibbons & Lindenmayer 2002), the matter is far more 

complicated. In fact, silvertop ash (Eucalyptus sieberi) is capable of occluding and 

shedding branches in response to mechanical wounding. By comparison, stringybark 

eucalypts retain, rather than shed, larger branches. These persist when decayed, thereby 

increasing the susceptibility to hole formation (Gibbons & Lindenmayer 2002). There is 

also evidence of branch shedding in N. menziesii infected with the ascomycete fungi 
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Cyttaria, where they cast off small branches before the fungus becomes properly 

established (Wardle 1984). Although these fungi are only known to attack N. menziesii, 

this selective branch shedding could provide some explanation for our findings of fewer 

tree holes in N. menziesii than N. fusca. 

 

Ground-based survey versus climbed-tree inspections 

Estimating the number of holes in trees or forest stands by counting visible holes from 

the ground is a widely used technique (Smith & Lindenmayer 1988; Lindenmayer et al. 

1993; Bennett et al. 1994; Whitford 2002; Harper et al. 2004). However, tree holes are 

difficult to see from the ground especially when they are vertically oriented with their 

openings in the fork of a tree, or on a branch. In this study, hole numbers were 

underestimated by the ground-based survey, compared with the climbed-tree 

inspections. Nevertheless, there was a significant correlation between the two 

techniques, with the climbed inspections consistently identifying almost four times 

more tree holes than the ground-surveys, regardless of tree size. Whitford (2002) found 

a similar relationship in Australia between the number of holes identified from the 

ground and entire trees surveyed post-harvesting for 211 jarrah (Eucalyptus marginata) 

and marri (Corymbia calophylla) trees. He suggested that although the correlation was 

significant, the coefficient was low (r = 0.57) and therefore the estimates produced from 

ground-based surveys were of little practical use (Whitford 2002). 

 

Tree holes high in the canopy and on branches can be the most difficult to detect from 

the ground (Whitford 2002). Our results highlight this, as only 18% of observable tree 

holes were recorded on branches in the ground-based survey, compared with 38% from 

the climbed survey. Similarly, Harper et al. (2004) acknowledged that ground-based 

surveyors identified at most 44% of the total holes available in an Australian yellow 

gum (Eucalyptus leucoxylon) forest. Surprisingly, Sedgeley & O’Donnell (1999a) found 

no difference between ground-based and climbed inspection counts in New Zealand 

Nothofagus forest. It is likely that this was because they only included cavities occurring 

on the main trunk and main lower limbs. In this study, ground-surveyors identified, on 

average, 27% of total holes available on the 30 climbed Nothofagus trees. However, on 

one of the 30 climbed Nothofagus trees, 83% of all tree holes were identified from the 
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ground, while ten trees were recorded as having no holes even though it became clear 

that all trees had at least one hole when climbed. This provides further evidence for just 

how variable ground-surveying can be. All the same, we agree with Harper et al. (2004) 

who concluded that the low proportion of holes identified should not rule out ground-

based observations as an important method if they are used in conjunction with periodic 

climbed-inspections to correct for bias. Instead, they argued that ground surveys are 

needed to show broad-scale spatial patterns within a study area, while the more 

intensive climbed surveys are necessary to provide essential information for the 

conservation of wildlife. 

 

Implications for community structure and conservation 

Tree holes are an important ecological resource for forest communities, providing 

habitat for numerous vertebrate and invertebrate species worldwide (Elliott et al. 1996; 

Gibbons & Lindenmayer 2002; Ranius 2002). For example, the presence of standing 

water plays an integral role in determining the composition of tree-hole communities, 

supplying resources for highly specialised aquatic invertebrate communities (Kitching 

1971). However very little is known about water-filled tree hole communities in New 

Zealand. In this study, more than 40% of all holes were facing upwards, and were 

therefore open to collecting rainwater, but despite this, less than 5% of tree holes held 

standing water during our surveys. Although few tree holes contained standing water, 

more than 30% were damp inside, indicating they may collect rainwater via stemflow at 

times. Despite the low proportion of water-filled tree holes encountered in this study, 

there may be as many as 120 holes per hectare that retain standing water for a period of 

time, providing important, albeit ephemeral resources for a multitude of aquatic and 

semi-aquatic invertebrate species (Kitching 1971; Yanoviak 2001; Taylor and Ewers 

2003; T.J. Blakely unpublished data). 

 

Worldwide, many vertebrate species select holes with specific dimensions or 

characteristics for nesting and / or roosting in. For example, the entrance diameter and 

internal depth of a tree hole are important characteristics for cockatoos in Western 

Australia (Saunders et al. 1982). Our findings show that large Nothofagus trees have 

many more, larger holes than smaller trees, particularly within large N. fusca trees. It is 
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unsurprising therefore that many of New Zealand’s hole-nesting bat and bird species, 

such as long-tailed bats, lesser short-tailed bats, mohua, yellow-crowned parakeet and 

rifleman (Acanthisitta chloris) preferentially select large N. fusca for roosting habitat 

over other Nothofagus species (Elliott et al. 1996; Sedgeley & O’Donnell 1999a; 

Sedgeley 2003). In fact, Sedgeley & O’Donnell (1999a) found that New Zealand’s long-

tailed and lesser short-tailed bats actively select large, tall trees with low canopy 

closure. Their preferred roosting holes are generally dry, situated more than 5 m above 

the ground and have very specific entrance and internal dimensions (minimum entrance 

dimensions 1.3 x 2.7 cm; volume 23 cm
3
; Sedgeley & O’Donnell 1999b; Sedgeley 

2003). In this study, most (90%) tree holes measured were situated ≥ 5 m from the 

forest floor, and of those nearly 44% were dry and > 59% were located on N. fusca 

trees. Moreover, 78 of the 290 tree holes we measured on just 30 Nothofagus trees met 

all of the above criteria for bats (Sedgeley & O’Donnell 1999b; Sedgeley 2003), of 

which 67% were situated in N. fusca. Thus, our findings suggest that there could be as 

many as 963 holes / ha that are suitable for long-tailed and lesser short-tailed bats in the 

Nothofagus forests of Lewis Pass National Reserve. This is very similar to a study in 

Fiordland National Park, where Sedgeley & O’Donnell (1999b) found 894 holes / ha 

suitable as roost cavities for New Zealand’s long-tailed bat.  

 

Mohua and yellow-crowned kakariki also nest predominantly in holes of large N. fusca 

trees (Elliott et al. 1996). Of the numerous mohua and yellow-crowned kakariki nests 

Elliott et al. (1996) measured, both species generally used holes far from the forest floor 

(> 14 m above ground), with average hole openings of 7.7 and 7.0 cm, respectively. At 

our study site, we found a very low proportion of tree holes which fit all of these criteria 

for mohua and yellow-crowned kakariki, with an estimate of only 8 holes / ha. 

However, it is important to remember that this study was conducted in a relatively small 

area, so estimates such as these need to be treated with caution. 

 

Conclusions 

The formation of tree holes is complex. The size and abundance of tree holes changes 

with different growth stages of any given tree, which may in turn influence their use by 

hole-dwelling fauna (Lindenmayer et al. 1991). In this study, large N. fusca trees 
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provided a large proportion of all tree holes and more importantly, the majority of holes 

suitable for hole-dwelling fauna in New Zealand Nothofagus forests. This was 

consistent with other studies, where tree-hole abundance is influenced by both tree 

diameter and species (see review in Gibbons & Lindenmayer 2002). However, not all 

tree holes were detectable from the ground, and as a result the absolute number of holes 

in a forest stand and their location within individual trees were greatly underestimated. 

Nevertheless, the degree to which tree-hole abundance was underestimated remained 

consistent with increasing tree size, thus ground-based surveys will be a useful 

technique in New Zealand Nothofagus forests when used in conjunction with climbed-

inspections. 

 

Tree holes were very abundant in the study area, and it is plausible that tree holes are 

abundant in Nothofagus forests throughout much of New Zealand (e.g. Sedgeley & 

O’Donnell 1999b), although larger-scale surveys need to be carried out to confirm this. 

Large holes suitable for some hole-nesting vertebrate species were also common in the 

study area. The majority of these were found in a few large trees, so hole frequency for 

vertebrates will be strongly dependant on stand dynamics and forest management 

practices that conserve large, hole-bearing trees. Nevertheless, small trees were very 

common in the study area, contributing proportionally more tree holes than large trees, 

and should not be overlooked in forest management practises. Finally, this is the first 

systematic survey of the distribution and structural characteristics of tree holes in New 

Zealand and provides an ideal framework for future research on how structural 

characteristics, spatial patchiness and ephemerality of resources may affect species 

composition and community structure. 
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Container-inhabiting Monopelopia larvae (Diptera: 

Chironomidae: Tanypodinae) newly recorded in New Zealand 
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ABSTRACT 

Larvae of an undescribed chironomid species belonging to the genus Monopelopia 

(Tanypodinae: Pentaneurini) were the most abundant insects colonising artificial water-

filled tree-hole containers attached to red beech (Nothofagus fusca) trees in Orikaka 

Ecological Area, north Westland. Worldwide, Monopelopia larvae have been found to 

inhabit small, boggy and often acid waters including phytotelmata, billabongs, and 

dystrophic lakes, pools and streams. Although Tanypodinae larvae have previously been 

associated with phytotelmata (plant-held waters) in Auckland and Wellington, until now 

Monopelopia has not been reported from New Zealand. Here we describe the final-

instar larvae and comment on the larval diet as indicated by gut contents. In the absence 

of pupae and adults, larvae were attributed to Monopelopia based on the arrangement of 

their cephalic setae and ventral sensory pit. Gut contents of 157 final-instar larvae 

contained sooty mould fungi, fine detritus and animal prey items including small con-

specific larvae. 

 

Keywords: Monopelopia – Nothofagus fusca – Phytotelmata – Tanypodinae: 

Pentaneurini – Water-filled tree-hole containers 

 

INTRODUCTION 

Larvae of an undescribed chironomid species belonging to the genus Monopelopia 

(Tanypodinae: Pentaneurini) were the most abundant insects colonising artificial water-

filled tree-hole containers attached to red beech trees (Nothofagus fusca) in Orikaka 

Ecological Area (41
°
 27’S 171

°
 25’E) north of the Buller River, north Westland 
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(Chapters 2 & 4). In a previous study, Derraik & Heath (2005) recorded three species of 

Tanypodinae from phytotelmata in the Auckland and Wellington regions but only one 

Apsectrotanypus sp. (Macropelopiini) was identified to genus. 

 

Monopelopia has not been reported previously in New Zealand, where Ablabesmyia and 

Zavrelimyia, each with a single species, are the only genera of Pentaneurini currently 

recognized (Boothroyd & Forsyth 2003). Brief descriptions of the larva and pupa of 

Zavrelimyia harrisi (Freeman) (as Pentaneura harrisi) were provided by Forsyth (1971) 

and the larval maxillary palp of Ablabesmyia mala (Hutton) was figured by Stark 

(1981). The purpose of this note is to provide a description of the larva, and to comment 

on the larval diet as indicated by gut contents. 

 

DESCRIPTION 

Final instar larva 

Body length: 5-6 mm. 

Head (Fig. 1A) length 550-630 µm, maximum width 430-490 µm: cephalic index 0.71-

0.78; yellow with posterior margin of head capsule outlined by narrow dark band. 

Cephalic setae with ventral pit (VP) almost aligned laterally with seta submentum 

(SSm); SSm, S9, S10 forming a slightly curved alignment medial to lateral (Fig. 1B); 

dorsal setae S7, S8 and S5 well separated, near linearly (transversely) aligned, without 

dorsal pit (Fig. 1C). 

Antenna 275-300 µm, 4-segmented, lengths 225-230; 62-70; 2-3, 4-5; Antennal ratio 

2.9-3.1; basal segment slightly curved with ring organ distal to mid-length (c. 60%), 

pale distal blade subequal to length of segment 2; Lauterborn organ distally on segment 

2 forms apical complex ‘tuning fork’ appearance (Fig. 1D). 

Mandible (Fig. 1E) 180-210 µm with long apical tooth, short inner tooth, and expanded 

mola (‘basal tooth’) bearing seta subdentalis extending to middle of apical tooth.  

Ligula (Fig. 1F) 160-180 µm slightly ‘waisted’, with 5 teeth ending in straight line, 

middle 3 teeth subequal in size, ending in rounded points directed anteriorly; paraligula 

bifid with short and narrow inner branch; pecten hypopharyngis (Fig. 1G) with 7-8 

narrow teeth. 
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Maxillary palp (Fig. 2A) on pale base, basal segment undivided, 3.5 times as long as 

wide, ring-organ located in apical 1/3, beyond mid-length; terminal segments very short 

and surrounded by ‘crown’ of setae and sensillae of unequal length and shape.   

Submentum (Fig. 2B) evenly microgranular, without differentiated banding. 

Dorsomentum without teeth; M appendage developed with 2 small teeth laterally, 

vesicles rounded. Pseudoradula 15-18 wide, densely granulose without clear alignment 

into rows. 

Abdomen: Lacking any setal fringe; procercus (Fig. 2C) pale, slightly darkened 

posteriorly, 95-105 µm by 22-25 µm wide; posterior prolegs bearing claws with 

variable degrees of pigmentation but including one dark claw with 3 or sometimes 4 

small spines on the inner margin (Fig. 2D). 

 

Pupa (pharate in larva) 

Thoracic horns (Figs. 2E, 2F) narrow, tubular, with  somewhat elongate plastron plate 

and no obvious corona; surface spinose all over, more densely so apically. 
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Figure 1. Monopelopia sp. larva. A, Ventral whole head; B, Ventral cephalic setae and 

pit; C, Dorsal cephalic setae; D, Antennal apex; E, Mandible; F, Ligula; G, Pecten 

hypopharyngis. 
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Figure 2. Monopelopia sp. larva A-D, pupa E, F. A, Maxillary palp; B, Submentum; C, 

Procerci; D, Posterior parapod claws; E F, Pupal thoracic horn. 
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Taxonomy 

Larval Tanypodinae have been difficult to identify with confidence in the absence of the 

more distinctive pupae and adults. Reliance on what have proved to be somewhat 

variable features of colour and ratios of antennal proportions and head shape, and 

uncertainty about applicability of definitions based on northern hemisphere sampling 

(e.g., Fittkau & Reiss 1983), has prevented confident identification, especially within 

the tribe Pentaneurini. However, discovery of the identificatory significance of variation 

in the locations of cephalic setae and sensory pits by Kowalyk (1984), validated across a 

range of tanypodines (Rieradevall & Brooks 2001), including for austral taxa (e.g., 

Cranston 1996), provides invaluable evidence for identity. Thus, the combination of 

ventral setae and pit (Fig. 1B) combined with the almost evenly-spaced and linearly 

aligned dorso-lateral / dorsal setae S7, S8 and S5, without a dorsal pit (Fig. 1C), is 

unique to Monopelopia. 

 

The genus is now recognised as more diverse than was understood by Fittkau & Reiss 

(1983) and certain key larval characters appear invalid – thus the ligula teeth may end 

level and with a regularly sized mid-tooth, and the ventromentum need not have 

longitudinal folds. In the larva, variation in ligula shape, cephalic setal arrangements, 

and number of, and toothedness of posterior parapod claws provide characters that 

allow species discrimination (Mendes et al. 2003). 

 

Monopelopia was described originally by Fittkau (1962) for the European species 

Tanypus tenuicalcar Kieffer whose larvae develop in small, boggy and often acid 

waters. Into the genus Fittkau added a Sumatran species, Pentaneura divergens 

Johannsen, whose larvae had been found in Sphagnum ‘moss’, and a reared but 

undescribed species from ponds in Java. Subsequently, two species were described by 

Beck & Beck (1966) from the Nearctic: M. boliekae and M. tillandsia, the first species 

with a known larval phytotelm association. Further phytotelm species have been 

described more recently from Jamaican terrestrial tank bromeliads (M. mikeschwartzi 

Epler, in Epler & Janetzky 1999) and from Brazilian bromeliads (M. caraguata, in 

Mendes et al 2003). Further bromeliad denizens belonging to Monopelopia are known 
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from Puerto Rico (Cranston 2007a) and Florida (John Epler pers. comm) where M. 

caraguata is reported, also from bromeliads. 

 

Although these recent records reveal diverse phytotelm taxa, larval records from 

Australia (billabongs, dystrophic lakes, Cranston & Dimitriadis 2004), Thailand 

(subcoastal pools, Cranston 2007b) and a stream in Brazil (Stur 2000) confirm and 

extend the presence of Monopelopia in non-plant-held water bodies. 

 

Voucher specimens, slide mounted in either Hoyers or Euparal, are deposited in the 

New Zealand Arthropod Collection, Entomology Division, Landcare Research New 

Zealand Ltd., Auckland, New Zealand. 

 

Food of larvae 

Gut contents of 185 final instar larvae mounted on slides in lactophenol-PVA were 

examined microscopically at 50 and 200 times magnification. Except for 28 prepupae 

all larvae contained ingested material and in all instances this included fragments of 

sooty mould fungi and fine detritus of indeterminate origin. 

 

Animal prey items were found in 27 guts (17% of larvae containing food), the most 

frequently occurring being very small con-specific tanypod larvae (Table 1). In only 

five guts was more than one prey item present: two, two and three tanypod larvae in 

three individuals, four copepods in one individual, and chironomid eggs and a mite in 

another gut. All chironomid and tipulid larvae that had been ingested were very small 

relative to the predator. Thus, head capsule widths of measurable individuals were all 

0.09 mm, about 0.2 of the width of the tanypods that had eaten them. Partially ingested 

pupae or adults of the culicid Maorigoeldia argyropus (Walker) were identified by the 

presence in Monopelopia guts of their characteristic wing scales. 
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Table 1. Frequency of occurrence of prey items in the guts of 27 final instar 

Tanypodinae larvae containing animal remains. 

 

Prey items Frequency 

 Chironomidae 

 Monopelopia (Tanypodinae) larvae 11 

 Limnophyes (Orthocladiinae) larvae 1 

 Eggs 1 

 Culicidae 

 Maorigoeldia argyropus pupae/adults 6 

 Tipulidae 

 Unidentified larvae 1 

 Acari 3 

 Copepoda 1 

 Unidentified arthropod fragments 3 

 

 

DISCUSSION 

Species of Monopelopia are found nearly globally with species living either in container 

habitats or within small ponds and pools. The Palaearctic M. tenuicalcar (Kieffer) 

shows a preference for moss within stagnant bodies of water in eastern Siberia 

(Kravtsova 2000) and for bog-pools, polyhumic lakes and reservoirs in Finland 

(Paasivirta et al. 1988). Similar small and acidic non-phytotelm habitats are used in 

south-east Asia and Australia (Cranston & Dimitriadis 2004, Cranston 2007b). Water in 

the container habitat of the New Zealand larvae was also often acidic (pH range: 3.3-

6.9) and strongly “tannin-stained” by organic acids leached from enclosed beech leaves 

(Chapter 4). Although a continuum could be envisaged between such containers (or 

phytotelms) and small sphagnum pools and acidic ponds (Fittkau 1962), as yet, no 

phytotelm species have been found living outside their preferred container habitats, or 

vice-versa. 

 

Late larval instars of Tanypodinae are typically predators that either engulf prey whole 

or in part, or pierce the prey organism and “suck out” body contents (McKie & Pearson 

2006, PS Cranston pers. obs.). The actively hunting tanypod Australopelopia 

prionoptera Cranston detects prey mainly by movement and will invade chironomid 

tubes after being attracted by the ventilatory movements of larvae (McKie & Pearson 

2006). A wide range of prey taxa were recorded by Roback (1969) in the guts of 14 



Appendix B 

 179 

tanypod species, including oligochaetes, small crustaceans and insects, of which 

chironomid larvae were by far the most abundant. He also found that detritus and algae, 

especially diatoms, occurred widely in digestive tracts. In contrast, Baker & McLachlan 

(1979) found no animal remains in the gut contents of three species at four sites in the 

United Kingdom and noted that fine detritus was invariably the dominant material 

present. However, gut content analysis can only discern the hard parts of ingested prey, 

and any prey body contents obtained by sucking would not have been visible. 

 

Surprisingly, survival and growth of Procladius choreus (Meigen) larvae in laboratory 

trials was almost equally good when fed Tubificidae (Oligochaeta), detritus or larval 

Chironominae (Baker & McLachlan 1979), despite detritus being a much poorer quality 

food than invertebrates for most aquatic insects (Cummins & Klug 1979). Fungi do not 

appear to have been documented as a significant component of larval Tanypodinae gut 

contents, although Roback (1987) found that two larvae of Monopelopia tillandsia Beck 

and Beck contained fungal spores in addition to general detritus and fragments of 

mosquito larvae. Sooty mould fungi (Ascomycota), the most frequently occurring and 

abundant materials on slides of our Monopelopia larvae, grow on the surfaces of leaves, 

which were present in the containers sampled and are readily removed by grazing 

larvae. The larval gut contents of four stonefly (Plecoptera) and three mayfly 

(Ephemeroptera) species from West Coast forest streams also commonly contained 

sooty mould fungi (Collier 1990), which were hypothesised to be a potentially 

important food resource for detritivorous aquatic invertebrates. 

 

Because only single animal prey items were very small and occurred singly in most 

tanypod guts it is possible they were ingested incidentally while grazing on detritus and 

fungi. Alternatively, some Monopelopia larvae may have been more predatory than was 

apparent if they had been sucking body contents from prey without ingesting them. 

Because Monopelopia made up about 84% of the macroinvertebrates in tree-hole 

containers (Chapter 4), additional predation might well include a high degree of 

cannibalism. None-the-less, observations by Mendes (2002) on a phytotelm-dwelling 

Monopelopia from Brazil indicated that all larvae that he reared from phytotelmata fed 
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on detritus, and some drops of detritus were sufficient to get adults from second instar 

larvae. 
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