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Abstract 

 

Bats are an important component of global biodiversity as they are species-rich taxon.  

Urbanisation is thought to have a negative impact on diversity because of the 

destruction of large areas of natural habitat, which many species are unable to survive.  

A small number of studies on the ecology of insectivorous bats in urban areas have 

revealed that urbanisation has had a negative impact on bat diversity, but these studies 

were largely confined to compact Old World cities in temperate regions of the 

northern hemisphere.  Contemporary patterns of urbanisation often create a mosaic of 

novel habitats, which may enable many species to co-exist within the same landscape.  

Few studies have investigated the factors affecting bat diversity or habitat use at 

multiple scales within the same city, and patterns of bat diversity in sprawling cities 

are poorly known. 

 

This study investigated the insectivorous bat diversity of Brisbane, Australia, a 

subtropical city in which rapid recent growth has created a sprawling mosaic of 

different urban land cover types.  Specifically, the major aims of this study were to 

determine how patterns of α diversity and species composition (β diversity) of 

Brisbane’s urban bat assemblage varied among four major habitat types within the 

city: high density residential, low density residential, parkland and native bushland 

remnants.  Each of these habitat types differed in the nature and extent of both tree 

cover and built structures.  This study also investigated how these components 

contributed to urban landscape (γ) diversity, and how environmental characteristics at 

both local and landscape scales influenced observed patterns of habitat use by 

insectivorous bats. 

 

To obtain adequate information to address this study’s aims, effective and cost-

efficient survey techniques were required.  Previous studies comparing the 

effectiveness of different bat survey techniques have been conducted in forested rather 

than urban landscapes.  As urban landscapes are distinctly different, survey methods 

that were effective in forested landscapes may not be so in urban landscapes.  

Therefore this study also compared the effectiveness of two methods, bat detectors 
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and harp traps, for surveying the richness and composition of the urban bat 

assemblage. 

 

Nine sites were chosen in each of three habitat types (27 total): remnant bushland, 

parkland, and low density residential.  Each site was sampled on two non-consecutive 

nights during the austral summer-autumn of 2004/2005.  Two sites from different 

habitats were sampled simultaneously using both bat detector and harp trap. 

 

The results showed that bat detectors were the most effective and cost-efficient 

method for surveying the bat assemblage in Brisbane.  Bat detectors recorded 

significantly more species per site than were captured by harp traps, both overall and 

within each of the three habitat types: low density residential, parkland and bushland 

remnants.  Although a considerable amount of time and expense was required to 

identify the recorded echolocation calls to species, bat detectors were also the most 

cost-efficient sampling method.  Subsequently bat detectors were used to sample the 

bat fauna for the remainder of the study. 

 

Ten sites were chosen in each of the four major habitat types (40 in total).  Sites of 

different habitats were interspersed throughout the study area, which was 

approximately 2,500 km
2
.  Each site was sampled a total of six times over two years 

during the austral summer-autumn of 2004/2005 and 2005/2006 using bat detectors.  

Two to three sites from different habitats were sampled simultaneously. 

 

Fourteen bat species were recorded within the Brisbane city study area.  Species 

richness was not significantly higher within ‘natural’ areas of the urban landscape 

than in modified habitats.  Instead the mean species richness of low density residential 

areas was statistically similar to that of remnant bushland.  Evenness profiles were 

similar across habitats, and were not strongly dominated by a few species.  These 

findings contradict those of other studies on bat diversity in which species richness 

was highest within forested areas of the urban landscape and assemblages were 

dominated by a few highly abundant species.  Partitioning of diversity components 

also revealed that landscape (γ) diversity was mainly determined by the high species 

richness of low density residential and bushland habitats (α diversity), rather than by 

high beta (β) diversity among habitats.   
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Low density residential and parkland habitats were relatively similar in bat 

assemblage composition but both differed significantly from bushland remnants and 

high density residential habitats (which did not differ significantly from one another).  

Bushland remnants lacked the bat activity of other habitats in the urban landscape and 

were similar in species composition to high density residential areas.  This result was 

surprising as bat species richness and abundance have often been reported as highest 

in woodland habitats and lowest in open and exposed landscapes.  However, low 

density residential areas had rarely been included in the habitat types previously 

investigated in urban landscapes.  Parkland areas differed from the other habitat types 

because of significantly higher activity levels of Myotis macropus and Nyctophilus 

spp.   

 

Bat activity was highest in the low density residential habitats regardless of a priori 

guild types based on wing morphology and echolocation call characteristics.  Patterns 

of guild-specific differences between habitats did not agree with predictions based on 

ecomorphology, that Guild 1 species with high wing loading (WL > 12 N/m
2
) and low 

call frequency (CF < 30 kHz) would prefer open habitats, Guild 3 species with low 

wing loading and high call frequency (WL < 7.5 N/m
2
, CF > 50 kHz) would be 

associated with well-vegetated habitats, and that Guild 2 species with intermediate 

wing loading and call frequency (WL 7.5 - 12 N/m
2
, CF 30 - 50 kHz) would forage in 

a variety of habitats. 

 

Patterns of species composition and total bat activity were best explained by the 

percentage of tree/shrub and grass cover surrounding sites at the landscape scale (as 

defined by a 1500 m radius of sites).  Bats preferred areas with a combination of 30 - 

60% tree/shrub cover together with 15 - 30% grass cover at the landscape scale, 

characteristics that both bushland remnants and high density residential areas lacked.  

A similar combination of tree/shrub and grass cover was also important for four of 

seven species (Tadarida australis, Chalinolobus gouldii, Mormopterus sp2, and 

Miniopterus australis) regardless of spatial scale, whilst water was the best predictor 

of activity for the remaining three species (Nyctophilus spp., Myotis macropus and 

Mormopterus beccarii).  Investigation of these features at the local scale (500 m 

radius) provided poor prediction of bat species composition and activity. 
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The arrival times of only one of 14 species, Miniopterus schreibersii, was 

significantly positively correlated with the distance of sites from bushland remnants, 

suggesting that this species may roost in bushland remnants within the study area.  A 

lack of relationship between arrival times and the proximity of bushland remnants for 

most species suggests that they do not depend on bushland remnants for roost sites. 

 

This investigation of the bat diversity in Brisbane’s subtropical, mosaic urban 

landscape revealed some novel patterns of species richness, composition, and bat 

activity among habitats (particularly in regard to bushland remnants), and shared few 

similarities with the findings of other studies on the diversity and spatial distribution 

of bat assemblages in other cities around the world.  The presence of habitats with a 

mixture of vegetated and grassy spaces, together with water, enabled a diversity of 

foraging bats to use this urban landscape.  These findings highlight the need for 

caution in making generalisations based on the currently-available, published 

information regarding bat diversity in urban landscapes.  In the future, the inclusion of 

low density residential areas in investigations of urban bat fauna may reveal patterns 

of bat activity similar to those in Brisbane.   

 

Further information in needed on how the abundance of insect prey and the 

availability of suitable roost sites differs among habitats in the Brisbane study region, 

in order to ascertain whether bushland remnants provide fewer foraging and roosting 

opportunities for bats than do other habitats in this urban landscape. 
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Chapter 1 

General Introduction 

 

1.1 The process of urbanisation 

Urbanisation is the conversion of ‘natural’ or agricultural areas into highly human-

modified urban landscapes.  Patterns of urbanisation vary around the globe and urban 

landscapes can obtain a variety of forms, shaped by geographical and historical 

contexts, in addition to political, economic and social forces (Forman and Godron 

1986; Nivola 1999; Kasanko et al. 2006).  In Australia, a rapid increase in population 

and motor vehicle ownership in the post World War II period resulted in the massive 

expansion of cities, particularly of suburban areas (Johnson 1994).  This form of 

development gave Australian cities a general character unlike that of Old World cities, 

which are more compact, but similar to the sprawling forms of cities in USA, Canada, 

New Zealand, and South Africa (Mullins 1988).  Such cities, which developed rapidly 

during the late twentieth century, consist of spatial mosaics of interspersed habitats 

(land uses), such as densely built areas, suburbs, agricultural areas, vegetation 

remnants, parklands and so on (Zipperer et al. 2000).   In contrast, long-established 

(Old World) cities that developed gradually are often characterised by urbanisation 

gradients which extend from the densely built city centre to suburban and then 

agricultural land, followed by ‘natural’ areas (McDonnell and Pickett 1990; Zipperer 

et al. 2000).  While many Old World cities such as London, Paris and Moscow have 

also experienced growth in suburban areas, sprawl is less extensive because of the 

comparatively limited supply of land available for development (Nivola 1999; 

Kasanko et al. 2006).   

 

Urban areas worldwide have expanded rapidly since the 1950’s, with 60% of the 

world’s population, and as much as 85% of the Australia population, living in large 

cities at the time of writing (Niemelä 1999; UNdata 2009).  Recently, the highest rate 

of urban development in Australia has occurred along the eastern tropical and 

subtropical coast (ABS 2009b), an area that supports high species diversity and 

endemism (Sattler and Creighton 2002).  In general, urbanisation is thought to have a 

negative impact on diversity as the development and expansion of urban areas 

destroys, degrades, and fragments large natural habitat (Niemelä 1999; McKinney 
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2002, 2006).  However, urbanisation also creates large areas of new habitats such as 

gardens and parklands, which may be favourable for some species (Niemelä 1999). 

 

1.2 Patterns of species diversity in urban landscapes 

Several broad patterns in the diversity of flora and fauna within urban landscapes have 

been described by literature reviews focused on the biodiversity and ecology of cities 

around the globe (see Niemelä 1999; McIntyre 2000; Savard et al. 2000; Marzluff et 

al. 2001; McKinney 2002; Garden et al. 2006; McKinney 2008).  Studies within 

Australia, Europe, Asia and North America have reported that the diversity of flora 

and fauna often decreased with increasing urban intensity.  Species richness was often 

lowest in the most intensively built areas of the urban landscape, such as the city 

centre (Hohtola 1978; Gaisler and Bauerova 1985-1986; Jones and Jayne 1991; Blair 

and Launer 1997; Gaisler et al. 1998; Blair 1999; Legakis et al. 2000; Lesiński et al. 

2000; Germaine and Wakeling 2001; Marzluff 2001; McKinney 2002; Crooks et al. 

2004; Hourigan et al. 2006; Palomino and Carrascal 2007).  As much as 61% of 

studies investigating bird species richness in urban areas reviewed by Marzluff (2001) 

found that bird diversity decreased with increasing urbanisation, and was lowest in 

heavily urbanised city centres.  Similarly, surveys of bat communities within several 

European cities revealed that bat species richness and abundance were lower in the 

inner city than less densely built areas in the city outskirts (Gaisler and Bauerova 

1985-1986; Gaisler et al. 1998; Legakis et al. 2000; Lesiński et al. 2000). 

 

While there is general consensus in the literature regarding the point of lowest 

diversity, the level of diversity in low to moderately developed areas (such as outlying 

suburbs) within cities remains poorly understood (McKinney 2002).  Some studies 

have documented increases in species richness with decreasing urbanisation away 

from the city centre, reaching a peak within rural or natural habitats (Hohtola 1978; 

Kurta and Teramino 1992; Bredt and Uieda 1996; Clergeau et al. 2001; Marzluff 

2001; Crooks et al. 2004; Lim and Sodhi 2004; Hourigan et al. 2006).  For instance in 

the Distrito Federal region of Brazil, Bredt and Uieda (1996) found that urban areas 

had significantly lower bat species richness (17 species) than did rural areas (35 

species), which was attributed to lower landscape heterogeneity in urban than rural 

areas.  Conversely, species richness was higher in areas of intermediate levels of 

urbanisation in some studies of butterflies (Blair and Launer 1997), lizards (Germaine 
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and Wakeling 2001), ants (Forys and Allen 2005), and birds (Marzluff 2001; 

Shukuroglou and McCarthy 2006).  The activity and abundance of bats was also 

higher in metropolitan areas of Chicago than the surrounding agricultural landscape, 

but peaked in vegetation remnants adjacent to urbanised areas (Gehrt and Chelsvig 

2003).  In this case, the areas surrounding the city were dominated by intense row-

crop agriculture, while the metropolitan area was more heterogeneous and provided 

more vegetation remnants than the rural area did (Gehrt and Chelsvig 2003). 

 

1.3 Variation in species composition among habitats within urban landscapes 

Species also vary in their response to urbanisation, which can affect patterns of 

species composition among habitats within the landscape.  Species respond to 

urbanisation differently for a number of reasons, including morphological and life-

history traits, interspecies interactions, dispersal abilities, and so on (McKinney 

2002).  For example, bat species with different wing morphologies differ in their 

ability to use different habitats and to exploit urban resources, such as insect 

concentrations around street lights (Norberg and Rayner 1987; Rydell 1992; Rydell 

and Racey 1995).  Bat species with narrow or intermediate wing morphology are fast 

flying and can readily commute across unfavourable areas to utilise habitats and 

resources that are patchily distributed (Norberg and Rayner 1987).  These bat species 

may adapt well to the open nature of many urban habitats, often exploiting insect 

swarms around street lights and dominating bat assemblages in urban landscapes 

(Geggie and Fenton 1985; Rydell 1992; Blake et al. 1994; Avila-Flores 2003).  

However, bat species with broad short wings, which impose higher costs on 

commuting flights, are slow flying and adapted to foraging within cluttered habitats 

(Norberg and Rayner 1987).  As a result these species may be more susceptible to 

predation in the open (Fenton 1990; Jones and Rydell 1994), avoid street lights 

(Rydell 1992) and occur less commonly in disturbed environments (Brosset et al. 

1996; Kalko 1998).   

 

Species with similar functional traits, such as those just described, can be grouped into 

guilds, and some studies (Bredt and Uieda 1996; Lim and Sodhi 2004; White et al. 

2005) have adopted a guild approach in order to investigate compositional changes 

among habitats in urban landscapes.  For example, in the studies reviewed by 

Marzluff (2001), increasing urbanisation frequently led to decreases in interior, 
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ground and cavity-nesting bird species, while cliff or cave-nesting bird species such as 

swallows and swifts increased because of the abundance of hard vertical surfaces in 

urban areas.  Among feeding guilds, insectivorous and carnivorous bird species 

decreased with increasing urbanisation in Singapore (Lim and Sodhi 2004).  Bat 

assemblages in urban areas were more likely to be composed of aerial insectivores 

(56%) than other types of feeding guild in Brazil (Bredt and Uieda 1996).   

 

Species have also been grouped into categories retrospectively based on their 

tolerance of, and ability to exploit, increasingly urbanised areas (Blair and Launer 

1997; Germaine and Wakeling 2001; Marzluff et al. 2001; McKinney 2002; Garden et 

al. 2006; McKinney 2008).  For example, species that are sensitive to habitat 

disturbances and that disappear from assemblages as urbanisation increases have been 

categorised variously as ‘urban avoiders’ (McKinney 2002), ‘urban-sensitive’ 

(Garden et al. 2007) or ‘urbanophobes’ (McKinney 2006).  Species that are common 

in assemblages at intermediate levels of urbanisation (such as suburban areas) have 

been categorised as ‘urban adapters’ (McKinney 2002) or ‘matrix-sensitive’ (Garden 

et al. 2007), while species that are most common in highly urbanised areas such as the 

city centre, have been categorised as ‘urban exploiters’ (McKinney 2002), 

‘synanthropes’ (Marzluff et al. 2001) or ‘urbanophiles’ (McKinney 2006).  While this 

approach categorises gross compositional changes observed along the urbanisation 

gradient, it obscures some guild-specific and species-specific responses to 

urbanisation that would provide insights into the mechanisms that underlie 

compositional changes in the urban landscape (Lim and Sodhi 2004). 

 

1.4 Factors affecting species diversity and composition in urban landscapes  

The mechanisms that underlie patterns of species diversity and composition within 

various habitats of urban landscapes are numerous and often species-specific.  

However, vegetation or vegetative cover appears to be an important factor affecting 

patterns of diversity for a number of taxa (Hohtola 1978; Lesiński et al. 2000; 

McIntyre 2000; McKinney 2002; White et al. 2005; Garden et al. 2006; Parsons et al. 

2006; Shukuroglou and McCarthy 2006; Palomino and Carrascal 2007).  For example, 

bat activity was significantly positively correlated with tree cover along an 

urbanisation gradient in the city of Warsaw, Poland (Lesiński et al. 2000).  The 

diversity of local vegetation has also been cited as a major factor influencing insect 
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diversity in urban areas because vegetation provides both food and shelter (Emery and 

Emery 2004).  This may also be the case for many other taxa, including amphibians 

(Hazell 2003), wasps and bees (Zanette et al. 2005), and some species of bats and 

birds (Lesiński et al. 2000; Evelyn et al. 2004; Lim and Sodhi 2004; White et al. 

2005; Shukuroglou and McCarthy 2006; Palomino and Carrascal 2007).   

 

Other factors that appear to affect diversity patterns of taxa within urban landscapes 

include roads (Rhodes et al. 2006; Shukuroglou and McCarthy 2006), the presence 

and quality of water (Wood 1993; Evelyn et al. 2004; White and Burgin 2004), lights 

(Rydell 1992; Rydell and Racey 1995; Longcore and Rich 2004; Avila-Flores and 

Fenton 2005; Hourigan et al. 2006; Scanlon and Petit 2008a, b), and housing density 

(Lim and Sodhi 2004).  The composition of land-cover types within the urban mosaic 

may also be important, as areas adjoining remnants or surrounded by vegetation may 

have higher species richness, abundance or activity for some bird and mammal 

species (Savard et al. 2000; Basham 2005; FitzGibbon et al. 2007).  Furthermore, 

community composition and structure are scale-dependent, and different factors may 

be involved at different spatial scales (Forman and Godron 1986).  However, 

relatively few studies have investigated the factors affecting patterns of diversity or 

species composition at multiple scales.   

 

1.5 The role of landscape-level diversity in urban regions 

Urbanisation can positively or negatively affect biodiversity at the landscape scale.  

Landscape (γ) diversity is a result of alpha (α) diversity or species richness within 

habitats, the level of variation in species composition among habitats (β diversity) 

(Whittaker 1972), and is also influenced by habitat heterogeneity (Schluter and 

Ricklefs 1993).  The partitioning of diversity components into α and β diversities can 

reveal the relative contribution and importance of each to the faunal diversity of the 

city as a whole (γ diversity) (Schluter and Ricklefs 1993).  The mixture of human 

activities in cities creates novel habitats, such as gardens and parklands, and may 

maintain a wide variety of habitats types (land uses), enabling many species to co-

exist within the same landscape (Niemelä 1999).  If species assemblages vary greatly 

among the many habitats within a landscape, the result will be high β diversity 

(Halffter 1998).  Consequently, α diversity in urban regions could potentially be high.   
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On the other hand, urbanisation also destroys, degrades, and fragments large tracts of 

natural habitat and produces a matrix dominated by high-density residential housing, 

commercial buildings, roads, and paved surfaces, in which many species are unable to 

survive (Forman and Godron 1986; McKinney 2002).  Local extinction of native 

species from urban areas reduces α diversity, while many of the species that persist 

may be generalists able to exploit a variety of habitats and food sources (McKinney 

2002).  Such species often become common, which may lead to the homogenisation 

of the urban fauna and decreased β diversity (McKinney 2006).  Consequently, α 

diversity in urban regions could potentially be low. 

 

The α diversity within a landscape is also partly a function of its original habitat 

composition and history (Ricklefs and Schluter 1993; Halffter 1998).  In landscapes 

which were originally uniform habitats, the creation of new habitats and an increase in 

habitat heterogeneity by urbanisation may increase landscape diversity (Savard et al. 

2000).  If habitats within the original landscape were already heterogeneous and 

diverse some of this diversity may be retained following urbanisation (Savard et al. 

2000). For example, German cities have high levels of plant diversity today because 

historically these cities were situated within geologically diverse, biodiversity 

‘hotspots’ (Kühn et al. 2004).  Hence some cities are species-rich not because of 

urbanisation, but because of high biodiversity due to habitat heterogeneity in the 

original landscape.  In such landscapes urbanisation can eventually decrease diversity 

by destroying this heterogeneity and homogenising the landscape (Savard et al. 2000). 

 

1.6 Micro-bats in urban landscapes and knowledge gaps 

Although the previous sections have given particular emphasis to bats 

(Microchiroptera), the vast majority of information regarding patterns of diversity in 

urban areas originates from studies on birds (e.g. Hohtola 1978; Sewell and Catterall 

1998; Savard et al. 2000; Marzluff et al. 2001; McKinney 2002; Crooks et al. 2004; 

White et al. 2005; Garden et al. 2006; McKinney 2008).  The diversity of other 

species (including bats), and the underlying factors affecting their patterns in urban 

areas are poorly understood, particularly at the landscape scale.   

 

However, bats are an important component of global biodiversity.  They are a species-

rich group and compose 40% of the mammalian diversity in some regions (Lunney 
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and Barker 1986; Zubaid 1993).  Some bat species play vital ecological roles in seed 

dispersal and pollination, some are primary predators of nocturnal insects, and some 

of these help control populations of insect pests (Racey and Entwistle 2003).  

Currently, a small number of studies on the ecology of bats in urban areas has 

revealed that urbanisation generally has a negative impact on bat diversity (but see 

Gehrt and Chelsvig 2003).   

 

A loss of roosts and foraging areas, and increased mortality from pollutants, 

pesticides, introduced predators and human persecution in urban areas have been 

implicated as major causes of the endangerment and decline of bats around the world 

(Stebbings 1995; Racey and Entwistle 2003).  Large population declines have been 

recorded in several cities and countries (Stebbings 1995; Guest et al. 2002; Korine 

and Pinshow 2004).  For instance, surveys across London, Britain, revealed that bat 

populations have declined by almost 40% over a 15-year period from 1985 to 2000 

(Guest et al. 2002).  Twenty-two percent of all Microchiroptera species were listed as 

threatened by the International Union for the Conservation of Nature and Natural 

Resources (IUCN) in 2002 (Mickleburgh et al. 2002).  However, studies of bat 

assemblages in urban landscapes have been largely confined to cities in temperate 

regions of the northern hemisphere.  There is little published information on the bat 

fauna of the recently-developed sprawling cities of lowland tropical or subtropical 

regions, particularly in Australia (but see Hourigan et al. 2006).   

 

Furthermore, relatively few studies have investigated the factors affecting bat activity 

or habitat use at multiple scales within the same city, or the factors affecting patterns 

of species composition.  However, such knowledge is required in order to be able to 

mitigate the negative effects of urbanisation, conserve diversity in urban landscapes, 

and predict changes in diversity due to changing patterns of urban land use (Niemelä 

1999).  Basing conservation management policies and land-use decisions solely on the 

existing information may manage diversity for birds, but may not preserve the 

diversity of unrepresented groups, such as bats.   

 

1.7 Aims of this thesis 

Studies from tropical mosaic urban areas may yield novel patterns of bat diversity and 

underlying factors responsible for those patterns.  The purpose of this study is to 
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investigate the insectivorous bat diversity of Brisbane, Australia, a subtropical city in 

which rapid recent growth has created a mosaic of different urban land cover types.  

Since the 1950’s Brisbane has become increasingly urbanised with land use shifting 

away from primary production to residential settlement, and the population doubling 

in size (Catterall and Kingston 1993).  Brisbane continues to undergo rapid population 

growth, with the current population expected to increase from 1.9 million in 2008 to 

4.0 million people by 2056 (ABS 2009a, b).  The high species diversity and 

endemism of the region in which Brisbane lies (Sattler and Creighton 2002) is under 

increasing pressure from this burgeoning human population.  Thus information on the 

diversity and ecology of bats in this urban area will also assist those making 

conservation management policies and land use decisions relating to insectivorous 

bats.   

 

Accordingly, a major aim of this study is to determine how patterns of α diversity and 

species composition (β diversity) of Brisbane’s urban bat assemblage vary among 

four major habitat types within the city: high density residential, low density 

residential, parkland and native bushland remnants (Plates 1, 2, 3 and 4).  Each of 

these habitat types differs in the nature and extent of both tree cover and built 

structures.  This study also investigates how these components contribute to urban 

landscape (γ) diversity, and how environmental characteristics at both local and 

landscape scales influences observed patterns of habitat use by insectivorous bats. 

 

Obtaining adequate information to address these aims requires effective and cost-

efficient survey techniques.  However, most previous studies comparing the 

effectiveness of different bat survey techniques were conducted in forested rather than 

urban environments (Tidemann and Woodside 1978; Francis 1989; Schulz and de 

Oliveira 1995; Mills et al. 1996; Kuenzi and Morrison 1998; Murray et al. 1999; 

O'Farrell and Gannon 1999; Duffy et al. 2000; Johnson et al. 2002; Milne et al. 

2004).  Yet there are distinctive ecological differences between urban and forested 

landscapes (Niemelä 1999).  Furthermore, the quantity and arrangement of open urban 

space means fewer areas are suitable for the deployment of traps, and equipment is 

vulnerable to interference or theft.  Consequently, bat survey methods that may be 

effective in forested landscapes may not be so in urban landscapes.  Therefore, this 

study also compares the effectiveness of two methods, bat detectors and harp traps, 
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for surveying the bat assemblage within the Brisbane urban landscape, with respect to 

the number and composition of species. 

 

1.8 Content of this thesis  

This thesis consists of six chapters.  Chapter two compares the effectiveness of harp 

traps and bat detectors for surveying the bat fauna, and determines specifically 

whether harp traps and bat detectors yield comparable results in number and 

composition of species, both overall and within each of three different habitat types 

(remnant bushland, parkland, and low density residential); whether using both 

techniques together results in a greater number of species being sampled than using 

one alone; and which one of the two methods is most cost-efficient.  In subsequent 

chapters, only the most effective and cost-efficient survey techniques will be used to 

sample the bat fauna. 

 

Chapter three addresses the patterns of variation in bat diversity among the four major 

habitat types within Brisbane (high density residential, low density residential, 

parkland and native bushland remnants), by testing whether species richness differs 

among the four habitat types, assessing the extent to which assemblages are 

dominated by a few species, and examining whether landscape scale diversity is 

primarily due to high α diversity within habitats or increased β diversity between 

habitats.   

 

The composition of the bat fauna occurring within the landscape is the focus of 

Chapter four.  This chapter assesses the differences in species composition and bat 

activity among the same four habitat types for which diversity was compared in 

Chapter 3, and determines whether species’ preferences for the more open versus the 

more vegetated habitats follow the patterns expected based on their ecomorphological 

guilds.   

 

Chapter 5 investigates how environmental characteristics at both local and landscape 

scales relate to habitat use by bats, and tests the importance of specific habitat 

elements: open water, trees, grass, and built structures.  In addition, the relationship 

between the proximity of vegetation remnants and the arrival times of species at sites 

is also explored.   



  General Introduction: 31 

 

 

 

Chapter 6 concludes the thesis with an overall discussion of the key findings arising 

from chapters 2 to 5, and their implications for the conservation of bats in urban 

landscapes. 
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Plate 1 Remnant bushland habitat aerial (above) and ground level (below) views. 
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Plate 2 Parkland habitat aerial (above) and ground level (below) views. 
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Plate 3 Low density residential habitat aerial (above) and ground level (below) views. 
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Plate 4 High density residential habitat aerial (above) and ground level (below) views.

  

 



 

Chapter 2 

A comparison of the effectiveness of bat detectors and harp 

traps for surveying bats in an urban landscape 

 

2.1 Introduction  

Urbanisation destroys, degrades, and fragments large tracts of natural habitat, with the 

risk that many species will be unable to persist in urban regions (Forman and Godron 

1986; Niemelä 1999; Savard et al. 2000; McDonnell et al. 2009).  Insectivorous bats 

are a species-rich group and several studies have revealed that urbanisation has a large 

negative impact on their diversity (Stebbings 1995; Guest et al. 2002; Mickleburgh et 

al. 2002).  However, the ecology of bats in urban landscapes is poorly understood.  

Further information on the diversity and ecology of bats in urban areas is needed in 

order to conserve them properly (Niemelä 1999; Savard et al. 2000; Jaberg and 

Guisan 2001).  Obtaining such information requires effective and cost efficient survey 

methods for urban bat communities (Savard et al. 2000; Jaberg and Guisan 2001). 

 

Three different methods are commonly used to survey bats in flight: mist nets, harp 

traps and ultrasonic bat detectors (Churchill 1998; de Oliveira 1998a).  Mist nets and 

harp traps are set across ‘flyways’ in well vegetated areas, over small water bodies, 

and at roost entrances, to capture bats.  Flyways are open passages within structured 

habitat bats may fly along, such as trails, streams and spaces between trees or rock 

faces (Churchill 1998).  Bat detectors detect and record the echolocation calls 

produced by bats as they fly past a microphone.  These recordings can be viewed as 

sonograms and analysed in order to identify species (Corben and O'Farrell 1999).   

 

The effectiveness of different bat survey techniques has previously been compared in 

a number of studies (Tidemann and Woodside 1978; Francis 1989; Schulz and de 

Oliveira 1995; Mills et al. 1996; Kuenzi and Morrison 1998; Murray et al. 1999; 

O'Farrell and Gannon 1999; Duffy et al. 2000; Johnson et al. 2002; Milne et al. 

2004).  Harp traps generally appear to be more effective for surveying bats than mist 

nets do, capturing higher numbers of species and individuals (Tidemann and 

Woodside 1978; Francis 1989).  Comparisons between bat detectors and mist nets or 
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harp traps have given mixed results (Schulz and de Oliveira 1995; Mills et al. 1996; 

Kuenzi and Morrison 1998; Murray et al. 1999; O'Farrell and Gannon 1999; Duffy et 

al. 2000).  For example, significantly more species per site were recorded using 

detectors than either harp traps or mist nets for a variety of habitats in studies by 

Murray et al. (1999) and O’Farrell and Gannon (1999), but Kuenzi and Morrison 

(1998) found no differences between the effectiveness of bat detectors and mist nets.  

In densely-vegetated habitats the detection range of acoustic devices may be reduced, 

while mist nets and harp traps may capture more bats since they depend more on 

flyways (Duffy et al. 2000).   

 

Because of biases associated with each sampling technique, a variety of techniques 

used in combination may be more effective than using one technique alone (Schulz 

and de Oliveira 1995; Mills et al. 1996; Kalko 1998; Kuenzi and Morrison 1998; 

Murray et al. 1999; O'Farrell and Gannon 1999; Duffy et al. 2000; Ochoa G et al. 

2000).  These biases arise from inter-specific differences in echolocation calls and 

flight behaviour.  Echolocation calls of low intensity attenuate rapidly in the 

atmosphere, especially at frequencies above 100 kHz (Griffin 1971; Lawrence and 

Simmons 1982; Neuweiler 1989).  Therefore, bats that emit low-intensity 

echolocation calls may be under-represented in surveys that use detectors (de Oliveira 

1998a; Parsons et al. 2000).  Bats with high-frequency echolocation calls (> 50 kHz) 

are able to resolve fine targets against background clutter (Neuweiler 1989), and may 

detect and evade nets or traps more easily than other species do (Francis 1989; Berry 

et al. 2004).  Capture methods only sample bats flying within a few meters of the 

ground, and may therefore under-represent high flying species (Churchill 1998; 

O'Farrell and Gannon 1999; Duffy et al. 2000). 

 

Most previous studies comparing the effectiveness of different survey techniques have 

been conducted in forested landscapes, and none have been conducted in urban 

environments.  Urban landscapes are distinctive because they are dominated by built 

structures and impervious surfaces (Niemelä 1999; McDonnell et al. 2009).  The 

quantity and arrangement of open space means that flyway areas suitable for the 

deployment of traps are scarce.  In addition, obtaining land holder permission for 

access can be difficult, and equipment in populated areas is vulnerable to interference 
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or theft.  Therefore, survey methods that may be effective in forested landscapes may 

not be so in urban landscapes. 

 

Harp traps and mist nets are obvious to flying bats when set out in the open, but may 

still be effective if placed in the ‘right’ location, such as under lone trees or small 

bridges (Churchill 1998; Duffy et al. 2000; Lumsden and Bennett 2005).  Bat 

detectors are known to perform well in a wide variety of habitats, and have a greater 

potential to sample open areas than capture methods do (Fenton 1982; Murray et al. 

1999; Ochoa G et al. 2000; Hourigan et al. 2006; Lloyd et al. 2006).  Both bat 

detectors and harp traps can be partly hidden, which reduces the chances of vandalism 

and theft.  They can also be left unattended for short periods of time, which reduces 

personal risk for the researcher and allows multiple sites to be sampled 

simultaneously.  Mist nets cannot be left unattended, or hidden because of their size, 

which also increases the difficulty of finding suitable sites for their deployment in 

urban areas (Tidemann and Woodside 1978; Francis 1989).  Therefore, we only 

compared bat detectors and harp traps as they appeared more suitable for surveying 

bats in urban areas. 

 

In this study we compare the effectiveness of harp traps and bat detectors for 

surveying the bat fauna present within the urban landscape of Brisbane, Australia.  In 

particular we determine: (1) whether harp traps and bat detectors yield comparable 

results in number and composition of species, both overall and within each of three 

different habitat types (remnant bushland, parkland, and low density residential); (2) 

whether using both techniques together results in a greater number of species being 

sampled than using one alone; and (3) which one of the two methods is most cost-

efficient.  We hypothesised that bat detectors would detect more species than harp 

traps would in parkland and residential habitats because of their open nature but that, 

overall, more species would be sampled using a combination of the two techniques 

than either alone.  In bushland, harp traps were expected to detect either similar or 

greater numbers of species than were bat detectors because of the combined 

influences of call attenuation and the concentration of bats along flyways where the 

harp traps were more likely to be placed.  
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2.2 Methods 

2.2.1 Study region and sites 

Sampling was carried out in the city of Brisbane (27° 29’S, 153° 8’E), Queensland, 

Australia, across an area approximately 2,500 km
2
.  Nine sites were chosen in each of 

the three habitat types (27 total): remnant bushland, parkland, and low density 

residential (Fig 2.1, Plates 1, 2, and 3).  High density residential areas were not 

sampled in this study as they were deemed inappropriate for harp trapping because of 

the lack of suitable places in which to place traps.  In addition access was not 

permitted to enter one bushland (Enoggera Military Training Area) and one parkland 

(Keppera Park) site at night.  Therefore one low density residential site was also 

dropped in order to maintain an even sampling design, and only 9 sites were sampled 

in each habitat rather than 10 (see Chapter 3 onwards).  Remnant bushland sites were 

areas of native forest greater than 500 ha in area, in which the understorey was present 

and canopy removal was less than 50% (Catterall and Kingston 1993).  Parkland sites 

were large landscaped areas of mown grass with scattered trees and little to no 

understorey, more than 50 ha in area.  Low density residential sites were areas of low 

to moderate density housing (1 dwelling per 0.4 ha) including small parks, gardens 

and associated infrastructure.  Low density residential sites were more than 500 ha in 

area.   

 

All sites were located within a 30 km radius of the central business district, and were 

separated by a minimum of 2 km to increase spatial independence.  A transect 200 m 

long and 20 m wide was positioned well within the boundaries of each site.  A 

sampling station was placed at each end of this transect.  One harp trap and one bat 

detector system were set at the same station along the transect, approximately 10 m 

apart, to ensure that one sampling method did not interfere with the capture/detection 

success of the other, and sampling occurred simultaneously.  If possible traps were 

positioned in potential flyways.  When this was not achievable, the harp trap was 

placed in gaps between trees, or directly alongside buildings.  Each of the 27 sites was 

sampled on two non-consecutive nights between December 2005 and March 2006 

(austral summer-autumn).  Two sites from different habitats were sampled on each 

night and the minimum time between the two sampling nights at a site was two days.  

Sampling did not occur when heavy rain was forecast. 
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Figure 2. 1 The location of sites within the city of Brisbane, Queensland Australia.  CBD 

indicates the location of the Central Business District and symbols represent habitat type:  

bushland,  parkland,  low density residential. 

 

2.2.2 Sampling equipment 

We used standard (1.8 m x 2.35 m) two bank harp traps (Faunatech-Austbat, Mount 

Taylor, Australia).  Traps were set up before sunset and checked 90 min before dawn.  

Captured bats were sexed, weighed, measured, identified and released before sunrise.  

The bat detector systems consisted of an Anabat II detector (Titley Scientific, Ballina, 

Australia) and either a Zero Crossing Analysis Interface Module (ZCAIM) connected 

to a laptop computer running Anabat6 software, powered by an 18-Volt battery, or a 

CF ZCAIM containing a 64 Mb memory card.  Each system was set at ground level 

with the microphone positioned on top at approximately 45 degrees.  An effort was 

made to make sure all detectors were an equal distance from the ground.  The bat 

detectors were calibrated to achieve a uniform detection range and sensitivity using a 

Chirp Board (Nevada Bat Technology, Las Vegas, NV) following the methods 

outlined by Larson and Hayes (2000).  Each system was set up before sunset to 

monitor and record bat calls automatically for the entire night.  The Anabat system 

and associated software save the recorded echolocation calls in electronic files with 
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text containing details of the recording location, along with the date and exact time at 

which the calls were made. 

 

2.2.3 Species identification 

The recorded echolocation calls were identified to species using the bat call analysis 

system Analook Version 4.9g (Titley Scientific, Ballina Australia).  A call, or call 

sequence can be defined as series of vocal pulses separated by pauses (de Oliveira 

1998b).  Each pulse is characterised by a maximum and minimum frequency, duration 

in milliseconds, and shape (O'Farrell et al. 1999).  The following stepwise procedure 

was used to evaluate and identify species.  First, Anabat files were scanned rapidly.  

Those without bat calls were discarded.  Second, superfluous noise was removed.  

Such noise appears as random dots on the screen and is easily distinguished from bat 

calls.  Third, call sequences were examined for differences in frequency and 

synchronisation of pulses to determine whether multiple bats were recorded 

simultaneously.  When this occurred each sequence was analysed separately.  Fourth, 

only call sequences with a minimum of three consecutive intact pulses were used to 

identify species.  The characteristic frequency, end frequency, knee frequency, pulse 

duration and interval, and initial slope of calls were measured (as defined in Reinhold 

et al. 2001).  Pulse shape and an alternation of pulse frequency were also used to 

assist in the identification of species from recorded calls.  Finally, these measurements 

were used in conjunction with an identification key and existing call library for the 

south-east Queensland region (Reinhold et al. 2001) to determine the species.  A 

subset of Anabat files was also examined by two independent consultants experienced 

in bat call analysis, for accuracy of call identifications.  Nomenclature follows 

Duncan et al. (1999), with the exception of species in the genus Mormopterus.  The 

taxonomy of the genus Mormopterus (Molossidae) is poorly resolved in Australia and 

one of the species that occurs within south-east Queensland has not been formally 

named (Duncan et al. 1999).  Therefore this species was referred to as Mormopterus 

species 2, after Adams et al. (1988). 

 

2.2.4 Species composition and sampling success  

Smoothed accumulation curves were constructed for each habitat overall using the 

software EstimateS Version 7.5 (Colwell 2005).  The relative success of each survey 

method was determined by assessing the number of species detected by each method 
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across all sites.  The mean number of species recorded by each method was calculated 

for each of the three habitats.  As the data were not normally distributed, two-tailed 

Wilcoxon matched-pairs signed-rank tests were used to test whether there was a 

significant difference in the number of species recorded by the two methods overall 

(across all 27 sites) and within each habitat type (9 sites in each).  A Wilcoxon 

matched-pairs signed-rank test converts the values to ranks and compares the median 

of two matched samples (Fowler et al. 1998).  A Kruskal-Wallis ANOVA was used to 

test the difference in the number of species detected by either method among the three 

habitat types.  Statistical tests were conducted using SPSS for Windows ver. 13.0. 

 

The mean number of call sequences recorded by the bat detectors per hour of 

sampling effort and the mean number of individuals captured by the harp traps per 

hour of sampling effort were also calculated as an indication of the comparative 

sampling success of each technique. 

 

2.2.5 Cost efficiency 

To identify which of one the two methods was the most cost efficient for surveying 

bat assemblages within the Brisbane landscape, we compared the mean cost in 

Australian dollars per species identified for each survey method.  This was calculated 

as: the mean cost of the survey method per sample divided by the mean number of 

species identified per sample. 

 

The cost of each survey method was calculated based on the price of the equipment, 

its deployment and analysis time per sample.  The total cost of equipment for each 

method included the device itself plus associated materials required to set up and 

operate each method for the duration of the sampling period.  For example, AA and 9-

V batteries required to run the Anabat detector were added to the cost of equipment 

for the acoustic method.  Equipment cost of each survey method was then averaged 

across all samples (54 in total).  Deployment time was the mean time required to set 

up, position and collect equipment at a site per sampling event.  Additional time 

necessary to analyse recorded bat calls to identify species or to identify bats in the 

hand was documented separately.  Deployment costs were based on Griffith 

University’s minimum hourly wage for a casual research assistant at $30 per hour.  

For the bat detectors, deployment time and cost were calculated for one person, while 
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for the harp trapping deployment time was calculated for the two people required to 

set up and take down the trap.  Griffith University’s minimum hourly wage for a 

casual research assistant was also used to determine the cost of analysis for 

identifying live bats in the hand.  However, to identify echolocation calls to species 

(or in some cases, genus), cost of analysis was based on the average hourly rate ($100 

per hour) charged by a consultant experienced in the analysis of bat calls. 

 

2.3 Results 

2.3.1 Species composition 

Of the 3628 call sequences recorded by the detectors, 45% were of poor quality and 

unsuitable for identification, while a further 8% could not be confidently identified to 

species. In all, 13 taxa (including Nyctophilus spp. and Scotorepens spp.) were 

identified using bat detectors (Table 2.1).  Nyctophilus gouldi, N. geoffroyi and N. 

bifax occur within the Brisbane area (Churchill 1998; Rhodes 2006); however, calls of 

species of this genus cannot be distinguished from one another using bat detectors, as 

their call characteristics overlap substantially (Reinhold et al. 2001), so these calls 

were grouped as ‘Nyctophilus spp.’. Similarly, the calls of Scotorepens greyii and 

Scotorepens sp. are also indistinguishable and these calls were grouped as 

‘Scotorepens spp.’ (Reinhold et al. 2001). 

 

Five taxa (including Vespadelus spp.) were identified from the 17 individuals 

captured by the harp traps. V. pumilus was recorded at six sites using the bat detector 

(Table 2.1), and seven individuals of this genus (all females) were captured at a single 

site using the harp trap. As penis morphology is used to distinguish between species 

of Vespadelus (Parnaby 1992; Churchill 1998), we do not known which species we 

captured (V. troughtoni or V. pumilus, both of which are thought to occur within the 

Brisbane area: Churchill 1998) and therefore the individuals were recorded as 

‘Vespadelus spp.’ (Table 2.1). All species captured by harp trap were also detected by 

bat detector, with the possible exception of N. bifax (Table 2.1). 
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Table 2. 1 The bat taxa and number of sites in which each taxon was recorded. Columns 

show the number of sites at which the species were recorded exclusively by the bat detector, 

exclusively by the harp trap, and by both techniques at 27 sites in Brisbane, Australia. 

Taxa Bat detector Harp trap Both 

Species    

    Vespertilionidae    

    Chalinolobus gouldii 22 0 0 

    Chalinolobus morio 4 1 0 

    Chalinolobus nigrogriseus 18 0 0 

    Miniopterus australis 11 0 2 

    Miniopterus schreibersii 7 0 0 

    Myotis macropus 10 0 1 

    Nyctophilus bifax 0 1 0 

    Vespadelus pumilus 6 0 0 

    

    Molossidae    

    Mormopterus beccarii 8 0 0 

    Mormopterus sp. 2 18 0 0 

    Tadarida australis 23 0 0 

    

    Emballonuridae    

    Saccolaimus flaviventris 10 0 0 

    

Species complex    

 Scotorepens spp.  23 0 0 

 Vespadelus spp.  0 1 0 

 Nyctophilus spp.  8 0 0 

 

 

2.3.2 Sampling success 

Although the species accumulation curves for the bushland and low density residential 

habitats had not yet asymptoted, that for parkland reached a plateau at 12 species (Fig 

2.2).  Bat detectors were clearly more effective at sampling all taxa across the 27 sites 

than harp traps (Table 2.1).  Bat detectors sampled significantly more species than 

were sampled by the harp traps (Wilcoxon, Z = -4.471, n = 27, P < 0.001).  The 

number of species detected was also significantly higher for bat detectors than for 

harp traps in each of the three habitat types (Fig 2.3) (bushland, Wilcoxon, Z = -2.552, 

n = 9, P < 0.05; parkland, Z = -2.673, n = 9, P < 0.05; low density residential, Z = -

2.680, n = 9, P < 0.05).  However, there was little difference between habitat types in 

the number of species sampled by the bat detectors (Kruskal-Wallis, χ
2
 = 0.699, df = 

2, P > 0.05) or harp traps (Kruskal-Wallis, χ
2
 = 0.009, df = 2, P > 0.05) (Fig 2.3). 
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Figure 2. 2 Smoothed species accumulation curves for each habitat type.  Nine sites within 

each of three habitat types (remnant bushland, parkland, and low density residential) were 

sampled twice each. 

 

 

Figure 2. 3 Mean number of species detected per site for each habitat type, as sampled by bat 

detectors (grey bars) and harp traps (black bars). Mean ± SE, n = 9.  Means and standard 

errors are calculated from raw data. 
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Overall bat detectors recorded 7.07 call sequences per hour of sampling effort, and 

bats were recorded by the detectors in 89% of sampling events.  In contrast, overall 

trap success was 0.04 captures per hour of sampling effort, with just 7% of trapping 

events resulting in captures.  It is likely that multiple sequences were recorded from 

the same individual if it remained within the detection range of the bat detector or 

flew past repeatedly.  However, it is also likely that some individuals were also 

captured on multiple occasions as a single low density residential site accounted for 

the majority of harp trap captures (15 individuals from four taxa).  At this site a harp 

trap was placed just within the entrance of a large concrete box culvert beneath the 

road.  Vegetation flanked both sides of the entrance and continued away from the 

culvert along either side of an overgrown, dry creek bed.  Bats were later discovered 

roosting in drainage holes in the ceiling. 

 

2.3.3 Cost efficiency 

The harp trap was cheapest of the two techniques but the least cost efficient, as the 

mean cost per species identified was $862.90 (Table 2.2).  More species were also 

identified per night using the bat detector (4.2) than were captured using the harp trap 

(0.1).  In addition, the mean time taken to deploy and collect a harp trap was 1 hr per 

sampling event, but required two people.  This was double the amount of time and 

personnel required by the bat detector system in the field (Table 2.2).  However, an 

additional 3.3 hrs per sampling event (mean 3 minutes per sequence) was required to 

analyse the recorded echolocation calls, in order to identify species. 

 

Table 2. 2 A comparison of the relative merits and logistical constraints of sampling using the 

bat detector and harp trap associated with this study.  All calculations are per sampling event 

(night) and costs are listed in Australian dollars for the year 2008.  

 Bat Detector Harp Trap 

Equipment $38.67 $23.89 

Deployment time and cost   

Deployment time (hrs) 0.5 2.0* 

Analysis time (hrs) 3.3 0.08 

Cost of deployment $15 $60* 

Cost of analysis $330 $2.4 

Total cost $383.67 $86.29 

Number of identified species 4.2 0.1 

Mean cost per identified species $91.35 $862.9 
*Indicates where calculations are for 2 people. 
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2.4 Discussion 

The geographic distribution of 25 insectivorous bat species overlap within the South-

east Queensland region, of which Brisbane is a small part (Churchill 1998).  There 

have been no previous extensive surveys of the bat fauna occurring within the urban 

mosaic of Brisbane.  However, only a proportion of the 25 species is likely to occur 

within our study region, because it covers a fraction of the total area in south-east 

Queensland (approximately 2,500 km
2
 of 22,420 km

2
) ( DIP 2008).  While both 

techniques may have missed species that evaded capture or detection, two nights 

sampling across 27 sites in an area this size is, relative to many surveys, a large 

amount of sampling effort.  In addition, the parkland species accumulation curve had 

reached a plateau, suggesting the data presented here are arguably sufficient to 

provide a basis for comparing the effectiveness and cost efficiency of the two 

sampling techniques in this urban landscape. 

 

2.4.1 Differences in species detected  

As calls of the species in the genus Nyctophilus cannot be distinguished from one 

another using Anabat detectors and the low intensity echolocation calls they emit may 

not be readily detected (de Oliveira 1998a), the harp trap may be a useful tool for 

resolving which of these species may be present in a survey area.  However, since the 

harp traps in this study captured only one individual of this species at a single site, 

very little could be said about the distribution, activity or the frequency at which N. 

bifax occurs within the urban landscape.  Reliable identifications of some species are 

not always possible even with captured bats.  When species identification is based on 

sex-dependant information, as is the case in Vespadelus, the individuals of one sex 

will invariably be grouped at the generic level.   

 

Only species that emitted relatively high frequency (> 50 kHz) calls were captured by 

the harp traps, which was contrary to our prediction.  The characteristic frequency of 

calls emitted by Chalinolobus morio and Miniopterus australis range between 47 and 

55 kHz and 57 to 66 kHz respectively, while the linear sweep of calls emitted by 

Myotis macropus and N. bifax start at 70 to 80 kHz and drop to 35 to 40 kHz (Jones 

and Corben 1993; de Oliveira 1998b; Reinhold et al. 2001).  Calls of Vespadelus spp. 
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could be either 48 to 55 kHz (V. troughtoni) or 50 to 57 kHz (V. pumilus).  Although 

these species use calls that may allow them to resolve finer targets and detect harp 

traps, they also fly below the canopy whilst foraging which may have made them 

easier to catch (Lumsden and Bennett 1995; Churchill 1998).  However, as the 

majority of captures were inadvertently made at a roost entrance, it is more likely that 

we simply captured species that were roosting in the culvert rather than foraging along 

the creek.  The effectiveness of harp traps may be increased in urban landscapes by 

specifically targeting structures such as culverts with high ceilings. 

 

 2.4.2 Sampling success in an urban landscape 

Of the two methods compared in this investigation, the most effective for surveying 

the bat fauna in an urban landscape was the bat detector.  Significantly more species 

were sampled using bat detectors than harp traps, and using both of these techniques 

concurrently did not result in a greater number of species being recorded per habitat 

than would have been obtained using the bat detector alone.  Similarly, O’Farrell and 

Gannon (1999) found that significantly more species were recorded using detectors 

than harp traps across a range of habitats and elevations in the south-western USA.  

Of the 20 species detected in their study, 14 were documented more frequently by bat 

detector rather than by capture, and capture techniques did not record any additional 

species that were not detected acoustically. 

 

These results are contrary to the findings of several other Australian studies (Schulz 

and de Oliveira 1995; Mills et al. 1996; Duffy et al. 2000), and our original 

expectations.  These studies found that harp traps and bat detectors were 

complementary in detecting the suite of species present, so that both methods together 

detected more species than either used alone.  However, all were conducted in 

forested landscapes.  Harp traps may have been less successful within the urban 

landscape of the present study compared with forested landscapes because of the 

relatively sparser vegetation with fewer potential flyways.  Yet harp traps have been 

successfully used to capture bats flying around isolated trees in rural landscapes 

(Lumsden and Bennett 2005).  In urban landscapes the presence of a greater number 

of additional structures such as street lights, may redistribute bat activity, making bats 

more difficult to target and catch in flight regardless of how carefully harp traps are 

placed.    
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Bat detectors may have been more effective in our study because a higher proportion 

of calls may have been identifiable since we used a laptop computer or CF ZCAIM in 

conjunction with the Anabat, rather than tape recorders, which were used by Schulz 

and de Oliveira (1995), and Duffy et al. (2000).  Although Schulz and de Oliveira 

(1995) did not report the percentage of their calls that were identifiable, Duffy et al. 

(2000) reported that only 35%, 10% and 12% of calls could be confidently identified 

to species level in the Box-Ironbark, North-east and Gippsland regions respectively.  

This is low compared with the 47% of calls which were identifiable in the present 

study.  Sequences saved using digital rather than analogue recording techniques result 

in higher quality recordings, increasing the number of call sequences that can be used 

for identification (O'Farrell et al. 1999; Milne et al. 2004).  Johnson et al. (2002) and 

Milne et al. (2004) showed that significantly more calls of better quality were 

recorded using laptops compared with tapes, enabling more species to be identified.  

O’Farrell and Gannon (1999) also used laptops to record calls detected by bat 

detectors in their study, and reported that more species were sampled using acoustic 

rather than capture techniques.  The high quality and quantity of calls recorded in our 

study may also be the reason bat detectors performed relatively well in bushland 

areas. 

 

2.4.3 Cost efficiency 

Although a considerable amount of time and expense was required to identify the 

recorded echolocation calls to species, bat detectors were the most effective and cost-

efficient sampling method for surveying the bat fauna in this urban landscape.  Bat 

detectors were also quick to set up in the field, could be automated to run for the 

entire night without the presence of an observer, were unobtrusive, and sampled a 

wide variety of habitats.  These attributes allowed multiple sites to be sampled 

simultaneously over a wide area easily.  The need for sites to be of a particular nature 

increased the difficulty of finding suitable sites for the deployment of harp traps in 

urban areas.  In addition, the amount of time required for the deployment of harp traps 

means that only a small number of sites within close proximity can be sampled and 

managed effectively at one time.  Although level of experience will influence 

deployment time, and therefore cost, our comparison provides a sound basis for 

informing and improving method selection in future surveys. 
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While acoustic methods have a number of biases and constraints that must be taken 

into consideration, bat detectors alone were sufficient to sample the bat assemblage in 

the mosaic Brisbane landscape.  However, harp traps do have other advantages.  For 

example they can be useful in resolving the presence of species whose calls cannot be 

separated using bat detectors, such as those in the genus Nyctophilus.  Harp traps are 

also essential for surveying bats in regions where bat call libraries are unavailable.  

They also allow the collection of demographic information such as the ratio of sex or 

age classes and patterns of movement, which cannot be obtained using bat detectors.  

Therefore the research question being examined will also determine the choice of 

technique(s) to be used.  When the aim is to compare the species diversity and 

composition of habitats in an urban mosaic, the use of bat detectors alone, is clearly 

the most effective and cost-efficient method. 

 



 

Chapter 3 

The diversity of insectivorous bat assemblages among 

habitats within a subtropical urban landscape 

 

3.1 Introduction 

Urbanisation may have a considerable impact on species diversity as development and 

expansion of urban areas destroys and fragments large tracts of natural habitat 

(Niemelä 1999; McKinney 2002, 2006).  However, urbanisation also creates large 

areas of new habitats, such as gardens and parklands.  Species richness within many 

vertebrate taxa is frequently lowest in the most densely built areas of the urban 

landscape, such as the city centre (Lesiński et al. 2000; Marzluff 2001; McKinney 

2002; Hourigan et al. 2006; McKinney 2008).  Vertebrate assemblages in urbanised 

areas may also be dominated by a few highly abundant species (Sewell and Catterall 

1998; Lesiński et al. 2000; Marzluff 2001; Avila-Flores 2003).  The diversity of 

assemblages in low to moderately developed areas such as outlying suburbs, however, 

might not follow these trends (McKinney 2002; Catterall 2009).  For example, species 

richness was higher in areas of intermediate levels of urbanisation in a number of 

studies on butterflies (Blair and Launer 1997; Blair 1999), lizards (Germaine and 

Wakeling 2001), and birds (Marzluff 2001). 

 

Most of this information comes from studies investigating species diversity along 

spatial urbanisation gradients, particularly for birds (Marzluff 2001; McKinney 2002; 

Garden et al. 2006).  Gradients that extend from the densely built city centre to 

suburban and then agricultural land, followed by natural areas, are characteristic of 

long-established cities that were developed gradually (McDonnell and Pickett 1990; 

Zipperer et al. 2000).  Such an approach overlooks differences that may occur among 

the assemblages of different habitat types in urban landscapes consisting of spatial 

mosaics of interspersed habitats, such as densely built areas, suburbs, agricultural 

areas, vegetation remnants, parklands and so on (Catterall 2009).  Such mosaics occur 

in cities that have developed rapidly during the late twentieth century (Zipperer et al. 

2000).  If species composition varies among these habitats, then this spatial mosaic 

may contribute to higher species diversity at the landscape scale (Halffter 1998). 
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Insectivorous bats (Microchiroptera) are a species-rich vertebrate group comprising 

up to 40% of the mammalian diversity in some places (Lunney and Barker 1986; 

Zubaid 1993).  To date, studies of bat assemblages in urban landscapes have been 

largely confined to older cities in temperate regions (but see Hourigan et al. 2006).  

These studies have shown that bat diversity is lowest in highly urbanised areas 

(Gaisler and Bauerova 1985-1986; Gaisler et al. 1998; Legakis et al. 2000; Lesiński et 

al. 2000) with a trend towards increased dominance by a few species (Lesiński et al. 

2000; Avila-Flores 2003; Gehrt and Chelsvig 2004).  For example, bat communities 

in Mexico City, Mexico, were dominated by Tadarida brasiliensis, which accounted 

for 84% of all recorded calls identified (Avila-Flores 2003).  However, patterns of bat 

diversity in relation to newly emerging, mosaic urban landscapes in more tropical 

regions are poorly understood. 

 

In the present study we investigated the pattern of variation in bat diversity among 

four major habitat types within Brisbane, Queensland Australia, a subtropical city in 

which rapid recent growth has created a mosaic of different urban land cover types.  

We tested whether species richness differed among four types of urban habitat that are 

common in the Brisbane region: high density residential areas, low density residential 

areas, open grassy parkland and native bushland remnants.  We also assessed the 

extent to which assemblages were dominated by a few species, and whether landscape 

scale diversity was due mainly to high α diversity within habitats or increased β 

diversity between habitats.   

 

3.2 Methods 

3.2.1 Study region 

This research was carried out in the city of Brisbane (27° 29’S, 153° 8’E), 

Queensland, Australia.  Brisbane has a moist subtropical climate, with rainfall 

occurring mainly in the summer months (Bureau of Meteorology 2008b).  Although 

the area is predominantly low lying, the topography is varied with hills punctuating 

the coastal and riverine plains in which the city is located.  Sub-coastal ranges 

dominate the landscape to the west.  Before European settlement, the landscape 

supported a nearly continuous cover of native forest, comprising mosaics of different 



  Chapter 3: 53 

 

 

vegetation types (Catterall and Kingston 1993).  Approximately 80 % of the native 

forest in low lying areas (below 60 m) has been cleared within the Brisbane region 

over the past 200 years.  In addition, urban expansion over the past few decades has 

led to further reduction and isolation of forest remnants (Catterall and Kingston 1993; 

Bentley and Catterall 1997).  Brisbane is now a mosaic urban landscape characterised 

by large areas of residential housing, together with areas of parkland with scattered 

trees, and eucalypt forest remnants.  Smaller areas of industrial, commercial and 

agricultural land, and native vegetation remnants also occur within the area (Catterall 

2004; Rhodes and Catterall 2008). 

 

3.2.2 Study habitats and sites 

Ten sites were chosen in each of four major habitat types identified within the urban 

mosaic (40 in total): remnant bushland, parkland, low density residential and high 

density residential (Fig 3.1, Plates 1 - 4, Appendix 1).  Here we use the word habitat 

to refer to a particular type of land cover.  Remnant bushland sites were defined as 

areas of native forest, in which the understorey was present and canopy removal was 

less than 50% (Catterall and Kingston 1993).  Parkland sites were large landscaped 

areas, of mown grass with scattered trees or rows of trees bordering open areas, and 

little to no understorey.  Eight of the ten parkland sites were golf courses.  Low 

density residential sites were areas of low-to-moderate density housing (1-5 

dwellings/ha), while high density residential sites were defined as areas of high 

density housing (10-30 dwellings/ha).  Dwellings were generally stand-alone houses 

suitable for a single family, surrounded by a garden.  Both types of residential habitat 

included small parks, gardens and associated infrastructure.  To standardise the 

context of each site in the landscape and minimise the effects of edges, remnant 

bushland, low density residential and high density residential sites were a minimum of 

500 ha in size.  However, replicate parkland sites were a minimum of 50 hectares as 

there were none available over 200 hectares in size. 

 

All sites were located within a 30-km radius of the central business district.  To ensure 

that sites of different habitats were interspersed throughout the area, which was 

approximately 2,500 km2, Brisbane was divided into 4 regions (NW, NE, SW, and 

SE) and a minimum of 2 sites from each habitat were chosen from each region.  Sites 

were separated by a minimum of 2 km to maximise spatial independence and ensure 
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an adequate number of replicates would fit within the landscape.  To reduce travelling 

distances between sites and make simultaneous sampling possible, 2 - 3 sites from one 

region (NW, NE, SW or SE) were sampled each night. 

 

 

Figure 3. 1 The location of sites within the city of Brisbane, Queensland Australia.  CBD 

indicates the location of the Central Business District and symbols represent habitat type:  

bushland,  parkland,  low density residential,  high density residential. 

 

3.2.3 Sampling technique and species identification  

Two stations spaced 200 m apart were positioned well within the boundaries of each 

sampling site to minimise the effects of edges.  Each site was sampled a total of six 

times over two years using bat detectors (each station was sampled three times).  As 

bats are more active when night time temperatures are warmer (Richards 1989; 

Gaisler et al. 1998; Scanlon and Petit 2008b), sampling was carried out in the austral 

summer-autumn to maximise the number of species and activity detected, and 

decrease sampling biases associated with seasonal changes in bat activity due to 

temperature .  Sites were sampled on three non-consecutive occasions between 

December 2004 and April 2005, and an additional three non-consecutive occasions 

between December 2005 and March 2006.  Two to three sites from different habitats 

were sampled simultaneously. 
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Two of the three bat detectors consisted of an Anabat II detector (Titley Scientific, 

Ballina Australia) connected to a ZCAIM and laptop computer running Anabat6 

software, powered by an 18-V battery.  They were housed in large plastic containers.  

The third bat detector consisted of an Anabat II detector fixed to a tripod, and 

connected to a CF ZCAIM containing a 64-Mb memory card.  Bat detectors were 

calibrated to achieve a uniform detection range and sensitivity using a Chirp Board 

(Nevada Bat Technology, Las Vegas, Nevada) following the methods outlined by  

Larson and Hayes (2000).  Each detector was set up before sunset to monitor and 

record bat activity automatically for the entire night.  The microphone was positioned 

at approximately 45° on top of the container or tripod, and oriented so that it was not 

obstructed.  An effort was made to make sure all detectors were an equal distance 

from the ground.  To protect the equipment from wind, moisture and dust, a tarpaulin 

was placed over the bat detector system, leaving only the microphone protruding.  

Where necessary, the system was camouflaged with locally available materials to 

reduce the chances of vandalism and theft.  Sampling did not occur when rain was 

forecast.       

 

Echolocation calls recorded during the sampling were identified to species using 

Analook (version 4.9g).  A call sequence can be defined as a series of vocal pulses 

separated by pauses (de Oliveira 1998b).  Each pulse is characterised by a maximum 

and minimum frequency, duration in milliseconds, and shape (O'Farrell et al. 1999).  

The following procedure was used to evaluate and identify species.  First, Anabat files 

were scanned and those without bat calls were discarded.  Second, superfluous noise 

was removed.  This noise appears as random dots and is easily distinguished from bat 

calls.  Third, call sequences were examined for differences in frequency and 

synchronisation of pulses to establish if multiple bats were recorded simultaneously.  

When this occurred, sequences were analysed separately.  Fourth, only call sequences 

with a minimum of three consecutive intact pulses were used to identify species.  The 

characteristic frequency, end frequency, knee frequency, pulse duration and interval, 

and initial slope of calls were measured (as defined in Reinhold et al. 2001).  Pulse 

shape and alternation of pulse frequency were also used to aid in the identification of 

species from recorded calls.  Lastly, these measurements were used together with an 

identification key and existing call library for the south-east Queensland region 

(Reinhold et al. 2001) to identify the species.  To check the accuracy of call 
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identifications, a subset of Anabat files was examined by two independent experts in 

bat call analysis (G. Hoye and C. Corben).  Nomenclature follows Duncan et al. 

(1999), with the exception of species in the genus Mormopterus.  In Australia the 

taxonomy of the genus Mormopterus (Molossidae) is poorly resolved and one of the 

species that occurs within the Brisbane area has not been formally named (Duncan et 

al. 1999).  This species is referred to as Mormopterus species 2, after Adams et al. 

(1988). 

 

3.2.4 Data analysis 

Bat activity was quantified using an Activity Index (Miller 2001).  Each nightly 

sample, the time between civil twilight in the evening and following morning, was 

broken up into one-minute intervals.  Civil twilight begins when the centre of the sun 

is six degrees below an ideal horizon in the evening or morning, and was used 

because bats often emerge and begin to forage at dusk, before it is completely dark.  

At this time the illumination is such that large objects may be seen but no detail is 

discernible (Geoscience Australia 2007).  Civil twilight times were obtained for 

Brisbane from the Australian Government Geoscience website at 

www.ga.gov.au/bin/astro/sunrisenset (Accessed 16 January 2007).  The total number 

of one-minute intervals within which each species was recorded was calculated, and 

summed across the six replicate samples (nights) for each site (total activity per 

species per site).  The length of the night, and therefore number of recording hours per 

sample, varied from 9.25 to 11.68 hours (mean total sampling time 60 hours per site).  

The total activity per species per site was divided by the total number of recording 

hours for that site to standardise the Index.  Thus the Activity Index represents the 

number of one minute intervals per hour in which a species was recorded (range 0-60; 

Appendix 4a). 

 

Smoothed species accumulation curves and estimates of species richness were 

produced for each habitat (based on replicate sites) using the software EstimateS 

(version 7.5, Colwell 2005).  Sample order was randomised 100 times.  When an 

obvious asymptote was not reached, the Chao2 function (Colwell 2005) was used to 

estimate the asymptote of the species accumulation curve, with 95% confidence 

intervals. 

 

http://www.ga.gov.au/bin/astro/sunrisenset
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To determine whether species richness varied between the two years of sampling, 

estimates of species richness were also produced by year for each site (based on the 

three replicate sampling nights) in each habitat using EstimateS (Colwell 2005).  

Initial examination of the data revealed they were normally distributed.  A repeated 

measures ANOVA was then conducted, with sites as subjects, year as the within-

subjects factor, and habitat as a further main effect.     

 

As there were no significant differences between years, estimates of species richness 

were produced for each site based on the six replicate sampling nights in each habitat, 

using EstimateS (Colwell 2005).  Initial examination of the data revealed they were 

normally distributed.  An ANOVA together with Least-Significant Difference (LSD) 

test was performed to test whether estimated species richness differed significantly 

among the four habitat types, using SPSS for Windows (version 13.0). 

 

Dominance curves were obtained for each habitat by plotting the total Activity Index 

of each species within a habitat (scaled as a percentage of the total) against its activity 

rank. 

 

In order to determine the relative contribution of within habitat (α) diversity and 

between habitat (β) diversity to landscape scale diversity (γ),  the formula of  Schluter 

and Ricklefs (1993) was used: 

 

γ = ᾱ  x β x n 

 

Where ᾱ  is the mean species richness of the n habitats in the landscape and β is the 

inverse of the mean number of habitats occupied by species in the landscape. 

 

3.3 Results 

A total of 14,930 call sequences were recorded by the bat detectors, of which 46% 

were unsuitable for identification and a further 7% could not be confidently identified.  

A minimum of 14 species was identified from the remaining echolocation calls (Table 

3.1).  These 14 species comprised 12 taxa identified to genus and species and two taxa 

identified only to genus (Table 3.1), but which potentially contained two to three 
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species.  All species present in the Brisbane assemblage are listed as “Common” 

under Queensland legislation (Nature Conservation Act 1992), and none are listed 

under Commonwealth legislation (Environmental Protection and Biodiversity 

Conservation Act 1999) or reviews of Australian bat fauna (Churchill 1998; 

Environment Australia 1999). 

 

Overall the species accumulation curve of the entire Brisbane bat assemblage reached 

a plateau at 14 species (Fig 3.2a).  While the species accumulation curve of the low 

density residential habitat also reached an asymptote at 14 species (Fig 3.2b), the 

accumulation curves for the remaining three habitats (bushland, parkland and high 

density residential) did not quite reach an asymptote (Fig 3.2b).  However, these 

curves were close to reaching a plateau, as asymptotic estimates of 14.5 species (95% 

confidence intervals of 14.0, 21.5) for bushland, 13.0 (13.0, 13.2) for parkland and 

11.5 (11.0, 18.5) for high density residential areas, were close to the observed richness 

of 14, 13, and 11 species respectively. 

 

As the repeated measures ANOVA revealed that both years were comparable 

(ANOVA F = 0.209, df = 1, P > 0.05; Appendix 2), the data from both years were 

grouped in subsequent analyses.  Differences in mean species richness among habitats 

were statistically significant (ANOVA F = 11.097, df = 3, P< 0.0005).  Total mean 

species richness (asymptotic estimates) per site was lowest in high density residential 

sites (at 6.9) and highest in low density residential (11.2) and bushland sites (10.1), 

while bushland and parkland sites (9.4) did not differ significantly (Fig 3.3).  One 

bushland site (Toohey Forest) was removed from these analyses as it was an extreme 

outlier, having a species richness of only one. 

 

Dominance profiles were similar for each habitat (Fig 3.4), with curves from different 

habitats crossing at multiple locations.  Habitats were not strongly dominated by one 

or two highly active species (Fig 3.4).  Instead there was a large suite of active species 

gradually progressing to less active species.  This suite of species was similar among 

habitats, as Tadarida australis, Scotorepens spp., Chalinolobus gouldii and 

Mormopterus species 2 were the four most active species within all habitat types 

(Table 3.1). 
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Using Schluter and Ricklefs’ (1993) formula, γ diversity was 14.04 species, which 

was equal to the highest α diversities recorded in low density residential and bushland 

habitats (14 species).  β diversity was low (0.27), indicating little species turnover 

among habitats, and consequently, a low contribution to γ diversity.  The mean α 

diversity was 13 species. 

 

Table 3. 1 Bat species identified from the recorded echolocation call sequences at 40 sites in 

Brisbane, Queensland, Australia.  The rank abundance (based on an activity index) of each 

species from 1 to 14 (highest to lowest) is also given for each of four habitat types. 

Taxonomic identification 

Habitat 

Bushland Parkland 
Low density 

residential 

High density 

residential 
All 

Vespertilionidae      

Chalinolobus gouldii 2 2 3 1 2 

Chalinolobus morio 14 12 14 13 13 

Chalinolobus nigrogriseus 3 5 6 7 6 

Miniopterus australis 6 8 2 5 5 

Miniopterus schreibersii 8 10 9 6 9 

Myotis macropus 11 6 13 12 8 

Nyctophilus spp.
 †
 10 7 10 10 7 

Scotorepens spp.
 ††

 1 3 5 4 3 

Vespadelus pumilus 9 13 7 11 11 

      

Molossidae      

Tadarida australis 5 1 1 2 1 

Mormopterus beccarii 13 11 11 9 12 

Mormopterus species 2 4 4 4 3 4 

      

Emballonuridae      

Saccolaimus flaviventris 7 9 8 8 10 

      

Rhinolophidae      

Rhinolophus megaphyllus 12 14 12 14 14 
†
 Nyctophilus gouldi, Nyctophilus bifax and Nyctophilus geoffroyi are all thought to occur 

within the Brisbane area (Churchill 1998).  However, their calls cannot be distinguished from 

one another using bat detectors (Reinhold et al. 2001).  Therefore these calls were grouped as 

Nyctophilus spp.   

††
 Calls of Scotorepens greyii and Scotorepens sp. are indistinguishable from one another and 

were grouped as Scotorepens spp. (Reinhold et al. 2001). 
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Figure 3. 2 Smoothed species accumulation curves for (a) Brisbane as a whole, and (b) each 

of the four habitat types.  Curves are based on the asymptotic estimates of species richness of 

each site (n = 10 for each habitat). 
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Figure 3. 3 Estimated asymptotic species richness for each of the four habitat types (mean ± 

SE, n = 10 in each habitat, except n = 9 in remnant bushland).  Means with the same 

lowercase letter are not significantly different (P > 0.05).  B = bushland, P = parkland, LR = 

low density residential and HR = high density residential.  Means and standard errors are 

calculated from raw data. 

 

 

Figure 3. 4 Dominance curves for each of the four habitat types.  Percentage Activity Index is 

the number of minutes per hour in which a species was recorded, expressed as a percentage of 

the total for each of the four habitat types.  Species are ranked from most to least active. 
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3.4 Discussion 

3.4.1 Micro-bat diversity in the Brisbane region  

The landscape scale diversity of bats in this urban landscape was largely determined 

by within-habitat (α) rather than between-habitat (β) diversity, and was similar to the 

diversities of the most species-rich habitats, low density residential and bushland.  

The high number of species identified in Brisbane (14 species) is comparable to that 

in other Australian cities, namely Townsville and Sydney (14, 15 species respectively; 

Table 3.2), and is considerably higher than the species richness recorded from other 

cities around the world.  Although the number of species recorded in Brno, Czech 

Republic, is similar to the number recorded in Brisbane (Table 3.2), those data were 

collected over a 28 year period, and six species were considered to be ‘accidental 

visitors’ to the city (Gaisler and Bauerova 1985-1986).  Differences in the species 

richness between our study and those from cities outside Australia are consistent with 

latitudinal and altitudinal gradients in species richness, observed in many other taxa 

(Begon et al. 1996).  The majority of cities in which bat diversity has been 

investigated are located within cooler temperate regions of the Northern Hemisphere 

above 40º N, or at high altitude (Mexico City; 2, 240 km above sea level) (Table 3.2).  

Within Australia, the cities with warm moist climates (Sydney, Brisbane, and 

Townsville) had more bat species (14-15) than Adelaide (6 species), which has a 

cooler, drier temperate climate (Table 3.2) (Bureau of Meteorology 2008a).   

 

Most previous studies of bat assemblages in urban landscapes have found that they are 

dominated by one or two highly active or abundant species, which typically account 

for more than 50% of bat records (abundance or activity) within the area (Table 3.2).  

However we found no such pattern within the Brisbane bat assemblage.  Dominant 

bat species in urban areas are often those that are able to exploit the resources (such as 

artificial roosts) and new habitats (such as parkland areas) provided by urban 

development (Rydell 1992; Rydell and Racey 1995; Jones et al. 1996; Fenton 1997).  

Twelve of the fourteen species within this assemblage have been recorded using 

artificial structures as day-roosts (Churchill 1998; Barclay et al. 2000; Hoye and 

Spence 2004; Hourigan et al. 2008).  The pattern of low dominance in Brisbane is 

similar to that observed in Sydney and Townsville, the other cities with warm moist 

climates (Table 3.2).  In contrast, a study of the bat assemblage in Adelaide, Australia  
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Table 3. 2 The species richness and evenness of bat assemblages in urban landscapes around 

the world.  Only studies which reported on the evenness of the bat assemblage investigated, or 

for which the dominance of species could be calculated from the available information are 

included in the table. 

Location Latitude 
Species 

Richness 

Dominance 

(top two species and ‘abundance’) 

Warsaw,  

  Poland
1 

 

52º N 4 Eptesicus serotinus 52% and Nyctalus 

noctula 33% of all detector records 

Brno,  

Czech Republic
2
 

49º N 15
†
 Pipistrellus pipistrellus 83% and 

Rhinolophus hipposideros 9% of all 

individuals captured 

Brno,  

Czech Republic
3
 

 

49º N 8 Pipistrellus pipistrellus 35% and 

Eptesicus serotinus 27% of total survey 

minutes 

Detroit,  

  USA
4
 

 

42º N 6 Eptesicus fuscus 83% and Lasiurus 

borealis 13% of all urban individuals 

captured 

Chicago,  

  USA
5
 

 

41º N 6 Eptesicus fuscus 55% and Lasionycteris 

noctivagans 24% of all passes identified 

Denver,  

  USA
6
 

 

39º N 3 Eptesicus fuscus 86% and Lasiurus 

cinereus 9.7% of all individuals captured 

Adelaide,  

  Australia
7
 

 

34° S 6 Chalinolobus gouldii 66% and 

Mormopterus planiceps 19% of all calls 

identified 

Sydney,  

  Australia
8
 

 

32º S 15 Miniopterus  schreibersii 27% and 

Chalinolobus gouldii 18% of all calls 

identified 

Brisbane,  

  Australia
9
 

 

27º S 14 Tadarida australis 25% and Chalinolobus 

gouldii 16% of total bat activity 

Mexico City,  

  Mexico
10

 

 

19º N 6 Tadarida brasiliensis 84% and Myotis 

spp. 13% of all recorded calls 

Townsville,  

  Australia
11

 

 

19º S 14 Mormopterus species 5 28% and 

Chalinolobus nigrogriseus 14% of all 

feeding buzzes 
†
Compiled over a 28 year period, with six species considered to be ‘accidental visitors’ (one 

individual only).   

1
Lesiński et al. (2000), 

2
Gaisler and Bauerova (1985-1986), 

3
Gaisler et al. (1998), 

4
Kurta and 

Teramino (1992), 
5
Gehrt and Chelsvig (2004), 

6
Everette et al. (2001), 

7
Scanlon (2006), 

8
Basham (2005), 

9
Current study, 

10
Avila-Flores (2003), 

11
Hourigan et al. (2006) 
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found that it was dominated by two species which accounted for 94% of all calls 

(Table 3.2).  Thus both the richness and evenness of the bat assemblage in Adelaide 

share more similarities with those in other temperate Northern Hemisphere cities than 

with subtropical or tropical eastern Australian cities. 

 

3.4.2 Residential densities and bat diversity 

Species richness was significantly lower in densely-built areas of Brisbane’s urban 

landscape than in other habitats, which is consistent with the findings of other studies 

investigating bat species richness in urban areas (Gaisler and Bauerova 1985-1986; 

Jones and Jayne 1991; Legakis et al. 2000; Hourigan 2001; Avila-Flores 2003).  

Although many of these studies refer to the city centre (which we did not survey) 

when discussing ‘densely built areas’ rather than residential areas, species richness in 

Brisbane was nevertheless significantly lower in areas that are more heavily urbanised 

relative to the other areas under investigation.  As bats feed on insects, the 

simplification and/or lack of vegetation in high density residential areas may lead to a 

reduction in bat diversity and activity through a reduction in prey.  In fact, bat activity 

is often positively correlated with vegetation or tree cover (Vaughan et al. 1997; 

Lesiński et al. 2000; Basham 2005),   

 

Our results do not support the view that bat species richness increases with decreasing 

urbanisation and is highest within ‘natural’ areas (Jones and Jayne 1991; Kurta and 

Teramino 1992; Lesiński et al. 2000; Avila-Flores 2003; Hourigan et al. 2006).  In 

Brisbane, the mean species richness of low density residential areas was statistically 

similar to that of remnant bushland.  Differences in the amount of structural clutter 

around bat detectors may affect the number of bats recorded (Hayes 2000), and 

structural differences occur among the habitat types we studied.  However, in this 

study the bat detectors were always oriented so that their microphones were free from 

any immediate clutter, were calibrated to minimise differences in sensitivity, and we 

used the asymptotic estimates of species richness rather than the observed values.   

 

Ten of the 24 insectivorous bat species known to occur within south-east Queensland 

(Churchill 1998) were not recorded in the present study.  Three of these (Scotorepens 

orion, Vespadelus regulus, Vespadelus vulturnus) have been recorded in studies using 

bat detectors within the urban landscapes of Sydney and Adelaide (Churchill 1998; 
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Basham 2005; Scanlon 2006), and hence should have been detected if present at our 

study sites.  Three others prefer habitats that were scarce in our lowland study area, 

such as moist forests (Falsistrellus tasmaniensis, Scoteanax rueppellii) or cooler 

conditions (Vespadelus darlingtoni).  One, Phoniscus papuensis, emits a low-intensity 

echolocation call that would be difficult to detect (de Oliveira 1998a).  The remainder 

(Chalinolobus dwyeri, Mormopterus norfolkensis, Vespadelus troughtoni) are 

considered intrinsically rare in this area (Rhodes 2002).  Furthermore, the observed 

species richness for all habitats was within the 95% confidence interval of the 

asymptotic estimate for total species richness.  Therefore the differences among 

habitats in this study are arguably not artefacts of sampling bias or insufficiency. 

 

Low density residential areas have rarely been included in the habitat types previously 

investigated in urban landscapes.  Areas with intermediate levels of urbanisation have 

mostly been represented by recreational areas, such as parks and golf courses (Kurta 

and Teramino 1992; Avila-Flores 2003; Hourigan et al. 2006).  Residential and 

parkland areas differ structurally, may be perceived differently by bats, and are likely 

to supply different resources.  Indeed, species richness was significantly higher in low 

density residential sites than parkland areas in Brisbane.  By not sampling low density 

residential areas, studies of bat assemblages in many other cities may have overlooked 

a habitat of potentially high bat diversity.  Residents of low density areas typically 

cultivate gardens of trees, shrubs and herbaceous plants, with the addition of water 

and fertilizer, which is likely to lead to increased insect abundance.  

 

A higher species richness at intermediate levels of urbanisation has been reported for 

a variety of other taxa, such as butterflies (Blair and Launer 1997), ants (Forys and 

Allen 2005), lizards (Germaine and Wakeling 2001), and in a small percentage of bird 

studies (Marzluff 2001; McKinney 2008), and our results are consistent with this 

pattern.  In mosaic landscapes, species may invade or ‘spill over’ from adjacent 

habitats, enriching the diversity of species-poor habitats that are scattered among 

species-rich habitats (Debinski et al. 2001).  For bats, flight and the pursuit of prey 

can be easier in less cluttered habitats than in bushland interiors (Brigham et al. 

1997b; Grindal and Brigham 1999), and bats may frequently use more open habitats 

adjoining bushland.  Species richness and activity may thus increase in habitats 
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adjacent to remnants.  However, our sampling sites in low density residential areas 

were not adjacent to forest remnants. 

 

Our results do not support the generalisation that urban habitats are more likely than 

‘natural’ habitats to be dominated by a few bat species, and highlights the need for 

caution in making generalisations based on the findings of a limited number of 

studies.  Conservation management policies and land-use decisions based on 

information from temperate regions in the Northern Hemisphere would be 

inappropriate for bats in tropical and subtropical cities of Australia, and possibly 

elsewhere.  This is especially the case for cities which have arisen recently because of 

rapid population growth and which now take the form of mosaic urban landscapes.  

Further research is required to determine whether the patterns of urban bat diversity 

observed in this study occur more widely throughout cities in warmer regions of 

Australia, or in other (sub) tropical cities around the world.  

 



 

Chapter 4 

Variation in species composition and activity of insectivorous 

bats among habitats in a mosaic urban landscape 

 

4.1 Introduction 

Urban landscapes are mosaics of different habitat types, consisting of large areas of 

residential housing, roads and paved surfaces, interspersed with parks, vegetation 

remnants, industrial, commercial and even agricultural land (Forman and Godron 

1986; Niemelä 1999).  Studies of the avian fauna in urban landscapes have found that 

species composition can vary significantly between such habitats, even when species 

richness is similar (Marzluff et al. 2001; Parsons et al. 2003; White et al. 2005; 

Catterall 2009).  However, even though insectivorous bats are an important 

component of vertebrate diversity (Lunney and Barker 1986; Zubaid 1993), studies of 

bat assemblages in urban landscapes have mainly focused on species richness rather 

than composition (Gaisler and Bauerova 1985-1986; Gaisler et al. 1998; Law and 

Dickman 1998; Legakis et al. 2000; Lesiński et al. 2000; Avila-Flores 2003; 

Hourigan et al. 2006).   

 

Predictions of how bat species composition may differ between habitats can be made 

on the basis of ecomorphology.  It has been suggested that a bat’s ability to utilise 

different habitats and move among them is related to its wing morphology and 

echolocation calls (Norberg and Rayner 1987; Neuweiler 1989).  Areas of dense 

vegetation contain a high degree of clutter with many physical and acoustic obstacles.  

Bats are better able to fly amongst dense vegetation if they have low wing loading and 

low aspect ratio (short, broad wings), and emit short (< 2 ms), high frequency (> 50 

kHz), low intensity (< 70 dB) echolocation calls (Norberg and Rayner 1987; 

Neuweiler 1989; Fullard et al. 1991; Rhodes 2002).  Species with these attributes are 

highly manoeuvrable and able to monitor prey and obstacles at close range against the 

background acoustic clutter.  However, they may be disadvantaged in urban areas 

because they are slow fliers and, therefore, at greater risk of predation in the open 

(Jones and Rydell 1994).  Furthermore, low wing loading and aspect ratios impose 

higher costs on commuting flights (Norberg and Rayner 1987). 
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In contrast, bats that are typically found in open habitats require long-range detection 

of prey and objects.  Echolocation calls of long duration (> 10 ms), low frequency 

(10- 30 kHz), and high intensity (> 100 dB) are more suitable for this purpose, along 

with high wing loading and aspect ratio (long, narrow wings) to enable rapid and 

energy-efficient flight (Norberg and Rayner 1987; Neuweiler 1989; Fullard et al. 

1991).  These species can readily commute across unfavourable areas to utilise 

habitats and resources that are patchily distributed (Norberg and Rayner 1987; 

Neuweiler 1989), and are expected to adapt well to the open nature of many urban 

habitats, where they are known to exploit insect swarms around street lights (Geggie 

and Fenton 1985; Rydell 1992; Blake et al. 1994).  Bat species with moderate wing 

loading and aspect ratio and intermediate call design should be able to exploit both 

open and cluttered habitats to some degree (Fullard et al. 1991), and are expected to 

forage in a range of habitats. 

 

This study investigated the composition of the bat fauna occurring within a mosaic 

urban landscape in subtropical Australia.  We assessed the differences in species 

composition and bat activity among four broad habitat types that varied in the nature 

and extent of both tree cover and built structures: high density residential, low density 

residential, parkland and native bushland remnants.  In addition we tested whether 

species’ preferences in the more open versus the more vegetated habitats follow the 

patterns expected on the basis of their wing morphologies and echolocation call 

characteristics.  I expected species composition to vary between habitats in the urban 

mosaic and individual species activity to vary in accordance with a species’ 

ecoporphological traits.  That is, species with low frequency echolocation calls and 

high wing loading to be more active in more open residential habitats compared with 

well vegetated bushland habitats; species with high frequency echolocation calls and 

low wing loading to show the reverse trend; and species with intermediate call 

frequency and wing loading to be active across a range of habitats.   

 

4.2 Methods 

4.2.1 Study region, habitats and sites 

This research was conducted in Brisbane (27° 29’S, 153° 8’E), Queensland Australia.  

Ten sites were chosen in each of the four major habitat types found within the urban 
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mosaic (40 in total): remnant bushland, parkland, low density residential and high 

density residential.  All sites were located within 30 km of the central business 

district, were separated by a minimum of 2 km to maximise spatial independence, and 

sites of different habitats were spatially interspersed throughout the 2,500 km
2
 study 

area (Fig 3.1 Chapter 3, Plates 1 – 4, Appendix 1).  For further information on the 

study region, habitats and sites please see sections 3.2.1 and 3.2.2 in Chapter 3.  

 

4.2.2 Sampling technique and species identification 

Two stations spaced 200 m apart were positioned well within the boundaries of each 

sampling site.  Each site was sampled for six non-consecutive nights over two years 

during the austral summer-autumn of 2004/2005 and 2005/2006 using acoustic bat 

detectors (Anabats: Titley Electronics, Ballina Australia).  Each station was sampled 

three times.  Two to three sites from different habitats were sampled simultaneously.  

Each detector was set up before sunset to automatically monitor and record bat 

activity for the entire night. 

 

The recorded echolocation calls were identified to species using the bat call analysis 

system Analook (version 4.9g).  Measurements of the characteristic frequency, end 

frequency, knee frequency, pulse duration and interval, and initial slope of calls were 

measured (as defined in Reinhold et al. 2001).  Pulse shape and alternation of pulse 

frequency were also used to assist in the identification of species from recorded calls.  

These measurements were used in conjunction with an identification key and existing 

call library for the south-east Queensland region (Reinhold et al. 2001) to determine 

the species.  For further information on sampling techniques and species identification 

used in this study please see section 3.2.3 in Chapter 3. 

 

4.2.3 Data analysis 

Species’ frequencies of occurrence at each site were calculated as the number of 

sampling nights in which each species was recorded (range 0-6; Appendix 5).  

Differences in species composition among sites were explored using non-metric 

multidimensional scaling ordination (MDS) with the Bray-Curtis similarity index 

(Clarke 1993), and cluster analysis using the group mean linkage method was used to 

identify and subsequently outline the main site clusters in the ordination plot.  An 

analysis of similarity (ANOSIM) was used to test for the statistical significance of 
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differences in species composition among the four habitats.  Similarity percentages 

(SIMPER) analysis
 
was used to determine the relative contribution of each species

 
to 

the differences in species composition between habitats (Clarke 1999).  One bushland 

site (Toohey Forest) caused degenerate solutions in the MDS.  This site was separated 

to one side of the MDS plot, while all the other sites fell in a tight cluster on top of 

each other.  Toohey Forest was identified as an extreme outlier; only one species 

(Nyctophilus spp.) was recorded at this site on one night.  In order to explore any 

patterns in species composition among the other 39 sites, it was necessary to remove 

Toohey Forest from these analyses.  Analyses were carried out using the statistical 

package PRIMER 5 (Clarke and Gorley 2006). 

 

Bat activity was used to investigate species-specific responses to the different habitat 

types and was quantified using an Activity Index (Miller 2001).  This was the number 

of one-minute intervals per hour of sampling in which a species was recorded, across 

the six sampling nights (see also Chapter 3; range 0-60, and Appendix 4a).  The 

activity index was summed across all species to calculate total activity. 

 

As initial examination of the data revealed they were not normally distributed, I added 

a constant appropriate for the scale of the data and performed a log10 transformation.  

Specifically, a log10 (x + 0.1) transformation was used to improve the normality of 

total activity and the activity data for Chalinolobus nigrogriseus, Miniopterus 

australis, Mormopterus sp2, Scotorepens spp., Chalinolobus gouldii, and Tadarida 

australis, while a log10 (x + 0.01) transformation was used for the remaining species 

(Chalinolobus morio, Rhinolophus megaphyllus, Nyctophilus spp, Myotis macropus, 

Miniopterus schreibersii, Saccolaimus flaviventris, Mormopterus beccarii, 

Vespadelus pumilus) because their activity levels were an order of magnitude lower.   

 

To determine whether total bat activity (log transformed) varied between the two 

years of sampling, a repeated measures ANOVA was conducted, with sites as 

subjects, year as the within-subjects factor, and habitat as a further main effect.  As 

there were no significant between-year differences, the data was grouped for 

subsequent analyses.  One-way ANOVAs, together with LSD tests, were performed 

on the log transformed total activity and on each species’ log transformed activity 
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(Appendix 4b) to test for significant differences between habitats in bat activity.  All 

species occurred in a minimum of five sites.   

 

To examine the association among species’ wing morphologies, echolocation call 

characteristics and their use of different habitats, species were classified into one of 

three guilds according to the characteristic frequency of their echolocation calls 

(Reinhold et al. 2001) and measurements of their wing loading (Rhodes 2002), as 

proposed by Norberg and Rayner (1987) and Fullard et al. (1991).  Wing loading is 

calculated as body mass x gravitational acceleration (Newtons) divided by wing area 

(Rhodes 2002).  Wing loading was chosen to separate guilds rather than aspect ratio 

because wing loading is the morphological character most likely to influence 

manoeuvrability and turning radii, and therefore habitat use.  Indeed, wing loading is 

frequently negatively correlated with the level of clutter in habitats occupied by bats 

(Aldridge and Rautenbach 1987; Kalcounis and Brigham 1995; Brigham et al. 

1997b).  Guild 1 comprised species with low frequency (< 30 kHz) echolocation calls 

and high wing loading (> 12 N/m
2
), and were expected to forage in open areas.  Guild 

2 comprised species with echolocation calls between 30 and 50 kHz and moderate 

wing loading (7.5-12 N/m
2
).  Guild 3 comprised species with low wing loading (< 7.5 

N/m
2
) and high frequency (> 50 kHz) echolocation calls, and were expected to forage 

amongst clutter. 

 

The activity index was summed across the species of each guild to calculate the total 

activity of each guild.  As initial examination of the data revealed they were not 

normally distributed the total activity data of each guild was log10 (x + 0.1) 

transformed.  One-way ANOVAs were then performed on the log transformed total 

activity of each guild to test for differences among habitats.  Parametric analyses were 

performed using SPSS (version 16).  Figures presented are based on raw data. 

 

4.3 Results 

4.3.1 Patterns of species composition 

A total of 14,930 call sequences were recorded over a total of 2406.75 hours of 

sampling (mean 60.17 hours per site).  Of these call sequences, 46% were fragmented 

or contained < three consecutive pulses, and hence were unsuitable for identification, 
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while a further 7% could not be confidently identified or distinguished from other 

known species of different genera.  A minimum of 14 species were identified from the 

remaining echolocation calls (Table 4.1).  This comprised 12 taxa identified to genus 

and species, and two taxa identified only to genus (Table 4.1), but which potentially 

contained two to three species. 

 

Table 4. 1 Bat species identified from the recorded echolocation call sequences at 40 sites in 

Brisbane, Queensland Australia.  Given for each species are: characteristic echolocation call 

frequency = CF (Reinhold et al. 2001); wing loading (total body mass*Newtons/wing area) = 

WL (Rhodes 2002); guild category; the number of sites where recorded (out of 40); mean 

activity across all sites (number of minutes per hr); and results of one-way ANOVAs 

comparing mean activity (log transformed) among habitats.  P values are bolded if P ≤ 0.05. 

* Information on wing loading not available. 

 

Ordination analysis based on species’ frequencies of occurrence (Fig 4.1), grouped 

most parkland and low density residential sites very close together, indicating that 

these habitats were similar in species composition.  Sites within these habitats were 

also separated from most bushland and high density residential sites (Fig 4.1), which 

were loosely grouped together.  Differences in species composition among the four 

Species 
CF 

(kHz) 

WL 

(N/m
2
) 

Guild 
No. of 

sites 

Mean 

activity 

ANOVA 

P values 

Tadarida australis  10-13 15.5 1 38 19.7 0.003 

Saccolaimus flaviventris 18-22 15.9 1 23 1.7 0.42 

Mormopterus beccarii 22-24 14.3 1 12 0.6 0.10 

Chalinolobus gouldii  28-31 8.2 2 38 12.4 0.05 

Mormopterus sp 2 30-36 8.7 2 38 10. 0.04 

Chalinolobus nigrogriseus 37-40 n/a* 2 32 7.0 0.08 

Scotorepens spp. 36-42 7.9 2 37 10.8 0.04 

Miniopterus schreibersii 43-47 9.7 2 27 1.8 0.75 

Myotis macropus 80-35 7.5 2 15 1.9 <0.001 

Chalinolobus morio 48-53 6.3 3 8 0.2 0.09 

Nyctophilus spp. 80-35 6.2 3 22 2.0 0.01 

Vespadelus pumilus 50-58 5.5 3 11 1.0 0.01 

Miniopterus australis  57-63 5.8 3 35 8.7 0.001 

Rhinolophus megaphyllus 66-72 6.8 3 5 0.2 0.09 
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habitats were significant (ANOSIM Global R = 0.20, P < 0.001).  All habitat pairs 

differed significantly in species composition except for bushland and high density 

residential habitats (Table 4.2), although the difference between low density 

residential and parkland habitats was relatively weak (Table 4.2). 

 

 

Figure 4. 1 MDS ordination of 39 sites based on similarities in bat species composition.  

Symbols represent habitat type: ▲bushland,  parkland, □ low density residential, ● high 

density residential.  Ellipses show major groupings of sites with similar species composition 

generated from cluster analysis. 

 

Table 4. 2 Results of pair-wise comparisons of species composition between habitats using 

ANOSIM; R values indicate level of similarity. * P < 0.05, ** P < 0.01, *** P < 0.001. 

Habitat type Bushland Parkland Low density residential 

Parkland 0.13*   

Low density residential 0.21** 0.09*  

High density residential 0.05 0.28** 0.41*** 

 

SIMPER analysis revealed that seven species were principally responsible for the 

dissimilarity between habitats (Table 4.3).  Myotis macropus was consistently 

characteristic of parkland, while the presence of Tadarida australis, Chalinolobus 

gouldii, Chalinolobus nigrogriseus, Miniopterus australis, Scotorepens spp. and 

Mormopterus sp 2 distinguished low density residential and parkland habitats from 

high density residential and bushland habitats (Table 4.3). 

Bushland

Parkland

Low density residential

High density residential

Stress: 0.21
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Table 4. 3 SIMPER results showing bat species responsible for up to 55% of the dissimilarity 

between habitat types.  The final column indicates the habitat of higher frequency of 

occurrence.  B = bushland, P = parkland, LR = low density residential, HR = high density 

residential. 

Comparison Species 
Cumulative % 

contribution 
Habitat 

Bushland -  

Parkland 

Chalinolobus gouldii 11.5 P 

Chalinolobus nigrogriseus 22.9 P 

Tadarida australis 33.7 P 

Myotis macropus 42.7 P 

Scotorepens  spp 50.5 B 

   

Bushland -  

Low density  

residential 

Tadarida australis 11.9 LR 

Chalinolobus gouldii 23.2 LR 

Miniopterus australis 34.2 LR 

Chalinolobus nigrogriseus 44.2 LR 

Mormopterus sp 2 53.7 LR 

   

Parkland -  

Low density  

residential 

Chalinolobus nigrogriseus 10.9 LR 

Chalinolobus gouldii 21.9 LR 

Miniopterus australis 31.1 LR 

Tadarida australis 39.4 LR 

Mormopterus sp 2 47.5 LR 

Myotis macropus 55.6 P 

   

Bushland -  

High density  

residential 

Scotorepens spp 14.3 B 

Miniopterus australis 25.8 B 

Tadarida australis 36.9 HR 

Chalinolobus gouldii 46.3 HR 

Mormopterus sp 2 55.4 HR 

   

Parkland -  

High density  

residential 

 

Chalinolobus nigrogriseus 12.0 P 

Chalinolobus gouldii 23.3 P 

Myotis macropus 33.9 P 

Tadarida australis 43.8 P 

Scotorepens  spp 52.8 P 

   

Low density 

residential -  

High density 

residential 

Miniopterus australis 11.5 LR 

Chalinolobus nigrogriseus 22.8 LR 

Tadarida australis 33.5 LR 

Scotorepens  spp 44.0 LR 

Chalinolobus gouldii  54.2 LR 
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4.3.2 Patterns of bat activity 

Total activity between the two sampling years were comparable (ANOVA F = 0.022, 

df = 1, P > 0.05; Appendix 3), and data were grouped in ensuing analyses.  Overall, 

bat activity was lowest in high density residential and bushland areas and highest in 

low density residential areas (Fig 4.2), and differed significantly among habitats 

(ANOVA F = 7.412, df = 3, 36; P < 0.001). 

 

 

Figure 4. 2 Total bat activity levels in each habitat (number of minutes per hour summed 

across all species, mean ± 1 SE, n = 10).  Means with the same letter were not significantly 

different in LSD comparisons.  B = bushland, P = parkland, LR = low density residential, HR 

= high density residential.  Means and standard errors are calculated from raw data 

 

Eight of the 14 species were significantly more active in some habitat types than 

others, and only two were unambiguously (P > 0.10) similar across habitats (Table 

4.1).  Five species (Tadarida australis, M. australis, Mormopterus sp 2, C. gouldii, 

and V. pumilus) were more active in low density residential areas than either bushland 

or high density residential (Fig 4.3).  Scotorepens spp. was more active within 

bushland, parkland and low density residential than high density residential, and M. 

macropus and Nyctophilus spp. were significantly more active in parkland areas than 

any other habitat type (Fig 4.3). 
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All three ecomorphological guilds were represented by several species (Table 4.1).  

The total bat activity within all guilds differed significantly among habitats (ANOVA 

F = 4.50, P < 0.05, F = 3.22, P < 0.05, and F = 7.85 P < 0.001 respectively, df = 3, 36 

for all).  Guilds 1 and 3 were significantly more active in low density residential than 

either high density residential or bushland areas (Fig 4.4).  In Guild 3, this pattern was 

evident in two of the three species with significant between habitat differences (Fig 

4.3).  Furthermore, five of the eight sites in which Chalinolobus morio occurred, and 

three of the five sites in which Rhinolophus megaphyllus occurred, were in low 

density residential habitats.  Guild 2 species were significantly more active in low 

density residential than high density residential habitat (Fig 4.4). 
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Figure 4. 3 Activity levels in each habitat for selected individual species (number of minutes 

per hour, mean ± 1 SE, n = 10).  Means with the same letter were not significantly different in 

LSD comparisons.  B = bushland, P = parkland, LR = low density residential, HR = high 

density residential.  Means and standard errors are calculated from raw data. 

b

a

a

b

0.0

0.5

1.0

1.5

2.0

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Tadarida australis

a

ab

a

b

0.0

0.1

0.2

0.3

0.4

0.5

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Scotorepens spp.

b

a

b
b

0.0

0.1

0.2

0.3

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Myotis macropus

b
ab

a

b

0.0

0.2

0.4

0.6

0.8

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Mormopterus sp 2

b b

a

b

0.0

0.2

0.4

0.6

0.8

1.0

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Miniopterus australis

b

a

b
b

0.00

0.05

0.10

0.15

0.20

0.25

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Habitat type

Nyctophilus spp.

ab

b

a

b

0.00

0.03

0.06

0.09

0.12

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Habitat type

Vespadelus pumilus

0.0

0.2

0.4

0.6

0.8

B P LR HR

A
c
ti
v
it
y
 I
n

d
e

x

Chalinolobus gouldii

b

ab

a

b



Chapter 4: 78  

 

 

 

Figure 4. 4 Activity levels in each habitat for each guild (number of minutes per hour 

summed across each guild’s species, mean ± 1 SE, n = 10).  Means with the same letter were 

not significantly different in LSD comparisons.  B = bushland, P = parkland, LR = low 

density residential, HR = high density residential.  Means and standard errors are calculated 

from raw data. 
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4.4 Discussion 

4.4.1 Variation in species composition and bat activity among habitats 

Bat assemblage composition in low density residential and parkland habitats differed 

from that in bushland and high density residential, and total bat activity did not differ 

significantly between bushland and high density residential habitats.  It is surprising 

that bushland and high density residential habitats did not differ substantially from 

each other in species composition or total activity, as bat species richness, abundance 

and activity have often been reported to be highest in woodland habitats and lowest in 

open and exposed landscapes (Walsh et al. 1995; Walsh and Harris 1996b, a; 

Vaughan et al. 1997; Hourigan et al. 2006).  Bat species composition differed 

significantly between suburban backyards and forested national parks in the 

Australian city of Sydney (Basham 2005), where  M. australis and Vespadelus 

vulturnus were most abundant in forest.  In the present study M. australis occurred 

more frequently in low density residential areas than bushland remnants.  Further 

study into the factors underlying variation in species specific activity would be 

required in order to explain this difference. 

 

Bushland remnants had relatively low bat activity in this study.  An increase in the 

amount of clutter or obstruction can result in a lower field of detection, which may 

reduce the quality of calls (and thus the number identifiable) and amount of activity 

recorded by bat detectors (Hayes 2000).  However, all bat detectors were calibrated to 

minimise differences among them in sensitivity, and orientated so that their 

microphones were unobstructed.  Furthermore, the percentage of fragmented and 

unidentified calls in bushland was 61% (from 2541), which was similar to parkland 

(60% from 4928) and only 18% higher than the low density residential habitat (43% 

from 6322).  This difference between habitats is small relative to the statistical 

differences in activity between bushland and low density residential and or parkland 

habitats for most species and total bat activity.  Therefore, it seems unlikely that the 

low level of bat activity in bushland sites was due to sampling bias created by clutter.  

However, this study was carried out during summer and autumn, and bats may differ 

in their use of habitats in the urban landscape at other times of the year. 
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Higher bat activity in low density residential than in high density residential areas has 

also been reported in previous studies investigating bat activity in urban areas (Gaisler 

and Bauerova 1985-1986; Gaisler et al. 1998; Avila-Flores 2003; Hourigan et al. 

2006).  For instance bat activity was highest in the city outskirts where housing 

density was low and lowest in the city centre where housing density was higher, 

within the city of Brno, Czech Republic (Gaisler et al. 1998).  Foraging activity was 

also higher in areas with fewer houses and street lights in Townsville, Australia 

(Hourigan et al. 2006). 

 

Parkland areas differed from the other habitat types because of the relatively high 

frequency of occurrence and activity levels of Myotis macropus.  This is probably due 

to the presence of free-standing bodies of water over which M. macropus forage to 

catch insects or small fish (Robson 1984; Barclay et al. 2000).  Water was present at 

all parkland sites in the form of small creeks or ponds, whereas the numbers of sites 

with water in other habitat types was considerably lower (four bushland sites, two low 

density residential sites and one high density residential site).  Nyctophilus spp. was 

also more active in parkland areas, and often forages within riparian vegetation 

(Tidemann and Flavel 1987; Lumsden et al. 2002; Hourigan et al. 2006).   

 

Low density residential and parkland habitats provided suitable foraging habitat for 

the majority of the study region’s bat species throughout the summer months.  Within 

the relatively open high density residential habitats, the lack of vegetation and well-lit 

nature of the area may have discouraged bats as there is little cover from nocturnal 

predators, such as owls (Speakman 1991).  Other factors which may have contributed 

to the lack of bat activity in high density residential areas include a scarcity of roost 

sites and/or low prey availability, although we lack the data on these factors in the 

study area.  Large areas of moderately-vegetated space outside of remnant forest can 

provide valuable habitats for bats in urban landscapes, as has been reported for 

agricultural landscapes (Lumsden and Bennett 2005; Fischer et al. 2010). 

 

4.4.2 Habitat use by foraging guilds in the urban mosaic 

Contrary to our expectations, ecomorphological guilds were poor predictors of habitat 

use for most species, particularly in the more open versus the more vegetated habitats.  

Guild 1 species, which on the basis of wing morphology (WL > 12 N/m
2
) and call 
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frequency (CF < 30 kHz) were expected to prefer open habitats, foraged above low 

density residential and parkland significantly more than in the open high density 

residential habitat.  Although Guild 1 species emit high intensity, low frequency 

echolocation calls which are easier to detect from afar using bat detectors, it is 

possible that the canopy in remnant bushland sites may have impeded the detection of 

bats flying well above it.  However, as two of three Guild 1 species did not differ 

significantly in activity between habitats, it is more likely that Guild 1 was strongly 

influenced by the activity of T. australis, a species shown by radio-tracking to forage 

predominantly above grass-dominated floodplain (composed of pastures, parklands, 

and golf courses), and less frequently above residential developments and remnant 

forest in the study area (Rhodes and Catterall 2008).   

 

Guild 3 species (WL < 7.5 N/m
2
, CF > 50 kHz) were expected to be associated with 

well-vegetated habitats.  With the exception of V. pumilus, Guild 3 species were 

significantly more active in low density residential than in remnant bushland habitat.  

Vespadelus pumilus was active in both the low density residential and bushland 

habitats.  Vegetative cover and structural diversity was high in low to medium density 

residential areas in the city of Tucson (Shaw et al. 1998; Livingston et al. 2003).  Low 

density residential areas in this study contain gardens with clusters of trees and 

shrubs, which Guild 3 species may forage amongst.  However, Guild 3 species would 

still have to commute across open, exposed areas of the urban mosaic to do so.  One 

of three potential Nyctophilus species that may occur in the Brisbane region, 

Nyctophilus geoffroyi, has been recorded foraging around scattered trees within an 

open farmland mosaic (Lumsden and Bennett 2005), and regularly commutes across 

open agricultural areas (Lumsden et al. 2002).  Similarly, Rhinolophus megaphyllus 

has occasionally been observed foraging amongst isolated trees in grassland adjacent 

to bushland areas (Pavey 1998). 

 

Guild 2 species (WL 7.5 - 12 N/m
2
, CF 30 - 50 kHz) were expected to forage in a 

variety of habitats, but only one Guild 2 species was active across all habitat types:  

M. schreibersii.  This species can use a variety of open and cluttered spaces because 

of flexibility in their echolocation calls, and an additional wing-membrane fold that 

allows greater manipulation of flight speed and manoeuvrability (Jacobs 1999; Nudds 

2007).  Similarly, Scotorepens spp. was active across low density residential, parkland 
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and bushland habitats, but avoided high density residential.  The remaining Guild 2 

species showed significant (or near significant) variation in activity among habitats, 

with several avoiding both high density residential and bushland.  Two Guild 2 

species, Chalinolobus gouldii and Mormopterus sp 2, were more active in low density 

residential areas than anywhere else; a pattern similar to that seen in several Guild 1 

and 3 species.  However, the low density residential and or parkland preferred by 

Guild 2 species contained a mixture of open and vegetated spaces, providing an 

intermediate level of clutter to which this Guild is well suited (Norberg and Rayner 

1987; Neuweiler 1989). 

 

Ecomorphological guilds were reported to be reasonable predictors of habitat use by 

bats in other regions (Aldridge and Rautenbach 1987; Crome and Richards 1988; 

McKenzie et al. 1995; Bullen and McKenzie 2001).  For example, Crome and 

Richards (1988) correctly predicted rainforest gap use by bats based on similar ranges 

of wing morphology to those used in the present study.  Species classified as ‘Gap 

Specialists’ with high wing loading (> 10.5 N/m
2
) foraged in rainforest gaps and 

nearby open woodland, ‘Closed Canopy Specialists’ with low wing loading (< 8.5 

N/m
2
) avoided gaps and foraged exclusively within the rainforest canopy, and species 

with intermediate wing morphology termed ‘Gap Incorporators’ used both rainforest 

gaps and canopy (Crome and Richards 1988).  Similarly, observations of light tagged 

individuals in Pafuri, South Africa, revealed that species with wing loading > 12 N/m
2
 

foraged exclusively in the open, and those with wing loading between 8 and 12 N/m
2
 

foraged between scattered trees and just above the canopy as predicted (Aldridge and 

Rautenbach 1987).  However, only 1 of 3 species with wing loadings < 8 N/m
2
 

foraged amongst dense vegetation as expected.  Instead, the remaining 2 species spent 

more time foraging in open areas.   

 

Actual habitat use can vary from predictions based on ecomorphological parameters 

because of species’ flexibility in foraging behaviour (Fenton 1990).  For example, 

European Pipistrellus species adapted to flight in open habitats can adjust the pulse 

duration and bandwidth of their echolocation calls to suit the degree of clutter, 

allowing them to access forest edges and small forest gaps (Kalko and Schnitzler 

1993).  Although ecomorphological guilds have been useful in explaining patterns of 

habitat use by bats when used in a post hoc manner (for example Law et al. 1999; 
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Avila-Flores and Fenton 2005; Lloyd et al. 2006), the present study was designed to 

test their predictive power.  The results suggest that in this case ecomorphological 

guilds are of limited use for predicting bat assemblage structure among habitats in an 

urban landscape. 

 



 

Chapter 5 

Multi-scale analysis of factors affecting habitat use by 

insectivorous bats in a large mosaic urban landscape 

 

5.1 Introduction 

Urban landscapes are mosaics of interspersed land uses or habitats that include 

densely built commercial and industrial areas, residential developments, cropland, 

vegetation remnants, gardens, parklands and so on (Catterall 2009).  Urbanisation has 

been associated with negative impacts on biodiversity and the need for conservation 

of the existing biota in urban areas has become increasingly recognised (McKinney 

2002).  Insectivorous bats are a species-rich group and can comprise a significant 

proportion of mammalian diversity in some areas (Lunney and Barker 1986; Zubaid 

1993; Churchill 1998).  A better understanding of the diversity of bat communities 

and the factors that determine patterns of species composition, distribution and 

activity is needed in order to provide a sound basis for bat conservation (Racey and 

Entwistle 2003), particularly in urban landscapes where such information is lacking.  

The factors that may be important in determining diversity within any taxon are often 

scale-dependent, and different factors may be involved at different spatial scales 

(Miller et al. 2001).  In particular, the effect of variation within habitats needs to be 

investigated at multiple scales (Garden et al. 2006). 

 

Previous research has shown that the species distribution, abundance and activity of 

insectivorous bats within different types of landscape may be influenced by a number 

of different factors, such as the presence of water (Rydell et al. 1994; Vaughan et al. 

1997; Racey 1998; Law and Chidel 2002; Russ and Montgomery 2002), vegetative 

cover (Lesiński et al. 2000; Russ and Montgomery 2002), the amount of open space 

(Walsh et al. 1995; Vaughan et al. 1997; Lesiński et al. 2000; Russo and Jones 2003), 

and street lights (Geggie and Fenton 1985; Rydell 1992; Blake et al. 1994; Rydell and 

Racey 1995).  For example, the foraging activity of Myotis species was up to 10 times 

higher over water than in the surrounding Douglas-fir stands in Oregon, United States 

of America (Thomas 1988).  Tree cover was positively related to the relative density 

of Eptesicus serotinus and Pipistrellus nathusii, while relative density of Nyctalus 
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noctula was negatively affected by open spaces such as meadows and wasteland, in 

the city of Warsaw, Poland (Lesiński et al. 2000).  Streetlights can have a negative 

(Lesiński et al. 2000; Hourigan et al. 2006) or positive association with bat activity 

(Geggie and Fenton 1985; Blake et al. 1994; Rydell and Racey 1995; Avila-Flores 

and Fenton 2005). 

 

Forest remnants may affect bat activity and diversity in two ways.  First, some bat 

species may prefer to forage in forest areas (Crome and Richards 1988; Law and 

Chidel 2004).  Second, many insectivorous bat species roost in tree hollows (Gibbons 

and Lindenmayer 2002), and the large old trees that are the main hollow-providers 

may be scarce in suburban areas (Rhodes and Wardell-Johnson 2006).  Bat species 

found foraging in an open farmland mosaic that lacked hollow-bearing trees roosted 

within large tracts of forest (Lumsden et al. 2002).  If bats need to roost in forest 

remnants, they may also need to travel larger distances between roosting and foraging 

areas, and therefore arrive at foraging areas later in the evening than species that roost 

in built structures or isolated trees within urban landscapes (Bartonička and Zukal 

2003; Evelyn et al. 2004).   

 

Little research exists into how variation in land cover affects both species-specific 

activity and community composition of urban bat assemblages at multiple spatial 

scales (but see Gehrt and Chelsvig 2004; Basham 2005).  The most common predictor 

of bat species’ activity in Chicago, North America, was the percentage of woodland 

surrounding sites at the landscape scale (Gehrt and Chelsvig 2004).  Although 

species-specific responses to woodland, and more open habitats such as industrial and 

agricultural land varied, different land covers were combined into a single 

urbanisation index that was used for most habitat analyses in that study (Gehrt and 

Chelsvig 2004).  In order to manage different attributes of habitats to conserve bat 

diversity in urban landscapes, we need to determine how bats respond to the range of 

variation in habitat attributes at both local and landscape scales. 

 

The present study investigates how land cover attributes at local and landscape scales 

influence habitat use by insectivorous bats in the extensive subtropical, mosaic urban 

landscape of Brisbane, Australia.  Previous work (Chapters 3 and 4) reported a bat 

assemblage of 14 species within this landscape, and showed that bat diversity and 
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activity patterns varied among sites belonging to four broad habitat types: remnant 

bushland, parkland, low density residential, and high density residential.  Here we use 

a complementary approach to test the importance of specific habitat elements (open 

water, trees, grass, and built structures) that contribute to the differences in habitat 

type.  We also test whether the proximity of bushland remnants can predict the arrival 

times of species at their foraging sites.     

 

5.2 Methods 

5.2.1 Study region, habitats and sites 

This research was carried out in Brisbane (27° 29’S, 153° 8’E), Queensland Australia.  

Ten sites were chosen in each of four major habitat types (40 in total): remnant 

bushland, parkland, low density residential and high density residential.  All sites 

were separated by a minimum of 2 km to maximise spatial independence, and sites of 

different habitats were spatially interspersed throughout the 2,500 km
2
 study area (Fig 

3.1 Chapter 3, Plates 1 – 4, Appendix 1).  For further information on the study region, 

habitats and sites please see sections 3.2.1 and 3.2.2 in Chapter 3.  

 

5.2.2 Sampling technique and species identification 

Each site was sampled for six non-consecutive nights over two years (2004/2005 and 

2005/2006) during the austral summer-autumn using acoustic bat detectors (Anabats: 

Titley Electronics, Ballina Australia).  Two to three sites from different habitats were 

sampled simultaneously.  Each detector was set up before sunset to automatically 

monitor and record bat activity for the entire night. 

 

The recorded echolocation calls were identified to species using the bat call analysis 

system Analook (version 4.9g).  Measurements of six echolocation call parameters, 

pulse shape and alternation of pulse frequency were used to identify species from 

recorded calls, in conjunction with an identification key and existing call library for 

the south-east Queensland region (Reinhold et al. 2001).  For further information on 

the sampling techniques and species identification used in this study please see 

section 3.2.3 in Chapter 3. 
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5.2.3 Bat species composition, activity and arrival times 

Species’ frequencies of occurrence at each site were calculated as the number of 

sampling nights in which each species was recorded (range 0-6).  Bat activity was 

quantified using an Activity Index (Miller 2001), which was the number of one-

minute intervals per hour of sampling in which a species was recorded, across the six 

sampling nights (see also Chapter 3; range 0-60, and Appendix 4a).  The activity 

index was summed across all species to calculate total activity.  The arrival time of 

each species at each night in each site was calculated as the number of elapsed 

minutes between the start of civil twilight and the time when that species was first 

recorded by the detector.  Mean site-specific arrival times for a species were 

calculated across the nights in which that species was present.   

 

5.2.4 Environmental variables measured 

The percentages of different land cover attributes surrounding each site were 

measured by counting the number of points coinciding with each attribute in a circular 

grid of 100 evenly-spaced points, placed over aerial images of the site.  Four different 

attributes were scored in this way: open water (river, stream, lake, dam, and sea), 

grass (maintained pasture or lawns, composed predominantly of exotic species), trees 

and shrubs, and impervious surfaces or built structures (buildings, roads, quarries etc).  

Radii of 500 m and 1500 m were used to represent local and landscape scales 

respectively (Appendix 6).  These radii encompass the range of nightly foraging 

movements possible for bat species within the assemblage.  For example, although 

Tadarida australis and can commute up to 11 km between roosting and foraging 

areas, this species only forages over an area a few kilometres in diameter (Rhodes and 

Catterall 2008).  On the other hand, smaller bodied species such as Vespadelus 

pumilus move less than one kilometre between roosting and foraging areas, and forage 

over an area less than 500 m in diameter (5.3 Ha: Law and Anderson 2000), while 

Nyctophilus gouldi and N. bifax forage within 2 km of the roost (Lunney et al. 1988; 

Lunney et al. 1995).  Aerial images were obtained using Google Earth software 

(Version 4.3) and printed at high resolution (7 m per pixel) onto A4 photographic 

paper. 

 

The number of street lights (of any type) along one kilometre of road closest to each 

site was counted and multiplied by the total length of road occurring within a 500 m 
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radius of the site.  The linear distance (m) from each sampling station to the nearest 

forest remnant of at least 10 ha in size was measured from the aerial images, and 

averaged across the two sampling stations at each site. 

 

5.2.5 Data analysis 

All study sites contained some tree cover (minimum 5% at local scale and 20% at 

landscape scale; Table 5.1), reaching a maximum of > 90% at a few sites.  Note that 

the term ‘tree’ cover includes both trees and shrubs.  Built cover also varied greatly 

among sites (Table 5.1).  Grass cover ranged from 0% to a maximum of 58% at the 

local scale and 40% at the landscape scale, while water cover was relatively low.   

 

Pearson’s correlations were used to explore relationships among land cover attributes.  

The cross-scale correlations of each landscape attribute (i.e. grass cover at local vs. 

landscape scales) were high (Table 5.1, Appendix 7).  Within scales, correlations 

among tree, grass, built and water cover varied, and were statistically significant for 

only three of the possible six pair-wise comparisons: tree-grass (r = -0.43, -0.56 for 

the local and landscape scales respectively), tree-built (r = -0.77, -0.79), and water-

grass (r = 0.57, 0.53; Appendix 7).  Street lights were highly correlated with the 

proportion of built structures at both scales (r = 0.87, 0.84; Appendix 7).  

Consequently street lights were excluded from most analyses that investigated 

statistical relationships between species composition, bat activity and land cover 

attributes. 

 

Table 5. 1 Mean and range for each land cover attribute surrounding sites at local (500 m 

radius) and landscape (1500 m radius) scales in the study area, and the cross-scale 

correlations for each attribute (n =  40). 

Land cover attributes 
Local scale Landscape scale Local-Landscape 

Correlation Mean Range Mean Range 

Trees (% cover) 48.5 5 - 98 49.5 20 - 92 0.84 

Grass (% cover) 21.9 0 - 58 13.9 0 - 40 0.86 

Water (% cover) 3.4 0 - 26 3.2 0 - 20 0.73 

Built (% cover) 26.2 0 - 87 33.4 3 - 74 0.85 

Street lights (total/site) 52.9 0 - 235 - - - 
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BIO-ENV analysis (PRIMER 5; Clarke and Gorley 2006) was used to investigate 

whether surrounding land cover attributes explained variation in patterns of species 

composition among sites.  BIO-ENV uses rank correlations between two multivariate 

similarity matrices: the biotic matrix and the environmental matrix (for all possible 

combinations of environmental variables), and defines an optimal subset of 

environmental variables, which best explains the biotic structure (Clarke and 

Ainsworth 1993).  The biotic matrix was derived from each species’ frequency of 

occurrence at each site (Appendix 5), and used the Bray Curtis similarity metric. The 

environmental matrix was derived from the proportions of open water, grass, trees, 

and built structures (Appendix 6), and used the Euclidean distance metric.  The 

statistical significance of BIO-ENV correlations was determined using Mantel tests.  

Separate analyses were carried out for the local scale, landscape scale and both scales 

combined.  One bushland site (Toohey Forest) was identified as an extreme outlier in 

the biotic dataset (only one species, Nyctophilus spp., was recorded at this site on one 

night) and was removed from the analyses, leaving 39 analysed sites. 

 

Multiple linear regression using SAS statistical software (SAS Institute Inc 2009), 

was used to examine the relationship between patterns of bat activity (total activity 

and the activity of each individual species) and surrounding land cover attributes.  

Initial examination of the data revealed they were not normally distributed.  To 

improve normality and ensure the data met the underlying assumptions of the 

statistical tests, total bat activity and the activity of Tadarida australis, Chalinolobus 

gouldii, Chalinolobus nigrogriseus, Scotorepens spp, Mormopterus species 2 and 

Miniopterus australis were log10 (x+0.1) transformed, while the activity of 

Chalinolobus morio, Rhinolophus megaphyllus, Nyctophilus spp, Myotis macropus, 

Miniopterus schreibersii, Saccolaimus flaviventris, Mormopterus beccarii, 

Vespadelus pumilus were log10 (x + 0.01) transformed (as activity levels were an order 

of magnitude lower).  All environmental variables were log10 (x+0.01) transformed.  

All 14 species occurred in at least five sites (range 5 to 38 sites).  Regression analyses 

were carried out at the local scale, landscape scale, and both scales combined.  For 

statistically significant models, the all-subsets variable selection procedure was used 

to determine which combinations of variables were the best predictors of activity 

within the urban mosaic based on the lowest algebraic Bayesian Information Criterion 

(BIC) values.  Parametric analyses were performed on log transformed data.  



Chapter 5: 90  

 

 

Spearman’s rank correlations were used to test the relationship between distances to 

the nearest bushland remnant and the mean arrival times for each species (n = 5 - 38). 

 

5.3 Results 

5.3.1 Surrounding land cover and species composition 

The best predictor of variation in bat species composition among sites was a cross-

scale combination of the proportion of trees within a 500 m radius, and water, grass, 

and trees within a 1500 m radius (Table 5.2).  However, these variables accounted for 

only 5.3% of the variation (pattern) in the species similarity matrix, and their 

predictive power was only slightly better than that of variables at the landscape scale 

alone (Table 5.2).  Furthermore, the proportion of grass alone explained most of this 

variation (4.4%; Table 5.2). 

 

Table 5. 2 Comparison of similarities in species composition among sites with those of land 

cover attributes: best subsets from BIOENV (n = 39), r is the rank correlation, and % is the 

percentage variation in species similarity described by the land cover attribute(s).  Local scale 

is 500 m radius and landscape scale is 1500 m radius.  Asterisks indicate significant 

relationships from the results of Mantel tests * P < 0.01, and ** P < 0.001. 

Scale r %  Land cover attributes 

Local 0.13* 1.7 Grass 

 0.15** 2.3 Grass, Trees 

Landscape 0.21** 4.4 Grass 

 0.22** 4.8 Grass, Trees, Water 

Combined 0.23** 5.3 Grass 1500 m, Trees 1500 m, Water 1500 m, Trees 500 m 

 

 

5.3.2 Spatial scales and foraging preferences 

The land cover surrounding sites explained a significant amount of the variation in 

total bat activity, and the activity patterns of seven of the 14 bat species (Table 5.3).  

Landscape scale variables were the only significant predictors of C. gouldii and 

Mormopterus sp2 activity, while local scale variables were the only significant 

predictors of Mormopterus beccarii activity.  The remaining species were 

significantly predicted by land cover variables at both scales (Table 5.3).   
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Table 5. 3 Results of multiple linear regression analyses of the relationship between bat 

activity and land-cover attributes, and Spearman’s rank correlations (r) between distances to 

the nearest bushland remnant and mean arrival times for each species (n is the number of sites 

where present).  Local scale is 500 m radius and landscape scale is 1500 m radius.  Bolding 

indicates significant relationships * P < 0.05, and ** P < 0.001.  

Dependent Variable 
Activity vs. Land-cover r

2
 Arrival Correlation 

Local Landscape Combined r n 

Vespertilionidae      

Chalinolobus gouldii 0.13 0.25* 0.27 -0.01 38 

Chalinolobus morio 0.14 0.11 0.20 0.02 8 

Chalinolobus nigrogriseus 0.16 0.16 0.25 0.17 32 

Miniopterus australis 0.28* 0.24* 0.36 -0.18 35 

Miniopterus schreibersii 0.05 0.06 0.17 0.39* 27 

Myotis macropus 0.56** 0.47** 0.60** 0.20 15 

Nyctophilus spp.
1
 0.34* 0.35* 0.41* 0.17 22 

Scotorepens spp.
1
 0.17 0.14 0.23 0.22 37 

Vespadelus pumilus 0.08 0.08 0.17 0.15 11 

 

Molossidae 
     

Tadarida australis 0.34* 0.40** 0.42* -0.09 38 

Mormopterus beccarii 0.27* 0.18 0.35 -0.35 13 

Mormopterus species 2 0.21 0.31* 0.36 0.09 38 

 

Emballonuridae 
     

Saccolaimus flaviventris 0.07 0.11 0.17 -0.15 23 

 

Rhinolophidae 
     

Rhinolophus megaphyllus 0.05 0.07 0.11 0.62 5 

      

Total activity 0.37* 0.44** 0.48* - - 
1
 Grouped where species could not be distinguished from calls. 

 

The proportion of grass and trees at the landscape scale together was the best 

predictor of total bat activity and explained 39% of its variation (Table 5.4).  Total 

activity was highest at sites that had 30 - 60% tree cover combined with 15 - 30% 

grass cover (Fig 5.1).  Grass was consistently present in the most efficient models 

(lowest algebraic BIC) for four of the seven species regardless of scale (T. australis, 

C. gouldii, Mormopterus sp2, and Miniopterus australis).  However, the best model 

always contained a combination of attributes that included both grass and trees (Table 

5.4).  For these species activity was greatest when tree cover ranged between 30 - 
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60% combined with sufficient (15 - 30%) grass cover (Fig 5.1), similar to the pattern 

observed for total bat activity. 

 

Water was consistently present in the most efficient models of the remaining three 

species (Nyctophilus spp., Myotis macropus, and M. beccarii), and was the only 

predictor for both M. macropus and M. beccarii activity (Table 5.4).  Each species’ 

activity was positively related with percentage water cover (Fig 5.2), which largely 

comprised either the Brisbane River or water impoundments such as ponds and dams. 

 

Built structures were present in the best models for two of the seven species (C. 

gouldii and Nyctophilus spp.), but were always present in combination with other 

attributes (Table 5.4).  Built structures were negatively related with bat activity. 

 

When street lights were included in local scale analyses, grass was consistently 

present in the most efficient models for total activity and the activity of T. australis 

and M. australis; while water was consistently present in the most efficient models for 

Nyctophilus spp. and M. macropus (Appendix 8 and 9).  However, the best models 

always contained a combination of grass (or water) with street lights or built 

structures rather than trees (Table 5.4, Appendix 9).  Bat activity was always 

negatively correlated with street lights. 



 

Table 5. 4 Results of all-subsets regression analyses selecting specific land cover attributes as predictors of bat activity.  The three most efficient sets of 

predictors (lowest algebraic BIC) are presented for each spatial scale, with the most consistently important variable listed first and the best model for each 

species in bold.  Only cases that were significant in multiple regressions (Table 5.3) are shown. 

Species 
Local scale (500 m) Landscape scale (1500 m) Combined local and landscape scales 

r
2
 BIC Land cover attributes r

2
 BIC Land cover attributes r

2
 BIC Land cover attributes 

Total activity 0.33 -81.43 Grass, Built 0.39 -85.69 Grass, Trees 0.39 -85.34 Grass 1500 m, Trees 1500 m  

 0.32 -81.13 Grass, Trees 0.42 -85.10 Grass, Trees, Water 0.44 -85.50 Grass 1500 m, Trees 1500 m, Water 1500 m 

 0.36 -80.89 Grass, Trees, Water  0.40 -84.12 Grass, Trees, Built 0.42 -84.63 Grass 1500 m, Trees 1500 m, Water 500 m 

Tadarida australis 0.32 -83.04 Grass, Built 0.39 -84.86 Grass, Trees, Water 0.34 -84.38 Grass 1500 m, Trees 1500 m 

 0.30 -81.96 Grass, Trees 0.34 -84.83 Grass, Trees 0.39 -84.23 Grass 1500 m, Trees 1500 m, Water 1500 m 

 0.30 -81.90 Grass, Water 0.40 -83.06 All 0.38 -83.92 Grass 1500 m, Trees 1500 m, Water 500 m 

Chalinolobus gouldii    0.25 -85.43 Grass, Trees, Built    

    0.19 -85.04 Grass, Trees    

    0.25 -83.15 All    

Mormopterus sp2    0.30 -98.65 Grass, Trees    

    0.30 -96.70 Grass, Trees, Water    

    0.30 -96.66 Grass, Trees, Built    

Miniopterus australis 0.28 -93.62 Grass, Trees, Water 0.21 -92.20 Grass, Trees    

 0.21 -92.71 Grass, Trees 0.24 -91.32 Grass, Trees, Built    

 0.19 -91.97 Grass, Water 0.13 -91.06 Grass    

Nyctophilus spp. 0.30 -66.74 Water, Built 0.33 -67.99 Water, Built 0.33 -67.97 Water 1500 m, Built 500 m 

 0.33 -65.94 Water, Built, Grass 0.35 -67.12 Water, Built, Grass 0.33 -67.84 Water 1500 m, Built 1500 m 

 0.28 -65.66 Built, Grass 0.25 -66.26 Water 0.32 -67.69 Water 500 m, Built 1500 m 

Myotis macropus 0.54 -82.96 Water 0.42 -73.79 Water 0.57 -82.68 Water 500 m, Water 1500 m 

 0.56 -82.24 Water, Built 0.44 -72.53 Water, Built 0.54 -82.85 Water 500 m 

 0.56 -81.77 Water, Trees 0.43 -72.27 Water, Grass 0.57 -82.33 Water 500 m, Built 1500 m 

Mormopterus beccarii 0.26 -92.76 Water       

 0.27 -90.91 Water, Built       

 0.26 -90.63 Water, Grass       
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Figure 5. 1 The relationship between bat activity and percent cover of grass and trees at local 

(500 m radius) or landscape (1500 m radius) scales.  Bubble size is proportional to activity 

level. 
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Figure 5. 2 The relationship between bat activity and percent cover of water (log 

transformed) at local (500 m radius) or landscape (1500 m radius) scales.  Axes have been 

back transformed to the original scale. 
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5.3.3 Arrival times vs. distance to bushland remnants 

The arrival times of Miniopterus schreibersii were significantly positively correlated 

with the distance of sites from bushland remnants (Table 5.3, Fig 5.3). 

 

 

Figure 5. 3 The relationship between the mean arrival time (minutes after civil twilight) of 

Miniopterus schreibersii and the distance to the nearest bushland remnant. 

 

5.4 Discussion  

5.4.1 Importance of local vs. landscape scale factors 

Bat species composition and activity were explained better by land-cover attributes at 

the landscape than local scale.  Local scale factors may be less influential on bat 

species distribution and overall habitat use because many bats in the Brisbane 

assemblage are not confined to specific habitats (Chapter 4), and have the ability to 

commute across the urban mosaic (Lumsden et al. 2002; Rhodes 2002).  Among 

different species, landscape scale variables were better predictors of the activity 

patterns of T.  australis, C. gouldii, and Mormopterus sp2, which are capable of fast 

flight (Churchill 1998).  For example, T. australis reaches flight speeds of > 40 km/h 

when commuting between roosting and foraging areas (Rhodes and Catterall 2008).   

 

However, landscape scale variables were also the best predictors of Nyctophilus spp. 
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manoeuvrable (Brigham et al. 1997a), which imposes higher costs on commuting 

flights and implies little long-distance flight (Norberg and Rayner 1987).  The three 

Nyctophilus species that may occur in the Brisbane region: Nyctophilus gouldi, N. 

geoffroyi and N. bifax (Churchill 1998; Rhodes 2006), commuted less than 2 km 

between roosts and foraging areas in forested landscapes (Lunney et al. 1988; Lunney 

et al. 1995; Hosken 1996).  However, N. geoffroyi females commuted an average of 

6.7 km from roosts in remnant forest to forage in farmland, and individuals displayed 

faster more direct flight when commuting than foraging (Lumsden et al. 2002).  Bats 

are known to vary their movement patterns according to the availability and 

arrangement of roosting and foraging habitats in the landscape (Heithaus and Fleming 

1978; Morrison 1978; Geggie and Fenton 1985; Brigham 1991).  This study’s 

findings suggest that further investigation of Nyctophilus foraging and roosting 

behaviour in urban landscapes may reveal larger ranges of movement than previously 

reported. 

 

5.4.2 Foraging preferences 

Similar land cover attributes were important to foraging insectivorous bats at both 

local and landscape scales.  A number of species preferred areas with a combination 

of 30 - 60% tree cover and 15 - 30% grass cover.  In apparent contrast to this finding, 

bats in several other urban landscapes were reported to prefer well-vegetated areas 

(Legakis et al. 2000; Lesiński et al. 2000; Gehrt and Chelsvig 2003; Basham 2005; 

Hourigan et al. 2006).  However, this would be consistent with our findings if tree 

cover ranged from 0 - 60% in those cities.  Gehrt and Chelsvig (2003) reported land 

cover for the Chicago metropolitan area in 1997 as 33% agriculture, 30% urban, 16% 

natural areas (including woodlands, wetlands and grasslands) and 21% unassociated 

vegetation.  This gives a maximum overall vegetation cover of < 37%, which is 

therefore considerably less than the mean tree cover of around 50% in the present 

study (Gehrt and Chelsvig 2003).  Comparisons with other urban areas are not 

possible as information on the amount of vegetative cover preferred by bats or the 

range of vegetative cover in the urban landscape was not provided in the other papers 

cited.  In landscapes where a wide range of different tree cover is accessible, bats may 

prefer areas that are less cluttered as this reduces the energetic cost of foraging and 

echolocation is less complex (Brigham et al. 1997b). 
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In addition to broad patterns of species’ similarity in preference for sites with a mix of 

grass and trees, there were subtle differences among species.  For example, the 

foraging activity of T. australis was higher in grassy areas with moderate tree cover, 

in the vicinity of water.  This is consistent with the findings other studies which 

showed that T. australis foraged mainly over grass-dominated floodplains of the 

Brisbane River in Brisbane (Rhodes and Catterall 2008), and foraged more often over 

grassland than any other habitat type in Townsville (Hourigan et al. 2006).  

Mormopterus sp2, M. australis and C. gouldii were also more active in grassy areas 

with moderate to high tree cover or in less built areas of the urban mosaic, but at 

different scales. 

 

Nyctophilus spp., Myotis macropus and Mormopterus beccarii were more active at or 

near water than in grassy areas.  Myotis activity has also been associated with water in 

other cities around the world (Bartonička and Zukal 2003; Avila-Flores and Fenton 

2005; Hourigan et al. 2006), as members of this genus forage directly over water 

bodies, trawling their feet along the water’s surface to capture insects and small fish 

(Dwyer 1970; Robson 1984).  This also explains why the presence of water at the 

local rather than landscape scale was a better predictor of M. macropus activity, even 

though this species can move large distances (Barclay et al. 2000).  Nyctophilus spp. 

were more active near water, but away from built-up urban areas, and species of 

Nyctophilus have been associated with water or riparian vegetation in other urban, 

farmland, and forested landscapes (Tidemann and Flavel 1987; Lumsden et al. 2002; 

Hourigan et al. 2006). 

 

Bat activity was relatively low at sites with higher densities of street lights, but it is 

not possible to distinguish whether the bats were responding to the street lights 

themselves or to the built structures with which they were correlated.  In addition, 

street lights encompassed a variety of types (such as white mercury vapour and orange 

sodium vapour lights) in this study, but different types of street lights can vary 

dramatically in their potential impacts on bats (Rydell 1992; Rydell and Racey 1995).  

Negative impacts of streetlights on bat activity in other cities (Lesiński et al. 2000; 

Hourigan et al. 2006) have been attributed to greater visibility to nocturnal predators 

such as owls (Speakman 1991), or even diurnal predatory birds, which have also been 

observed foraging opportunistically under artificial lights (Longcore and Rich 2004).  
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Therefore, the direct negative effects of street lights may form one part of a broader, 

more complex set of negative impacts from intensive urbanisation.  

 

5.4.3 The role of bushland remnants as roost sites 

The lack of relationship between arrival times and the proximity of bushland remnants 

for most species suggests that they do not depend on bushland remnants for roost sites 

during the summer months.  Alternatively, the bats may not fly directly from the roost 

to foraging areas.  For example, T. australis often flies from day roosts to a central 

communal roost first, and can remain there for up to 40 minutes before continuing on 

to forage elsewhere (Rhodes 2007).  However, radio-telemetry of species such as M. 

macropus, R. megaphyllus, N. geoffroyi and C. gouldii has shown that these bats do 

generally fly straight to foraging areas after exiting their roosts (Pavey 1998; Barclay 

et al. 2000; Lumsden et al. 2002).   

 

Twelve of the 14 species within this assemblage have been recorded roosting in built 

structures such as abandoned buildings, the caps of telegraph poles or in large box 

culverts (Churchill 1998; Barclay et al. 2000; Hoye and Spence 2004; Hourigan et al. 

2008).  Tadarida australis roosts in individual suburban trees, rather than forest 

remnants within the Brisbane landscape (Rhodes and Wardell-Johnson 2006).  Our 

results suggest that M. schreibersii may roost in bushland remnants within the study 

area.  However, M. schreibersii is known to roosts in caves rather than tree hollows 

(Churchill 1998) and commonly roosts in storm water drains in Sydney (Hoye and 

Spence 2004).  Many of the bushland remnants in Brisbane occur in hills and ranges 

(Catterall et al. 1997), which contain ridges, rocky outcrops and disused mines that 

may provide the cave-like structures attractive to this species.   

 

5.4.4 Implications for urban bat conservation/ urban design and management 

Brisbane is a sprawling and rapidly-expanding subtropical city that nevertheless 

supports a diverse bat assemblage.  Future human population growth in this region is 

to be accommodated through infill, redevelopment, and expansion of the existing 

urban area (Queensland Government 2005).  Government plans to conserve 

biodiversity as this city grows are focused on protecting remnants and corridors of 

existing bushland (Queensland Government 2005; BCC 2007; RCC 2008).  The 

results of the present study indicate that these plans may not provide the habitat 
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needed to preserve current levels of bat diversity.  A mix of vegetated and grassy 

spaces, together with water, enables a diversity of foraging bats to use the current 

urban landscape.  Maintaining a diversity of land cover types will help to conserve bat 

diversity in the face of urbanisation.  However, it is important to note that this study 

was carried out during the summer and autumn, and bats may require different 

resources and differ in their use of habitats in the urban landscape at other times of the 

year.



   

Chapter 6 

General Discussion 

 

6.1 Key findings of this study 

As discussed in Chapter 1, urbanisation is thought to have a negative impact on 

diversity as the development and expansion of urban areas destroys, degrade, and 

fragment large tracts of natural habitat (Niemelä 1999; McKinney 2002, 2006).  

However, urbanisation also creates novel habitats and maintains a wide variety of 

habitats types, which may enable many species to co-exist within the same landscape 

(Niemelä 1999).  Currently, a small number of studies on the ecology of insectivorous 

bats in urban areas have revealed that urbanisation has generally had a negative 

impact on bat diversity (Gaisler and Bauerova 1985-1986; Gaisler et al. 1998; Legakis 

et al. 2000; Lesiński et al. 2000; Hourigan et al. 2006; cf. Gehrt and Chelsvig 2003).  

However, these studies were largely confined to Old World cities in temperate regions 

of the northern hemisphere, and there is little published information on the bat fauna 

of sprawling cities in lowland tropical or subtropical regions, particularly in Australia 

(but see Hourigan et al. 2006).  Therefore this study investigated the insectivorous bat 

diversity of Brisbane, Australia, a subtropical city in which rapid recent growth has 

created a sprawling mosaic of different urban land cover types. 

 

This study also compared the effectiveness of two methods, bat detectors and harp 

traps, for surveying the richness and composition of the urban bat assemblage.  

Previous studies comparing the effectiveness of different survey techniques were 

conducted in forested rather than urban landscapes.  Survey methods that were 

effective in forested landscapes may not be so in urban landscapes.  The most 

successful method was used to survey the Brisbane bat fauna for the remainder of the 

study. 

 

This investigation of bat community ecology in Brisbane revealed some novel 

patterns of bat diversity in the urban landscape.  This chapter highlights and integrates 

the key findings of this investigation from chapters 2 to 5, followed by a discussion on 

the implications for the conservation of bat diversity in urban landscapes. 
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1. Bat detectors are an effective, cost-efficient method for surveying urban bat fauna. 

 

Of the two methods compared in Chapter 2, the most effective for surveying the bat 

fauna both overall and within each of three habitat types (bushland remnants, 

parkland, and low density residential) was the bat detector.  Significantly more 

species were sampled using bat detectors than harp traps, and using both techniques 

concurrently did not result in a greater number of species being recorded per habitat 

than using the bat detector alone.  These results are contrary to the findings of several 

other Australian studies conducted in forested landscapes (Schulz and de Oliveira 

1995; Mills et al. 1996; Duffy et al. 2000), which found that harp traps and bat 

detectors were complementary in detecting the suite of species present.  Harp traps 

may have been less successful in Brisbane than in forested landscapes because of the 

relatively sparser vegetation with fewer potential flyways, and the presence of 

additional structures such as street lights which may redistribute bat activity, making 

bats difficult to target and catch in flight. 

 

Bat detectors were also the most cost-efficient sampling method, as they were quick 

to set up, multiple sites could be sampled simultaneously over a wide area, and they 

did not require the continued presence of an observer.  In comparison, harp traps took 

longer to deploy, and only a small number of sites within close proximity could be 

sampled and managed effectively at one time.  It was also difficult to find suitable 

sites in which to place harp traps in urban areas. 

 

2. Landscape (γ) diversity was largely determined by the α diversity of the most 

species-rich habitats. 

 

The landscape scale (γ) diversity of bats in Brisbane was largely determined by 

within-habitat (α) rather than between-habitat (β) diversity, and was similar to the 

diversities of the most species-rich habitats: low density residential and remnant 

bushland.  The high number of species identified in Brisbane (14 species) was 

comparable to that in Townsville and Sydney, Australia (14, 15 species respectively 

(Basham 2005; Hourigan et al. 2006), and was considerably higher than the species 

richness recorded from other cities around the world (Chapter 3).  These differences 

are consistent with the latitudinal and altitudinal gradients in species richness 
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observed in many other taxa (Begon et al. 1996).  The majority of cities in which bat 

diversity has been investigated are located within cooler temperate regions of the 

Northern Hemisphere above 40º N, or at high altitude (Chapter 3).  Within Australia, 

the cities with warm, moist climates (Sydney, Brisbane, and Townsville) had more bat 

species (14 - 15) than Adelaide (6 species) did, which has a cooler, drier temperate 

climate (Bureau of Meteorology 2008a). 

 

3. Species richness was not significantly higher within ‘natural’ areas of the urban 

landscape, and urban assemblages were not dominated by relatively few species. 

 

The mean species richness of the low density residential habitat was statistically 

similar to that of remnant bushland (Chapter 3), which did not support the view that 

bat species richness increases with decreasing urbanisation and is highest within 

‘natural’ areas (Jones and Jayne 1991; Kurta and Teramino 1992; Lesiński et al. 2000; 

Avila-Flores 2003; Hourigan et al. 2006).  However, low density residential areas 

were rarely included in the habitat types investigated by previous studies in urban 

landscapes, and areas with intermediate levels of urbanisation were mostly 

represented in these studies by recreational areas, such as parks and golf courses 

(Kurta and Teramino 1992; Avila-Flores 2003; Hourigan et al. 2006).  Residential and 

parkland areas differ structurally, may be perceived differently by bats, and are likely 

to supply different resources.  In fact, species richness was significantly higher in low 

density residential sites than parkland areas in Brisbane (Chapter 3).  By not sampling 

low density residential areas, previous studies of bat assemblages in many other cities 

may have overlooked a habitat of potentially high bat diversity. 

 

Evenness profiles were similar across habitats in Brisbane, and were not strongly 

dominated by a few species (Chapter 3).  This also contradicts the findings of other 

studies on bat diversity in urban landscapes, in which assemblages were dominated by 

one or two highly active or abundant species (Chapter 3).  However, those studies 

were conducted in cities located within cooler temperate regions, particularly in the 

Northern Hemisphere.  The pattern of low dominance in Brisbane is similar to that 

observed in other Australian cities with warm moist climates (Basham 2005; 

Hourigan et al. 2006). 
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4. Bushland remnants were similar in species composition to high density residential 

areas, and had relatively low bat activity.  

 

Bushland and high density residential habitats did not differ substantially from each 

other in total bat activity or species composition.  In contrast, other studies have 

reported that bat abundance and activity were highest in woodland habitats and lowest 

in open and exposed landscapes (Walsh et al. 1995; Walsh and Harris 1996b, a; 

Vaughan et al. 1997; Legakis et al. 2000; Hourigan et al. 2006), and bat species 

composition differed significantly between suburban backyards and forested national 

parks in Sydney, Australia (Basham 2005). 

 

Bushland remnants had relatively low bat activity in this study (Chapter 4).  Increased 

clutter or obstruction may reduce call quality and bat activity recorded by bat 

detectors (Hayes 2000).  However, all bat detectors were calibrated to minimise 

differences in sensitivity among them, and orientated so that their microphones were 

unobstructed.  Furthermore, the difference in the percentage of fragmented and 

unidentified calls recorded in bushland than in parkland and low density residential 

habitats was small relative to the statistical differences in activity among them 

(Chapter 4).  Therefore, it seems unlikely that the low level of bat activity in bushland 

sites was due to sampling bias associated with clutter.  However, this study was 

carried out during the summer months, and bats may differ in their use of habitats in 

this mosaic urban landscape at other times of the year.  

 

It is possible that the low levels of bat activity recorded in both habitats limited this 

study’s ability to detect differences in species composition between bushland and high 

density residential habitats.  Given the relatively high species richness in bushland 

(Chapter 3), it is obvious that bushland contained some species that did not use high 

density residential areas.  However, it is also clear from this study’s results that low 

density residential and parkland habitats provided suitable foraging habitat for the 

majority of the study region’s bat species during the summer months (Chapter 4).  

Large areas of moderately-vegetated space outside of remnant forest can be valuable 

habitats for bats in urban landscapes. 

 



  Chapter 6: 105 

 

 

The results of this study may have differed from those of other studies if when 

discussing ‘densely built areas’ they were referring to the city centre (which was not 

sampled in this study) rather than residential areas.  While it is possible that bat 

activity may have been lower in Brisbane’s city centre than in bushland remnants, and 

species composition may have differed between the two areas, the city centre covers 

only a small percentage of the urbanised land area compared with high density 

residential areas.   

 

5. Guilds based on ecomorphology proved to be poor predictors of habitat use. 

 

The observed species-specific preferences with respect to the more open versus the 

more vegetated habitats did not support a priori predictions based on wing 

morphology and echolocation call characteristics (Chapter 4).  Bat activity was 

highest in the low density residential and lowest in high density residential habitats 

regardless of guild type.  Ecomorphological guilds have been reported to be 

reasonable predictors of habitat use by bats in studies from other regions (Aldridge 

and Rautenbach 1987; Crome and Richards 1988; McKenzie et al. 1995; Bullen and 

McKenzie 2001).  Actual habitat use can vary from predications based on 

ecomorphological parameters because of species’ flexibility in foraging behaviour 

(Fenton 1990).  For example, European Pipistrellus species adapted to flight in open 

habitats can adjust the pulse duration and bandwidth of their echolocation calls to suit 

the degree of clutter, allowing them to access forest edges and small forest gaps 

(Kalko and Schnitzler 1993).  These results suggest that ecomorphological guilds are 

of limited use for studying bat assemblage structure among suburban habitats that 

include vegetated gardens. 

 

6. Grass, trees and water were the most important factors affecting patterns of species 

composition and bat activity at both local and landscape scales in the austral summer-

autumn. 

 

Bats preferred areas with a combination of 30 - 60% tree and shrub cover together 

with 15 - 30% grass cover at the landscape scale (Chapter 5).  Bats in several other 

urban landscapes have been reported to prefer well-vegetated areas (Legakis et al. 

2000; Lesiński et al. 2000; Gehrt and Chelsvig 2003; Basham 2005; Hourigan et al. 
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2006).  Gehrt and Chelsvig (2003) reported that ‘natural areas’ and ‘unassociated 

vegetation’ covered 37% of the Chicago metropolitan area, which is within the range 

of tree cover preferred by bats in the present study.  The positive association with 

vegetation found in those other studies would also be consistent with this study’s 

results if actual tree and shrub cover ranged from 0 - 30% in the landscape.  However, 

information on the amount of vegetative cover preferred by bats or the range of 

vegetative cover in the urban landscape was not provided by those authors. 

 

A similar combination of grass and tree/shrub cover was also important for 4 of 7 

species (Tadarida australis, Chalinolobus gouldii, Mormopterus sp2, and Miniopterus 

australis) regardless of spatial scale (Chapter 5).  The remaining three species 

Nyctophilus spp., Myotis macropus and Mormopterus beccarii were more active at or 

near water (Chapter 5).  Myotis activity has also been associated with water in other 

cities around the world (Bartonička and Zukal 2003; Avila-Flores and Fenton 2005; 

Hourigan et al. 2006), and species of Nyctophilus have been associated with water or 

riparian vegetation in other urban, farmland, and forested landscapes (Tidemann and 

Flavel 1987; Lumsden et al. 2002; Hourigan et al. 2006). 

 

7. Bats may not depend on bushland remnants for roost sites in the city. 

 

A lack of relationship between arrival times and the proximity of bushland remnants 

for most species suggests that they do not depend on bushland remnants for roost sites 

during the summer (Chapter 5).  Alternatively, the bats may not fly directly from the 

roost to foraging areas.  For example, T. australis often flies from day roosts to a 

central communal roost first, and can remain there for up to 40 minutes before 

continuing on to forage elsewhere (Rhodes 2007).  However, radio-telemetry of other 

species has shown that bats do generally fly straight to foraging areas after exiting 

their roosts (Pavey 1998; Barclay et al. 2000; Lumsden et al. 2002).  Instead of 

roosting in bushland remnants, most bats in the Brisbane assemblage may roost in the 

artificial structures or suburban trees present in other habitats.   

 

The results suggest that Miniopterus schreibersii may roost in bushland remnants 

within the study area.  Mormopterus schreibersii is known to roosts in caves rather 

than tree hollows (Churchill 1998); many of the bushland remnants in Brisbane occur 
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on hills and ranges (Catterall et al. 1997), which contain ridges, rocky outcrops and 

disused mines that may provide suitable roosts for this species.   

 

6.2 How do patterns of bat diversity in Brisbane compare with those of other cities? 

This investigation of the bat diversity in Brisbane’s subtropical, mosaic urban 

landscape revealed some novel patterns of species richness, composition, and bat 

activity among habitats (particularly in regard to bushland remnants), and shared few 

similarities with bat assemblages in other cities around the world.  While the lowest 

point of bat diversity in the Brisbane landscape was consistent with that found in 

many other cities, that is, species richness and activity were lowest in highly 

urbanised areas of the city (Gaisler and Bauerova 1985-1986; Gaisler et al. 1998; 

Legakis et al. 2000; Lesiński et al. 2000; Hourigan et al. 2006; cf. Gehrt and Chelsvig 

2003), the highest point of bat diversity in the landscape was not.   

 

Two other studies have reported similar patterns of bat activity (but not species 

richness) in the cities of Brno, Czech Republic (Gaisler et al. 1998), and Mexico City, 

Mexico (Avila-Flores and Fenton 2005).  Specifically, bat activity was higher in areas 

of intermediate urbanisation than in forest.  This was despite differences in urban 

form (compact Old World vs. mosaic New World cities) and climate (temperate vs. 

tropical) between Brno, Mexico City and Brisbane.  The sampling designs of most 

previous studies have failed to include areas of intermediate development.  Yet low 

density areas are common in both compact Old World and mosaic New World cities.  

Although Old World cities can be characterised by urbanisation gradients (McDonnell 

and Pickett 1990; Zipperer et al. 2000), many are experiencing a progressive 

transformation away from the traditional compact urban form towards a more mosaic 

sprawling pattern of development, particularly in peripheral suburban areas (Catalán 

et al. 2008).  In the future, the inclusion of low density residential areas in 

investigations of urban bat fauna may reveal patterns of bat activity similar to those in 

Brisbane.   

 

6.3 Why did Brisbane bats use bushland remnants less often than other habitats? 

Although species richness was similar in bushland and low density residential 

habitats, most species were less common and less active in bushland.  In addition, bats 

did not appear to depend on bushland remnants for roost sites.  There are three 
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possible reasons why bushland remnants may provide fewer foraging and roosting 

opportunities for bats than do other habitats in the Brisbane region.   

 

First, bat activity is often higher in habitats with a greater abundance of insects 

(Furlonger et al. 1987; de Jong and Ahlèn 1991; Avila-Flores and Fenton 2005).  

Residents of low density areas typically cultivate gardens of trees, shrubs and 

herbaceous plants, with the addition of water and fertilizer, which may lead to 

increased insect abundance.  However, insect density is often positively associated 

with vegetative and structural diversity and can also be high in urban vegetation 

remnants (McIntyre 2000; Raupp et al. 2010).  Further information is needed on how 

the abundance of insects available to foraging bats differs between bushland and low 

density urban areas. 

 

Second, bats in the Brisbane assemblage, which can access multiple habitats, may 

have preferred to forage in less cluttered areas (15 - 30% grass cover, 30 - 60% tree 

cover) than in bushland remnants (< 10% grass cover, > 70% tree cover), to reduce 

the cost of foraging.  Physical clutter makes flight more difficult and increases 

acoustic complexity between prey and background echoes; therefore, when prey are 

equally available within two habitats, the overall net benefit of foraging in the less 

cluttered site would be greater as flight and the pursuit of prey are easier and more 

energy efficient (Fenton 1990; Brigham et al. 1997b; Grindal and Brigham 1999).  

The increased cost of foraging amongst clutter may outweigh the energetic benefits of 

high prey availability in remnants, even when prey abundance is lower in less 

cluttered sites (Grindal and Brigham 1999).  For example, prey encounter rates (ratio 

of foraging attempts to commuting passes) were higher along clear cut forest edges 

than within intact forest, even though insect availability was significantly higher 

within the forest (Grindal and Brigham 1999).  

 

Third, bushland remnants in the study region may not contain a good supply of 

potential roost hollows, as the larger trees in most of Brisbane’s forest reserves were 

selectively logged for timber less than 60 years ago, and some current forest remnants 

may also have been partly cleared earlier in the twentieth century (Catterall and 

Kingston 1993; DNR 1998).  Substantial hollows can take well over 100 years to 

form in some eucalypts (Gibbons and Lindenmayer 2002).  Australia also harbours a 
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large number of hollow-dependent fauna, and competition for existing hollows may 

be intense (Gibbons and Lindenmayer 2002), particularly with hollow-dependent 

birds (Stebbings 1995; Start 1998; Basham 2005).  Some bat species will roost in 

artificial structures when suitable tree hollows are not available (Brigham 1991).  

Indeed, 12 of the 14 species within the Brisbane assemblage have been recorded 

roosting in built structures (Churchill 1998; Barclay et al. 2000; Hoye and Spence 

2004; Hourigan et al. 2008), and T. australis roosts in individual suburban trees, 

rather than forest remnants within the Brisbane landscape (Rhodes and Wardell-

Johnson 2006).  Further investigation of the roosting ecology of species in the 

assemblage is required in order to resolve the roosting habits of these species in the 

mosaic urban landscape. 

 

6.4 Implications for bat conservation in urban landscapes 

The findings of this thesis highlight the need for caution in making generalisations 

based on the currently-available, published information regarding bat diversity in 

urban landscapes.  Conservation management policies and land-use decisions based 

on information from Old World cities in temperate regions of the Northern 

Hemisphere will be inappropriate for bats in more mosaic tropical cities of Australia, 

and possibly elsewhere.  Many of these cities currently harbour diverse bat 

assemblages (Chapter 3), which will come under increasing pressure as the cities 

grow and land use patterns change.   

 

Brisbane lies in Australia's fastest growing region with the current population 

expected to grow from 2.8 million to 4.4 million people by 2031 (ABS 2009a, b).  

Future growth in Brisbane will be accommodated through the infill and 

redevelopment of the existing urban area (Queensland Government 2005), resulting in 

the loss of unprotected bushland remnants, increased residential densities and a more 

compact city settlement pattern (BCC 2007; RCC 2008).  Brisbane has a rich bat 

assemblage of 14 species which was largely determined by the most species-rich 

habitats: low density residential and remnant bushland (Chapter 3).  Therefore the 

conversion of such areas to high density residential or industrial development is likely 

to reduce the richness of the Brisbane landscape (γ diversity).  Local and state 

governments plan to conserve and manage biodiversity as the city grows by protecting 

and restoring bushland remnants and corridors (Queensland Government 2005; BCC 
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2007; RCC 2008).  However, this approach alone will be inadequate to conserve bat 

diversity, as bushland remnants lacked the bat activity of other habitats in Brisbane 

(Chapter 4).  The presence of habitats with a mixture of vegetated and grassy spaces, 

together with water, enabled a diversity of foraging bats to use the urban landscape 

(Chapter 5).  These features already exist in low density residential and parkland areas 

within Brisbane, and the loss of these areas as residential densities increase and 

competition for developable land becomes intense, is likely to result in reduced bat 

activity and diversity.  These changes in land use are already taking place.  Several 

low density residential suburbs surveyed during this study were undergoing 

development at the time of writing, with the larger lots being subdivided to increase 

housing densities (pers. obs.).  Instead of simply conserving and restoring vegetation 

remnants, maintaining a variety of land cover types and residential densities in the 

landscape will help to conserve bat diversity as the city continues to grow.  These 

recommendations are based on data obtained from only part of the year (summer and 

autumn), and it is important to note that bats may require additional resources and 

differ in their use of habitats in the Brisbane landscape at other times of the year. 
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Appendices 

 

Appendix 1. Site codes by habitat with latitude & longitude.  B = bushland, P = 

parkland, LR = low density residential, and HR = high density residential.  

Habitat Site # Name Latitude & Longitude 

B 1 Belmont Bushland 27° 32’ 08”S 153° 09’ 13”E 

B 2 Bunyaville State Forest 27° 22’ 30”S 152° 57’ 35”E 

B 3 Clear Mt State Forest 27° 17’ 59”S 152° 54’ 00”E 

B 4 Enoggera MTA 27° 25’ 38”S 152° 58’ 09”E  

B 5 Greenbank MTA 27° 41’ 05”S 152° 59’ 38”E 

B 6 Karawatha Forest 27° 38’ 30”S 153° 04’ 26”E 

B 7 Moggill State Forest 27° 31’ 32”S 152° 50’ 57”E 

B 8 Samford State Forest 27° 23’ 27”S 152° 55’ 22”E  

B 9 Toohey Forest 27° 32’ 50”S 153° 02’ 46”E 

B 10 Venman National Park 27° 37’ 58”S 153° 12’ 16”E 

P 11 Burbank Golf Course 27° 30’ 11”S 153° 11’ 51”E 

P 12 Indooroopilly Golf Club 27° 31’ 00”S 152° 59’ 46”E  

P 13 Keperra Park 27° 24’ 13”S 152° 56’ 26”E  

P 14 Logan City Golf Club 27° 39’ 23”S 153° 09’ 03”E 

P 15 Minnippi Parklands 27° 29’ 12”S 153° 06’ 51”E 

P 16 Moggill Country Golf Club 27° 34’ 02”S 152° 53’ 48”E 

P 17 Nudgee Golf Club 27° 22” 26”S 153° 05’ 57”E 

P 18 Redland Bay Golf Club 27° 36’ 08”S 153° 17’ 49”E 

P 19 Virginia Park Golf Club 27° 22’ 18”S 153° 03’ 59”E 

P 20 Wolston Park Golf Club 27° 36’ 18”S 153° 54’ 18”E 

LR 21 Burbank 27° 33’ 09”S 153° 08’ 28”E 

LR 22 Chandler 27° 30’ 21”S 153° 10’ 25”E 

LR 23 Draper 27° 20’ 36”S 152° 54’ 41”E 

LR 24 Fitzgibbon 27° 20’ 21”S 153° 01’ 47”E 

LR 25 Greenbank LDR 27° 41’ 31”S 153° 00’ 19”E 

LR 26 Pallara 27° 36’ 52”S 153° 00’ 29”E 

LR 27 Pullenvale 27° 31’ 12”S 152° 53’ 45”E 

LR 28 Samford Village 27° 22’ 31”S 152° 52’ 17”E 

LR 29 Thornlands 27° 33’ 45”S 153° 13’ 55”E 

LR 30 Warner 27° 18’ 52”S 152° 56’ 33”E 

HR 31 Alexandra Hills 27° 32’ 09”S 153° 13’ 11”E 

HR 32 Annerley 27° 30’ 11”S 153° 02’ 11”E 

HR 33 Chapel Hill 27° 30’ 19”S 152° 57’ 29”E 

HR 34 Eight Mile Plains 27° 35’ 17”S 153° 05’ 26”E 

HR 35 Geebung 27° 22’ 15”S 153° 02’ 21”E 

HR 36 Kedron 27° 24’ 51”S 153° 01’ 36”E 

HR 37 Ormiston 27° 30’ 49”S 153° 15’ 34”E 

HR 38 Seven Hills 27° 28’ 51”S 153° 04’ 36”E 

HR 39 Taringa 27° 29’ 31”S 152° 58’ 22”E 

HR 40 The Gap 27° 26’ 19”S 152° 56’ 25”E  
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Appendix 2. Repeated measures ANOVA result, indicating no significant difference 

in estimated species richness between the two years of sampling (sites as subjects, 

year as the within-subjects factor, and habitat as a further main effect). 

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Intercept Hypothesis 4748.058 1 4748.058 644.233 .000 

Error 273.611 37.124 7.370
a
   

Habitat Hypothesis 101.225 3 33.742 4.579 .008 

Error 272.667 37.004 7.368
b
   

Site(Habitat) Hypothesis 264.769 36 7.355 .864 .668 

Error 297.868 35 8.511
c
   

Year Hypothesis .225 1 .225 .026 .872 

Error 297.868 35 8.511
c
   

Habitat * Year Hypothesis 8.618 3 2.873 .338 .798 

Error 297.868 35 8.511
c
   

a. MS(Site(Habitat)) + .013 MS(Error) 

b. MS(Site(Habitat)) + .012 MS(Error) 

c. MS(Error) 

 

Appendix 3. Repeated measures ANOVA result, indicating no significant difference 

in total activity (log transformed) between the two years of sampling (sites as 

subjects, year as the within-subjects factor, and habitat as a further main effect). 

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Intercept Hypothesis .883 1 .883 4.270 .046 

Error 7.499 36.271 .207
a
   

Habitat Hypothesis 4.603 3 1.534 7.413 .001 

Error 7.501 36.242 .207
b
   

Site(Habitat) Hypothesis 7.516 36 .209 3.588 .000 

Error 2.037 35 .058
c
   

Year Hypothesis .001 1 .001 .022 .883 

Error 2.037 35 .058
c
   

Habitat * Year Hypothesis .352 3 .117 2.015 .130 

Error 2.037 35 .058
c
   

a. MS(Site(Habitat)) + .013 MS(Error) 

b. MS(Site(Habitat)) + .012 MS(Error) 

c. MS(Error)  
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Appendix 4a. Site by species matrix showing each species’ activity (index) and total 

activity (index) for each site (see Chapter 3 section 3.2.4 for further details).  B = 

bushland, P = parkland, LR = low density residential, and HR = high density 

residential. 

 Species  

H
a

b
it

a
t 

S
it

e 
#
 

T
a

d
a

ri
d

a
 a

u
st

ra
li

s 

C
h

a
li

n
o

lo
b
u

s 
g

o
u
ld

ii
 

S
co

to
re

p
en

s 
sp

p
. 

M
o

rm
o

p
te

ru
s 

sp
 2

 

M
in

io
p
te

ru
s 

a
u
st

ra
li

s 

C
h

a
li

n
o

lo
b
u

s 
n
ig

ro
g
ri

se
u

s 

N
yc

to
p

h
il

u
s 

sp
p

. 

M
yo

ti
s 

m
a

cr
o

p
u

s 

M
in

io
p
te

ru
s 

sc
h

re
ib

er
si

i 

S
a

cc
o
la

im
u
s 

fl
a

vi
ve

n
tr

is
 

V
es

p
a

d
el

u
s 

p
u

m
il

u
s 

M
o

rm
o

p
te

ru
s 

b
ec

ca
ri

i 

C
h

a
li

n
o

lo
b
u

s 
m

o
ri

o
 

R
h

in
o
lo

p
h

u
s 

m
eg

a
p

h
yl

lu
s 

T
o

ta
l 

A
ct

iv
it

y
 (

In
d

ex
) 

B 1 0.19 0.12 0.22 0.07 0.07 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.72 

B 2 0.03 0.10 0.59 0.03 0.02 0.29 0.02 0.00 0.08 0.03 0.02 0.00 0.00 0.02 1.24 

B 3 0.10 0.02 0.05 0.13 0.22 0.00 0.00 0.00 0.03 0.20 0.07 0.00 0.00 0.03 0.85 

B 4 0.14 0.52 0.09 0.57 0.00 0.40 0.00 0.03 0.05 0.07 0.00 0.02 0.02 0.00 1.89 

B 5 0.21 0.33 0.26 0.52 0.03 0.13 0.03 0.00 0.02 0.05 0.00 0.00 0.00 0.00 1.58 

B 6 0.10 0.64 0.78 0.03 0.03 0.02 0.03 0.00 0.03 0.07 0.00 0.00 0.00 0.00 1.74 

B 7 0.41 0.18 0.49 0.16 0.25 0.34 0.02 0.02 0.03 0.03 0.00 0.00 0.00 0.00 1.93 

B 8 0.00 0.10 1.16 0.02 0.03 0.41 0.00 0.02 0.00 0.02 0.16 0.00 0.00 0.00 1.91 

B 9 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

B 10 0.05 0.03 0.07 0.05 0.08 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 

P 11 2.44 0.23 0.08 0.57 0.03 0.13 0.63 0.53 0.00 0.02 0.00 0.03 0.00 0.00 4.71 

P 12 0.24 0.03 0.02 0.03 0.05 0.00 0.13 0.72 0.02 0.00 0.00 0.00 0.00 0.00 1.24 

P 13 0.03 0.02 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.16 

P 14 0.51 0.00 0.12 0.17 0.19 0.03 0.02 0.02 0.07 0.00 0.00 0.00 0.00 0.00 1.12 

P 15 0.25 0.95 1.08 0.47 0.05 0.22 0.02 0.02 0.07 0.00 0.00 0.00 0.00 0.00 3.12 

P 16 1.24 0.69 0.27 0.47 0.10 0.91 0.05 0.12 0.08 0.08 0.00 0.12 0.00 0.00 4.15 

P 17 0.43 0.13 0.07 0.26 0.16 0.07 0.11 0.13 0.00 0.11 0.00 0.03 0.08 0.00 1.59 

P 18 0.70 0.10 0.43 0.05 0.10 0.41 0.52 0.07 0.02 0.00 0.02 0.00 0.00 0.00 2.42 

P 19 0.14 0.05 0.48 0.05 0.29 0.00 0.00 0.03 0.06 0.00 0.00 0.00 0.03 0.00 1.13 

P 20 0.31 0.80 0.24 0.25 0.10 0.32 0.00 0.03 0.00 0.29 0.00 0.08 0.00 0.00 2.43 

LR 21 0.38 0.20 0.10 0.18 0.13 0.10 0.03 0.00 0.00 0.00 0.02 0.03 0.02 0.00 1.20 

LR 22 0.27 1.41 0.28 0.08 0.43 0.18 0.00 0.00 0.20 0.00 0.00 0.00 0.02 0.00 2.87 

LR 23 0.02 0.02 0.02 0.11 0.64 0.33 0.05 0.08 0.02 0.02 0.11 0.00 0.00 0.05 1.45 

LR 24 0.10 0.16 0.13 0.05 0.55 0.02 0.00 0.00 0.00 0.03 0.00 0.00 0.02 0.00 1.05 

LR 25 0.71 0.28 0.20 0.13 0.02 0.25 0.03 0.00 0.03 0.12 0.00 0.02 0.00 0.00 1.80 

LR 26 0.88 0.80 0.66 0.37 0.07 0.17 0.10 0.00 0.00 0.05 0.00 0.02 0.00 0.00 3.13 

LR 27 1.25 1.78 0.95 0.19 1.62 0.34 0.00 0.02 0.15 0.05 0.03 0.00 0.00 0.00 6.38 

LR 28 0.43 0.18 0.67 0.87 1.84 0.30 0.05 0.00 0.12 0.07 0.28 0.05 0.02 0.05 4.92 

LR 29 6.63 0.71 0.27 2.09 0.05 0.98 0.02 0.02 0.02 0.29 0.07 0.03 0.00 0.00 11.17 

LR 30 0.20 0.48 0.20 1.14 0.78 0.05 0.03 0.00 0.05 0.00 0.20 0.00 0.02 0.02 3.15 

Continued next page 
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HR 31 0.27 0.70 0.32 0.17 0.14 0.16 0.03 0.00 0.00 0.02 0.00 0.00 0.00 0.00 1.81 

HR 32 0.05 0.08 0.00 0.05 0.02 0.00 0.00 0.00 0.10 0.02 0.00 0.00 0.00 0.00 0.32 

HR 33 0.12 0.07 0.02 0.05 0.18 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.49 

HR 34 0.20 0.05 0.03 0.05 0.00 0.08 0.02 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.47 

HR 35 0.08 0.15 0.03 0.07 0.11 0.00 0.00 0.00 0.00 0.03 0.00 0.10 0.00 0.00 0.57 

HR 36 0.03 0.05 0.02 0.00 0.08 0.00 0.00 0.00 0.05 0.02 0.00 0.00 0.00 0.00 0.25 

HR 37 0.23 0.05 0.00 0.20 0.07 0.07 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.62 

HR 38 0.17 0.10 0.15 0.10 0.00 0.02 0.00 0.00 0.12 0.07 0.00 0.00 0.00 0.00 0.71 

HR 39 0.08 0.05 0.12 0.07 0.00 0.14 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.49 

HR 40 0.05 0.07 0.08 0.10 0.10 0.02 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.67 

Total 19.68 12.42 10.77 10.02 8.66 6.97 1.98 1.85 1.80 1.74 0.99 0.55 0.21 0.17  
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Appendix 5b. Site by species matrix showing each species’ activity (log transformed) 

and total activity (log transformed) for each site (see Chapter 3 section 3.2.4 for 

further details).  B = bushland, P = parkland, LR = low density residential, and HR = 

high density residential. 
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B 1 -0.54 -0.66 -0.49 -0.77 -0.77 -0.89 -2.00 -2.00 -1.52 -2.00 -2.00 -2.00 -2.00 -2.00 -0.09 

B 2 -0.89 -0.70 -0.16 -0.89 -0.92 -0.41 -1.52 -2.00 -1.05 -1.40 -1.52 -2.00 -2.00 -1.52 0.13 

B 3 -0.70 -0.92 -0.82 -0.64 -0.49 -1.00 -2.00 -2.00 -1.40 -0.68 -1.10 -2.00 -2.00 -1.40 -0.02 

B 4 -0.62 -0.21 -0.72 -0.17 -1.00 -0.30 -2.00 -1.40 -1.22 -1.10 -2.00 -1.52 -1.52 -2.00 0.30 

B 5 -0.51 -0.37 -0.44 -0.21 -0.89 -0.64 -1.40 -2.00 -1.52 -1.22 -2.00 -2.00 -2.00 -2.00 0.23 

B 6 -0.70 -0.13 -0.06 -0.89 -0.89 -0.92 -1.40 -2.00 -1.40 -1.10 -2.00 -2.00 -2.00 -2.00 0.26 

B 7 -0.29 -0.55 -0.23 -0.59 -0.46 -0.36 -1.52 -1.52 -1.40 -1.40 -2.00 -2.00 -2.00 -2.00 0.31 

B 8 -1.00 -0.70 0.10 -0.92 -0.89 -0.29 -2.00 -1.52 -2.00 -1.52 -0.77 -2.00 -2.00 -2.00 0.30 

B 9 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.52 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 -0.92 

B 10 -0.82 -0.89 -0.77 -0.82 -0.74 -0.89 -1.52 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00 -0.37 

P 11 0.40 -0.48 -0.74 -0.17 -0.89 -0.64 -0.19 -0.27 -2.00 -1.52 -2.00 -1.40 -2.00 -2.00 0.68 

P 12 -0.47 -0.89 -0.92 -0.89 -0.82 -1.00 -0.85 -0.14 -1.52 -2.00 -2.00 -2.00 -2.00 -2.00 0.13 

P 13 -0.89 -0.92 -0.89 -0.89 -0.89 -1.00 -2.00 -2.00 -2.00 -2.00 -2.00 -1.52 -2.00 -2.00 -0.59 

P 14 -0.21 -1.00 -0.66 -0.57 -0.54 -0.89 -1.52 -1.52 -1.10 -2.00 -2.00 -2.00 -2.00 -2.00 0.09 

P 15 -0.46 0.02 0.07 -0.24 -0.82 -0.49 -1.52 -1.52 -1.10 -2.00 -2.00 -2.00 -2.00 -2.00 0.51 

P 16 0.13 -0.10 -0.43 -0.24 -0.70 0.00 -1.22 -0.89 -1.05 -1.05 -2.00 -0.89 -2.00 -2.00 0.63 

P 17 -0.28 -0.64 -0.77 -0.44 -0.59 -0.77 -0.92 -0.85 -2.00 -0.92 -2.00 -1.40 -1.05 -2.00 0.23 

P 18 -0.10 -0.70 -0.28 -0.82 -0.70 -0.29 -0.28 -1.10 -1.52 -2.00 -1.52 -2.00 -2.00 -2.00 0.40 

P 19 -0.62 -0.82 -0.24 -0.82 -0.41 -1.00 -2.00 -1.40 -1.15 -2.00 -2.00 -2.00 -1.40 -2.00 0.09 

P 20 -0.39 -0.05 -0.47 -0.46 -0.70 -0.38 -2.00 -1.40 -2.00 -0.52 -2.00 -1.05 -2.00 -2.00 0.40 

LR 21 -0.32 -0.52 -0.70 -0.55 -0.64 -0.70 -1.40 -2.00 -2.00 -2.00 -1.52 -1.40 -1.52 -2.00 0.11 

LR 22 -0.43 0.18 -0.42 -0.74 -0.28 -0.55 -2.00 -2.00 -0.68 -2.00 -2.00 -2.00 -1.52 -2.00 0.47 

LR 23 -0.92 -0.92 -0.92 -0.68 -0.13 -0.37 -1.22 -1.05 -1.52 -1.52 -0.92 -2.00 -2.00 -1.22 0.19 

LR 24 -0.70 -0.59 -0.64 -0.82 -0.19 -0.92 -2.00 -2.00 -2.00 -1.40 -2.00 -2.00 -1.52 -2.00 0.06 

LR 25 -0.09 -0.42 -0.52 -0.64 -0.92 -0.46 -1.40 -2.00 -1.40 -0.89 -2.00 -1.52 -2.00 -2.00 0.28 

LR 26 -0.01 -0.05 -0.12 -0.33 -0.77 -0.57 -0.96 -2.00 -2.00 -1.22 -2.00 -1.52 -2.00 -2.00 0.51 

LR 27 0.13 0.27 0.02 -0.54 0.24 -0.36 -2.00 -1.52 -0.80 -1.22 -1.40 -2.00 -2.00 -2.00 0.81 

LR 28 -0.28 -0.55 -0.11 -0.01 0.29 -0.40 -1.22 -2.00 -0.89 -1.10 -0.54 -1.22 -1.52 -1.22 0.70 

LR 29 0.83 -0.09 -0.43 0.34 -0.82 0.03 -1.52 -1.52 -1.52 -0.52 -1.10 -1.40 -2.00 -2.00 1.05 

LR 30 -0.52 -0.24 -0.52 0.09 -0.06 -0.82 -1.40 -2.00 -1.22 -2.00 -0.68 -2.00 -1.52 -1.52 0.51 
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HR 31 -0.82 -0.74 -1.00 -0.82 -0.92 -1.00 -2.00 -2.00 -0.96 -1.52 -2.00 -2.00 -2.00 -2.00 -0.38 

HR 32 -0.66 -0.77 -0.92 -0.82 -0.55 -0.89 -2.00 -2.00 -1.40 -2.00 -2.00 -2.00 -2.00 -2.00 -0.23 

HR 33 -0.52 -0.82 -0.89 -0.82 -1.00 -0.74 -1.52 -2.00 -1.40 -2.00 -2.00 -2.00 -2.00 -2.00 -0.24 

HR 34 -0.74 -0.60 -0.89 -0.77 -0.68 -1.00 -2.00 -2.00 -2.00 -1.40 -2.00 -0.96 -2.00 -2.00 -0.17 

HR 35 -0.89 -0.82 -0.92 -1.00 -0.74 -1.00 -2.00 -2.00 -1.22 -1.52 -2.00 -2.00 -2.00 -2.00 -0.46 

HR 36 -0.48 -0.82 -1.00 -0.52 -0.77 -0.77 -2.00 -2.00 -2.00 -2.00 -1.52 -2.00 -2.00 -2.00 -0.14 

HR 37 -0.57 -0.70 -0.60 -0.70 -1.00 -0.92 -2.00 -2.00 -0.89 -1.10 -2.00 -2.00 -2.00 -2.00 -0.09 

HR 38 -0.74 -0.82 -0.66 -0.77 -1.00 -0.62 -2.00 -2.00 -1.40 -2.00 -2.00 -2.00 -2.00 -2.00 -0.23 

HR 39 -0.82 -0.77 -0.74 -0.70 -0.70 -0.92 -2.00 -2.00 -0.57 -2.00 -2.00 -2.00 -2.00 -2.00 -0.11 

HR 40 -0.82 -0.74 -1.00 -0.82 -0.92 -1.00 -2.00 -2.00 -0.96 -1.52 -2.00 -2.00 -2.00 -2.00 -0.38 
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Appendix 6. Site by species matrix showing species’ frequency of occurrence at each 

site (calculated as the number of sampling nights in which each species was recorded; 

range 0-6.  See Chapter 4 section 4.2.3 for further details), and species’ total 

frequency of occurrence from a possible 280 samples.  B = bushland, P = parkland, 

LR = low density residential, and HR = high density residential. 
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B 1 3 0 2 6 2 0 2 0 0 0 0 0 6 1 

B 2 1 0 3 2 1 1 1 0 1 1 1 0 3 3 

B 3 1 0 0 4 5 3 2 0 0 2 3 0 3 1 

B 4 3 1 2 2 0 0 2 2 0 0 1 1 2 2 

B 5 2 0 1 3 1 0 4 0 2 0 3 0 3 1 

B 6 5 0 1 2 1 0 1 0 1 0 1 0 5 1 

B 7 3 0 4 5 4 0 4 1 1 0 1 0 5 2 

B 8 4 0 2 0 1 3 1 1 0 0 1 0 3 0 

B 9 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

B 10 1 0 1 2 3 0 1 0 1 0 0 0 2 0 

P 11 4 0 4 5 1 0 4 2 2 0 1 2 3 0 

P 12 2 0 0 3 2 0 1 5 3 0 0 0 1 1 

P 13 1 0 0 1 1 0 1 0 0 0 0 1 1 0 

P 14 0 0 2 5 1 0 2 1 1 0 0 0 3 2 

P 15 6 0 4 5 2 0 4 1 1 0 0 0 5 1 

P 16 5 0 5 4 3 0 4 3 1 0 3 4 3 3 

P 17 5 3 1 4 2 0 5 3 3 0 3 1 3 0 

P 18 4 0 5 5 2 1 2 2 3 0 0 0 3 1 

P 19 1 2 0 2 4 0 2 2 0 0 0 0 3 2 

P 20 6 0 6 4 2 0 4 1 0 0 4 4 3 0 

LR 21 4 1 3 4 4 1 1 0 1 0 0 1 3 0 

LR 22 4 1 4 5 5 0 3 0 0 0 0 0 6 3 

LR 23 1 0 3 1 4 2 3 2 2 3 1 0 1 1 

LR 24 5 1 1 2 5 0 2 0 0 0 2 0 2 0 

LR 25 5 0 5 6 1 0 2 0 2 0 1 1 5 2 

LR 26 6 0 4 6 1 0 6 0 2 0 2 1 3 0 

LR 27 6 0 4 5 4 2 4 1 0 0 2 0 4 2 

LR 28 4 1 4 5 5 5 5 0 3 3 2 3 5 3 

LR 29 5 0 5 5 2 2 5 1 1 0 4 2 4 1 

LR 30 3 1 1 5 3 2 3 0 2 1 0 0 3 1 
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HR 31 4 0 2 4 3 0 5 0 2 0 1 0 4 0 

HR 32 1 0 0 2 1 0 2 0 0 0 1 0 0 3 

HR 33 2 0 2 2 3 0 2 0 0 0 0 0 1 2 

HR 34 3 0 4 4 0 0 1 0 1 0 0 0 2 2 

HR 35 4 0 0 4 4 0 2 0 0 0 1 4 2 0 

HR 36 3 0 0 2 2 0 0 0 0 0 1 0 1 3 

HR 37 3 0 2 6 3 1 3 0 0 0 0 0 0 0 

HR 38 3 0 1 2 0 0 2 0 0 0 2 0 4 2 

HR 39 2 0 2 2 0 0 3 0 0 0 0 0 2 1 

HR 40 2 0 1 2 1 0 2 0 0 0 0 0 3 2 

Total 127 11 91 138 89 23 103 28 37 10 42 25 115 49 

 
  



Appendices: 138  

 

 

Appendix 7. Site by environmental variables matrix showing the raw and log transformed 

percentage of each land cover attribute surrounding sites at the local (500 m radius) and 

landscape (1500 m radius) scales, except ‘street lights’ which shows the raw and log 

transformed total number of lights per site at the local scale (see Chapter 5 for further details).  

B = bushland, P = parkland, LR = low density residential, and HR = high density residential. 

 
 Raw Environmental Variables Log Transformed Environmental Variables 

 Local scale Landscape Local scale Landscape scale 
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B 1 2 6 87 5 1 9 5 70 16 -1.52 -1.15 -0.06 -1.22 -1.70 -1.00 -1.22 -0.15 -0.77 

B 2 0 0 95 5 0 0 2 79 19 -2.00 -2.00 -0.02 -1.22 -2.00 -2.00 -1.52 -0.10 -0.70 

B 3 0 4 92 4 0 0 1 92 7 -2.00 -1.30 -0.03 -1.30 -2.00 -2.00 -1.70 -0.03 -1.10 

B 4 4 1 85 10 11 1 2 67 30 -1.30 -1.70 -0.07 -0.96 -1.22 -1.70 -1.52 -0.17 -0.51 

B 5 0 9 88 3 0 0 8 89 3 -2.00 -1.00 -0.05 -1.40 -2.00 -2.00 -1.05 -0.05 -1.40 

B 6 1 1 98 0 0 1 5 82 12 -1.70 -1.70 0.00 -2.00 -2.00 -1.70 -1.22 -0.08 -0.89 

B 7 0 0 96 4 0 2 5 86 7 -2.00 -2.00 -0.01 -1.30 -2.00 -1.52 -1.22 -0.06 -1.10 

B 8 0 1 89 10 32 0 0 81 19 -2.00 -1.70 -0.05 -0.96 -0.82 -2.00 -2.00 -0.09 -0.70 

B 9 0 0 89 11 42 0 0 76 24 -2.00 -2.00 -0.05 -0.92 -0.72 -2.00 -2.00 -0.11 -0.60 

B 10 0 5 94 1 0 0 4 90 6 -2.00 -1.22 -0.02 -1.70 -2.00 -2.00 -1.30 -0.04 -1.15 

P 11 11 48 38 3 2 9 29 46 16 -0.92 -0.31 -0.41 -1.40 -1.70 -1.00 -0.52 -0.33 -0.77 

P 12 9 40 43 8 6 18 25 41 16 -1.00 -0.39 -0.36 -1.05 -1.52 -0.72 -0.59 -0.38 -0.77 

P 13 1 32 37 30 179 1 20 31 48 -1.70 -0.48 -0.42 -0.51 -0.11 -1.70 -0.68 -0.49 -0.31 

P 14 7 60 26 7 21 3 37 30 30 -1.10 -0.21 -0.57 -1.10 -1.00 -1.40 -0.42 -0.51 -0.51 

P 15 10 44 31 15 23 2 28 31 39 -0.96 -0.35 -0.49 -0.80 -0.96 -1.52 -0.54 -0.49 -0.40 

P 16 26 32 33 9 12 14 23 31 32 -0.57 -0.48 -0.47 -1.00 -1.22 -0.82 -0.62 -0.49 -0.48 

P 17 10 44 32 14 47 5 37 29 29 -0.96 -0.35 -0.48 -0.82 -0.68 -1.22 -0.42 -0.52 -0.52 

P 18 14 45 21 20 20 20 12 22 46 -0.82 -0.34 -0.66 -0.68 -1.00 -0.68 -0.89 -0.64 -0.33 

P 19 4 42 31 23 58 1 22 21 56 -1.30 -0.37 -0.49 -0.62 -0.59 -1.70 -0.64 -0.66 -0.24 

P 20 16 52 20 12 23 8 40 21 31 -0.77 -0.28 -0.68 -0.89 -0.96 -1.05 -0.39 -0.66 -0.49 

LR 21 6 16 62 16 8 2 11 67 20 -1.15 -0.77 -0.20 -0.77 -1.40 -1.52 -0.92 -0.17 -0.68 

LR 22 0 43 40 17 4 1 10 61 28 -2.00 -0.36 -0.39 -0.74 -1.52 -1.70 -0.96 -0.21 -0.54 

LR 23 4 42 41 13 2 4 24 53 19 -1.30 -0.37 -0.38 -0.85 -1.70 -1.30 -0.60 -0.27 -0.70 

LR 24 0 22 67 11 19 0 16 39 45 -2.00 -0.64 -0.17 -0.92 -1.05 -2.00 -0.77 -0.40 -0.34 

LR 25 0 12 73 15 3 0 4 65 31 -2.00 -0.89 -0.13 -0.80 -1.70 -2.00 -1.30 -0.18 -0.49 

LR 26 1 41 49 9 6 2 27 56 15 -1.70 -0.38 -0.30 -1.00 -1.40 -1.52 -0.55 -0.24 -0.80 

LR 27 1 18 73 8 2 1 18 61 20 -1.70 -0.72 -0.13 -1.05 -1.70 -1.70 -0.72 -0.21 -0.68 

LR 28 2 58 22 18 3 3 27 47 23 -1.52 -0.23 -0.64 -0.72 -1.70 -1.40 -0.55 -0.32 -0.62 

LR 29 4 42 37 17 46 2 20 51 27 -1.30 -0.37 -0.42 -0.74 -0.68 -1.52 -0.68 -0.28 -0.55 

LR 30 0 15 60 25 16 3 14 43 40 -2.00 -0.80 -0.21 -0.59 -1.10 -1.40 -0.82 -0.36 -0.39 
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Environmental Variables Log Transformed Environmental Variables 

Local scale Landscape  Local scale Landscape scale 
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HR 31 0 15 29 56 169 0 5 46 49 -2.00 -0.80 -0.52 -0.24 -0.14 -2.00 -1.22 -0.33 -0.30 

HR 32 0 7 6 87 219 0 8 21 71 -2.00 -1.10 -1.15 -0.06 -0.03 -2.00 -1.05 -0.66 -0.14 

HR 33 0 8 37 55 235 4 6 45 45 -2.00 -1.05 -0.42 -0.25 0.00 -1.30 -1.15 -0.34 -0.34 

HR 34 0 9 5 86 151 0 13 24 63 -2.00 -1.00 -1.22 -0.06 -0.19 -2.00 -0.85 -0.60 -0.19 

HR 35 1 8 18 73 124 0 15 26 59 -1.70 -1.05 -0.72 -0.13 -0.27 -2.00 -0.80 -0.57 -0.22 

HR 36 0 17 12 71 165 0 6 20 74 -2.00 -0.74 -0.89 -0.14 -0.15 -2.00 -1.15 -0.68 -0.12 

HR 37 0 15 19 66 46 11 9 21 59 -2.00 -0.80 -0.70 -0.17 -0.68 -0.92 -1.00 -0.66 -0.22 

HR 38 0 6 30 64 141 0 7 36 57 -2.00 -1.15 -0.51 -0.19 -0.21 -2.00 -1.10 -0.43 -0.24 

HR 39 0 4 23 73 167 0 4 41 55 -2.00 -1.30 -0.62 -0.13 -0.14 -2.00 -1.30 -0.38 -0.25 

HR 40 4 11 13 72 113 2 7 41 50 -1.30 -0.92 -0.85 -0.14 -0.31 -1.52 -1.10 -0.38 -0.29 

 
 

 

Appendix 8. Pearson correlation coefficients among independent variables.  Shading 

indicates within-scale correlations.  Bold values indicate highly significant 

relationships between street lights and built structures at local & landscape scales * P 

< 0.05, ** P < 0.001. 

 Grass 

500 m 

Trees 

500 m 

Water 

500 m 

Built 

500 m 

Lights 

500 m 

Grass 

1500 m 

Trees 

1500 m 

Water 

1500 m 

Trees 500 m -0.43*        

Water 500 m  0.57** -0.16       

Built 500 m  0.18 -0.77** -0.18      

Lights 500 m  0.09 -0.70** -0.08  0.87**     

Grass 1500 m   0.86** -0.41*  0.61**  0.08  0.08    

Trees 1500 m -0.55**  0.84** -0.34* -0.66** -0.69** -0.56**   

Water 1500 m  0.51** -0.10  0.73**  0.13  0.12  0.53** -0.29  

Built 1500 m  0.26 -0.72**  0.03  0.85**  0.84**  0.19 -0.79** -0.01 
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Appendix 9. The result of multiple linear regression analyses of the relationship 

between bat activity and local scale land-cover attributes when street lights were 

included.  Bold values indicate significant relationships * P < 0.05, and ** P < 0.001.  

Dependent Variable r
2
 Dependent Variable r

2
 

Vespertilionidae  Molossidae  

  Chalinolobus gouldii 0.13   Tadarida australis 0.35* 

  Chalinolobus morio 0.15   Mormopterus beccarii 0.22 

  Chalinolobus nigrogriseus 0.25   Mormopterus species 2 0.24 

  Miniopterus australis 0.42*  

Emballonuridae 

 

  Miniopterus schreibersii 0.18   Saccolaimus flaviventris 0.07 

  Myotis macropus 0.59**  

Rhinolophidae 

 

  Nyctophilus spp.
1
 0.37*   Rhinolophus megaphyllus  0.33* 

  Scotorepens spp.
1
 0.17   

  Vespadelus pumilus 0.20 Total activity 0.43* 

 

Appendix 10. Results of all-subsets regression analyses indicating specific local scale 

land cover attributes as predictors of bat activity when street lights were included.  

The three most efficient sets of predictors (lowest algebraic BIC) are presented with 

the most consistently important variable listed first.  Only cases that were significant 

in multiple regressions (Appendix 8) are shown. 

Variable r
2
 BIC Land cover attributes 

Total activity 0.38 -84.77 Grass, Lights 

 0.40 -83.78 Grass, Lights, Water 

 0.38 -82.74 Grass, Lights, Trees 

Tadarida australis 0.33 -83.65 Grass, Built 

 0.33 -83.48 Grass, Lights 

 0.35 -82.55 Grass, Trees 

Miniopterus australis 0.38 -97.87 Grass, Lights, Built, Trees 

 0.38 -97.63 Grass, Lights, Built, Water 

 0.34 -97.58 Grass, Lights, Water 

Nyctophilus spp. 0.33 -68.32 Water, Lights 

 0.36 -67.33 Water, Lights, Grass 

 0.25 -67.08 Water, Lights, Trees 

Myotis macropus 0.59 -84.55 Water, Built 

 0.56 -84.35 Water 

 0.57 -83.48 Water, Lights 

Rhinolophus megaphyllus 0.33 -131.26 Lights, Built 

 0.33 -129.00 Lights, Built, Grass 

 0.33 -128.93 Lights, Built, Trees 

 


