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Abstract 

Ensembles of species show distinct characteristics that may permit resource partitioning but 

few studies focus on more than one or two traits. Using seven sympatric Jamaican bats, I 

examined features which could allow for spatial, temporal, behavioural and dietary 

partitioning including wing morphology, echolocation characteristics, flight behaviour, 

habitat use, and diet. Using acoustic arrays I compared activity patterns at different sites to 

determine temporal and spatial partitioning and generated flight paths to determine flight 

speeds. From captured bats I measured wing morphology to examine morphological 

differences and did genetic analysis of guano to determine dietary partitioning. Morphology, 

call structure and flight speeds suggested division into cluttered, edge and open foraging 

habitats. Species sharing habitats partitioned them in time. I found little dietary overlap 

among species or between seasons. In summary, the ensemble exhibited partitioning in all 

five dimensions I examined, suggesting multi-dimensional features may aid in ensemble 

resource division.  

Keywords 

Insectivorous Bats, Ensemble, Resource Partitioning, Spatial Partitioning, Temporal 

Partitioning, Behavioural Partitioning, Dietary Partitioning, Flight Speeds, Jamaica, 

Molossus molossus, Tadarida brasiliensis, Mormoops blainvillii, Pteronotus parnellii, P. 

quadridens, P. macleayii, Macrotus waterhousii. 
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Chapter 1 – Introduction 

1.1 Communities and Ensembles 

Biological communities consist of variable numbers of species interacting across 

temporal and spatial domains (Ricklefs, 2007). To be considered a community, all 

taxonomic groups within the area, both autotrophs and heterotrophs, must be included 

(Patterson et al., 2003). All of the species either directly or indirectly influence one 

another (Ricklefs, 2007).  Due to the complexity of the system, it becomes too costly, 

time consuming and taxonomically challenging to analyze species interactions in 

complete biological communities (Patterson et al., 2003). Some studies have attempted to 

examine them (Paine, 1980), but their analyses were performed on simple systems 

omitting some members of the communities. For more complex systems, the study of 

subsets is often the most logical approach (Patterson et al., 2003).  

There are different levels to consider for subsets of communities (Patterson et al., 

2003). An assemblage is a group of species sharing a taxonomic level. All mammals 

would be considered an assemblage (Fauth et al., 1996). A guild represents species that 

share a functional characteristic such as a common diet (Fauth et al., 1996). An ensemble 

is a subset that combines the two previous definitions, i.e., the assemblage and the guild, 

by including species that share common taxonomic classification and functional 

characteristics (Fauth et al., 1996). Sympatric insectivorous bats would fall under the 

category of an ensemble. Which subset one chooses to study depends on both the 

complexity of the system and the question being asked. For biological hot spots, areas 

with increased endemic fauna, such as the Caribbean islands (Myers et al., 2000), 

examining species ensembles becomes the first step in understanding the complex 

interactions that allow communities to achieve a high level of biodiversity.  

1.2 Partitioning 

Two main hypotheses are invoked to explain interspecific competition. They are 

competitive exclusion and neutral theory of biodiversity and biogeography (Gatti, 2012). 

The neutral theory of biodiversity and biography argues that a community can be diverse 
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without differentiation of the resources and environmental conditions a population 

requires over its lifetime, in other words their niches (Hubbell, 2008; Russell et al., 

2010). The principle of competitive exclusion conversely argues that species co-exist 

through variation in the niches they occupy (Hardin, 1960). Levine and HilleRisLambers 

(2009) provided experimental evidence supporting the competitive exclusion principal 

which they suggest is  the main mechanism involved in maintaining species diversity. 

Interspecific competition is believed to be the most important factor in determining the 

number of species in an ensemble (Ramesh et al., 2012). Species may reduce competition 

by using different resources, such as shelter, food or space or alternately, they may use 

the same resource in different ways, referred to as resource partitioning (Russell et al., 

2010). Morphological, behavioural, spatial, temporal and dietary factors have all been 

suggested as mechanisms involved in partitioning resources (Schoener, 1974). By 

increasing the dimensionality, i.e. the number of mechanisms involved in partitioning, an 

ensemble can increase the number of niches available and support a higher diversity of 

species (Schoener, 1974).  

1.3 Ecomorphology as a Means of Partitioning  

Morphology limits an organism’s range of behaviours (Swartz et al., 2003). 

Ecomorphology combines observations of morphology and behaviour to determine how 

an organism exploits its environment (Swartz et al., 2003). Apparent differences in 

morphology have been observed across all major taxonomic groups and have resulted in 

unique methods of partitioning. Morphology may influence how an organism is able to 

forage. For example, Werf et al. (1993) noted that monocot plants with large roots 

systems outcompeted species with small roots by growing above ground biomass at a 

increased rate. Aldridge and Rautenbach (1987) suggested wing morphology determined 

both speed and manouevrability in bat flight. Morphology can also be an indicator of 

where a species can forage. Albertson (2008) and Losos (1990) observed morphological 

differences associated with spatial partioning in cichlids and Anolis lizards respectively. 

Finally, morphology can influence the diet of an organism. Hayward and Garton (1988) 

suggested that differences in wing parameters of an ensemble of owls resulted in dietary 

partitioning among species. Spencer (1995) and Barton et al. (2011) hypothesized that 
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morphology correlated to dietary partitioning in both Bovidae and beetles, respectively. 

These examples illustrate an overall trend observed in many ecomorphological studies. 

Morphology alone, however, cannot account for all means of partitioning, especially in 

ensembles with morphologically similar species. 

1.4 Spatial, Dietary and Temporal Partitioning 

Schoener (1974) proposed spatial partitioning as the most common form of resource 

partitioning and many studies, from a range of organisms, support this point of view. 

Spatial partitioning can give species access to different resources. Weltzin and 

McPherson (1997) reported that some plant species accessed ground water at different 

depths in the soil. The spatial scale used may also influence partitioning. Kadye and 

Chakona (2012) reported a fish assemblage, with both large and fine scale partitioning in 

different sections of the river and at different water depths. Buckley and Roughgarden 

(2005) reported landscape scale partitioning of anole species, as well as small-scale 

differences in perch height. The habitat preference of prey items is also an influence. 

Ramesh et al. (2012) reported large carnivores partitioning space in relation to their 

prey's habitat use. Lack of spatial partitioning can result in resource partitioning as well. 

Takahashi et al. (2005) observed that spatial aggregation of an insect community 

decreased competition between species using common resources. 

Diet is the second most invoked aspect of partitioning (Schoener, 1974) and has 

been observed in many systems (Dial, 1988; Spencer, 1995; Platell et al., 2010; Steenweg 

et al., 2011 Ramesh et al., 2012). Steenweg et al. (2011) and Dial (1988) reported dietary 

partitioning in sympatric sea birds and woodrat species, respectively. Dietary partitioning 

may be achieved through morphological differences between species. Platell et al. (2010) 

reported that differences in the jaw structures of three sympatric fish decreased prey 

overlap. Competition among species may also partition diet by limiting foraging 

behaviour. Inouye (1978) reported that when competitors were removed, bumblebees 

increased their dietary breadth. Dietary partitioning may not always occur, however. 

Farrell et al. (2000) reported that of four sympatric carnivores, jaguar and pumas had 

overlapping diets. 
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 Schoener (1974) argued that temporal partitioning is the least employed means of 

partitioning and, as such, is uncommon. However, evidence demonstrates its real or 

potential importance (Cotton 1998; Weltzin and McPherson 1997; Kronfeld-Schor and 

Dayan 1999; Gutman and Dayan 2005; Gordon et al., 2010; Veen et al., 2010; Razgour 

et al. 2011a; Kadye and Chakona 2012; Ramesh et al., 2012). Temporal partitioning 

ranges from fine scale temporal activity to large scale seasonal variation. On a daily 

scale, an assemblage of 13 lizards was reported exhibiting varied temporal activity 

(Gordon et al., 2010).  Hummingbirds temporally partitioning flower resources, with 

smaller birds using flowers either early or late in the flowering period when nectar 

production was reduced (Cotton, 1998). On a seasonal scale, weevils varied dormancy 

cycles when multiple species were consuming the same species of acorn (Venner et al, 

2011). Competition between species may also limit foraging time. Gutman and Dayan 

(2005) noted an increase in foraging, from diurnal to both diurnal and nocturnal, when 

one species of spiny mouse was removed from a two mouse system. Seasonal differences 

in habitat structure can also influence interactions between species.  During periods of 

flooding, fish assemblage compositions change (Kadye and Chakona, 2012).  

1.5 Bats as Model Organisms 

In the tropics, an increase in the number of ecological niches allows communities to 

support higher species diversity (Ricklefs, 2007). For mammals, species richness in the 

tropics is mostly due to the diversity of bats (Buckley et al., 2010). Bats, especially 

insectivorous species, often have a high diversity of morphologically similar sympatric 

species (Nicholls and Racey, 2006). Bats avoid competition by partitioning resources in 

at least one niche dimension (Arlettaz et al., 1997; Fukui et al., 2009, Siemers and Swift, 

2006), though in some instances there is no evidence of resource partitioning among 

species (Andrianaivoarivelo et al., 2006). Bat ensembles are excellent model systems 

which can assist in the study of various species interactions. Their diversity, large colony 

sizes, congregation in a central location and our passive monitoring techniques permit 

morphological, dietary, spatial and temporal data collection. Extensive literature on bat 

ecology and multiple guild associations within the order (insectivores, frugivores, 

piscivores, nectivores and carnivores) (Patterson et al., 2003) are also excellent tools to 
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study these interactions. The ecological roles bats play within a community, such as pest 

control, pollination and seed dispersal, also make them an economically important 

species to examine (Patterson et al., 2003). As a result, studies of bats may lead 

researchers to glean a better understanding of ecological diversity and interactions within 

communities (Patterson et al., 2003).  

1.6 Ecomorphology in Bats 

Wing morphology is one of the most important factors determining where and how bats 

fly (Aldridge and Rautenbach, 1987), and can best be described in terms of aspect ratio 

(AR), forearm length, wing tip index (I) and wing loading (WL) (Jacobs and Barclay, 

2009). Combinations of the above characteristics also affect flight behaviour.  This can 

result in different foraging strategies (Jacobs and Barclay, 2009), and flying styles 

(Vaughan, 1970). Varied techniques of flying give bats greater access to diverse habitats 

and prey (Vaughan, 1970). Species with high aspect ratios can fly faster and for longer 

distances but in turn have reduced manoeuvrability (Norberg and Rayner, 1987). This 

flying style is used by bats who feed in open habitats, either above the tree canopy or in 

clearings (Vaughan, 1970). Bats with low aspect ratios fly slowly exhibiting high 

manoeuvrability thus allowing them to forage in dense vegetation (Vaughan, 1970). 

Large wing tip indices, indicating rounded wings, coincide with slow speed flight and 

hovering (Norberg and Rayner, 1987). Long forearm lengths aid in attaining greater 

speeds (Norberg and Rayner, 1987). High wing loading allows for greater flight speeds 

but little manoeuvrability (Jacobs and Barclay, 2009). While morphology may confer the 

ability to access these habitats, bats must also possess the ability to orient the habitat in 

darkness, and most bats do this with echolocation (Kalko, 1995). 

1.7 Echolocation in Bats 

Different echolocation strategies provide differential access to habitats which vary in 

physical parameters (Fenton, 1990). The structure of an echolocation call provides 

information on a bat’s potential foraging locations (Fenton, 1990). One character to 

consider is duty cycle, the percentage of time that calls are emitted (Schnitzler and Kalko, 

2001). Bats using high duty cycle (HDC) echolocation appear specialized for detecting 
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fluttering targets in cluttered habitats (areas of dense vegetation) (Fenton et al., 2012).  

The Pteronotus parnellii complex (Clare et al., 2013) is the only group of HDC 

echolocators among bats of the New World (Fenton et al., 2012). All other laryngeally 

echolocating bats use low duty cycle echolocation (LDC) (Fenton et al., 2012). LDC bats 

can produce low or high intensity calls. Generally, bats that are active in cluttered 

habitats, e.g., Macrotus waterhousii, use low intensity echolocation calls, reducing their 

detectability (Kalko, 2004). These bats may locate prey using prey-generated sounds 

rather than echolocation (Fenton, 1990). The use of high intensity echolocation calls by 

LDC bats increases the range from which echoes can return, thus providing better access 

to foraging opportunities in edge and open habitats (Brinkløv et al., 2009, Surlykke and 

Kalko, 2008). Species foraging in open environments use narrowband calls consisting of 

shallow, long duration FM, frequency modulated, sweeps (Fenton, 1990). Such signals 

give low spatial resolution but travel greater distances (Simmons, 1973). Species using 

edge environments employ a combination of narrowband and broadband calls (Fenton, 

1990). This method provides good range resolution and descriptive information of the 

prey (Simmons, 1973, Schnitzler and Kalko, 2001). 

1.8 Methods to Measure Partitioning in Bats 

Echolocation is an active system, meaning that bats use echoes of sounds they produce to 

collect information about their surroundings, from obstacles to food. In addition, the 

system is often flexible, allowing bats to respond to echo feedback by changing the 

characteristics of their calls. This allows researchers/biologists to assess patterns of 

habitat use and activity of bats by acoustically monitoring their echolocation calls 

(Adams et al., 2012). As an added benefit, echolocation calls vary among species 

allowing species identification based solely on call characteristics, although this is not 

true for all species (Fenton and Bell, 1981; Murray et al., 2009). There are disadvantages 

to acoustic monitoring. Not all bats produce calls of the same intensity and directionality 

and as a result, some species will be overrepresented or underrepresented in any survey 

(Adams et al., 2012, Brinkløv et al., 2011). Another disadvantage is that acoustic surveys 

provide no information about population numbers (Adams et al., 2012). Acoustic 

monitoring provides measures of habitat use, time of activity, and flight speeds in an 
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undisturbed, natural setting (Adams et al., 2012). By using a microphone array, the slight 

variation in call detection times across multiple microphones can be used to triangulate a 

bat’s position (Surlykke et al., 2009). By using the bat's travel distance between calls and 

the time it took to travel the distance, the bat's flight speed can be calculated (Surlykke et 

al., 2009). 

The traditional method of studying diets in bats has relied on visual identification 

of insect remains present in the guano or stomach (Findley and Black, 1983; Hickey et 

al., 1996; Fukui et al., 2009; Andrianaivoarivelo et al., 2006; Feldhamer et al., 2009; 

Mancina et al., 2012). Visual identification of insect remains classifies species to ordinal 

or in the best case, family level. This method lacks the precision required to address 

predictions about resource partitioning (Bohmann et al., 2011). New techniques in 

genetic sequencing using DNA barcoding have allowed species identification of insect 

remains, providing the level of precision required to address resource partitioning in bats 

(Bohmann et al., 2011; Razgour et al. 2011b). 

1.9 Spatial, Temporal and Dietary Partitioning in Bats 

Many studies have shown habitat preference as a means for resource partitioning in bat 

ensembles (Kunz, 1973; Saunders and Barclay, 1992; Arlettaz, 1999; Nicholls and 

Racey, 2006; Razgour et al., 2011a). Although morphology and echolocation have been 

shown to influence foraging habitat in bats, spatial partitioning can occur without their 

influence. Species lacking morphological and echolocation differentiation have been 

observed partitioning space (Arlettaz, 1999; Nichools and Racey, 2006). Habitat type can 

also influence patterns of species use. Frugivores were observed having different activity 

patterns in selectively logged and successional forests (Bumrungsri et al., 2007). 

Patriquin and Barclay (2003) examined the habitat use in relation to different tree 

harvesting methods and observed different patterns of activity in relation to each method.   

In arid environments different species associate with different pond sizes (Razgour et al., 

2011a). Williams et al. (2006) suggested that the introduction of non-native habitats 

could increase species richness by diversifying habitats. Habitat can even be partitioned 

within a site. Differences in activity at ground level, in the canopy, and above the canopy 

have been report (Menzel et al., 2005). Not all studies support spatial partitioning 
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however (Mancina et al., 2012). In these instances, other factors such as dietary 

partitioning may also play a role. 

Most studies examining dietary partitioning in bats have focused on a few closely 

related species within an ensemble (Hickey et al., 1996; Arlettaz et al., 1997; Siemers 

and Swift, 2006; Andrianaivoarivelo et al., 2006; Fukui et al., 2009; Bohmann et al., 

2011). Few studies have examined a larger portion of an ensemble (Findley and Black, 

1983; Lopez and Vaughan, 2007; Feldhamer et al., 2009; Mancina et al., 2012). Results, 

however, are inconsistent, with some showing partitioning (Findley and Black, 1983; 

Hickey et al., 1996; Fukui et al., 2009) and others showing no evidence of it 

(Andrianaivoarivelo et al., 2006; Burles et al., 2008; Feldhamer et al., 2009; Bohmann et 

al., 2011). Genetic analyses have been successful in comparing diets between two 

sympatric species (Bohmann et al., 2011; Razgour et al. 2011b), but have yet to examine 

resource partitioning at an ensemble level. 

 Some bat ensembles partition temporal domains (Kunz, 1973; Adams and 

Thibault, 2006; Razgour et al., 2011a), but few studies have supported this approach. 

Jones and Rydell (1994) reviewed emergence times of bat species and noted differences 

based on diet and foraging strategies. Hickey et al. (1996) showed differences in foraging 

times in two sympatric species. Studies supporting temporal partitioning have mostly 

focused on temporal activity of bats visiting water resources in arid environments.  In 

arid environments, bats visit water holes at different times (Adams and Thibault, 2006). 

Partitioning can occur across larger temporal domains as well. Shifts in foraging activity 

occur between seasons (Razgour et al., 2011a; Bumrungsri et al., 2007). Communities 

lacking any evident limiting resources show little temporal partitioning (Saunders and 

Barclay, 1992). Adams and Fenton (in review) noted the lack of a unified method of 

identifying periods of high activity and proposed that the use of a space-time statistic may 

reveal temporal partitioning overlooked in the past. 

1.10 Multidimensional Partitioning  

Most biological studies simplify system dynamics by examining one or two dimensions 

of partitioning in a small subset of an ensemble. This oversimplifies the complex 
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interactions within an ensemble and may overlook important means of partitioning and 

how these means interact with one another (Levine and HilleRisLambers 2009). Ross 

(1986) examined 37 studies on resource partitioning in fish. He observed that the 

dimensionality of partitioning increases with the diversity of the assemblage. He also 

observed increased temporal partitioning as relatedness of species decreased. Bearzi 

(2005) took a similar approach on the family Delphinidae and noted dolphins using 

spatial, temporal and dietary partitioning among species. Fasola (1993) examined a 

sympatric newt community and observed partitioning between prey, habitat, water depth 

and season. Jacob and Barclay (2009) examined two morphologically similar bats for 

resource partitioning and observed variation in diet, morphology and echolocation 

parameters, but no spatial or temporal partitioning. Mancina (2012) examined multiple 

dimensions of partitioning in four related bats and found variation in diet, temporal 

activity, morphology and echolocation parameters.  

In this study, I examined 7 species, of the possible 14 known from Jamaica. I 

expected that examining the majority of species across multiple dimensions of 

partitioning, would provide better understanding of interactions among species in an 

ensemble, as well as interactions between the different methods of partitioning 

1.11 Statement of Purpose 

I investigated multi-dimensional resource partitioning in an ensemble of 7 insectivorous 

bats. I tested predictions from the hypothesis that differences in wing morphology and 

echolocation behaviour would coincide with differences in habitat use and diet. I took 

morphological measurements of all bat species, documenting variations in echolocation 

and flight behaviour, patterns of habitat use, as well as diet, and tested the following 

predictions: 

1) Species with similar morphologies would exploit similar habitats (open, edge, 

cluttered) corresponding to their wing morphology and echolocation behaviour. 

2) Species exploiting similar habitats would show different temporal peaks in activity 

and/or would show different flight speeds.  
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3) Species in the ensemble would have little dietary overlap. 
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Chapter 2 – Materials and Methods 

2.1 Study Site 

I worked in the Windsor region at the northern edge of Cockpit Country, Jamaica 

(18°21’N, 77°38’W, elevation 100-500 m). The forest type is wet limestone, with an 

average canopy height of 15-20 m and a poorly developed understory (Koenig, 2001). 

The period between December and March is considered to be the dry season in the area, 

where May to November is wet season (McNab, 1976). I selected this region because the 

Great Windsor Cave is a roost inhabited by a large and diverse population of bats (Vogel, 

1997). Jamaica’s bat fauna includes insectivores (14), frugivores (2), nectarivores (4) and 

piscivores (1) (Nowak, 1994). In the Windsor region the insectivorous bat ensemble 

includes Molossus molossus (velvety free-tailed bat), Tadarida brasiliensis (Mexican 

free-tailed bat) (Molossidae), Mormoops blainvillii (Antillean ghost-faced bat), 

Pteronotus parnellii (Parnell’s mustached bat), P. quadridens (sooty mustached bat), P. 

macleayii (Macleay’s mustached bat) (Mormoopidae), Macrotus waterhousii 

(Waterhouse’s leaf-nosed bat) (Phyllostomidae) and Chilonatalus micropus (Cuban 

funnel-eared bat) (Natalidae). 

2.2 Morphological Measurements 

I used mist nets (2.5 m x 10 m, 32 mm mesh size; Ecotone, Gdynia) and harp traps 

(Forest Strainer, Bat Conservation and Management Inc., Carlysle; custom built 1.5 m x 

1.5 m harp trap) between 13 July and 6 August 2011 and between 12 May and 9 June 

2012, both considered to be wet season. I selected sites with the highest levels of activity 

as indicated by acoustic monitoring, increasing my efforts at the lower and upper 

entrances of the Great Windsor Cave. I did not place mist nets and harp traps near sites 

which were being acoustically monitored.  These were left up either for the entire night or 

between 2 and 6 hours and were checked every 15 (mist nets) or 5 minutes (harp traps). I 

held the bats in cloth bags for a maximum of 2 hours and released pregnant females 

immediately upon capture.  
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I recorded: a) body mass (M) using a digital scale (±0.1 g), b) time of capture, c) 

species, d) sex and age (sub-adult and adult), e) state of testes, nipples and whether or not 

the bat was pregnant or lactating based on visual inspection, f) percent abdomen 

distension, g) presence or absence of guano in the bag, h) head length, forearm length 

(fl), length of hand wing (lhw), length of arm wing (law), and body width (bw). I 

photographed both the wing and tail membrane when extended against a sheet of graph 

paper (metric quad 5 mm) (Figure 6 in Appendix I). All linear measurements were made 

three times with electronic calipers and the mean in millimetres was recorded. I identified 

species and sex from morphology.  

I calculated total surface area (S) and the surface area of the hand wing (Shw) and 

arm wing (Saw) (see Figure 7 in Appendix I for visual representations) using Paint version 

6.1 (Microsoft, USA) and ImageJ (National Institutes of Health, USA). In Paint, I divided 

the wing and tail membrane photos into four parts-- hand wing, arm wing, body and tail 

membrane. In ImageJ, I set the program's scale to match that of the graph paper in the 

photos. I converted these photos into a binary image which pixelated the wing section 

black and the background white. I ran a particle analysis to calculate Shw, Saw, body area 

(Sb) and tail membrane (St) in mm
2
. I added all the values together and multiplied by two 

to get S (mm
2
). I calculated total wingspan (B=2(lhw+ law)+bw) in mm, wing loading 

(WL=Mg/S) in N/m
2
, aspect ratio (AR=B²/S), tip length ratio (Tl=lhw/law), tip area ratio 

(Ts=Shw/Saw) and tip shape index (I=Ts/(Tl-Ts)) based on recommendations by Norberg 

and Rayner (1987). I arbitrarily classified wing characters into classes based on values 

presented in Jennings et al. (2004) in order to make ecomorphological predictions.  

Sexual dimorphism influences habitat use and diets (Radford and du Plessis, 

2003, Pinet et al., 2012, Nudds, 1984, Safi et al., 2007, Shine et al., 2003). To account 

for this, I examined sexual dimorphism within each species, except in P. macleayii and P. 

quadridens where there was an uneven sex representation in sampling. I used an 

independent sample, non-parametric, Kruskal-Wallis test with a Bonferroni correction in 

xLSTAT, due to non-normal distribution of measurements and multiple tests 

respectively. I used sex as the group and head length, forearm length, length of hand 

wing, length of arm wing, body width, wingspan, total surface area, aspect ratio, wing 
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loading, tip length ratio, tip area ratio and tip shape index as the test fields. If a species 

was shown to be sexually dimorphic in any of these traits, I separated the sexes for all 

morphological analyses. 

I used an independent sample, non-parametric, Kruskal-Wallis test with a 

Bonferroni correction in xLSTAT, due to non-normal distribution of measurements and 

multiple tests respectively, to explore morphological differences among species. I used 

species as the group and head length, forearm length, length of hand wing, length of arm 

wing, body width, wingspan, total surface area, aspect ratio, wing loading, tip length 

ratio, tip area ratio and tip shape index as the test fields. I also ran a Conover-Inman test 

to do a pairwise comparison between species and rank them based on differences. I ran a 

principal component analysis (PCA) in xLSTAT to group species according to forearm 

length, wing loading, aspect ratio and wing tip index.  

2.3 Acoustic Monitoring 

I acoustically monitored bat activity between 30 May and 4 July 2011. Acoustic 

monitoring was employed to determine spatial partitioning among species using habitat 

use data, temporal partitioning among species using periods of peak activity, and 

behavioural partitioning using flight speed data.  

 To determine habitat use, I acoustically monitored 9 sites within 1 km radius of 

the Great Windsor Cave, representing cluttered, open, or edge settings. To classify 

habitats as one of the three habitat types, I conducted a literature review of how habitats 

were classified in the past and conducted a 15 m radius habitat assessment of each site. I 

recorded latitude, longitude, elevation, slope, distance to the cave’s lower and upper 

entrance, percent of each type of ground substrate, percent of each type of understory 

vegetation, canopy density, circumference at breast height for each tree with a 

circumference ≥15 cm, height of tree, height of first branch and vine. To calculate 

latitude, longitude, elevation, area of the patch and distance to both entrances, I used a 

Garmin eTrex Vista H (Garmin International, Inc., Olathe, KS, USA) GPS unit. I 

calibrated elevation using a known elevation in the area. The GPS unit was accurate to 

within 10 m.  I calculated canopy density by taking the mean of North, South, East and 
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West densitometer calculations based on manufacturer’s instructions (number of squares 

reflecting less than 50% of sky, multiplying by -1.04 and adding 100) at the center of a 

site. To measure the 15 m radius and the circumference at breast height, I used a meter 

tape. Percent of site composed of each type of substrate (soil, herbaceous plants, leaf 

litter, woody debris, rock and water), percent of understory composed of each type of 

vegetation (seedling, herbs, 3-fingered plants, grass, fern and other) and tree heights were 

independently estimated by both my field assistant and myself, and the mean was taken.  

I ran a PCA in xLSTAT to compare the sites and determine habitat classifications 

(open, edge and cluttered). The characteristics included in the analysis were elevation, 

slope, average canopy density, area of site covered in trees, percent of site covered in 

soil, herbaceous plant material, leaf litter, woody debris, rocks, water, percent of 

understory covered in seedlings, herbs, 3-finger plants, grass, fern and other. Average 

canopy density, area of site covered in trees, percent of site covered in leaf litter and 

percent of understory covered in seedlings were the best indicators for the level of clutter. 

Percent of site covered in water was used to define sites as edge in addition to the level of 

clutter. 

The first site for acoustic monitoring was the front yard of a home. It was 

approximately 0.3 ha and the grass, which represented 100% of the sites ground cover, 

was regularly cut. Site 2 was a cliff face that overlooked tree canopy. Site 3 was an area 

that had been cleared for cultivation but has since been abandoned. It was approximately 

0.08 ha and was composed mostly of ferns. Site 4 was a section of river located in a 

cluttered habitat. Site 5 was a section of river located in an open habitat. Site 6 was the 

boundary of a cluttered forest and an open pasture. Site 7 was a small patch, 0.3 ha, of 

forest surrounded by roads and open habitats. Site 8 was a sloped hillside along a forest 

trail. Site 9 was a forested plateau located between the peaks of two hills. 

To record activity and flight paths, I deployed two back-to-back four microphone 

arrays using eight Avisoft Bioacoustic CMPA microphones (Avisoft Bioacoustics, 

Berlin, Germany) attached to two Avisoft UltraSoundGate 416 interfaces (Avisoft 

Bioacoustics, Berlin, Germany) which was based on previous work by Surlykke et al. 
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(2009). In each array, the microphone was 1 m from the next in an upside down T 

configuration (Figure 8 in Appendix II).  The UltraSoundGate was connected to a Dell 

PP04X laptop computer which continuously recorded from dusk until dawn using Avisoft 

Recorder USG software (Avisoft Bioacoustics, Berlin, Germany). I recorded files 1 

minute in length, with a 250 kHz sampling frequency, a gain of 5 and an 8 bit format. I 

recorded at each site for at least five nights.  

Previously my colleagues in the Fenton lab created a call library for bats in the 

area by allowing bats to fly on a zipline and recording the calls. Using this library, I 

identified six of the eight insectivorous species in the ensemble. C. micropus and M. 

waterhousii were not detected in acoustic surveys, but all other species, M. molossus, M. 

blainvillii, P. parnellii, P. quadridens, P. macleayii and T. brasiliensis had distinctive 

calls. 

I analyzed echolocation recordings using CallViewer 18, a MatLab (The 

MathWorks, Nadick, MA, USA) based program designed to analyze echolocation calls 

(Skowronski and Fenton, 2008).  I used the Quick Summary feature of the program to 

automatically identify files with calls. If the summary determined that at least one 

microphone had two or more calls, I manually examined the file. I visually assessed bat 

presence by examining the spectrograms of channel 1 (the highest microphone off the 

ground and the most likely to pick up a call) and separated the files based on species.  

I randomly selected 10 acoustic files for each species to determine call parameters 

in CallViewer 18. I selected the call with the highest intensity on each file and ran the 

auto-detection feature to determine call length (ms), maximum and minimum frequencies 

(kHz). I calculated the bandwidth (kHz) by subtracting the minimum from the maximum 

frequency. I recorded the mean and standard deviation for each of the features and 

determined habitat preference based on work by Fenton (1990). For M. waterhousii, calls 

from free flying bats were not detected in the survey, so acoustic measurements were 

taken from bats flying on a zipline used to create the call library. I analyzed calls from 2 

bats on the zipline, 5 calls from each, with each analyzed call coming from a different 

pass. 
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To analyze habitat use, I used the activity index (AI) proposed by Miller (2001). 

An activity index examines relative bat activity while removing the bias of repeated visits 

(Miller, 2001). A species AI on a given night is the number of one minute files with 

echolocation calls from that species. I used xLSTAT to compare species activity among 

sites by running a nonparametric Kruskal-Wallis test with a Bonferroni correction and a 

Conover-Inman pairwise comparison, due to some habitats having low activity which 

created non-normal distributions. I used species as the group and site AI as the test fields 

to determine species habitat use. I calculated the relative habitat use by taking the species 

AI on a given night and dividing it by the total AI for that species. Using relative AI, I 

performed a PCA analysis in xLSTAT to separate species based on habitat use.  

I examined temporal activity by converting time stamps on each acoustic file to 

minutes after sunset (Dateandtime.info, 2011) and creating a frequency table of bat 

detection (number of nights the species was present during the one minute time period). I 

used SaTScan v.9.1.1 (SaTScan, Boston, USA) to identify peak activity times for 

locations and species. Although SaTScan was originally designed to detect disease 

clusters in space and time, by identifying elevated infection rates compared to 

background levels, the principals can be translated to see patterns elsewhere (Kulldorff, 

2010). I used the program to detect increased levels of activity at a given time across all 

sites. I created a case file, for each species with the site, time from 50 minutes before 

sunset to 798 minutes (≈13 hrs.) after sunset (1 minute intervals), and frequency of bat 

detection at a given time across the five nights. I did a space-time retrospective analysis, 

with a space-time permutation probability model, time aggregation to 1 and scanned for 

areas of high and low rates. The output identified periods of peak activity by comparing 

levels of activity across all sites and determining the probability that one peak in activity, 

either high or low, was greater than peaks in other locations. For each site I used species 

with the highest habitat use based on the Kruskal-Wallis analysis, and created a Gantt 

chart with periods of high and low activity. If temporal partitioning was occurring, I 

would expect to see differences in high and low peak activity among species. 

To determine flight behaviour and speeds, I reconstructed flight paths based on 

echolocation calls. I selected recordings with a sequence of calls, between 3 and 30 
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depending on the species, the clarity of the call, and whether the calls were recorded on 

all four microphones. On two of the five nights, I used a portable ultraviolet light to 

increase insect abundance near the array and therefore attract bats to the area (Bell, 

1980). On the same two nights, I used Robomoth, a motor rotating a piece of tape at the 

end of a thin metal rod which simulates the fluttering of a moth wing, to attract bats 

closer to the array (Lazure and Fenton, 2011). I ran a Kruskal-Wallis test to compare 

activity levels on nights with and without ultraviolet lights and Robomoth, to determine if 

activity patterns were influenced by the modification of the habitat. If there were no 

significant differences, all nights were included in habitat use analyses.  

I used a MatLab based program, (Moonshine, Lasse Jakobsen, University of 

Southern Denmark) to recreate the bats' flight paths (detailed methods are presented in 

Appendix II). To calculate the maximum and minimum instantaneous speeds required to 

travel between two consecutive fixes in a flight path, I used 20% of the highest and 

lowest speeds attained in any flight path and calculated the mean. To calculate the 

maximum and minimum total flight path speeds, based on total distance travelled in a 

flight path over total time, I used the mean value for 30% of the highest and lowest total 

flight path speeds. To calculate predicted speeds, I used Flight version 1.1 (Pennycuick, 

2008) and found the optimal maximum and minimum speeds bats can achieve based on 

their morphology. Although the program was designed mainly for birds, the same 

principals can be applied to bats (Pennycuick, 2008). The program calculates maximum 

range speed and minimum power speeds based on energetic requirements, using mass, 

wingspan and wing surface area. 

I used xLSTAT to compare speeds among species and accepted all values of 

p<0.05 as being significant. I used an independent sample, non-parametric, Kruskal-

Wallis test, due to non-normal distribution of measurements and used a Conover-Iman 

test with a Bonferonni correction to do a pairwise comparison between species and then 

separated them into groups. I used species as the group and maximum and minimum 

instantaneous speeds, maximum and minimum average speeds and maximum and 

minimum predicted speeds as the test fields. 
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2.4 Analysis of Diet 

Guano samples were collected to determine dietary differences between species by means 

of DNA barcoding. Susan Koenig collected guano samples between December 2010 and 

March 2011 (dry) catching at the cave entrances and May to June 2011 (wet) by setting a 

tarp under a M. waterhousii roost in the roof of a building and collected guano in the 

morning. There were only one to three bats in the roost on any given night and only M. 

waterhousii used the roost. I collected guano samples from July to August 2011 (wet). In 

December 2010 to March 2011 and July to August 2011, bats were actively captured 

using techniques presented in Section 2.2 and guano was extracted from holding bags 

once bats were released. For individuals where full morphological measurements were 

not taken, at least species, sex and age were recorded. I stored all guano samples in 1.5 

ml microcentrifuge tubes properly labeled to reflect species and sample number, and 

immediately froze them after trapping. 

 Dietary analysis was performed to determine the amount of resource partitioning 

among species. All genetic sequencing and analyses were performed by Elizabeth Clare 

(University of Bristol, Bristol, United Kingdom). For each species, she selected eight (M. 

blainvillii, M. molossus) or 16 (P. parnellii, T. brasiliensis, M. waterhousii, P. macleayii) 

guano samples (based on capture success in the two different seasons) for a total of N = 

80 analyzed guano samples. She also selected an equal number of samples from males 

and females. For each sample, she homogenized the guano by vortexing and inverting the 

microcentrifuge tube, to ensure it was well mixed, and then extracted DNA from 50% of 

this material. For DNA extractions she used the QIAmp DNA Stool Mini Kit (Qiagen, 

UK) according to manufacturer’s instructions with the modifications indicated by Zeal et 

al. (2011) and with the following additional modifications; 1) she used only half of an 

InhibitEX tablet for each sample and 2) she extended the first centrifuge step (Zeal step 

4) to 3 minutes to aid in pelleting the particulate material. Extracted DNA was stored at -

20 °C prior to DNA amplifications.  

She tested all DNA extractions using unmodified primers ZBJ-ARTF1c and ZBJ-

ArtR2c from Zeal et al. (2011) to confirm extraction success. She then amplified each 

sample using fusion primers designed for the Roche FLX sequencer as described by 
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Bohmann et al. (2011). These primers consisted of a Lib-L, the key sequence, a unique 

DNA sequence (MID) and the original primer sequence as required and described by the 

Liverpool Center for Genomic Research (University of Liverpool). In our design, 

identical MID sequences were used for each set of eight samples, thus for species with 

n=8 samples analyzed, a single MID sequence was used and for those with n=16 two 

different MID tags were used (one for the early season captures and the other for the late 

season captures). 

PCR reactions were carried out following the amplification reaction described by 

Bohmann et al. (2011) in a 20µl reaction containing 2µl of template DNA using Qiagen 

multiplex PCR kits (Qiagen, UK) as described with the following modifications. She did 

not use either Q solution (from the kit) or BSA (as suggested by Bohmann et al. 2011). 

All PCR products were visualized on a 1.5% agarose gel. Approximately equal molar 

quantities were pooled by MID sequence and then size selected and purified using a 

QIAquick Gel Extraction kit (Qiagen, UK). Each pool was quantified using a Qubit 

dsDNA BR Assay Kit (low sensitivity with a Qubit Fluorometer (Invitrogen life 

technologies)).  

Exactly equal amounts of PCR product were mixed, dried and rehydrated to give 

a final product of 100μg of PCR product in 10μl of molecular grade water. Sequencing of 

the product was conducted at the Liverpool Center for Genomic Research (University of 

Liverpool) using a ¼ plate, Lib-L chemistry on a Roche 454 GS FLX+ sequencing 

system (Roche Applied Sciences).  

She analyzed sequences using the Galaxy platform 

(https://main.g2.bx.psu.edu/root; Goecks et al. 2010; Blankenberg et al. 2010; Giardine et 

al. 2005) and Bioedit (T. Hall, http://www. Mbio.ncsu.edu/bioedit/bioedit.html). She 

screened all recovered sequences for rare haplotypes (represented by <2 copies) and 

sequences much longer (>250bp) or shorter (<150bp) than expected length (230bp 

amplicon+primer). She collapsed the remaining sequences into unique haplotypes and 

then aligned these haplotypes using clustal W in Bioedit. She then removed primers and 

edited the alignment manually. She clustered the sequences into molecular operational 
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taxonomic units (MOTU) in the program jMOTU (Jones et al. 2011) and tested 

thresholds from 1-10bp. A graph of recovered MOTU vs. threshold and a neighbour 

joining tree suggests that a 6bp cut-off was most appropriate in this data set (see Razgour 

et al. 2011b) effectively identifying operational taxonomic units without obviously 

“oversplitting taxa”. She extracted representative MOTU using PostgresSQL and 

compared representative sequences for each MOTU to similarity database of COI 

sequences retrieved from Genbank (http://www.ncbi.nlm.nih.gov/genbank/). She used a 

basic local alignment search (BLAST) of this database to retrieve BLAST scores (e-value 

cut-off 0.0001). These scores were visualized in MEGAN (Huson et al. 2011) using 

default settings and a “Min Score” of 1. Hits were restricted to ordinal-level taxonomy. 

Sørensen Similarity Index and Hamming distances were used to compare 

similarities in diet among seasons and species. The Sørensen Similarity Index is an 

ecological index for presence and absence data (McCune and Grace, 2002). The formula 

to calculate it is  

   
  

     
 

    ⋂  

         
 

where C is number of shared prey, A and B are total number of prey consumed for each 

of species A and B (McCune and Grace, 2002). This index considers the number of 

insects consumed by each species and overlap between diets (McCune and Grace, 2002). 

Values range from 0 and 1, with 0 representing no dietary overlap and 1 representing full 

dietary overlap (McCune and Grace, 2002). This index only considers the prey consumed 

by the two species in question, and not the entire pool of available prey. To examine the 

entire pool of available prey, she used Hamming Distances. The Minimum Hamming 

Distance is a computer science metric used on binary data to calculate the minimum 

number of changes required to convert one string of binary data into another (Hamming, 

1950). This analysis differs from the Sørensen Similarity Index because it considers prey 

items avoided as well as shared prey (Hamming, 1950).  In this analysis, common prey 

item shared in diets and common prey items avoided are considered to be the same 

choice and are weighted equally (Hamming, 1950). Values range from 0 (all common 

dietary choices) to 616 (no common dietary choices) (Hamming, 1950) and values were 



21 

 

 

 

computed online using SIMCAL (http://www.miislita.com/searchito/binary-similarity-

calculator.html). 
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Chapter 3 – Results 

3.1 Morphological Results 

I recorded morphological measurements for 114 individuals of 7 species. Patterns of 

variation in morphology (Table 1) reflected those reported in other studies. Although the 

species I studied, except M. blainvillii, were sexually dimorphic in at least one 

characteristic (Table 1), this topic is not pursued in this thesis because I had no way to 

track the consequences of sex through the other data sets I used.  Interspecific differences 

were observed in some wing features but not in others (Table 1). Using the approach of 

Jennings et al. (2004), I classified characters from very low to high. For aspect ratio, 

values >7.3 were high, values =6.1-7.3 were intermediate and values <6.1 were low. For 

wing loading values >10.3 were high, values =7.5-10.3 were intermediate, values 6.45-

7.5 were low and values ≤6.45 were very low. For tip shape index values ≥1.9 were high, 

values =1.3-1.9 were intermediate and values ≤1.3 were low.  I added a fourth class to 

classify wing tip index because ranges differed among studies. Wing tip indices ≤0.9 

were considered very low. Aspect ratios for mormoopids (P. parnellii, P. quadridens, P. 

macleayii and M. blainvillii) were intermediate, those for molossids (M. molossus and T. 

brasiliensis) were high and those for M. waterhousii were low. The wing loadings for 

mormoopids were very low, except for P. parnellii which had a low wing loading. M. 

waterhousii had intermediate wing loading and the molossids had high wing loading. The 

wing tip index of molossids, P. quadridens and M. blainvillii were very low, P. parnellii 

and P. macleayii were low and M. waterhousii were intermediate.  
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Species Sex n Mass (g) 
Forearm Length 
(mm) Aspect Ratio 

Wing Loading 
(N/m²) 

Tip Shape 
Index 

Pteronotus parnellii M 14 14.1±1.4 C 52.54 ±0.71 B 6.4±0.4   DE(2) 7.4±1.0 F(1) 1.2±0.2 A(1) 

Pteronotus parnellii F 11 13.6±1.0 C 53.31 ±0.61 AB 6.8±0.3 CD(2) 7.6±0.6 F(2) 1.3±0.2 A(1) 

Pteronotus quadridens M and F 7 6.7±0.3 F 38.29  ±0.76 F 6.6±0.6 CDE(2) 6.3±0.5 G(0) 0.9±0.2 BC(0) 

Pteronotus macleayii M 9 7.1±0.5 F 43.04  ±0.79 CD 7.1±0.7 BC(2) 5.9±0.9 G(0) 1.2±0.2 AB(1) 

Molossus molossus M 11 18.1±0.9 B 38.46 ±0.63 F 8.0±0.4 AB(3) 16.1±1.0 AB(3) 0.5±0.0  D(0) 

Molossus molossus F 10 19.3±1.3 AB 37.85 ±0.77 F 8.4±0.4 A(3) 18.7 ±1.2 A(3) 0.7±0.1 CD(0) 

Tadarida brasiliensis M 8 10.0±0.6 DE 39.63 ±0.76 E 8.5±0.5 A(3) 10.3±1.1 CD(3) 0.8±0.2 C(0) 

Tadarida brasiliensis F 8 11.6±1.0 D 40.09 ±0.65 DE 8.7±0.6 A(3) 12.0±1.1 BC(3) 0.8±0.1 C(0) 

Macrotus waterhousii M 10 21.0 ±1.8 A 52.63 ±0.90 B 5.8±0.3 G(1) 9.0±0.8 DE(2) 1.3±0.3 A(1) 

Macrotus waterhousii F 10 20.5±1.6 A 53.75 ±1.10 A 5.9±0.4 FG(1) 8.6±0.8  E(2) 1.5±0.5 A(2) 

Mormoops blainvillii M 10 9.6±0.9 E 45.79 ±1.20 C 6.2±0.2 EF(2) 5.6±0.6 G(0) 0.8±0.0 C(0) 

Mormoops blainvillii F 6 9.0±0.9 E 46.52 ±0.97 C 6.3±0.1 EF(2) 5.3±0.5 G(0) 0.7±0.0 C(0) 

 

Table 1: Morphological measurements of seven insectivorous bat species in the Windsor region, Jamaica with standard 

deviation. Numbers in bold represent sexual dimorphic characters within a species based on a Kruskal-Wallis analysis. If the 

morphological character of multiple species were statistically the same based on a Kruskal-Wallis analysis with a Bonferonni 

and Conover-Iman pairwise comparisons, they were grouped together and given the same letter under the value of the 

measurements. If two species have different letters, their values are statistically different for that character. Relative size of 

wing characters is represented by the number in brackets. Very low values are represented by 0, low values by 1, intermediate 

values by 2 and high values by 3.  
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The PCA comparison of morphologies among species showed trends when dimensionality 

was reduced (Figure 1). PC1 in this analysis accounts for 69% of the variation and shows 

strong factor loadings for forearm length, wing loading, aspect ratio and wing tip index (Table 

2). PC2 represents 18% of the variation and shows strong factor loadings for wing loading and 

wing tip index. Based on Norberg and Rayner (1987) species with low WL and AR and high I 

values would reflect flight in cluttered environments, species with high WL and AR and I 

values equal to 1 flight in open environments and species with intermediate WL and AR 

values would use edge environments. This suggests that species towards the right on the PC1 

axis are more likely to use cluttered environments, species in the center edge and species to 

the left use open habitat.  

Based on body size classification (Table 1) and PCA analysis (Figure 1), I expected four 

distinct groups with respect to habitat preference. Species in the first group should forage most 

in open habitats (M. molossus and T. brasiliensis). Species in the second group should forage 

mainly in edge environments (P. quadridens and M. blainvillii).  Species in the third group 

should forage in cluttered environments (P. parnellii and M. waterhousii). The final group 

should show little preference to any habitat type and includes P. macleayii. These groups also 

should show different echolocation behaviour reflecting the physical challenges presented by 

each habitat type (Fenton, 1990). 

 

Table 2: Factor loadings of the first two principal components of wing morphology 

characteristics of 7 insectivorous bat species.  PC1 represents forearm length, wing 

loading, aspect ratio and wing tip index and PC2 represents wing loading and wing tip 

index. 

 

 

  PC1 PC2 

Forearm Length 
(mm) 0.901 0.220 
Aspect Ratio -0.869 0.288 
Wing Loading 
(N/m²) -0.778 0.499 

Tip Shape Index 0.759 0.580 
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Figure 1: PCA analysis of wing morphology (Table 2) of 7 insectivorous bats in Jamaica. PC1 represents forearm length, wing 

loading, aspect ratio and wing tip index. The further right a species is on the PC1 axis the higher its wing tip indexes and 

forearm lengths are and the lower its wing loadings and aspect ratio are. PC2 represents wing loading and wing tip index with 

species further up on the PC2 axis having high values for these features.
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3.2 Echolocation Call Parameter Results 

Call duration, duty cycle, intensity and bandwidth suggest habitat differentiation based on 

call parameters (Table 3). Based on Fenton (1990) I determined expected foraging habitat 

based on call parameters. High duty cycle and low intensity calls appear to be 

specializations for foraging in cluttered environment, although they are not used together. 

Narrowband calls are specialized for foraging in open habitats, whereas broadband calls 

are used in either edge or cluttered habitats.  Species with call parameters specialized for 

clutter include P. parnellii and M. waterhousii. Differences in duty cycles and call 

intensities can allow dietary partitioning between these two species based solely on call 

parameters (Fenton, 1990). The narrowband calls of M. molossus and T. brasiliensis 

suggest specialization for open environments. Broadband calls with low duty cycle and 

high intensity suggest P. quadridens, P. macleayii and M. blainvillii are specialized for 

edge habitats. 

3.3 Predicted Habitat Use Based on Echolocation and 
Morphology 

Morphology and echolocation suggest similar placement of the 7 insectivorous species in 

three generalized habitat types (open, edge and clutter). The only species with 

contradicting placement was P. macleayii, whose morphology suggested no habitat 

specialization and whose call parameters suggesting a specialization for edge habitats. P. 

macleayii use of edge fits call features because edge calls are designed to deal with the 

physical challenges presented in both open and cluttered habitats. This leads to four 

distinct expected foraging groups which may aid in the partitioning of resources. The first 

group forages in open habitats includes M. molossus and T. brasiliensis. The second 

group forages in edge habitats includes P. quadridens and M. blainvillii. The third group 

forages in cluttered environments includes P. parnellii and M. waterhousii. The final 

group with no preference to any habitat type includes P. macleayii. The specialization 

suggested by morphology and call parameters should be reflected in habitat use analyses. 
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Table 3: Call parameters of 7 Jamaican insectivorous bats based on call analysis of free flying and bats on a zipline. Habitat 

association was determined by comparing call features to work done by Fenton (1990). 

Species n Duration (ms) Fmax (kHz) Fmin (kHz) Duty Cycle Intensity Bandwidth 

 Predicted 
Habitat 

Association 
Pteronotus parnellii 10 29.03±4.42 61.18±1.13 49.12±2.81 High High Broadband Cluttered 

Pteronotus quadridens 10 4.49±0.792 80.03±1.43 60.84±1.51 Low High Broadband Edge 
Pteronotus macleayii 10 4.80±1.21 70.65±1.81 54.69±1.15 Low High Broadband Edge 
Mormoops blainvillii 10 2.95±1.13 66.65±1.87 44.09±3.64 Low High Broadband Edge 
Molossus molossus 10 6.48±1.80 40.97±3.46 33.54±4.43 Low High Narrowband Open 

Tadarida brasiliensis 10 7.69±0.68 56.79±5.43 33.79±1.84 Low High Narrowband Open 
Macrotus waterhousii* 10 1.91±0.71 73.65±6.62 46.19±2.68 Low Low Broadband Cluttered 

   * Call parameter were analyzed for individuals on a zipline.
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3.4 Habitat Assessment  

PCA for habitat assessment confirmed the classification of sites (Figure 2). The first two 

principal components (PC1 and PC2) represented 36.5 and 20.4% of total variance. In 

PC1, the factor loadings (Table 4) with the highest absolute values are area of tree cover, 

canopy density and percent seedling coverage. PC2 represents percent soil cover, 

negative elevation, slope and percent water. PC1 loadings suggest that PC1 represents the 

amount of clutter in the habitat. Sites located on the right of the graph correspond to sites 

that are cluttered, sites in the center to edge habitats and sites on the left open. PC2 

loadings suggest that PC2 corresponds to peaks and valleys in the cockpits. Habitat 

assessment classifications compared similarly to visual classifications, those identified as 

cluttered habitats placed similarly along the PC1, suggesting that appropriate definitions 

for these sites. Edge sites grouped together along the PC2 axis suggesting proper 

classification as well. Two of the three open sites were placed at the extreme of the PC1 

axis representing an uncluttered environment (Site 1 and 3) and the third placed near the 

PC2 axis representing edge (Site 2). Site 2 was classified as open because it was located 

on a cliff overlooking the area above the tree canopy. Although there was some cluttered 

space on one side of the array, I only used data from the side overlooking the tree canopy. 

The quantification of habitat use supports preliminary classification of sites. In knowing 

this we can determine that the site preference observed in the acoustic survey is 

representative of species using the generalized classification of habitats.  
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Figure 2: PCA of habitat assessments of sites 1 to 9.  Sites to the right of the PC1 

axis represent cluttered habitats, sites in the center edge and sites to the left open. 

Sites above zero for PC2 represent peaks and sites below represent valleys. 
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Table 4: Factor loadings of the first 2 principal components of habitat assessment of 

sites. PC1 represents amount of clutter and PC2 represents elevation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 PC1 PC2 

Elevation(ft.) 0.576 -0.779 
Soil (%) -0.084 0.944 
Herbaceous (%) -0.741 -0.443 
Leaf litter (%) 0.621 -0.276 
Woody Debris (%) 0.698 -0.010 
Rock (%) 0.737 -0.110 
Water (%) -0.208 0.524 
Seedling (%) 0.847 0.238 

Herbaceous (%) 0.462 0.632 
3-Finger (%) 0.320 0.096 
Grass (%) -0.279 0.233 
Fern (%) -0.424 -0.262 
Other (%) 0.000 0.000 
Slope (°) 0.478 -0.598 
Average Canopy 
Density 0.886 0.165 

Area of tree (m²) 0.908 0.151 
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3.5 Habitat Use 

Over 46 nights I recorded a total of 30911 minutes of acoustic data [10500 one minute 

files (34%) contain bat calls (files having multiple species were counted multiple times)]. 

Bats were most active in edge, cluttered and then open habitats. P. parnellii had the 

highest level of activity and P. quadridens had the lowest. Activity levels varied between 

species and sites (Table 5). 

Pteronotus parnellii was most active and foraged in cluttered environments, P. 

macleayii had no preference, and the other 4 species were most active and foraged in 

edge and open environments (Table 5).  Patterns of species activity in different habitats 

were dimensionally reduced using PCA (Figure 3). The first two principal components 

(PC1 and PC2) were retained in the analysis accounting for 48.3 and 19.3% of the total 

variance respectively. Factor loadings are presented in Table 6 PC1 had sites 3, 7, 8 and 9 

with the highest positive loadings and sites 1, 5 and 6 with the highest negative loadings 

and PC2 had sites 2, 3 and 4 with the highest positive loading. Predictions made for 

habitat use based on morphology and call structure were supported for P. parnellii, P. 

macleayii, P. quadridens and M. blainvillii. My predictions that M. molossus and T. 

brasiliensis would forage most often in open areas were not supported as these bats were 

most active and foraged in edge environments. The edge sites these species preferred, 

however, occurred towards the open portion of the PC1 axis in habitat assessment and 

open areas were present at each site. The high level of overlap in morphology, call 

structure and habitat use suggest another means of partitioning would be required to 

account for the level of resource partitioning observed in the dietary analysis. This could 

have been accomplished through temporal partitioning. 
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Table 5: Activity indexes (number of one minute files with species present in a given night) recorded for each species at each 

site and habitat type. Letters next to the activity indexes represent grouping based on a Kruskal-Wallis test with a Bonferonni 

correction and a Conover-Iman pairwise comparisons. Numbers in bold represent sites with the highest activity for a given 

species and numbers that are underlined have the lowest activity. Activities indexes with different letters are statistically 

different from one another. Activity indexes with multiple letters are not statistically different from at least 2 groups. 

 

  Site Habitat Totals    

Species 1 2 3 4 5 6 7 8 9 Open Edge Clutter Total H8 p 

Pteronotus 
parnellii 

39D 303C 684BC 80D 39D 86D 845AB 1153A 1198A 1026 205 3196 4427 41.19 <0.0001 

Pteronotus 
quadridens 

47AB 8C 17C 85A 140A 121A 9C 22BC 23BC 72 346 54 472 36.24 <0.0001 

Pteronotus 
macleayii 

35ABC 153A 137A 59ABC 125A 79AB 2C 101A 22BC 325 263 125 713 26.96 0.001 

Molossus 
molossus 

48AB 60BC 10BC 5BC 395A 199A 1C 0C 0C 118 599 1 718 33.61 <0.0001 

Tadarida 
brasiliensis 

291BC 143CD 17D 2E 944A 351AB 1E 0E 0E 451 1297 1 1749 42.47 <0.0001 

Mormoops 
blainvillii 

19CD 101AB 97B 242A 143AB 110AB 2D 59BC 7D 217 495 68 780 35.20 <0.0001 

Unknown 51 81 63 280 559 323 69 94 121 195 1162 284 1641   
Total 530 849 1025 753 2345 1269 929 1429 1371 2404 4367 3729 10500   
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Figure 3: PCA of habitat use (Table 6) of 7 insectivorous bats in Jamaica. Species to the right of the graph were associated with 

sites 3, 7, 8 and 9 and species to the left 1, 5 and 6. Species toward the top of the PC2 axis were associated with sites 2 and 4. 
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Table 6: Factor loadings for the first 2 principal components of habitat use at sites.  

 

 

 

 

 

 

3.6 Temporal Division of Habitat 

Temporal patterns of activity (high and low) varied among species (Table 7). At sites 

with high levels of activity for multiple species, I found temporal variation in both high 

and low activity (Figure 4). Sites 3, 7 and 9 were not included in Figure 4 because of the 

high degree of spatial rather than temporal partitioning (had only 1 species using it as 

preferred habitat).  Sites lacking spatial partitioning showed high level of temporal 

partitioning and as the number of species using a site increased, so did the amount of 

partitioning. 

Site PC1 PC2 

1 -0.634 -0.285 

2 0.167 0.677 

3 0.700 0.514 

4 0.009 0.656 

5 -0.719 -0.119 

6 -0.795 -0.149 

7 0.831 -0.482 

8 0.966 -0.074 

9 0.810 -0.483 
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Table 7: Periods (minutes after sunset) of high and low activity for species at a given site based on a space-time scan statistic. It 

compares activity levels across all sites and determines if increased levels of activity differ from background levels for a given 

species.  

    Sites 

  Species 1 2 3 4 5 6 7 8 9 

H
ig

h
 A

ct
iv

it
y
 

Pteronotus parnellii  - 21-384 21-384 - - - 566-665 633-674 21-384 

Pteronotus quadridens  - - - 631-644 598-614 14-36 - 649-667 - 

Pteronotus macleayii - 44-84 - 442-616 442-616 442-616 - 638-658 (-)1-11 

Molossus molossus 490-603 (-)18-15 (-)18-15 - - 605-634 - - (-)18-15 

Tadarida brasiliensis 324-391 (-)20-38 (-)20-38 (-)20-38 - 41-144 - (-)20-38 (-)20-38 

Mormoops blainvillii  - 278-460 278-460 205-286 85-192 - - 616-651 278-460 

Other - - - 47-101 115-538 47-101 - - 0-70 

L
o

w
 A

ct
iv

it
y
 

Pteronotus parnellii  60-254 524-674 524-674 - - - 60-254 22-72 524-674 

Pteronotus quadridens  631-667 17-68 17-68 17-68 631-667 - 631-667 17-68 17-68 

Pteronotus macleayii 629-658 - 24-240 629-658 629-658 629-658 629-658 24-240 24-240 

Molossus molossus 618-634 - - 46-230 - 46-230 618-634 - - 

Tadarida brasiliensis 20-84 86-507 - 183-596 - 183-596 - - - 

Mormoops blainvillii  - 85-234 85-234 005-32 194-420 005-32 - 85-234 85-234 

Other - 181-588 - (-)21-16 (-)21-104 (-)21-16 - - 181-588 
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Figure 4: Temporal activity patterns of species throughout the night at their most used sites, based on Table 7. Periods 

represented by the green checkered pattern are background activity levels based on activity patterns at all sites for a given 

species. Red vertical and blue diagonal lines represent periods of high and low (respectively) activity compared to activity at 

all other sites and times.
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3.7 Flight Behaviour 

Flight paths speeds, optimal flight speeds based on energetic requirements of flight and 

flight path manoeuvrability are presented in Table 8, and there were no significant 

differences among any of the manoeuvrability indices (H4=2.869 p=0.580). Maximum 

instantaneous speeds did not differ among species, except T. brasiliensis which flew 

faster than all other species. Maximum average speeds and minimum instantaneous 

speeds showed a picture similar to that portrayed by habitat preference, suggesting that P. 

parnellii, which foraged in clutter, was the slowest and T. brasiliensis, that foraged in the 

open, and M. blainvillii, which foraged in edge habits, were the fastest. I observed few 

differences among average minimum speeds. Predicted speeds that were calculated based 

on morphological characters showed few statistical differences compared to speeds 

calculated using acoustic data. The ensemble of species show differences in morphology, 

call structure, flight speeds, spatial preference and temporal activity. Together, these 

differences provide the ensemble with mechanisms that could result in partitioning in 

diet. 
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Table 8: Calculated and predicted speeds (m/s) of 5 insectivorous bat species in Jamaica with standard deviations. Based on a 

Kruskal-Wallis analysis with a Bonferonni correction, speeds in bold are statistically different from another speed in the same 

category (maximum and minimum) with the number in brackets representing which value it is significantly different from 

(1=Instantaneous, 2=Average, 3=Predicted). Letters under speeds represent ranking of the species in relation to other 

members of the ensemble based on a Conover-Iman test. Group A have the highest values. Multiple group association signifies 

no statistical difference among groups group. 

 

 

Species n 

Maximum 
Instant 
Speed (m/s) 

Maximum 
Average 
Speed (m/s) 

Predicted 
Maximum 
Speed (m/s) 

Minimum 
Instant 
Speed (m/s) 

Minimum 
Average 
Speed (m/s) 

Predicted 
Minimum 
Speed (m/s) 

Average 
Total Path 
Speed (m/s) 

Manoeuvrability 
Index  

Pteronotus  
parnellii 

17 10.8±1.0(2) 
B 

8.6±0.6(1,3) 
C 

11.4±0.2(2)  
A 

3.4±0.8(2,3) 
C 

5.1±0.8(1) 
A 

5.8±0.2(1) 
A 

6.9±1.5 
B 0.27 

Pteronotus 
quadridens 

14 11.2±0.7(2) 
B 

9.1±1.0(1) 
BC 

10.8±0.2  
CD 

4.0±0.7(2,3) 
BC 

5.8±1.1(1) 
A 

5.3±0.1(1) 
B 

7.6±1.5 
AB 0.36 

Pteronotus 
macleayii 

18 11.0±1.0(2) 
B 

9.4±0.4(1) 
BC 

10.5±0.1 
D 

4.3±0.9(2) 
B 

5.8±0.5(1) 
A 

5.1±0.1 
B 

7.5±1.5 
AB 0.4 

Tadarida 
brasiliensis 

8 12.9±0.6(2,3) 
A 

10.7±0.0(1) 
AB 

11.2±0.2(1) 
B 

5.6±1.19 
A 

7.2±1.8 
A 

5.9±0.2 
A 

9.4±1.7 
A 0.39 

Mormoops 
blainvillii 

11 11.9±0.9 
B 

11.5±0.6 
A 

10.9±0.2 
C 

4.8±0.88(2) 
A 

7.0±0.4(1,3) 
A 

5.3±0.2(2) 
B 

9.0±2.0 
A 0.15 
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3.8 Use of Ultraviolet Lights and Robomoth 

I used ultraviolet lights and robomoth, to manipulate actual insect density (lights) or 

perceived density (fluttering targets – robomoth).  I designed these site manipulations to 

determine if bat activity (approaches to the arrays) would change (Bell, 1980, Lazure and 

Fenton, 2011). Bats flying closer to the array allowed more accurate reconstruction of 

flight paths. Although there were no statistical differences between nights with and 

without the modifications (Table 9), echolocation calls had higher intensities on nights 

with the manipulation suggesting bats flew closer to the array.  The bats appeared to 

respond to changes in real or perceived density of prey. Bell (1980) reported an increase 

in bat activity on nights with and without ultraviolet light and proposed that ultraviolet 

lights generated a swarm of insects in an environment where insects although abundant 

were patchy in space, time and quality. This did not happen in my experiments, with 

habitat use not being affected by ultraviolet light, suggesting that insect populations were 

evenly distributed in space. It may be possible that low sample size explains no 

statistically significant differences and more sampling periods may detect differences not 

observed in this study 

 

Table 9: Results of a Kruskal-Wallis analysis comparing nights with and without an 

ultraviolet lights and robomoth. No significant difference was found at any site 

(α=0.05). 

 

 

 

 

 

Site Test Statistic df Significance 

2 2 1 0.157 

4 2 1 0.157 

6 3 1 0.083 

7 0.333 1 0.564 

8 0.333 1 0.564 

9 0.333 1 0.564 
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3.9 Dietary Analysis 

DNA barcode analysis of the diets of P. parnellii, P. macleayii, M. molossus, T. 

brasiliensis, M. blainvillii and M. waterhousii illustrated interspecific variations in diet 

(Table 10). The consistency of the number of raw sequences across groups suggests 

successful methods of quantification. Although I had twice as many sequences for M. 

waterhousii as for the other species, this bat’s diet fell within a similar range. The number 

of raw sequences did not correlate to the number of haplotypes or the number of MOTU, 

suggesting enough sequencing was done and that further sequencing would not have 

increased the number of MOTU. The total number of MOTU, representing number of 

species in the diets of the analyzed bats was 616. Of those a total of 216 were unique to 

the early season, 312 were unique to the late season and 88 were shared across seasons. 

P. parnellii and P. macleayii ate the highest numbers of species.  

Table 10: Sequencing outcomes and estimates of dietary breadth. 

Species Season Raw Sequences Haplotypes MOTU at 
6bp 

Macrotus 
waterhousii  

Late 15103 4642 58 

Macrotus 
waterhousii 

Early 16150 7032 92 

Tadarida 
brasiliensis  

Late 11968 5566 37 

Tadarida 
brasiliensis 

Early 9764 4700 56 

Pteronotus 
parnellii 

Late 11999 6629 152 

Pteronotus 
parnellii 

Early 11392 6621 99 

Pteronotus 
macleayii 

Late 9861 6626 104 

Pteronotus 
macleayii 

Early 10146 6221 82 

Molossus 
molossus 

Late 11269 5301 48 

Mormoops 
blainvillii 

Late 11449 5898 64 
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The Sørensen Similarity Index and Minimum Hamming Distances show little 

dietary overlap among species (Table 11). The Sørensen Similarity Index shows that the 

diets of most species differed between seasons. The highest overlap occurred in M. 

waterhousii. The comparison among species shows that the amount of dietary overlap 

was very low. P. macleayii showed the highest amount of overlap between themselves 

and other species. This amount of overlap reflects dietary diversity. M. waterhousii had 

the most unique diet. Higher levels of overlap among species usually occurred in 

different seasons (P. parnellii and P. macleayii; P. parnellii and M. molossus; T. 

brasiliensis and M. blainvillii; T. brasiliensis and P. macleayii), showing seasonal 

partitioning of resources. Minimum Hamming Distance suggests that the diets of the 

species were similar because they are closer to 0 than to 616. This analysis considers the 

prey consumed by the entire ensemble and suggests sharing of similar prey absent from 

their diets (shared avoidance), which is expected if prey items are partitioned. Results 

from both analyses show that resources are partitioned among bats of the ensemble. 

 MOTU analysis provides taxonomic classification of prey species (Figure 5). The 

dominant prey items consumed by the bats were insects in the orders Lepidoptera, 

Diptera and Coleoptera. P. parnellii ate the widest diversity of Lepidoptera, as well as 

other insects. P. macleayii ate the widest range of taxonomic groups. These results 

support data in Table 10 revealing that P. parnellii and P. macleayii have the widest 

niche breadths by diet. My results supported my predictions that differences in 

morphology, call structure, flight speeds, spatial preference and temporal activity 

coincide with dietary partitioning. 
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Table 11: Estimates of dietary overlap among bat species. Species are denoted by 

the first letters of their genus and species name. Number following species name 

represents season (1=wet, 2=dry). The letters next to Mw represent different 

sampling periods. 

Sørensen Similarity Index (QS) 

M
in

im
u

m
 H

am
m

in
g 

 D
is

ta
n

ce
s  Mw1a Mw1b Tb1 Tb2 Pp1 Pp2 Pm1 Pm2 Mm Mb 

Mw1a  0.40 0.03 0.02 0.15 0 0 0 0.02 0.05 

Mw1b 99  0.02 0.06 0.20 0.05 0.05 0.04 0.07 0.09 

Tb1 93 124  0.07 0.05 0.08 0.09 0.03 0.13 0.02 

Tb2 112 139 87  0.09 0.03 0.13 0.08 0.06 0.11 

Pp1 180 199 179 191  0.09 0.12 0.03 0.07 0.10 

Pp2 157 180 126 151 229  0.16 0.10 0.13 0.09 

Pm1 162 185 129 140 228 173  0.15 0.11 0.07 

Pm2 140 167 115 128 226 163 160  0.08 0.04 

Mm 104 129 75 98 186 129 136 120  0.07 

Mb 116 141 99 108 196 149 156 140 104  
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Figure 5: The proportion of MOTU assigned by BLAST to a given taxonomic node 

for each predator. Values at nodes represent the number of BLAST assignments. 

The size of the pie chart for a given taxonomic group is proportional to the number 

of MOTU found in that group, which is the number next to the pie chart. There is a 

high rate of false positive assignments of COI at higher taxonomic levels thus any 

one assignment should be treated cautiously. However higher node assignments can 

be loosely interpreted as support for a given node. A higher number of node 

assignments translates into higher confidence that that a given node is actually 

present in the diet (for example, it is highly unlikely that there are 396 false positive 

assignments at the Lepidoptera node thus we can be confident that Lepidoptera are 

present in the diet and likely in high proportion). 
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Chapter 4 – Discussion 

4.1 Purpose Revisited 

I began this study with three main predictions: a) that species with similar morphologies 

would forage in similar habitats based on their wing design and echolocation calls; b) that 

species foraging sympatrically would partition the space in time or through behaviour; 

and finally, c) there would be minimal overlap among the diets of species. My results 

support all three predictions to various degrees. These findings suggest ecomorphological 

differences and spatial, temporal, behavioural and dietary partitioning within an ensemble 

of insectivorous bats are interrelated. 

4.2 Interactions Among Morphology, Call Structure and 
Foraging Habitat 

Aldridge and Rautenbach (1987) proposed that morphology determines ideal foraging 

habitat for bats. They argued the most important features to consider were associated with 

wing features, especially aspect ratio, wing loading and wing tip index. Numerous studies 

since then have supported their findings (Saunders and Barclay 1992; Fenton and 

Bogdanowicz 2002; Swartz et al. 2003; Saldamendi et al. 2005; Bumrungsri et al. 2007; 

Jacobs and Barclay 2009). Ecomorphological associations based on wing morphology 

can also be applied to birds (Hertel and Balance, 1999; Pennycuick, 2008; Vanhooydonck 

et al., 2009). Aldridge and Rautenbach (1987) expanded this view by introducing 

echolocation call structure to the concept. They suggested species with low frequency 

and narrow band calls would forage in open environments. High frequency broadband 

calls would  allow foraging in cluttered habitats. The use of constant frequency, HDC 

calls would also permit foraging in cluttered habitats (Fenton et al. 2012). Numerous 

studies since have supported these findings and it is generally accepted that morphology 

and echolocation are good indicators of habitat use (Saunders and Barclay 1992; Fenton 

and Bogdanowicz 2002; Swartz et al. 2003; Saldamendi et al. 2005; Bumrungsri et al. 

2007; Jacobs and Barclay 2009). However, there are certain caveats to these indicators. 

Bininda-Emonds and Russell (1994) noted differences in morphological measurements 

between museum and live specimens. This difference can result in misclassification of 
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foraging habitats. For example Norberg and Rayner (1987), predicted P. parnellii would 

forage in open habitats.  I suggest, as well as others that examined the morphology and 

habitat use for P. parnellii (Mancina et al., 2012; Jennings et al, 2004), the species is 

more suited to cluttered environments. Bininda-Emonds and Russell (1994) proposed 

introducing a standardized method of measuring wing features. In recent years, most 

studies have focused on live specimens. Even with standardized methods, variations can 

be observed. Specifically, my measurements of wing features differ from those reported 

elsewhere from the same species on different islands (Mancina et al., 2012; Vaughan et 

al, 2004). This could reflect taxonomic differences (Clare et al., 2013). The benefits of 

echolocation as indicators of habitat use appear to be limited to the order Chiroptera. 

Echolocation in oilbirds is primarily employed to locate their nests in darkened caves 

(Konishi and Knudsen, 1979) and certain cetaceans employ it to increase their field of 

view in aquatic environments where vision is limited (Thomas, 2004). Consequently, 

these uses provide little differentiation in habitat selection.  

4.3 Partitioning Through Call Structure 

The echolocation behaviour of M. waterhousii and P. parnellii suggest capacity for 

operating in clutter. The HDC echolocation behaviour of P. parnellii appears adapted to 

detect fluttering prey in clutter (Lazure and Fenton 2010; Fenton et al. 2012).  M. 

waterhousii uses low intensity, LDC echolocation, which is well suited to operating in 

clutter (Bell, 1982). In clutter they may rely on prey-generated signals to find their food 

source (Bell, 1985). This is the most likely reason why they were not detected in the 

acoustic survey. While the echolocation behaviour of both of these species appear well 

suited for foraging in clutter, my data lend support to the proposal that echolocation 

behaviour can reflect capacity for resource partitioning. I determined this by showing 

little dietary overlap between the species (Table 11), with P. parnellii eating more moths 

than M. waterhousii, although they did not specialize on Lepidoptera (Figure 4). Even 

though few studies have investigated partitioning through echolocation in other orders, 

Barrett-Lennard et al. (1996) observed different examples of this behaviour in orca 

whales depending on their diet. They noted that populations preying on mammals 
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produced fewer echolocation calls than those consuming fish. This suggests intraspecific 

resource partitioning through the use of echolocation may also occur among non-bats. 

4.4 Defining Habitats 

Defining a habitat is a complex issue (Racey and Entwistle, 2003). What humans 

perceive as a habitat often differs from what a habitat assessment might suggest and what 

a bat might perceive as a habitat. A habitat assessment is a quantification of a habitat 

based solely on measurable factors. Although this method is generally accepted within 

the scientific community, there is no way of knowing whether the species in question 

perceives the habitat by using these measurable characteristics. Historically, habitats that 

bats forage in have been defined as cluttered, edge or open (Racey and Entwistle, 2003). I 

used the same classifications for habitats, but a habitat is usually more complex than such 

a limited classification. Habitats can be combinations of the different habitat types. 

Environments with water have classically been defined as edge (Racey and Entwistle, 

2003), but the area above the water can also be deemed as cluttered, open or edge 

environments. This was obvious at sites 4 (cluttered) and 5 (open), both designated edge 

habitats, although they had different levels of clutter above the water. Water habitats had 

the highest level of activity and may be best defined as a distinct habitat type regardless 

of vegetation. These sites showed different levels of activity and were preferred by many 

different species. We also see that species are not necessarily confined to a single habitat 

type and sometimes use multiple sites with varying habitat characteristics. It may 

therefore be more appropriate to define habitats on a continuum basis and not an ordinal 

one.  

4.5 Spatial Partitioning 

My results are generally consistent with spatial partitioning observed in other studies 

(Weltzin and McPherson 1997; Gabor et al., 2001; Buckley and Roughgarden 2005; 

Takahashi et al.  2005; Schick et al. 2011; Gable et al. 2012; Kadye and Chakona 2012; 

Ramesh et al. 2012). Habitat preference has been found to be a means of partitioning in 

bats as well. Alettaz (1999) examined habitat partitioning in two sympatric radio-tracked 

insectivorous bats with similar morphology and echolocation behaviours. He observed 
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partitioning despite the similarities. Saunders and Barclay (1992) examined the same 

phenomenon using capture data and found similar results. Bumrungsri et al. (2007) cited 

similar patterns in frugivorous species. Razgour et al. (2011a) noted habitat partitioning 

in an ensemble of bats using acoustic methods. Although I found many common sites 

used among species, I found each species exhibited a unique level of activity when all 

sites were considered. P. parnellii inhabited the most uncommon set and used cluttered 

sites, which matches predictions made based on call structure and morphological 

analysis. The most commonly used sites among species were ones classified as edge, 

supporting previous studies (Racey and Entwistle, 2003; Jantzen and Fenton, 2013). P. 

macleayii showed high levels of activity in the widest range of habitats, supporting 

previous predictions from wing morphology (Mancina, 2005). Mancina et al. (2012) 

found no spatial partitioning among mormoopids in Cuba, whereas I found the same 

mormoopids had different combinations of preferred habitats. One possible explanation 

for the discrepancy is variations in acoustic equipment. Mancina et al. (2012) used 

Anabat detectors which can be less effective at detecting bat echolocation calls than the 

Avisoft system which is the detectors I used (Adams et al., 2012).  My data were also 

assessed from 9 sites, compared to their 3.  

4.6 Temporal Partitioning 

My results are generally consistent with temporal partitioning observed in other studies 

(Ross 1986; Cotton et al. 1998; Gutman and Dayan 2005; Adams and Thibault 2006; 

Burles et al. 2008; Gordon et al. 2010; Veen et al. 2010; Razgour et al. 2011a; Venner et 

al. 2011; Kadye and Chakona 2012; Ramesh et al. 2012). Temporal partitioning may be 

more common than Shoener (1974) originally proposed. I observed temporal partitioning 

on a nightly as well as seasonal basis. In bat ensembles, this type of partitioning has only 

been shown in environments with limiting resource (Adams and Thibault, 2006; Razgour 

et al., 2011a). When resources were not limited, there were no signs of temporal 

partitioning (Saunders and Barclay, 1992; Hickey et al., 1996). My study contradicts this 

by supporting temporal partitioning in an environment with no obvious limiting 

resources. 
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Kunz (1973) noted an increase in activity in five bat species between 2 and 3 

hours after sunset. This pattern masks the effects of temporal activity by undermining 

smaller scale peaks. I used the program SaTScan, a new method for examining temporal 

activity, and found temporal variations that may have been unobserved in previous 

studies. SaTScan is designed to discover statistical significances of disease outbreaks 

across space and time. The same principals used by the software to analyze the 

occurrence of diseases can also be applied to determine peak activity (Adams, submitted). 

The statistical analysis examines activity across all sites and determines whether the peak 

of activity at one site is statistically different from the peaks observed in all other sites. 

By using this method, I remove the bias of time, with high activity due to key events in 

the night (i.e. sunset and sunrise) that have been shown to affect levels of activity (Kunz, 

1973). The analysis is able to detect periods of low activity as well. Although my analysis 

focused on the activity patterns of bats, this same method can be used to detect activity 

patterns for any organism where presence and absence data is available with a time 

stamp. This method would be especially beneficial for species that have increased or 

decreased levels of activity due to daily abiotic factors such as sunrise or sunset. 

4.7 Flight Speeds 

A classic way of measuring flight speeds involves catching bats, releasing them and 

timing how long it takes them to travel a given distance (Hopkins et al., 2003). This 

method assumes that the bat travelled in a straight line after release. The flight path also 

begins from a motionless position, which means the bat is not traveling at its maximum 

speed throughout the entire flight. Finally, the bat may not perform natural flight 

behaviour after being handled. New techniques using acoustic monitoring permit passive 

recording of flight paths with minimal disturbance to the bat (Jakobsen and Surlykke, 

2010). By using acoustic monitoring we see a section of a bat’s flight path and a more 

realistic travel distance. Finally, the bat is not being manipulated and should therefore be 

flying naturally. Based on this, we would expect to see faster and more accurate speeds.  

Hopkins et al. (2003) reported flight speeds for P. parnellii ranging from 2.4m/s to 8.5 

m/s using the catch and release method. My speeds ranged from 3.8 m/s to 9.4 m/s.  For 

average path speed, Hopkins et al. (2003) found values of 4.9 m/s and 5.3 m/s for males 
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on two separate days and 3.6 m/s for females, quite different from the 6.9 m/s I found. 

Hayward and Davis (1964) employed the same catch and release technique to calculate 

the speed of T. brasiliensis. They reported flight speeds from 3.1 m/s to 4.7 m/s 

compared to my 5.9 m/s to10.7 m/s. Williams et al. (1973) used radar to calculate speeds 

of commuting T. brasiliensis and calculated 1.9 m/s to 28.3 m/s and an average speed of 

11.1 m/s, much faster than the speeds I obtained. Although flight speed has been 

investigated in multiple bat and bird species, to my knowledge no study has examined 

resource partitioning based solely on flight speed. 

4.8 Dietary Partitioning 

Results of dietary partitioning in this study are generally consistent with those from other 

studies. However, I found more dietary specialization among all species than reported in 

other orders (Inouye, 1978; Dunbar, 1978; Dial, 1988; Farrell et al., 2000; Platell et al., 

2010; Steenweg et al., 2011). In bats, Whitaker et al. (1999) and Andrianaivoarivelo et 

al. (2006) observed dietary differences across seasons. My data supports this view, with 

only 88 species of insects evident in the diets in both wet and dry seasons. There were 

more species of insects found in the diet of bats only in the wet (312) compared to the dry 

season (216). This is most likely due to an increase in insect abundance during the wet 

season (McNab, 1976). The dietary overlap in M. waterhousii can be explained by the 

early season for M. waterhousii being between May and June, whereas the early season 

for the other species was between December and March. This suggests that early and late 

time periods of M. waterhousii should not be compared to those of the other species. 

 Dietary partitioning has been observed in sympatric bats using traditional methods 

of visual identification of insect remains (Findley and Black, 1983; Hickey et al., 1996; 

Fukui et al., 2009), but new genetic sequencing techniques show less evidence of 

resource partitioning (Bohmann et al., 2011; Razgour et al. 2011b). My results contradict 

some earlier results achieved through DNA barcode analysis by showing a high degree of 

dietary partitioning among species. Similar results were obtained for composition of diets 

with all three studies showing Lepidoptera and Diptera the most diverse orders in the 

analysis. According to competitive exclusion, two species can co-exist in a stable 
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environment only if the niches they fill differ in some measure (Hardin, 1960). I 

demonstrated partitioning along several niche dimensions by species in an ensemble of 

insectivorous bats. But I have no evidence of competition between species, even in the 

dry season when insect abundance was low (McNab, 1976) we found little overlap in 

diet. This suggests prey availability might not be a limiting factor within the ensemble, 

which is also evident in a lack of increased bat activity with increasing insect abundance 

(ultraviolet light experiments). Both of these results suggest insects are not a limiting 

resource.  

4.9 Bat Ensembles 

Each dimension of resource partitioning explored in my research could be considered 

separately and has been treated this way in multiple studies (Findley and Black, 1983; 

Norberg and Rayner, 1987; Hickey et al., 1996; Andrianaivoarivelo et al., 2006; 

Feldhamer et al., 2009; Fukui et al., 2009; Bohmann et al., 2011; Razgour et al. 2011b). 

However, as the number of dimensions increases, interactions among the separate 

components emerge, providing a clearer understanding of the structure of an ensemble. 

Ecomorphological studies suggest that morphology determines how a bat flies and where 

it can fly (Norberg and Rayner, 1987), and this has been demonstrated experimentally 

(Aldridge and Rautenbach 1987). This introduces one level of niche partitioning.  This 

was supported with the PCA for morphology matching the PCA for habitat preference, 

but the story was more complicated. Where a bat flew also determined what echolocation 

strategy was required. This introduced a second level of partitioning, with different 

echolocation behaviours giving species access to different prey items as was seen 

between P. parnellii and M. waterhousii. Morphology also influenced the speed with 

which the bats flew, which is another dimension used in partitioning. T. brasiliensis 

foraged with multiple species in edge environments, but flew faster than every other 

species. Sites with multiple species foraging in them were also partitioned in time. Each 

species I examined had unique patterns of high and low temporal activity at each site. 

The combination of all these types of partitioning resulted in each species having access 

to different prey items which was reflected in dietary analysis. Although previous studies 

suggested resource partitioning and the means by which it occurs (Findley and Black, 



51 

 

 

1983; Hickey et al., 1996; Fukui et al., 2009), these studies focused on only a few pieces 

of a much bigger puzzle. In doing so, integral biological processes involved in both niche 

partitioning and resource partitioning can be overlooked, resulting in oversimplifying 

complex interactions or concluding that partitioning was not occurring when another 

dimension would support it.  

4.10 Future Research 

Although I examined multiple levels of partitioning, I did not assess partitioning at all 

levels. For example, Jacobs and Barclay (2009) noted a difference in roosting behaviour 

of two sympatric bats, with one species using tree roosts and the other using buildings. In 

the Windsor region, seven of the eight insectivorous species roost in the Great Windsor 

Cave and M. molossus roosts in buildings, providing a level of partitioning. There may be 

spatial partitioning within the cave as well, which can be addressed in future research. 

Intraspecific partitioning may also be occurring. Nudds and Kaminski (1984) and 

Radford and du Plessis (2003) observed resource partitioning in relation to sexual 

dimorphism in birds. Although I observed sexual dimorphism, I was unable to detect 

intraspecific partitioning patterns due to the sampling techniques used, i.e. acoustic 

monitoring. This dimorphism may play a role in intraspecific resource partitioning, but 

few bat studies have examined this. Safi et al. (2007) observed differences in ecology and 

behaviour between sexual dimorphic Vespertilio murinus. In a dietary analysis, Rolfe and 

Kurta (2012) observed dietary differences in male and female P. parnellii. Niche 

partitioning has been observed in other vertebrate groups as well. Knip et al. (2012) 

found sharks to partition space based on sex. Studies on birds have shown differences in 

diet based on behaviour (Pinet et al., 2012). Age may also play a key role in intraspecific 

partitioning. Several studies have shown a trend of bats having relatively high wing 

loading at birth, which significantly decreases during the rapid growth phase in their first 

month (Hughes et al., 1995; Adams, 2008). Upon first flight, which is typically 21 days 

after birth, bats are still a fraction of their adult size (Adams, 2008). In Myotis lucifugus, 

an insectivorous bat native to North America, the area of a juvenile's wing upon first 

flight is 60% of its adult size (Adams, 2008). With morphology playing a large role in 

habitat partitioning, it stands to reason that morphological differences between age 
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classes will influence habitat use. Buchler (1980) found adult Myotis lucifugus exiting 

roosts earlier than juveniles, suggesting temporal partitioning. Adams (1996, 1997) found 

adult Myotis lucifugus shifted from using open habitats when juveniles were still 

roosting, to cluttered environments when the juveniles began foraging. Interspecific 

competition may not play a role at this site. In four years, only three individuals of other 

species were caught. Because the niche space may have been relatively open, 

intraspecific partitioning may have been higher than in more diverse ensemble. The 

acoustic method I used is not able to distinguish between juvenile and adult, or male and 

female calls, therefore I was not able to assess intraspecific habitat partitioning. This may 

explain the differences observed between predicted habitat use through morphology and 

echolocation call structure, and measured habitat use, from acoustic monitoring.  Future 

research would be required to test this hypothesis. 

The methods I used were designed to assess resource partitioning in bats, but the 

concepts can be modified for other vertebrate species. Mellinger et al. (2007) reviewed 

acoustic monitoring techniques in cetaceans and noted a use for species identification and 

determination of spatial and temporal activity patterns. Acoustic information may even 

provide more data in other species than it does in bats. Barrett-Lennard et al. (1996) 

observed echolocation differentiation based on diet, either fish-eating or mammal eating, 

for sympatric Orcinus orca populations. Gasc et al. (2013) used species specific 

territorial songs to determine community diversity in birds. Although this technique 

provides information on community diversity and spatial and temporal habitat use, it may 

be highly variable especially between mating and non-mating seasons. For species that do 

not readily use vocalizations, similar techniques can be used such as video surveillance. 

Ramesh et al. (2012) used camera traps to examine spatial and temporal partitioning in 

large carnivores. This method can also be used on a wide range of species (O’Connell et 

al, 2010) and although providing different data, similar techniques to those used in this 

study can assist in analyzing spatial and temporal patterns. DNA barcoding has been 

employed to analyze diets of a wide range of organisms (Valentini et al.  2009), from 

insects (Staudacher, 2011) to bears (Valentini, 2008), and herbivores (Abdeljalil et al. 

2012) to carnivores (Chaves et al., 2012). It has even been utilized to examine the diets of 
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extinct species (Geel et al. 2010; Gould et al. 2010). DNA barcoding allows species 

identification of dietary remains, providing the fine scale resolution required to determine 

partitioning. 

4.11 Recommendations 

There have been relatively few studies on multi-dimensional resource partitioning in 

vertebrates (Ross, 1986; Hayward and Garton, 1988; Fasola, 1993; Feldhamer et al., 

1993; Kitchen et al., 1999; Bearzi, 2005; Platell et al., 2010; Kamler et al,. 2012) and 

even less so in bats (Aldridge and Rautenbach, 1987; Saunders and Barclay, 1992; Jacobs 

and Barclay, 2009; Estrada-Villegas et al., 2012; Mancina et al., 2012). Examining 

multiple dimensions is apt to give a more comprehensive picture than those which only 

focused on a few factors. In bats, if examining every level of partitioning is not possible I 

recommend focusing on morphology, diet and temporal activity. Morphology can provide 

predictions of habitat preference and speed. Temporal activity can allow for separation of 

species sharing common habitats, and diet can determine if bats are partitioning food 

resources.  

I also suggest using DNA barcoding techniques to determine diets in any 

vertebrate species, as opposed to visually identifying guano remains. It provides the fine 

scale resolution required to determine dietary partitioning. Quantitative genetic analysis 

of guano samples may benefit related studies by quantifying the importance of prey in 

diet. The dietary overlap observed in this study may have been underestimated, if a 

shared prey item had high proportions in the diets of multiple species. Finally, I would 

suggest analyzing temporal data with SatSCan to determine partitioning. This method of 

analysis provides an objective, statistical method of determining peaks in activity, and 

although originally designed to measure disease outbreaks, its methodology can be 

employed on a wide range of organisms and questions. 
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Chapter 5 - Conclusions 

1) Species in the ensemble of insectivorous bats I studied showed resource 

partitioning based on dietary analysis which may reflect multiple dimensions of niche 

partitioning including morphological, behavioural, spatial and temporal partitioning. The 

multiple levels of partitioning seen in this study may aid in maintaining diversity in bats 

and other ensembles as well, allowing the existence of diverse communities. 

2) In the Windsor region of Jamaica, bat activity was highest at sites with water. 

3) New methods of analyzing temporal activity may show patterns previously 

overlooked. 

4) New methods of measuring flight speeds in bats may provide more accurate 

results than traditional methods.  

5) The diets of species in the ensemble varied greatly between species and across 

seasons within a species. 

6) The bats I studied ate mainly moths and flies (Lepidoptera and Diptera). 
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Appendices A: Morphology 

 

 

 

 

 

 

 

 

 

 

Figure 6: Example of wing membrane photograph used to calculate wing surface 

areas. 
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Figure 7: Definition of morphological quantities used in this paper to bat wings. The 

wingspan B, is measured from tip to tip of extended wings; S is the wing area, 

including the tail membrane (when present) and the area of the body between the 

wings, but excluding the projected area of the head; aspect ratio and wing loading 

are defined from these quantities with body mass M and gravitational acceleration g 

= 9.81 m s
-2

. Shw and Saw are the areas of the hand- and arm-wings, that is the area 

distal to the fifth digit and between the fifth digit, the body and the legs. lhw and law 

are the corresponding lengths. These quantities are used to define the tip length and 

tip area ratios, Tl and Ts and the wingtip shape index, I (figure adapted from 

Norberg and Rayner, 1987). 
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Appendices B: Acoustics 

Using Avisoft SASLab Pro (Avisoft Bioacoustics, Berlin, Germany), the acoustic file 

was shortened to include only the calls of the flight path. To create the paths I used the 

program Moonshine, a MatLab based program designed to generate flight paths (Lasse 

Jakobsen, University of Ulm, program creator). I loaded a text file containing the 

coordinates of the arrays microphones and set channel 3 to be analyzed, the microphone 

in the center of the array. Temperature and humidity data was collected every 30 minutes 

using a HOBO U30 Weather Station with S-THB-M00x Temperature/RH Smart Sensor 

(Onset, MA, USA). The weather data at the time closest to the acoustic file’s time stamp 

was used in the flight path analysis. The threshold level used in the analysis varied 

between files but was always set to a level that included as many echolocation calls as 

possible, while omitting background noise. The C-width, the window of time the program 

searches for the same call among channels once a call is detected, was set to 2.5 ms. Next 

I ran the analysis which generated a text file containing the 3-dimensional coordinate of 

where the bat was when it produced the call. I calculated the distance traveled and speed 

between each point. Using Matlab I generated a 3-dimensional graph of the bats flight. 
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Figure 8: Two, four microphone acoustic arrays set up back to back at Site 3. 
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Appendices C: Permits 
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