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ABSTRACT 

In the past century, the unprecedented rise in artificial lighting has led to the 

issue of light pollution. Numerous studies have documented the impacts of artificial 

lighting on biodiversity and ecosystems. Being nocturnal, bats are likely among species 

most affected by artificial light. However few studies have been done in the tropics and 

to date, none in Singapore. This a novel study that aims to determine the effects of an 

artificial light treatment on bats at an urban water body – important drinking and 

foraging habitats for bats. A light-emitting diode light was used to illuminate an urban 

water body. Bat species richness and diversity along with overall and temporal activity 

was compared between treatment and control nights (n=30) using acoustic monitoring. 

Three species and one genus was observed: Scotophilus kuhlii, Saccolaimus 

saccolaimus, Myotis spp. and Unknown (possibly Pipistrellus stenopterus). The 

artificial light was found to have no significant effect on all bats although generally, 

activity indices decreased on treatment nights except for Myotis spp. which exhibited 

the opposite trend. The foraging activity of Scotophilus kuhlii and Unknown was found 

to be affected by the light temporally. The results of this study can possibly be used to 

inform future lighting decisions. 	
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1. INTRODUCTION 

1.1 Ecological impacts of artificial lighting 

Increasing global urbanisation, population growth, human development and 

advancements in lighting technology have contributed to the unprecedented rise in 

artificial lighting in the past century (Hölker et al., 2010a). Artificial lighting leads to 

the problem of light pollution, defined as the alternation of natural night light levels 

through artificial light sources (Falchi et al., 2011). This issue is of global concern, and 

although most prevalent in cities, even remote areas are affected (Falchi et al., 2016). In 

fact, artificial light is estimated to affect almost one-quarter of global land area 

(Cinzano et al., 2001; Falchi et al., 2016). With artificial light increasing by about 6% 

per year globally (Hölker et al., 2010b), light pollution is a growing problem. It is one 

we expect to increase even further in the future with increasing urbanisation and the 

advent of technology that is making lights cheaper and more efficient (Grimm et al., 

2008; Schuber & Kim, 2008). 

A growing body of research has documented impacts of artificial light on 

biodiversity and the alteration of ecosystems (Davies et al., 2013b; Gaston & Bennie, 

2014; Hölker et al., 2010a, 2010b; Longcore & Rich, 2004). It is becoming increasingly 

clear that artificial light can affect both structural and functional diversity (Longcore & 

Rich, 2004; Gaston et al., 2015). As artificial light changes natural light distributions 

spatially and temporally, it disrupts the natural circadian cycles of many species 

(Gaston & Bennie, 2014). This, in turn, affects their physiology, behaviour and 

interactions with other species and the environment. As a result, light pollution is now 

considered a key biodiversity threat (Hölker et al., 2010b). 
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1.2 Impacts of artificial lighting on bats 

Of all orders of mammals, bats are the second most speciose, and the most 

widely distributed (Voigt & Kingston, 2016). Given their unparalleled dietary diversity 

and voracious appetites, they also provide a large variety of ecosystem services. For 

example, as apex predators on nocturnal insects, insectivorous bats limit their 

populations, including species that are pests on commercially important plants. In the 

United States, the value of this ecosystem service to the agricultural industry was 

estimated at $23 billion USD per year (Boyles et al. 2011). Not only are they 

ecologically important, but bats are also very sensitive to habitat changes, with 

extremely slow life histories that make them inherently slow to recover from habitat 

changes (Mickleburgh et al., 2002; Jones et al., 2009). And so bats are effective 

bioindicators that can reflect the impacts of anthropogenic environmental change like 

the increasing presence of artificial light. Moreover, it stands to reason that these 

environmental changes, if they affect bats strongly enough, may have cascading 

consequences on entire ecosystems. 

It is well established that bats are sensitive to artificial light. After all, they are 

nocturnal, and they have evolved an entire suite of physiological and behavioural 

adaptations specifically to the night (Voigt & Lewanzik, 2011). Artificial lighting 

affects natural light-dark cycles and thus impacts many bat behaviours and activity 

patterns. (Haeussler & Erkert, 1978). Roost emergence, for example, is highly 

influenced by the timing of sunset (Kunz, 1982). Bats whose roosts are illuminated by 

artificial light may thus have delayed emergence. This could easily lead to a mismatch 

between the time during with bats are foraging and the typical peak in insect abundance 

that occurs at sunset (Rydell et al., 1996). Artifical light can also affect connectivity of 

roosts to foraging habitats. For more light-adverse species, the presence of light along 
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their commuting route to foraging habitats can cause them to seek alternatives and 

failing that, even abandon their roosts (Stone et al., 2015a). 

Studies have found that artificial light can enhance or compromise foraging 

opportunities for bats depending on the species (Stone et al., 2015a). Some are attracted 

to streetlights due to increased abundance of positively phototactic insects, such as 

moths (Rydell, 1992). The presence of large swarms of insects around some 

streetlamps, therefore, allows some bat species to forage more efficiently (Acharya & 

Fenton, 1999). But for others, artificial illumination of foraging habitats can depress 

foraging activity. For example, when foraging habitats were subject to partial 

illumination bats reacted by either flying quickly by or complete avoidance (Polak et 

al., 2011). Artificial light can also increase interspecific competition among bats as 

more light-sensitive species are unable to forage at illuminated foraging areas that more 

light tolerant species can exploit (Arlettaz et al., 2000). Artificial light has been found to 

change the community composition of insects (Davies et al., 2012), which may alter 

prey availability for light-sensitive species.  

Artificial light might also affect the drinking behaviour of bats, although this 

area of research is extremely understudied. Drinking is an essential behaviour for most 

bats, including insectivorous species. Much water is lost from their increased body 

surface due to their wing membranes and respiratory system due to the demands of 

flight (Russo et al, 2012). They use diverse water bodies, including slowly-flowing 

rivers, ponds, lakes and artificial bodies of waters like reservoirs (Korine et al., 2016), 

all of which they may also use to forage on emerging aquatic insects (Ciechanowski, 

2002). However, the illumination of freshwater bodies is becoming more prevalent, 

especially in cities, for safety or recreational purposes (Russo et al., 2017). The problem 

is that for bats to drink, they must swoop down to the water surface, and then lap up 
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water in flight (Korine et al., 2016).  This requires them to decelerate and manoeuvre 

themselves very carefully – they have to get close enough to touch the water surface but 

not so close that they crash into it (Russo et al., 2016). This action could easily place 

bats at greater risk of predation, especially if they are drinking at an illuminated site 

(Russo et al., 2017).  That bats perceive this as problematic is indicated by the finding 

that five of seven species (including some that had been observed to be light-tolerant) 

reduced their drinking activity when a water body was illuminated (Russo et al., 2017).  

The effect of artificial light on bats is variable and seems dependent on foraging 

strategy and flight style. The most light-sensitive species tend to be those that forage in 

cluttered environments and are, therefore, slow-flying and more manoeuvrable (Stone et 

al., 2009, 2012). Such bats may therefore have a greater perceived risk of predation of 

illuminated areas (Jones & Rydell, 1994). Contrastingly, species that hunt in the open 

are usually faster fliers and tend to be more light-tolerant and able to exploit illuminated 

foraging areas (Rydell, 1992). But even they can be negatively affected by artificial 

light in cities that reduce their abilities to cross gaps (Hale et al., 2015). 

1.3 Singapore’s context 

While there has been a growing body of research on the effect of artificial light 

on bats, a disproportionate number of studies have been conducted in temperate areas. 

Very few have been done in the tropics, and there are none from Southeast Asia, whose 

bat fauna accounts for more than one-quarter of all bats worldwide (Kingston, 2010).  

Singapore, recently named the most light polluted city in the world (Falchi et al, 

2016), presents a very interesting location to study the effects of artificial light on bats.  

Despite being completely urbanised and having lost more than 95% of its original forest 

cover, Singapore has increased its green cover to 46.5% through intensive greening 
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efforts (Brook et al., 2003; Chin, 2008). In addition, it is unique among tropical nations 

in its lack of natural freshwater resources – a problem it has circumvented by building 

water catchment areas. Studies have shown that even in cities, mosaic landscapes 

consisting of urban and green spaces with water bodies can support high bat species 

richness and diversity (Hourigan et al., 2010; Coleman, 2011; Fabianek et al., 2011).  

There are currently 19 confirmed microbat species present in Singapore which 

can be found in a variety of habitats ranging from forests to urbanised areas (Pottie et 

al., 2005; Lane et al., 2006; Chan et al., 2009; Leong & Lim, 2009; Leong et al., 2010 

Lim & Leong, 2014). The foraging styles of these bats vary from fast-flying in open 

spaces to slow-flying in cluttered environments like forests. 

There have been very few studies on bats in Singapore and none on the effects 

of artificial light on its bats. I was interested in how artificial light affects bats at water 

bodies because the only study that has thus far investigated this question (Russo et al., 

2017) found a reduction in foraging and drinking activity. However, that study was 

done in Italy, which has a Mediterranean climate, and I wondered how applicable its 

findings might be to bats in wetter climates. I therefore conducted an experiment to test 

the effect of an artificial light treatment on bats at an urban water body. My research 

objectives were to determine whether: 

1. artificial light affects species richness and diversity 

2. bat activity is influenced by the presence of light 

3. artificial light influences the temporal distribution of bat activity 

I hypothesise that artificial light has a negative impact on bats and that this effect is 

especially noticeable at a water body because vulnerability to predation should increase 

in open areas. Therefore, I predicted that diversity, abundance, and foraging activity of 
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bats all decrease under artificial illumination. Furthermore, I hypothesise that artificial 

lights most negatively affect slow-flying species that are adapted to forage in cluttered 

microhabitats because they are inherently more vulnerable to predation. Therefore, I 

predicted that the above-mentioned predicted impacts are more strongly observed in 

these species than in faster-flying species that are adapted to using open microhabitats. 
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2. METHODS AND MATERIALS 

2.1 Study site 

I conducted my study at a 0.65 hectare pond called Eco-lake in the Singapore 

Botanic Gardens (SBG) (Google Earth Pro, 2017). The SBG, encompassing 74 

hectares, contains a mosaic of habitats like water bodies, primary rainforests, lawns and 

gardens, therefore allowing it to support a wide diversity of fauna (National Parks, 

2014).  It is a refuge for wildlife in the overall area, which has undergone extensive 

urban development (National Parks, 2014). The SBG provides bats with many potential 

foraging and roosting habitats. Although the exact number of bat roosts in the SBG is 

unknown, several bat species have been previously recorded to roost and forage at the 

ponds in the area (Pottie et al., 2005; J. Coleman, pers. comm.).  

Of the three large ponds in the SBG, I chose Eco-lake because it had the most 

ideal conditions for my study. It is the darkest, and has the lowest amount of surface 

vegetation but the greatest shoreline vegetation – these conditions are known to promote 

bat activity (Boonman et al., 1998; Ciechanowski, 2002). Eco-lake also has much less 

human traffic and noise after sunset compared to the other two ponds.  

2.2 Experimental setup  

From October to December 2016, I conducted experimental trials at a single 

location, which was as far as possible from any pathways (Fig.1). This allowed me to 

minimize the influence of ambient light and human disturbance.  
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Figure 1: Experimental location (Red X) at the Eco-lake, SBG. The experimental 
location was 40m away from the nearest pathway.  

On control nights, I had no source of artificial light. On treatment nights, I used 

a portable, rechargeable light emitting diode (LED) light of the type that is commonly 

used for artificial illumination outdoors. Its 40 LEDs generate a white light, with an 

intensity of 1800 lumens (5800K) and have a power rating of 20W. I placed it on a 

stand, at a height of 1.7m above the ground, and oriented it to face the pond (Fig. 2). I 

referenced the light levels of path lights in the SBG to ensure that those of my LED 

light treatment were of a similar range. It might have been more appropriate to use high-

pressure sodium-vapour (HPSV) lamps, like most of the lights in the SBG but those can 

only run on a generator, making them impractical for my study. And one advantage to 

LEDs is that they are increasingly being implemented in cities to replace HPSV 

lighting, including in Singapore (Abdullah, 2017).  

To measure bat activity, I recorded bat echolocation calls with an ultrasound 

microphone (M500 USB, Pettersson Elektronik AB, Sweden, 2014), oriented toward 

the light and upward at a 45° angle. The microphone’s directional horn ensured that it 

would only detect echolocation calls emitted by bats flying within the illumination path 

of the light (Fig. 2). I connected the microphone to a tablet (Acer Iconia W510-1422), 
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and used BatMic software (Pettersson Elektronik 2014) to save recordings as 1 minute 

.WAV files. As only microbats echolocate, my experiment design could only measure 

the activity of microbats. 

Figure 2: Diagram of the experimental set-up. 

I began each trial at sunset (usually when the time of peak insect emergence 

occurs and hence peak bat activity; e.g., Rydell et al., 1996; Fukui et al., 2006), and 

recorded bats for one hour. In total, I had 30 trials: with 15 treatment and 15 control 

nights, which I alternated. I only carried out trials on nights with favourable weather 

conditions (wind speeds < 10kph; no rain). At the start of every session, I recorded 

environmental variables, including ambient temperature, wind speed, moon phase and 

ambient light. At the end of each session, I recorded ambient light again to obtain a 

better measure of the interaction between moon phase and cloud cover. 
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2.3 Data processing 

I analysed 30 hours of acoustic recordings using Kaleidoscope Viewer (v4.0.2, 

Wildlife Acoustics Inc., Massachusetts, USA), which allows echolocation calls to be 

viewed as a spectrogram. When bats echolocate, their calls can be categorised into: 

search phase, approach phase and terminal buzz (Fig. 3). Bats emit search phase calls 

for general navigation and to scan for prey (Griffin et al., 1960). Search phase calls are 

best used for species identification as they usually have consistent call characteristics 

and are well separated in time (Griffin et al., 1960). Approach phase calls are emitted 

when approaching prey and terminal buzz calls when in pursuit or capture of prey.   

Figure 3: Spectrogram of a bat pass with terminal buzz 

Although bat detectors can effectively record echolocation calls, it is not 

possible to distinguish whether an individual bat made each call, and so they only allow 

activity to be quantified – bat researchers then use this as an index (but not a direct 

measure) of abundance (Jung & Kalko, 2010). I specifically measured three bat activity 

indices: the number of bat passes, the number of terminal buzzes and buzz ratio 

(terminal buzzes per pass).  

I defined a bat pass as two or more echolocation calls separated from subsequent 

passes by one second of silence (Thomas, 1988). Terminal buzzes are indicative of a 

foraging or drinking attempt by a bat and occur whether the attack is successful or not 



	
	

11	

(Ratcliffe, 2013). It is distinguished from other calls by a rapid increase in the repetition 

rate and decreasing frequency (Schoeman, 2015; Fig. 3). The buzz ratio (terminal 

buzzes per pass) is a measure of the intensity of foraging that controls for overall bat 

activity. It can also be used as a proxy of bat prey abundance - the higher the ratio, the 

more insects that bats prey on likely to be present (Rowse et al., 2016a). As a measure 

of bat prey, buzz ratio may be as good or better than insect sampling which can be 

biased as light traps only attract some insects that bats prey on and bats may not be 

flying where sticky traps are usually placed (R. Barclay, pers. comm.).  

2.4 Species identification 

The existence of comprehensive reference call libraries for bat assemblages in 

many temperate-zone regions, e.g., North America, has made it possible to develop 

software that automates the task of identifying echolocation calls to species (Schober, 

1997). Such libraries are constructed by capturing sufficiently large numbers of 

individuals of each species, and then recording them after hand-release in the habitat(s) 

under study. Unfortunately, no such libraries exist for bats in Singapore. I therefore 

partly based my species identifications on the information presented by Pottie et al. 

(2005), who surveyed bats in a small, but unspecified subset of habitats in Singapore. 

However, the applicability of the echolocation call data is questionable because: (1) 

there is no specific information on sites at which bats were recorded; (2) an unspecified 

number of reference calls were obtained from individuals released into an aviary (which 

is not an appropriate method, J Coleman, pers. comm.); and (3) numbers of individuals 

sampled were unacceptably low for some species (J Coleman, pers. comm.)  Given 

these limitations, I also supplemented my echolocation call reference material from 

papers from around the region and used them as references for species identification 

(See Appendix A).  
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I used search phase calls to identify bats to species where possible. Of four 

different call types that I recorded, I could identify two to species, one to genus and 

could not identify the fourth one (Fig. 4).  

Figure 4: Spectrogram of search phase calls of bats observed.  

Most Myotis bats are notoriously difficult to differentiate on the basis of 

echolocation calls, so I only identified them to genus (Russ, 2012). Three Myotis 

species have been recorded in Singapore: M. adversus, M. horsfieldii and M. muricola. 

But the calls of M. muricola are sufficiently distinct that they are unlikely to be 

confused with those of its congeners (Pottie et al., 2005). Therefore, the Myotis bats I 

recorded are more likely to be M. adversus or M. horsfieldii, both of which are also 

highly associated with water bodies (Pottie et al., 2005; Tan & Lim, 2014).  

Call parameters for the unknown species did not match any of those listed in 

Pottie et al. (2005), but further research suggests that they seem consistent with those of 

Pipistrellus stenopterus (Kingston et al., 2003). This species has been observed in 

Singapore in and around the SBG (Leong et al., 2010). But a lack of published records 
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led Pottie et al. (2005) to label it as unknown. Because the last confirmed encounter 

with this bat was in 2010 and no confirmed roosting sites have been found in Singapore, 

I opted not to conclusively label my unknown bat as P. stenopterus.   

2.5 Statistical analysis 

I used the mean number of passes per night to evaluate the impact of the light 

treatment on species richness and diversity. Species richness was simply the total 

number of species observed. For species diversity, I used the Shannon-Wiener index 

(H) and the Berger-Parker index (D), which measures dominance independently of 

species richness (Magurran, 2004). 

I assessed the effect of the light treatment on all three bat activity indices 

(number of bat passes, total buzzes, buzz ratio) for all species and each species / species 

group separately, with a generalized linear model (GLM) in R studio (Version 1.0.136). 

I included variables known to influence bat activity, i.e., maximum temperature, wind 

speed at sunset and ambient light levels (measured at end of the session). I checked all 

explanatory variables for multicollinearity using the VIF() function in the R package 

‘car’, and found none. I started out with a saturated model and removed non-significant 

terms sequentially. Response variables were counts and were not normally distributed. 

Therefore, to determine the best error distribution, I tested two full factorial GLMs for 

each species and activity index, one with a Poisson and the other with a negative 

binomial distribution. I compared model fit using Akaike’s Information Criterion (AIC) 

and a goodness-of-fit test. Negative binomial distributions consistently provided better 

fit (Appendix B). 

To test the effect of the light treatment on the temporal distribution of bat 

activity, I grouped bat activity data into 10-minute intervals for a total of six intervals. I 
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used GLMs to compare treatment and control nights for each interval. I determined VIF 

and model fit as above. Because I did not record enough terminal buzzes for S. 

saccolaimus, I did not analyse the temporal distribution of this species’ activity. I used 

R studio (Version 1.0.136) for all analyses. 
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3. RESULTS 

I recorded a total of 15,184 passes and 11,534 terminal buzzes from four species 

or species groups (Table 1). I identified 70.61% of passes to species, and 5.27% of 

passes to genus level for Myotis calls. 24.1% of all bat passes belonged to Unknown, a 

species I could not conclusively identify. The most commonly observed bat was S. kuhli 

and Myotis spp. was the least common.  

Table 1: Total numbers of bat passes and terminal buzzes for each species or species 
group recorded for two experimental treatments –lit and control. Do note that Myotis 
spp. was only observed for five treatment (lit) nights and eight control nights. 

Species Bat passes Terminal buzzes 

Lit Control Total Lit Control Total 

Scotophilus kuhlii 4858 4904 9762 4332 4468 8800 

Unknown  1698 1964 3662 380 696 1076 

Saccolaimus saccolaimus 456 504 960 46 116 162 

Myotis spp. 332 468 800 804 692 1496 

Overall 7344 7804 15,184 5562 5972 11,534 
 

3.1 Species richness and diversity 

Species richness did not differ between the control and treatment nights (Table 

2). However, I only recorded Myotis spp. on five treatment nights and eight control 

nights, whereas I recorded the other three bats every night. The diversity indices shown 

did not differ between treatment and control nights (Table 2).  
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Table 2: Species richness, Berger-Parker Index and Shannon-Wiener Index for control 
and treatment nights.  

 Species richness Berger-Parker 
Index 

Shannon-Wiener 
Index 

Control 4 0.63 0.56 
Lit 4 0.66 0.52 
 
3.2 Bat activity  

For the entire bat assemblage, I detected no difference in any activity index 

between treatment and control nights (Table 3; Fig. 5).  

The light treatment also had no detectable effect on total bat passes, terminal 

buzzes and buzz ratio for S. kuhlii, Unknown, S. saccolaimus and Myotis spp (Table 3). 

In general, activity indices were lower (but not significantly) on treatment nights for all 

four species/species groups except Myotis spp., which seemed to exhibit the opposite 

trend (Table 1, Figs. 6-9). Ambient light was found to have a significant negative effect 

on Unknown’s bat passes and Myotis spp. bat passes and buzzes. 

Table 3:  Effect of the light treatment for each activity index of all species and each 
species or species group. Environmental variables that were found to have a significant 
effect are also listed in this table. (See Appendix C for all other variables) 

Species Variable Activity index Estimated effect 
(β ± SE) 

p-value 

Overall  Light Bat pass -0.03±0.06 0.60 
  Terminal buzz  -0.17±0.26 0.53 
  Buzz ratio -0.13±0.47 0.78 
S. kuhlii Light Bat pass -1.54e-02 ±7.89e-02 0.85 
  Terminal buzz  -0.25±0.31 0.43 
  Buzz ratio -0.14±0.44 0.74 
Unknown Light Bat pass -0.15±0.09 0.12 
  Terminal buzz  -0.61±0.33 0.07 
  

Ambient light 
Buzz ratio 
Bat pass 

-0.31±0.79 
-1.63±0.48 

0.69 
<0.01 

S. saccolaimus  Light Bat pass -0.15±0.09 0.12 
  Terminal buzz  -0.93±0.55 0.09 
  Buzz ratio -0.58±1.01 0.56 
Myotis spp. Light Bat pass  1.74±1.05 0.09 
  Terminal buzz   1.74±1.25 0.16 
  

Ambient light 
Buzz ratio 
Bat pass 
Terminal buzz 

 0.10±0.61 
-3.75±4.23 
-1.48±0.33 

0.88 
0.02 
0.02 
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Figure 5: Comparison of activity indices for all species on lit and control nights. X 
denotes mean (± SE) number of passes, buzzes and buzz ratio per observed night. 
Overall species activity tended to be higher or the same on control nights, but the light 
treatment had no significant effect on any activity indices. 

Figure 6: Comparison of activity indices for S. kuhlii on lit and control nights. X 
denotes mean (± SE) number of passes, buzzes and buzz ratio per observed night. S. 
kuhlii activity tended to be marginally higher on control nights but the light treatment 
had no significant effect on any activity indices. 

Figure 7: Comparison of activity indices for Unknown on lit and control nights. X 
denotes mean (± SE) number of passes, buzzes and buzz ratio per observed night. 
Unknown activity tended to be higher on control nights but the light treatment had no 
significant effect on any activity indices. 
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Figure 8: Comparison of activity indices for S. saccolaimus on lit and control nights. X 
denotes mean (± SE) number of passes, buzzes and buzz ratio per observed night. S. 
saccolaimus activity tended to be higher on control nights but the light treatment had no 
significant effect on any activity indices. 

Figure 9: Comparison of activity indices for Myotis spp. on lit and control nights. X 
denotes mean (± SE) number of passes, buzzes and buzz ratio per observed night. 
Myotis spp. activity tended to be higher on light treatment nights but the light treatment 
had no significant effect on any activity indices. 
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3.3 Temporal activity patterns  

The light treatment had no effect on activity indices for the entire bat 

assemblage, Myotis spp and S. saccolaimus. However, it did alter the temporal 

distribution of buzzes and buzz ratio for S. kuhlii and Unknown (Table 4). 

Table 4:  The effect of the light treatment for each time interval. S. kuhlii buzzes and 
buzz ratio were significantly higher 30-60 minutes after sunset on treatment nights. 
Unknown buzzes and buzz ratio were significantly higher in the first and fourth interval.  

Species Activity index Interval 
(minutes after sunset) 

Estimated effect of light 
(β ± SE) 

p-value 

S. kuhlii Bat pass 
 
 
 
 
 

1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

0.04±0.19 
-0.04±0.11 
-0.04±0.10 
0.02±0.07 
0.03±0.08 
-0.07±0.08 

0.86 
0.73 
0.68 
0.74 
0.68 
0.37 

 Terminal buzz 1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

-0.84±0.47 
-0.18±0.39 
-0.09±0.33 
0.45±0.21 
0.51±0.18  
0.46±0.18 

0.07 
0.64 
0.78 
0.03 

<0.01 
0.01 

 Buzz ratio 1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

-0.29±0.42 
-0.09±0.33 
-0.01±0.34 
0.35±0.41 
0.25±0.18 
0.27±0.21 

0.50 
0.78 
0.98 
0.02 

<0.01 
0.01 

Unknown Bat pass 
 
 
 
 

1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

-0.60±0.34 
-0.04±0.23 
-0.23±0.25 
-0.03±0.15 
-0.13±0.15 
-0.08±0.60 

0.08 
0.87 
0.36 
0.82 
0.38 
0.62 

 Terminal buzz 1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

-1.99± 0.88 
-0.37±0.64 
-0.94±0.55 
-1.18±0.50 
-0.06±0.45 
-0.14± 0.42 

0.02 
0.56 
0.09 
0.02 
0.89 
0.74 

 Buzz ratio 1 (0-10) 
2 (10-20) 
3 (20-30) 
4 (30-40) 
5 (40-50) 
6 (50-60) 

-1.11±0.47   
-0.33±0.67 
-0.73±0.37   
-1.52±0.55  
-0.17±0.91 
-0.19±0.93 

0.02 
0.62 
0.39 
0.02  
0.86 
0.84 
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 Buzzes of S. kuhlii seemed to peak 10-20 minutes after sunset (Fig. 10), but its 

activity was relatively constant over each night. The temporal distribution of bat passes 

did not differ between treatment and control nights, but that of its foraging activity 

certainly did. The trend for S. kuhlii was that on treatment nights, buzzes tended to be 

lower (but not significantly) in the first 0-30 minutes after sunset before becoming 

higher 30-60 minutes after sunset (Fig. 10, Table 4). 

Passes by the unknown species seemed to continually increase in the hour after 

sunset before peaking at 30-40 minutes (Fig. 11). The temporal distribution of passes 

did not differ between treatment and control nights. Buzzes of this bat peaked 20-30 

minutes after sunset on both treatment and control nights. On treatment nights, I 

observed a reduction in buzzes in the first and fourth 10-minute-intervals after sunset 

relative to control nights (Fig. 11, Table 4).  

In summary, I observed that the general trend was that, for all bats the light 

treatment seemed to either depress activity or have no effect, and did not enhance 

activity except for Myotis spp. However, none of these trends were significant based on 

my models. The light treatment also only affected the temporal foraging activity of S. 

kuhlii and Unknown. 
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Figure 10: The temporal activity pattern of S. kuhlii for the hour after sunset. Activity 
indices shown: mean number of bat passes, mean number of terminal buzzes and buzz 
ratio.   

 
 
Figure 11: The temporal activity pattern of Unknown for the hour after sunset. Activity 
indices shown: mean number of bat passes, mean number of terminal buzzes and buzz 
ratio.   
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4. DISCUSSION 

Little is known about the effects of artificial light on bats at water bodies, not 

just in Singapore but worldwide, and my study was the first to examine this question 

anywhere in the tropics. My results suggest no detrimental effect on bats generally, but 

an alteration to the temporal distribution of foraging activity of some species.  

4.1 Species richness and diversity 

 I predicted that artificial light reduces the diversity of bats, but found no 

difference in species richness and diversity between treatment and control nights. Not 

only does this finding not support my hypothesis, but also it contrasts with results from 

other studies in which species richness and diversity tend be higher where and when it 

is darker (Scanlon & Petit, 2009; Linley, 2016; Russo et al., 2017). One possible 

explanation for my finding is that all observed species are considered common in 

Singapore, and are probably quite widespread around the island (Pottie et al, 2005). 

Therefore the probability of observing them would be higher as compared to a rless 

common species. Moreover, if the species I labelled ’unknown’ really is Pipistrellus 

stenopterus, then this may suggest the need to revise its status from being indeterminate 

in Singapore, because it was the second most commonly observed bat in my study.  

 Because the same four species were present during both treatment and control 

nights, this might suggest that truly light-averse species like those of the genera 

Rhinolophus and Hipposideros that forage in cluttered environments might not even 

forage or drink at the Eco-lake. Although the Singapore Botanic Gardens and Eco-lake 

are already darker than most areas in Singapore (Robert, 2016), light-averse bats may 

not have a suitable commuting path from their roosts to Eco-lake because of the lit 
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pathways and open fields in the SBG, which might increase the perceived risk of 

predation (Stone et al. 2009, 2012). Similar studies looking at the effects of a change in 

light type also observed few to no light-averse bats although such bats were present in 

the study site (Stone et al., 2015b; Rowse et al., 2016a). It is also possible that the 

observed lack of relatively more rare light-adverse species in my study is an artefact of 

my small sample size. I had a total of 30 nights, which, according to Skalak et al. 

(2012), might only allow 80-90% of species occurring at a location to be sampled. 

 Out of all four species detected at Eco-lake, Myotis spp. was the only one not 

present every night. I only observed it on 13 nights. The Myotis bats that I likely 

observed are either M. adversus or M. horsfieldii. Both bats are highly associated with 

water bodies, because they forage by trawling, or flying above the water and catching 

prey items when their echolocation calls allow them to detect ripples on the surface 

(Denzinger & Schnitzler, 2013).  This foraging style requires slow, maneuverable flight 

(Jones & Rayner, 1991). While perhaps not as light-adverse as bats that forage in 

cluttered microhabitats, Myotis bats might still be sensitive to light if it affects their 

ability to commute from their roosts to a water body. Many studies have observed a 

similar trend (Kuijper et al., 2008; Stone et al. 2009, 2012, 2015b; Rowse et al., 2016a), 

although none were conducted on tropical Myotis bats. Myotis bats also generally emit 

lower intensity calls, which could reduce their detectability by the ultrasound 

microphone (Bell, 1980; Faure et al., 1993; O'Farrell & Gannon, 1999). However, the 

intensity levels of Myotis bats observed in Singapore are not known and this might be a 

generalisation. It is also possible that as my study site only occupied part of Eco-lake, 

Myotis bats were simply foraging in another area with denser shore vegetation that 

increased prey abundance. 
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4.2 Effect of light on bat activity  

4.2.1 Overall bat activity 

I expected artificial light to reduce the abundance of bats – here (as in many 

other studies) I used activity as a proxy for abundance. However, I found no detectable 

effect of my light treatment on activity of the entire bat assemblage or individual 

species. Given that bats exhibit species-specific responses to light (Rydell, 1991), it is 

more informative to discern the effects of light on bat activity by discussing each 

species individually.  

4.2.2 Scotophilus kuhlii 

 Scotophilus kuhlii is an aerial-hawking bat, which means that it pursues and 

catches its prey in flight (Zhu et al., 2012; Denzinger & Schnitzler, 2013). Bats with this 

foraging style are usually fast-flying and forage in open spaces. In Singapore, S. kuhlli 

is one of the most common microbats, and has been observed in many habitats although 

primarily in urban parklands and rural habitats (Pottie et al., 2005). It has been observed 

foraging at streetlights (e.g., Zhu et al., 2012). Therefore, either this species should have 

been less negatively affected by the light treatment compared to more slowly-flying 

species, or maybe even positively affected. However, I observed no effect. This could 

reflect my choice of light. The type of light and its spectral characteristics strongly 

influence its attractiveness to insects (Blake et al., 1994). In one study of the effects of 

LED lights on bats (Stone et al., 2012), species known to be light-tolerant that had 

previously been observed foraging at high pressure mercury vapour (HPMV) lamps 

showed no increased feeding activity at LED lights. LED lights in general, emit less 

ultraviolet light, which makes them less attractive to insects (Davies et al., 2013; 

Wakefield et al., 2016). The lack of an observable effect could also be attributed to the 
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short experimental nature of my study as it was only conducted for an hour each night 

and not consistently. Most bats that exploit streetlights as a foraging source do so as it is 

a predictable and permanent foraging habitat (Geggie & Fenton, 1985; Rydell, 1992). 

Therefore, bats in the area may not have had the time to recognise the light treatment as 

a forgaing source. The light that I used was also only placed at a height of 1.7m, which 

is lower than most path lights and streetlights in SGB and Singapore respectively. It is 

possible that since S.kuhlii forages high in open spaces, the light was at a height too low 

for it to forage at.  

 However, the temporal distribution of foraging activity of S. kuhlii was affected. 

More specifically, foraging activity increased in 30-60 minutes after sunset on treatment 

nights. Although the number of attacks (as indexed by buzzes) is not reflective of 

successful captures, an increase indicates increased foraging effort; especially 

considering no increase in passes (i.e., an index of abundance). What is unknown is 

whether S. kuhlii is opportunistically exploiting insects that are attracted to the light in 

the second half hour after sunset, when it is darker or whether its hunting success 

(proportion of successful attacks) is declining.  

4.2.3 Unknown (possibly Pipistrellus stenopterus) 

 If the bat I labelled as ’unknown’ really is Pipistrellus stenopterus, then it is a 

fast-flying aerial hawker (Kingston et al., 2003). In that case, I would expect it to 

respond similarly to S. kuhlii to my light treatment. However, that is not what I found 

(light had no discernable effect although the general trend was negative). Instead, 

ambient light negatively affected its activity and foraging activity. Why might the 

artificial light treatment have no effect, but ambient light have a negative one? 

Pipistrellus bats tend to be rather light-tolerant and some species exploit artificial light 

sources elsewhere in the world (Blake et al., 1994; Haffner & Stutz, 1985; Arlettaz et 
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al., 2000; Stone et al., 2009, 2012). However, even closely related species that are 

ecologically similar can exhibit differing tolerances to anthropogenic changes in the 

environment (Rowse et al., 2016b). It is possible Pipistrellus stenopterus in Singapore 

may not be as light-tolerant as its counterparts elsewhere in the world and this could be 

how it has been overlooked and eluded detection for many years. Perhaps, as open-air 

foragers (Leong & Chan, 2013), higher ambient light (e.g., as observed under higher 

moonlight levels and lower cloud cover) may increase the perceived risk of predation 

(Scanlon & Petit, 2008). Indeed, Pipistrellus pipistrellus (a known light-tolerant 

species) bats were found to be reluctant to fly under lit conditions in a laboratory 

(Speakman, 1991).  

 Just like I observed for S. kuhlii, the temporal activity of this unknown bat was 

affected by my light treatment. More specifically, foraging activity on treatment nights 

decreased in the first and fourth 10-minute intervals after sunset. This decreased 

foraging activity in the first 10 minute interval of lit nights might be a function of bat 

passes as it is accompanied by lower (mean number) of bat passes.  

4.2.4 Saccolaimus saccolaimus  

 Saccolaimus saccolaimus is common in Singapore and is another fast-flying 

species (Pottie et al., 2005). However when over water bodies and open fields, it has 

been observed to fly low to forage or drink (Murphy, 2001). My light treatment had no 

effect on it but the trend of its activity indices tends to be lower on treatment nights 

(especially its terminal buzzes and buzz ratio). S. saccolaimus in general had a low 

count of terminal buzzes and hence buzz ratio. This might be because S. saccolaimus is 

known to forage over a multitude of habitats such as the city, mangroves and forests etc. 

(Teo & Rajathurai, 1997; Pottie et al. 2005). It is possible Eco-lake is not its main 

foraging microhabitat, and instead, it just comes to drink. If that is so, the trend of its 
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activity indices might be explained by the fact that during treatment nights, S. 

saccolaimus is more reluctant to fly low over the water body to drink as it might be at 

greater vulnerability to predation which is already high during control nights.  

4.2.5 Myotis spp. 

 As mentioned earlier, whichever species of Myotis I recorded, the chances are it 

is a slow-flying trawler, and therefore likely to be light adverse. In that case, I predicted 

that its activity is negatively affected by the light treatment. However, although my 

results were not significant, I actually observed the opposite trend where activity indices 

were higher on treatment nights for the nights Myotis spp. was observed. Also, ambient 

light was found to have a negative influence on activity. As mentioned in Section 4.1, 

this might be as Myotis bats are possibly more light sensitive and higher ambient light 

increases risk of predation (Scanlon & Petit, 2008).  

Despite the negative effect of ambient light, most surprising was that on the 

nights Myotis spp. was present, the activity indices of Myotis spp. tended to be higher 

with the light treatment. Although again, I must stress, that this trend was not significant 

– a result that could be related to the large variance in my data. While this is in contrary 

to what I predicted, I speculate that it could be due to the fact that the Myotis bats that 

are able to commute to the pond are already those more tolerant to light. Bats in general 

show high levels of intraspecific variation (Barclay, 1999). Geggie & Fenton (1985) 

found that one species, Eptesicus fuscus, exhibited highly variable foraging activity at 

lamps with some never foraging at streetlights and others having higher activity than at 

dark areas. In some Myotis bats, intraspecific variation in their body mass and wing size  

have also been observed to affect their habitat use, with larger bats being more capable 

of faster flight and more likely to forage in open spaces  (Kalcounis & Brigham, 1995; 

Jacobs, 1999). It could be possible that the Myotis bats that commute to the pond have 
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morphological characteristics that result in them being more light tolerant. If the LED 

light is attracting insects that Myotis bats prey on, this could explain why there is a 

higher buzz ratio (proxy of bat prey abundance) of for Myotis on treatment nights and 

not for the other species.  

4.3 Limitations and future studies 

Unlike the study by Russo et al. (2017) that found that artificial light caused a 

reduction in foraging and drinking activity, I did not observe such an effect. This could 

be as the study was done in Italy which has an entirely different climate to that of 

Singapore. In addition, Russo et al. (2017) conducted their survey at a cattle trough and 

illuminated the entire water surface. It could be possible that as I only illuminated a 

portion of the water surface of Eco-lake, there were other areas unlit that were still 

suitable for foraging and drinking. Bats in those areas may have then inadvertently 

passed by my study site. Nonetheless, the general trend of my data indicated that there 

was a negative effect of light for most of the observed bat species. The lack of 

significant results could be due to several factors which I believe can be explored in 

future studies. 

 For this study, I had a sampling period of 30 nights. However, in order to detect 

considerably rare bat species, it might be necessary to sample for periods greater than 

45 nights (Skalak et al., 2012) which might also give more precise results (Krebs, 

1989). It might also be informative to conduct this study at other water bodies in 

Singapore as depending on the location and size as there might be differing results. A 

water body located in the Central Catchment Nature Reserve might attract a different 

community of bats that will react differently to the presence of artificial light. As 

mentioned, the size of the water body might also play a factor, as smaller water bodies 

would have a greater proportion of water surface illuminated if the same light was used. 
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In addition, in Singapore most lights near water bodies in parks are kept on throughout 

the night. Therefore it might be worthwhile to increase the surveying time to determine 

if this influences bat activity throughout the night. However, a greater sampling effort 

also results in a vast amount of acoustic data to be analysed. While gathering acoustic 

data of bats is easy, the manual identification of bat passes to species can become a 

bottleneck (Stahlschmidt & Brühl, 2012). Multivariate identification software can be 

used to automatically identify calls to species (Parsons et al., 2000). However, this is 

not possible without a well established echolocation call library. The building an 

echolocation call library would therefore help faciliate future studies on bats in 

Singapore.  

While it appears that there is no significant effect of light on bats at the current 

level of light intensity used in this study, only a single light was used. The presence of 

multiple lights along the shore of a water body illuminating the water surface might 

reduce the unlit area available for bats. In addition, testing further light intensities could 

determine the level of light threshold of bats which differs among species (Stone et al., 

2012). The increase in the global demand for LED lighting and the fact that the 

Singapore government will be changing all its 95,000 HPSV streetlights to LED lights 

by 2022 (Abdullah, 2017) also calls for an urgent need to determine the ecological 

impacts of such a change.  
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5. CONCLUSION 

This study aimed to determine the effect of an artificial light treatment on bats at 

an urban water body. The effect of the light had no significant effect on the overall 

activity of bats observed although for some species; light caused changes in their 

temporal foraging activity. By introducing a novel artificial light at an area of a water 

body that was previously dark, the results of my study can possibly be used as a 

baseline to inform future lighting decisions. The results of this study also opens the door 

to other possible future studies that can be done. Of high importance is the need to look 

at the ecological impacts of switching from current lights to LED lighting, which 

although are more energy efficient, might have detrimental effects on the bats in 

Singapore.  
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 7. APPENDIX 

Appendix A 

Table 5: Echolocation call parameters used for species identification for species observed in this study.  

 
 
 

Species Location Duration (ms) Maximum 
frequency 
(kHz) 

Minimum 
frequency 
(kHz) 

Peak 
frequency 
(kHz) 

Reference 

Scotophilus kuhlii  Singapore 
Lombok, Indonesia 
Hainan, China 
India 
India  

4.01 ± 0.03 
2.30 – 3.20 
2.90 – 8.10  
2.20 – 3.50 
3.20 ± 0.50  

84.90 ± 2.25 
51.20 
64.20 – 103.20 
52.40 – 61.30 
117.40 ± 9.20 

36.60 ± 0.46 
40.60 − 41.20  
31.00 – 44.10 
42.10 – 44.90  
41.00 ± 0.60 

43.30 ± 0.16 
41.60 − 42.20 
41.90 – 51.40 
44.00 – 47.00  
52.80 ± 4.60 

Pottie el al., 2005 
McKenzie et al., 1995 
Zhu et al., 2012 
Wordley et al., 2014 
Raghuram et al., 2014 

Myotis adverus Singapore 
Australia 

4.68 ± 0.10 
5.14 ± 0.84 

82.50 ± 0.71 
80.18 ± 3.50 

30.40 ± 0.36 
31.16 ± 2.99 

46.20 ± 0.31 
46.49 ± 4.30 

Pottie el al., 2005 
Jones & Rayner, 1991 

Myotis horsfieldii Thailand 
India 

3.17 ± 2.60 
1.54 – 6.70 

134.25 ± 9.60 
50.75 –126.8 

38.38 ± 3.46 
33.46 – 57.5 

56.93 ± 7.98 
37.90 – 101.00 

Hughes et al., 2011 
Wordley et al., 2014 

Saccolaimus saccolaimus Singapore 
Thailand 

12.20 ± 0.08 
3.85 ± 2.11 

23.50 ± 1.32 
60.25 ± 12.09 

21.80 ± 1.42 
17.75 ± 0.98 

22.60 ± 0.42 
32.03 ± 8.85 

Pottie el al., 2005 
Hughes et al., 2011 

Pipistrellus stenopterus Malaysia 13.80 ± 0.42 42.80 ± 2.01 28.00 ± 0.40 31.00 ± 0.49 Kingston et al., 2003 
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Appendix B 

Table 6: AIC of each model type for the three bat activity indices (number of bat passes, 
total buzzes, buzz ratio) for all species and each species / species group. Poisson: GLM 
with Poisson distribution; Negative binomial: GLM with negative binomial distribution. 
Model with smallest AIC value (given in bold) was retained.  
Species Activity index Poisson Negative binomial 

All bats Bat passes 408.87 318.06 

 Terminal buzzes 2100.3 380.17 

 Buzz ratio 172.05 70.31 

Scotophilus kuhlii Bat passes 407.49 307.57 

 Terminal buzzes 2400.3 368.57 

 Buzz ratio 229.98 76.23 

Unknown Bat passes 263.37 248.33 

 Terminal buzzes 447.70 238.96 

 Buzz ratio 445.33 45.238 

Saccolaimus saccolaimus Bat passes 276.89 222.01 

 Terminal buzzes 166.84 130.44 

 Buzz ratio 145.09 35.70 

Myotis spp. Bat passes 845.77 172.87 

 Terminal buzzes 1994.3 171.68 

 Buzz ratio 624.65 72.78 
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Appendix C 
Table 7: Effects of light treatment and environmental variables on the activity indices of each bat species. Table shows estimate values (±SE), the 
z-value F and the p-value for each species.   
                                            Activity index 
 
Species  

Light Temperature Wind Ambient light 

Overall species Bat pass -0.032(±0.061) 
F=-0.529 
P=0.597 

0.018(±0.021) 
F=0.843 
P=0.399 

-0.018(±0.014) 
F=-1.261 
P=0.207 

-0.706(±0.362) 
F=-1.951 
P=0.051 

Terminal buzz -0.166(±0.263) 
F=-0.629 
P=0.529 

0.076(±0.090) 
F=0.843 
P=0.399 

0.040 (±0.062) 
F=0.651 
P=0.515 

0.548(±1.567) 
F=0.350 
P=0.727 

Buzz ratio -0.133 (±0.466) 
F=-0.286 
P=0.775 

0.06(±0.162) 
F=0.370 
P=0.711 

0.056 (±0.107) 
F=0.526 
P=0.599 

1.381(±2.692) 
F=0.513 
P=0.608 

S. kuhlii Bat pass -1.543e-02 (±7.893e-02) 
F=-0.196 
P=0.845 

7.581e-03(±2.708e-02) 
F=0.280 
P=0.780 

6.588e-03(±1.854e-02) 
F=0.355 
P=0.722 

-1.214e-01(±4.705e-01) 
F=-0.258 
P=0.796 

Terminal buzz -0.246(±0.314) 
F=-0.782 
P=0.434 

0.095(±0.108) 
F=0.880 
P=0.379 

0.057(±0.074) 
F=0.778 
P=0.436 

1.456(±1.870) 
F=0.779 
P=0.436 

Buzz ratio -0.144 (±0.442) 
F=-0.326 
P=0.744 

0.103(±0.155) 
F=0.665 
P=0.506 

0.061(±0.100) 
F=0.612 
P=0.541 

1.861 (±2.512) 
F=0.741 
P=0.459 

Unknown Bat pass -0.145(±0.093) 
F=-1.559 
P=0.119 

0.030(±0.027) 
F=1.114 
P=0.265 

-0.065(±0.019) 
F=3.453 
P=0.184 

-1.627(±0.484) 
F=-3.362 
P=0.002 

Terminal buzz -0.605(±0.329) 
F=-1.838 
P=0.066 

0.022(±0.111) 
F=0.198 
P=0.843 

-0.213(±0.077) 
F=-2.762 
P=0.220 

-3.418(±1.954) 
F=-1.749 
P=0.080 

Buzz ratio -0.310(±0.786) 
F=-0.395 
P=0.693 

-0.015(±0.251) 
F=-0.060 
P=0.952 

-0.123(±0.188) 
F=-0.652 
P=0.514 

-0.956(±4.79) 
F=-0.200 
P=0.842 
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Saccolaimus saccolaimus Bat pass -0.146(±0.093) 
F=-0.240 
P=0.119 

-0.017(±0.072) 
F=-0.242 
P=0.809 

-0.059 (±0.050) 
F=-1.186 
P=0.236 

0.682(±1.250) 
F=0.547 
P=0.5847 

Terminal buzz -0.925(±0.554) 
F=-1.609 
P=0.095 

-0.077(±0.176) 
F=-0.437 
P=0.662 

-0.198(±0.132) 
F=-1.502 
P=0.133 

1.543(±3.123) 
F=0.494 
P=0.621 

Buzz ratio -0.582(±1.010) 
F=-0.396 
P=0.564 

-0.070(±0.330) 
F=-0.212 
P=0.832 

-0.116(±0.253) 
F=-0.459 
P=0.646 

-0.274(±6.287) 
F=-0.044 
P=0.965 

Myotis spp. Bat pass -1.735(±1.046) 
F=-1.658    
P=0.097 

-0.392(±0.360) 
F=-1.088    
P=0.277 

0.054(±0.244) 
F=0.221 
P=0.825 

-3.75(±4.229) 
F=-2.291    
P=0.022 

Terminal buzz -1.736(±1.247) 
F=1.392       
P=0.164 

-0.566(±0.435) 
F=-1.299    
P=0.194 

0.207(±0.291) 
F=0.710 
P=0.478 

-1.48(±0.328) 
F=-2.303    
P=0.021 

Buzz ratio -0.095(±0.609) 
F=-0.156    
P=0.876 

-0.152(±0.210) 
F=-0.722     
P=0.470 

0.035(±0.150) 
F=0.231 
P=0.817   

-2.26 (±4.01) 
F=-0.953 
P=0.341 
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