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INTRODUCTION 

For wildlife practitioners to devise and implement effective management strategies for species or 

populations of conservation concern, it is essential that they have an adequate understanding of 

species ecology, including habitat requirements, diet preferences, breeding habits, social 

dynamics, movement, activity patterns, and other resource use. Much of this information can be 

obtained through tracking surveys, which typically provide the specific location of an animal at a 

given time. Examples of this type of survey include tracking female grey bats (Myotis 

grisescens) to determine habitat ranges (Moore et al. 2017) and monitoring kodkod cat 

(Leopardus guigna) sensitivity to habitat fragmentation (Schuttler et al. 2017). A common 

feature of tracking surveys is the attachment of a transmitting or receiving device. There are four 

general types of devices currently available for wildlife tracking; 1) geolocators, 2) very high 

frequency (VHF) radio transmitters, 3) satellite transmitters, and 4) global positioning system 

(GPS) receivers (Ryan 2011).  

A geolocator records ambient light levels at specific time intervals to establish sunrise 

and sunset, which can then be used to pinpoint geographic location. For example, geolocators 

were used to identify previously unknown migratory paths and foraging sites of black-browed 

albatross (Thalassarche melanophris; (Phillips et al. 2005). Geolocators are lightweight, 

weighing a minimum of ~3.3 g with a battery life that can span up to five years (Weidensaul 

2012, Rizzari et al. 2017). These characteristics allow geolocators to be used on smaller species 

without having a major impact on mobility and/or restricting data collection (Weidensaul 2012). 

However, one limitation is that an animal must be recaptured to retrieve the data collected on the 

geolocator (Phillips et al. 2005). 
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In comparison, VHF radio transmitters, satellite transmitters, and GPS receivers are all 

associated with the most commonly used tracking technique, telemetry (Guthrie et al. 2011). For 

this technique, a transponder that either emits (i.e., transmitters) or receives (i.e., receivers) a 

signal is attached to an animal. Upon release, the signal can be used to determine the location of 

that animal. In the case of VHF radio transmitters, an intermittent high-frequency signal is 

emitted that can be detected by an antenna and receiver. The bearing of an animal can then be 

determined based on signal strength (known as homing). Finally, three different bearings are 

required to triangulate the location (known as either the point location or fix) of the tagged 

animal. VHF radio transmitters have been used since the mid-1960’s to assess, for example, 

habitat suitability (Eyes et al. 2017) and home range size (Anile et al. 2018). The use of these 

transmitters is often considered the most conventional method of tracking wildlife as it has a 

variety of transmitters currently available for a wide range of taxa (Mech and Barber 2002). At a 

minimum, they weigh 0.26 g and have a battery life of ~20 days at this size (Robertson et al. 

2011). One benefit of this device is that animals do not need to be recaptured to collect the data 

or to remove the device as it will eventually fall off, either by grooming or degrading. 

Satellite transmitters can be used to determine the location of an animal remotely via 

satellites. In other words, the transmitter relays the position of an animal relative to a satellite. 

The satellite converts the signal to a coordinate which researchers can then access, for example, 

via the internet (Ryan 2011). Thus, satellite telemetry is particularly useful for species that are 

far-ranging or in remote locations (Mech and Barber 2002). However, satellite transmitters are 

heavier than the VHF equivalent (minimum weight ~700 g), as they require more sophisticated 

technology and larger batteries that can run from a couple months up to a year depending on type 
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of battery used (Robertson et al. 2011, Kesler 2014). The weight does limit the range of animals 

that satellite transmitters can be attached to (Mech and Barber 2002). 

Finally, GPS is a relatively new method of telemetry in which satellites act as the 

transmitters and the transponder acts as the receiver (Mech and Barber 2002, Ryan 2011). 

Essentially, the transponder triangulates its own location using the positions of multiple 

satellites, thus, the more satellites available the more accurate the location (Mech and Barber 

2002). Again, the weight of GPS receivers limit the range of taxa they can be attached to (Mech 

and Barber 2002), as they weigh ≥22 g with a battery life that can again last anywhere from a 

couple months up to two years (Robertson et al. 2011). Furthermore, animals often need to be 

recaptured to retrieve the data. Despite these limitations, GPS telemetry has been used in a wide 

array of studies, such as monitoring reintroduced populations of elk (Vance et al. 2017), 

identifying prey availability among seabirds (Chimienti et al. 2017), and .determining seasonal 

movement and hibernation patterns in migratory species (Weller et al. 2016). 

Yet, while telemetry has proven to be an effective method for collecting movement and 

resource use data, there are still concerns that the transmitters have the potential to negatively 

impact an animal; first, through the initial capture and handling involved in the attachment of the 

device and secondly, upon release, by simply having the device attached to them. Studies have 

shown that the kinds of disturbances that are associated with capture and handling can increase 

the level of stress an animal experiences, which in turn can impact the fitness and survival of that 

animal (Baker et al. 2013). It can also result in changes in behavior, such as increased anti-

predator responses and decreased activity levels (Barron et al. 2010, Baker et al. 2013, Castle et 

al. 2015). Reported examples include increased grooming time (Thiel 1983), avoidance of 

typical activities, such as foraging (Kesler 2014), and increased rates of infant abandonment 
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(Mattsson et al. 2006). Other studies indicate that the presence of a transmitter on an animal has 

the potential to increase predation risk (Turner et al. 2013) and hinder movement (Bridger and 

Booth 2003). For example, in a study of grassland passerines, the attachment of a transmitter 

caused the birds to become entangled in branches when landing on nests (Hill and Elphick 2011).   

It has been proposed that such impacts may be a result of three main factors associated 

with the device and its attachment; 1) type of device, 2) location of the device, and 3) its weight 

(Mech and Barber 2002, Baker et al. 2013). The type of transmitter utilized, more specifically, 

the shape of the device, has the potential to impact energy expenditure and maneuverability of 

the animal that it is attached to. Such impacts were seen during a telemetry study on cetaceans by 

Pavlov et al. (2007), in which the device was observed to hinder movement and increase drag 

while the animals were swimming. The location of the transmitter also has the potential to 

impact the animal again by increasing snag risk, hindering movement, and decreasing growth 

and survival rates (Iverson et al. 2006, Hadden et al. 2018). Finally, the weight of the device can 

increase energy expenditure, which in turn leads to over-heating and water loss (Rasiulis et al. 

2014). For example, a study on migrating caribou (Rangifer tarandus) revealed that the added 

weight of a radio-collar caused a reduction of the annual survival rates, particularly among 

young animals, as they were unable to obtain the additional food and water required to 

counteract the water loss and increased energy expenditure associated with the presence of the 

transmitter (Rasiulis et al. 2014). Based on such studies, it is generally recommended that 

attached devices should weigh ≤5% of the total body weight of individual, particularly for 

species with body masses of <70 g  (i.e., as the lightest GPS and satellite devices currently 

available are ~22 g, an animal can be no smaller than 440 g; (Aldridge and Brigham 1988, Sikes 
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et al. 2011). Subsequently, most telemetry surveys involving smaller species have been restricted 

to using VHF radio-transmitters.  

For over three decades, the 5% weight limit has been recommended as a general 

guideline in all telemetry surveys (based on Aldridge and Brigham 1988). Yet. this rule does not 

discriminate between terrestrial and volant species, even though it is acknowledged that the 

impacts of transmitters would differ between them. O’Mara et al. (2014) and Guthrie et al. 

(2011) suggested that devices attached to volant species would have additional implications in 

terms of drag, maneuverability, and energy expenditure. Despite these concerns, to date most 

research has largely focused on assessing transponder device type and attachment methods 

available, rather than the impacts of transmitters on the flight and behavior of volant species 

(Pavlov et al. 2007, Hill and Elphick 2011, O'Mara et al. 2014). Such studies have only shown 

that any attachment of transmitters on birds, for example, impacts their body condition and 

reproductive success. Moreover, a general consensus among researchers performing telemetry 

surveys is that the transmitter does impact flight and behavior of volant species. For example, we 

asked 15 individuals, comprising university employees, government officials, and consultancy 

professionals at the North American Society for Bat Research (NASBR) conference in 2017 a 

series of questions about radio-tracking bats. Fourteen of the fifteen individuals stated that they 

had noticed that bats behaved erratically immediately after a transmitter has been attached. Nine 

out of the fifteen individuals surveyed stated that they would not track a bat on the first night 

after attachment because of this erratic behavior, and twelve of the fifteen believed that the bats 

habituated to the transmitter by the second night.  

If there are negative implications to data collection as a consequence of transmitter 

attachment, it is likely that these impacts could bias the results of any telemetry surveys 
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conducted. For example, if a transmitter influences where an individual might roost or forage, 

any data collected on roost preference or habitat use may not be representative of their typical 

selections. The data from such surveys could then be used to inform management that when 

implemented would incur economic costs with potentially little or no ecological benefit. There 

is, therefore, a great need to determine whether transmitters can impact the flight patterns and 

behavior of volant species. The objective of our study was to address this need. 

We conducted a behavioral study analyzing the potential effect of transmitters commonly 

used in bat telemetry surveys on their flight and behavior in a controlled environment (i.e., a 

flight facility specifically designed for bats) over time. We hypothesized that if a transmitter 

affected bat flight, we would observe a decrease in area usage, flight speed, tortuosity, and total 

distance flown. Furthermore, if a transmitter impacted bat behavior, we would observe a 

reduction in total time active and natural behaviors, such as foraging activity, and an increase in 

sedentary activities, such as resting, roosting and grooming. Finally, if the bats adjusted or 

habituated to the transmitter, we would expect the effects on flight and behavior to diminish over 

time.  

As no study to date has explored these hypotheses, this novel study has great potential to 

increase our understanding as to whether transmitter attachment negatively influences bat flight 

and behavior. Subsequently, any insights gained can be used to inform current telemetry surveys; 

potentially highlighting biases, limitations, and capabilities of such surveys, and recommending 

ways to improve study design and/or data interpretation. 
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METHODS 

Mist Netting Surveys 

Bats used in the behavioral trials were wild-caught from local parks in the Fort Worth region, 

including Foster Park, South Z Boaz, Overton Park, Oakmont Park, Oakmont Linear, and Trinity 

Park, (all owned by the City of Fort Worth and operated by Fort Worth Parks and Community 

Services), as well as Fort Worth Botanic Gardens (Fig. 1).  

Figure 1: Locations of parks (in green) selected for mist netting surveys in and around Fort 

Worth, Texas. 

Preliminary acoustic surveys revealed that these parks had a diverse and active bat 

community, including an abundance of evening bats (Nycticeius humeralis, Fig. 2). We selected 
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the evening bat as our study species, because 1) it was easy to capture in mist netting surveys at 

the aforementioned parks and 2) due to the small size (~9 g) of this species we were able to 

effectively test the 5% weight rule commonly applied in telemetry surveys when using 

transmitters that weigh ~0.45g. 

 

 

Figure 2: Evening bat (Nycticeius humeralis) 

Note that federal and state permits were not required to catch and handle bat species 

found in north central Texas, however, permits and permissions were required to be in local 

parks after dusk. We randomly rotated survey locations throughout the season to prevent bats 

from becoming accustomed to the presence of mist nets and reduce recapture. Furthermore, 

surveys were not conducted in inclement weather such as precipitation, sustained winds >24 

km/h or gusts >48 km/h, temperatures <7.2°C or >40.5°C, and/or when lightning was within 25 

km of the survey site.  

Generally, we selected survey sites within the parks that were in close proximity to 

known water, roosting or foraging sites. A combination of single (3m), double (6m), triple (9m), 

and quadruple (12m) high mist netting systems with 3-18 m length monofilament nets from 
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Avinet Inc. (Dryden, NY) were set up in these locations. Once nets were set up, we recorded the 

number and type of nets set up, date, location, survey start time, temperature (°C), cloud cover 

(full, partial, or clear) wind direction (cardinal), wind average (km/h), wind gust (km/h), 

humidity (%), dew point (°C), and pressure (inHg). We opened nets 10 mins before dusk and 

they remained open for up to two hours to encompass the primary activity periods of evening 

bats (Baerwald and Barclay 2011). During this time, we moved ~15-20 m away from net 

locations to reduce disturbance and checked them every 10 mins to minimize the amount of time 

a bat spent in the net. In addition, we minimized handling time by cutting bats out of nets by 

hand if the bats could not be extracted within 5 mins (Fig.3).  

 

Figure 3: Bat removal from mist netting. 

Once removed, we established whether a bat was 1) pregnant, 2) lactating, 3) carrying 

young, 4) injured, or 5) federally endangered (note that no federally endangered bats were known 

to reside in north-central Texas at the time of surveys). If any bats were identified as one of the 
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above categories, it was immediately taken away from the mist nets and released. We placed all 

other bats in to individual cloth bags, recorded the time of capture of each bat, along with type of 

net in which it was caught, and assigned each bat a unique ID code (e.g., 1Nyhu16Mar2018). We 

then continued to mist net until the nets had been opened for 2 hrs or 2-10 bats had been 

captured. Following this, the survey stop time was recorded and the nets were shut and 

dismantled. Finally, we transported all captured bats to the flight facility (see below).  

Federal regulations required an approved protocol to be in place to use animals in 

research, teaching, and testing under the Health Research Extension Act (HREA) and key 

amendments to the Animal Welfare Act (AWA). For mist netting surveys, we had an 

Institutional Animal Care and Use Protocol (IACUC permit #16-08) in effect and all protocols 

followed guidelines set out in Sikes (2016).  

Flight Facility 

The flight facility in which the bats were housed was a stand-alone building with an internal 

meshed area of ~17 m by 10 m (Fig.4). To keep conditions, such as temperature and humidity, as 

natural as possible, the flight facility was equipped with a series of screen-covered windows and 

doors. Additionally, no artificial lights were installed within the flight facility and we only used 

headlamps before and after behavioral trials were conducted (see behavioral surveys below).  
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Figure 4: Layout of flight facility: a water tray (blue rectangles) and roosting opportunities 

(black houses) were provided to bats on both sides of the flight facility. Additionally, two 

cameras were placed in the front right and left corners of the Trial side. 

To more readily assess if the attachment of a transmitter influenced bat maneuverability, 

we separated the flight facility into two 8.5 m by 5 m sections via a mesh divide, a size that still 

provided sufficient room for natural flight in evening bats. Preliminary surveys also revealed that 

evening bats were unlikely to fly in the flight facility by themselves, potentially an artifact of 

their colonial nature. To accommodate this, we had ≥2 bats in the flight facility at a time. 

Furthermore, by dividing the flight facility, we were able to conduct trials on a single individual 

bat in one section (hereafter referred to as the Trial side), while keeping additional bats separate 

in the second section (hereafter referred to as the Colony side; Fig. 4).  

We then equipped the flight facility with the necessary resources to ensure the health and 

safety of the bats. We provided water in a custom-made shallow galvanized steel tray (2 m x 1 m 

x 1.5 cm) placed on the floor and positioned in the center of each side, which was kept available 
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to the bats at all times. In each side, we also provided roosting opportunities for bats in the form 

of soft puppy carriers and carpeted cat houses that mimic the natural cavities in which evening 

bats generally roost (Fig. 4). We placed two Canon XA20 HD camcorders in the Trial side along 

with four CMVision IR100 infrared illuminator lights. To encompass the largest field of view, 

we positioned the camcorders in parallel corners and angled their lenses towards the center of the 

room (i.e., 180° view from each other; Fig. 4). The infrared illuminator lights were positioned 

along the front wall of the Trial side, with two pointing up at the ceiling and two pointing 

towards the dividing wall. 

Once bats were brought into the flight facility, we recorded their weight (g), forearm 

length (mm), and collected hair samples, fecal samples (if found in cloth bags), and DNA 

samples via mouth swabs from each bat. DNA samples were stored in lysis buffer solution in 

plastic vials. Hair and fecal samples in 4 cm by 4 cm resealable baggies and we labeled each 

sample with the unique ID code of the bat. To aid the identification of each bat within the flight 

facility, we coated their backs and toenails with unique combinations of non-toxic pink, green, 

orange, blue, purple, and yellow UV fluorescent ECO pigments (Day-Glo Color Corp, 

Cleveland, OH) and non-toxic orange, pink, purple, blue, and green nail varnish (piggy-paint, 

Lawn Companies, LLC., USA) respectively (Fig. 5). 
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Figure 5: Use of colored UV powder to identify an individual bat in the flight facility. 

Once processed, we released all bats into the Colony side to allow them to acclimate to 

their surroundings and, therefore, reduce any stress associated with handling that could influence 

their behavior. For a period of <4 weeks, individual bats were transferred from the Colony side 

and used in behavioral surveys (see below) in the Trial side. To ensure all bats remained healthy, 

we hand-fed each bat with mealworms (larval Tenebrio molitor) covered in a supplement powder 

(1/16 tsp. Bulk Supplements Pure Coenzyme Q10 (COQ10) to 2 tsp. Miracle Care Vionate 

Vitamin Mineral Powder; Lollar 2010) each night after trials were completed. To ensure the bats 

did not become dehydrated, we offered water to the bats by holding a pipette up to their mouths. 

We also provided water during the day when temperatures exceeded 32°C. In addition, we 

provided more natural foraging opportunities for the bats by setting up 2 light traps outside the 

flight facility at the beginning of each night to capture prey items, such as moths, flies, and 

beetles. Any insects caught were released into the both sides of the flight facility at the end of 

trials on each night. 
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Finally, we conducted daily checks to monitor the health and safety of the bats within the 

flight facility at ~8 am, 12 pm, 4 pm. We conducted an additional check at 7 pm on nights when 

trials were not conducted but bats were in the flight facility. Additional checks were performed 

in inclement weather. During these checks, we located and recorded the positions of each bat 

within the flight facility. We recorded date and time of each check, surveyor(s), and weather 

data, including temperature outside and inside the flight facility, cloud cover, wind direction, and 

speeds (average and gusts), humidity, dew point, and pressure. Cooling and extractor fans placed 

at the front and back screen doors were turned on if temperatures in the flight facility exceeded 

32°C.  

Behavioral Surveys 

Once bats were acclimatized to the flight facility, we selected one bat from the Colony side and 

moved it to the Trial side prior to sunset before the bats emerged. On this first night, we 

conducted a control survey in which we recorded the ‘natural’ flight path and behavior of the 

focal bat (i.e., without a transmitter attached). In these behavioral surveys, we turned both 

camcorders on immediately after the bat had emerged or 10 mins after sunset depending on 

which occurred first. A technician then walked into the field of view of both camcorders and 

turned a flashlight on and off, so that we could synchronized the videos recorded from each 

camcorder during data processing (see below). The technician then walked back out of the 

camcorder’s view and started a timer to record bat activity for 15 mins (hereafter referred to as a 

trial). After the timer had started, we vocalized the date, trial start time, trial number, trial type, 

and the unique ID of the bat. Additionally, we documented this information along with the 

outside temperature, wind direction, wind average, wind gust, humidity, dew point, and 

barometric pressure at the start of the survey. After the first trial, we turned the camcorders off 
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and recorded the end time. We then started a second trial and repeated the process for a total of 4 

trials to encompass an hour of activity for a single bat.  

As bats in the flight facility were often active for a period of ~2-3 hrs after dusk, we were 

able to perform separate behavioral surveys on up to 2 bats in a single night. In such instances, 

once the first survey was completed, we captured the first trial bat and replaced it with a second 

bat from the Colony side. After all surveys were completed, we collected and downloaded SD 

cards from the camcorders.  

We then conducted equivalent behavioral surveys on the same bat with a transmitter 

attached (see below) over 3 consecutive nights to determine if the transmitter impacted the bat 

and if the effects of the transmitter diminished over time. Note that control and transmitter 

surveys did not have to run on consecutive nights, and subsequently we were able to 

accommodate unforeseen weather that could affect bat behavior (such as cold fronts, excessive 

heat, thunderstorms, and high winds). 

Transmitter attachment 

We attached transmitters to trial bats immediately before Day 1 transmitter surveys to replicate 

the methodology used in field-based telemetry surveys (Millspaugh et al. 2012). To attach a 

~0.45 g SOM-2007-HWSC transmitter from Wildlife Materials (Murphysboro, IL) to a bat, we 

first trimmed the hair from between the shoulder blades of the bat using a pair of curved-edge 

cosmetic scissors. We then used a Finishing Touch Personal Hair Remover to trim the remaining 

hair in the area as short as possible (Fig. 6). We applied non-toxic Ardell Lashtite adhesive to 

both the trimmed area of the bat and transmitter, and waited for 5 mins for the adhesive to 

become tacky before placing the transmitter on the bat. Finally, we held the transmitter in place 
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for 5 mins to allow the adhesive to set. Note that the entire process was kept <15 mins to 

minimize handling stress. 

 

 

Figure 6: Transmitter attachment process 

To ensure transmitters remained on trial bats, we checked transmitter attachment at the 4 

pm check and prior to the start of each trial. If the transmitter was found to be loose, we 

reattached it. However, if the transmitter became loose a second time or detached during the 

trials, we did not reattach it to minimize stress to the bat. We also placed the bat in the Colony 

side and refrained from restarting transmitter surveys for 2-3 days. After all three transmitter 

surveys were completed, we detached the transmitter using non-toxic Ardell Lashtite adhesive 

remover followed by water on a cotton swab to get rid of any excess adhesive remover.  
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Data processing 

We downloaded and imported video footage as .mp4 files into Ethovision software (ver. 14, 

Noldus Information Technology Inc., Leesburg, VA, USA). This software tracked the bat within 

the field of view and created a 2D flight path by generating X and Y coordinates at <1 ms 

intervals. As part of the 2D flight path creation, we used the visual cue in the 2 video recordings 

(i.e. when the flashlight was turned off) to synchronize the footage. We then reviewed and 

manually cleaned each 2D flight path to ensure the software accurately followed the trial bat. If 

the trial bat was not flying or within the field of view, the X,Y coordinates were set as missing. 

Once completed, the 2 flight paths (1 for each camcorder) were exported into Excel for analysis. 

Next, we used Track 3D software (ver. 1, Noldus Information Technology Inc., Leesburg, VA, 

USA) to create a 3D flight path of the bat (i.e., a series of X,Y,Z coordinates) for each trial. For 

this, we used a calibration frame and fixed field of view for each camcorder to calibrate the 

software to the dimensions of the Trial side of the flight facility prior to the survey season (Fig. 

7).  

 

Figure 7: 3D calibration frame used to digitize the TCU flight facility. 
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We imported the 2D excel files created in each trial into the software, which 

automatically generated a 3D flight path. Once completed, we exported the 3D flight path into 

excel and extracted the following dependent variables; area usage (rate of use per 0.25 m), 

distance flown (m), and maneuverability (tortuosity and average speed (m/s)). For the former 

variable, we partitioned the Trial side into 3 zones (Fig. 8) within which we summed the number 

of X,Y,Z coordinates that fell within each zone. As the volume of each zone varied, we 

calculated the rate of use per 0.25 m3 based on total volume for each zone.  

 

Figure 8: Trial side of the flight facility partitioned into 3 zones. 

Using a third software program, Studiocode (ver. 5, Studiocode Business Group, Sydney, 

AU), we identified the instances where defined behaviors were exhibited by bats during the 

trials. For this, we manually observed the aforementioned synchronized footage along a single 

timeline on which we logged the occurrence of 6 different behaviors (hereafter referred to as a 

behavioral timeline), including 4 flight-related behaviors; defined as 1) passing (flight with <3 

wide turns in <5 secs, i.e., laps of the Trial side), 2) landing (during laps bats land briefly for <5 
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secs before taking off again), 3) foraging (a zig-zagging flight pattern with >3 tight turns in <5 

secs), and 4) drinking (the bat flies down within ~1 m of the surface of the water tray). We also 

defined 2 non-flight behaviors; 1) crawling (bats are observed moving along surfaces), and 2) 

resting (bat remained stationary on a surface). We then exported the timelines as a series of 

behavior-associated timestamps into excel. From these timestamps, we generated 6 dependent 

variables; proportion of time spent/hr 1) in flight, 2) crawling, 3) resting, and 4) foraging, and the 

number of 5) landing and 6) drinking instances recorded. 

Data analysis 

To assess whether the area usage, maneuverability, and distance flown by evening bats were 

affected by the presence of a transmitter, we compared the mean rate of use per zone, flight 

speed, tortuosity, and distance flown, of bats between the control (hereafter referred to as without 

the transmitter) and Day 1 transmitter surveys (hereafter referred to as with the transmitter). We 

chose to use non-parametric analysis for our variables as our transmitter survey data did not pass 

Anderson-Darling test for normality and did not have equal variances. Therefore, we used a 

Mann-Whitney U test to confirm whether any differences observed were significant. 

Next, we explored whether bat behavior was influenced by the presence of the 

transmitter. For this, we first compared the average proportion of time a bat spent flying with the 

proportion of time bats conducted non-flight behaviors (crawling and resting), with and without 

the transmitter. We then compared the mean proportion of time bats spent foraging and crawling, 

along with the number of drinking and landing instances. Again, for these comparisons we 

performed a Mann-Whitney U test to confirm whether any differences in these behaviors were 

significant. 
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To determine if there are any effects of the transmitter to area usage, maneuverability, 

and distance flown improved over time, we compared the average rate of use per zone, flight 

speed, tortuosity, and distance flown of bats among the Day 1, Day 2 and Day 3 transmitter 

surveys. We then continued to use non-parametric analysis because all three transmitter surveys 

did not pass the Anderson-Darling test for normality and did not have equal variances. We used a 

Kruskal-Wallis test to assess whether there were any significant changes over the 3-day 

transmitter survey period.  

Finally, to explore whether transmitter impacts to bat behavior diminished over time, we 

first compared the proportion of time a bat spent flying with the proportion of time bats 

conducted non-flight behaviors among the Day 1, Day 2, and Day 3 transmitter surveys. We then 

compared the proportion of time bats spent foraging and crawling, along with the number of 

drinking and landing instances. Again, for these comparisons we performed a Kruskal-Wallis test 

to confirm whether any differences in these three behaviors were significant. Note that all 

statistical tests were performed on Minitab Statistical Software (version 18, Minitab, 

Pennsylvania, USA; α = 0.05). 
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RESULTS 

We conducted trials from March 15 to August 28, 2018. In this time, we captured 54 evening 

bats in our mist nets (35 males and 19 females; 50 adults and 4 juveniles). In the flight facility, 

150 behavioral surveys were conducted on a total of 42 bats (28 males and 14 females; 40 adults 

and 2 juveniles), representing 708 trials (including repeated trials due to transmitters falling off, 

camera failure, and security breaches from Colony side). To ensure the analysis was as balanced 

as possible, we only included the 30 bats (20 males and 10 females; 29 adults and 1 juvenile) that 

had completed all 4 survey days. As a result, we processed 1,200 15-min videos, which equated 

to 600 3D flight paths (see Fig.9) and associated behavioral timelines (see Fig.10). From these 

flight paths and behavioral timelines, we extracted all of the 10 dependent variables (see data 

analysis). 

 



 

 

 

 

Figure 9: Example of the 3D flight paths for an individual bat over the four-day behavioral surveys
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Figure 10: Example of the behavioral timeline for one trial conducted on a control day behavioral survey. The timeline shows the 

occurrence of different behaviors exhibited by an individual bat over a 15-min period. 
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With and without the transmitter 

Of the 30 bats, we observed that all 30 flew during surveys without the transmitter while only 22 

flew once the transmitter was attached. As area usage and maneuverability could only be 

assessed for the bats that flew, we excluded the 8 bats that did not fly from the proceeding 

analysis. 

When looking at area usage, we found that bats utilized all 3 zones of the flight facility 

with and without the transmitter, although activity was predominantly observed in Zone 2 (Fig. 

11). We confirmed that the difference in area usage was not significant for Zone 1 (U=742, 

P=0.151), Zone 2 (U=765, P=0.300), or Zone 3 (U=820, P=0.938). 

 

Figure 11: The average rate of use per 0.25 m3 for each zone by bats during transmitter surveys 

in a controlled environment with and without a transmitter. Error bars indicate ±1 standard error 

of each mean 

When comparing the variables associated with maneuverability, we observed an increase 

in the average speed (ranging from 11.15 km/hr to 24.42 km/hr) of bats with the transmitter 
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attached compared to the speeds (ranging from 5.8 km/hr to 23.86 km/hr) without during the 1-hr 

behavioral surveys (Fig. 12). While a Mann-Whitney U test revealed this increase to be 

insignificant (U=926, P=0.877), when we square-root transformed the data and conducted a 

paired t-test with more statistical power, we found this relationship to be significant (t=-3.43, 

df=21, P=0.002). 

 

Figure 12: Average speed (km/hr) of bats with and without a transmitter attached during the 1-hr 

behavioral surveys in a controlled environment. Error bars indicate ±1 standard error of each 

mean. 

Next, we looked at the change in tortuosity once the transmitter was attached. Tortuosity 

is defined as the measurement of the degree of turning, the number of turns, and the distance 

associated with the turn combined which generates a unit-less measurement that ranges from 1-

infinity. We observed a decrease in the average tortuosity among the bats with the transmitter 

attached (ranging from 1.56 to 38.86) compared to those without (ranging from 2.97 to 48.08) 

during the 1-hr behavioral surveys. We confirmed this decrease to be significant (Fig. 13, 

U=1128 P=0.002). 
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Figure 13: Average tortuosity of bats with and without a transmitter attached during the 1-hr 

behavioral trials in a controlled environment. Error bars indicate ±1 standard error of each mean. 

Similarly, when we compared distances flown by bats, we found the average distance 

flown without a transmitter was higher (ranging from 0.31 km to 9.98 km) than the average 

distance flown with the transmitter (ranging from 0 km to 2.03 km). We confirmed that this 

difference was significant (Fig. 14, U=1242, P<0.001).  

 

 

Figure 14: Average distance (km) of bats with and without a transmitter attached during the 1-hr 

behavioral trials in a controlled environment. Error bars indicate ±1 standard error of each mean. 
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For variables associated with behavior, we found that the proportion of time bats flew 

without the transmitter (ranging from 0.06 to 0.95) during the 1-hr behavioral surveys was 

noticeably higher than with the transmitter (ranging from 0 to 0.51). We confirmed this reduction 

in flight time to be significant (Fig. 15, U=1105, P<0.001). 

 

Figure 15: Proportion of time bats spent flying (solid bars) and conducting non-flight behaviors 

(patterned bars) on average, with and without the transmitter attached during 1-hr behavioral 

surveys in a controlled environment. Error bars indicate ±1 standard error of each mean. 

Interestingly, not all bats exhibited foraging behavior during the 1-hr behavioral surveys, 

although among those that did, we observed a reduction in foraging activity once the transmitter 

was attached. For example, without the transmitter, only 13 of the 30 bats exhibited foraging 

activity ranging from 1 sec to 6 mins (mean = 01:39 SD ±01:49). Among these 13 bats, once the 

transmitter was attached foraging decreased to an average of 10 secs ±14 secs (ranged from 0 to 

38 secs). We found this reduction in foraging behavior not to be significant (U=156, P=0.076).  
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In contrast to foraging behavior, only 3 bats were not recorded crawling during any of the 

1-hr behavioral surveys. Among the remaining bats, we noted that extent of crawling ranged 

from 0 to 12:51 min without the transmitter and 0 to 16:11 min with the transmitter. As a result, 

there was a lot of variation around the averages (01:40±02:26 and 01:43 ±03:44, respectively), 

however, we confirmed the increase in crawling to be significant (U=752, P=0.026).  

For drinking activity, we found that the number of instances in which bats approached the 

water tray to attempt to drink ranged from 0 to 44 without the transmitter and 0 to 21 with the 

transmitter attached. We also noted that 3 bats did not attempt to drink during any of the 1-hr 

behavioral surveys. Nevertheless, overall the average number of drinking attempts was 

significantly higher when the transmitter was not attached (Fig. 16; U=962, P=0.006). 

 

Figure 16: Average number of drinking attempts made by bats with and without the transmitter 

attached during 1-hr behavioral surveys in a controlled environment. Error bars indicate ±1 

standard error of each mean. 

For landing activity, we found that the number of instances in which bats landed briefly 

on or touched the surfaces of the flight facility ranged from 0 to 547 without the transmitter and 

0 to 163 with the transmitter attached. We also noted that 1 bat did not exhibit this behavior 

during any of the 1-hr behavioral surveys. Thus, the average rate of landing instances during the 
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time the bats were flying demonstrated variation when the transmitter was not attached (Fig. 17; 

U=969, P=0.005). We noted that there was also a lot of variation in the average rate of landing 

with the transmitter, however, this variation appeared to be driven by one bat that landed 9 times 

in 7 secs. Once we removed that individual from the analysis, we noted that the difference was 

still significant (U=969, P=0.002). 

 

Figure 17: Average rate of landing or touching instances while bats were flying with and 

without the transmitter attached during 1-hr behavioral surveys in a controlled environment. 

Error bars indicate ±1 standard error of each mean. 

Variations in transmitter effects over time 

As previously mentioned, we found that 8 of the 30 bats were not recorded flying during Day 1 

surveys with the transmitter attached. Over the following surveys, 5 of 30 bats did not fly on Day 

2, and 5 different bats did not fly on Day 3. As area usage and maneuverability could only be 

assessed for the bats that flew, we excluded the bats that did not fly on 1 or more survey nights 

from the proceeding analysis (n=10). 
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We found no significant differences in area usage over time amoung the 3 transmitter 

survey days (Fig. 18). We confirmed that there was no significant differences in area usage for 

Zone 1(H2=0.53, P=0.766), Zone 2 (H2=0.25, P=0.881), or Zone 3 (H2=0.24, P=0.889).  

 

Figure 18: The rate of use per 0.25 m3 for each zone by bats during transmitter surveys in a 

controlled environment over time Error bars indicate ±1 standard error of each mean. 

When looking at the effect on maneuverability over time, we saw the average speed bats 

flew did not vary over the 3-day survey period; ranging from 11.15 to 24.42 km/hr on Day 1, 

9.53 to 25.55 km/hr on Day 2, and 12.96 to 25.01 km/hr on Day 3. We found that the average 

speed did not significantly change over time (Fig. 19, H2=0.007, P=0.964). 
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Figure 19: Average speed (km/hr) of bats with a transmitter attached during 1-hr behavioral 

surveys over a 3-day period in a controlled environment. Error bars indicate ±1 standard error of 

each mean. 

Furthermore, we found that average tortuosity did not change over time (Fig. 20), ranging 

from 1.56 to 38.86 on Day 1, 2.00 to 34.91 on Day 2, and 1.78 to 32.77 on Day 3. We confirmed 

that there was no significant variation in tortuosity among Day 1, Day 2, and Day 3 transmitter 

surveys (H2=1.37, P=0.505).  

 

Figure 20: Average tortuosity of bats with the transmitter attached during 1-hr behavioral 

surveys over a 3-day period in a controlled environment. Error bars indicate ±1 standard error of 

each mean. 
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We observed a decrease in distance flown by bats over time, ranging from 3.4 m to 6.81 

km on Day 1, 2 to 3.55 km on Day 2, and 0.02 to 3.02 km on Day 3. We confirmed that this 

decrease was not significant (Fig. 21, H2=0.88; P=0.643). 

 

Figure 21: Average distance flown (km) of bats with a transmitter attached during 1-hr 

behavioral surveys over a 3-day period in a controlled environment. Error bars indicate ±1 

standard error of each mean. 

When comparing the variables associated with behavior, we found that the proportion of 

time bats actively flew with the transmitter attached remained fairly constant over the 3-day 

period; ranging from 0 to 0.51 on Day 1, 0 to 0.39 on Day 2, and 0 to 0.37 on Day 3 (Fig. 22). 

We confirmed that there was no significant difference among these flight times (H2=1.75, 

P=0.418).  
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Figure 22: Proportion of time bats spent flying (solid bars) and conducting non-flight behaviors 

(patterned bars) on average, with a transmitter attached during 1-hr behavioral surveys in a 

controlled environment. Error bars indicate ±1 standard error of each mean.  

For foraging behavior, a total of 5 bats conducted discernable foraging activities in Day 

1, 3 of these bats were recorded foraging on Day 2, and only 2 on Day 3. However, the average 

time these bats foraged did increase in the latter 2 days. On Day 1, bats spent on average of 10 

±14 secs foraging (ranging from 20 to 38 secs), on Day 2 for among that bats that did forage the 

average had increased to 88 ±84 secs (ranging from 3 to 90 secs), and this average remained 

similar on Day 3 at 88 secs ±18 secs (73 to 99 secs, respectively). Unfortunately, as our sample 

size for this behavior was so small, we were unable to conduct a statistical analysis.  

In contrast, only 3 bats were not recorded crawling when the transmitter was attached to 

them during the 1-hr behavioral surveys. Among the remaining bats, we noted that extent of 

crawling ranged from 0 to 16:11 mins on Day 1, 0 to 21:34 mins on Day 2, and 0 to 15:56 mins 

on Day 3. Again, the amount of variation we observed among the bats exhibiting this behavior 

each day (average =01:43 mins ±03:44 mins on Day 1, 02:01 mins ±04:24 mins on Day 2, and 
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01:08 mins ±02:56 mins on Day 3) meant that there was no significant difference in crawling 

activity across our 3-day survey period (H2=0.65, P=0.721). 

For drinking activity, we found that the number of instances in which bats went to the 

water tray to attempt to drink from it with the transmitter attached ranged from 0 to 21 on Day 1, 

0 to 19 on Day 2, and 0 to 13 on Day 3. We noted that 12 bats did not attempt to drink during 

any of the 1-hr behavioral surveys conducted while they had the transmitter attached. Thus, 

overall the average number of drinking attempts was not significantly different over the 3-day 

survey period (Fig. 23; H2=1.47, P=0.479). 

 

Figure 23: Average number of drinking attempts by bats with a transmitter attached over a 3-day 

period during 1-hr behavioral surveys in a controlled environment. Error bars indicate ±1 

standard error of each mean. 

For landing instances, we noted that 8 bats with the transmitters attached did exhibit this 

behavior in any of the 1-hr behavior surveys conducted over the 3-day period. Among those bats 
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instances conducted by bats with transmitters attached was not significantly different across the 

3-day survey period (Fig.24; H2=0.87, P=0.658). 

 

 

Figure 24: Average rate of landing or touching instances by bats with the transmitter attached 

during 1-hr behavioral surveys over a 3-day period in a controlled environment. Error bars 

indicate ±1 standard error of each mean.  
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DISCUSSION 

Our study demonstrated that transmitters used in telemetry surveys can impact bat flight and 

behavior in a controlled environment. We found that maneuverability, flight patterns, and 

behavior were all negatively influenced by the transmitter. Furthermore, these impacts did not 

diminish over a 3 day period, suggesting that the presence of the transmitter impacted the bats 

beyond the initial device attachment (i.e., the stress associated with handling, (Baker et al. 2013).  

More specifically, our results revealed that the transmitter affected the ability of bats to 

maneuver effectively, as shown by a 30% reduction in tortuosity. Essentially, this decrease 

indicates that bats turned less and tended to fly in broader circles. We also noted that the 

variation in tortuosity appeared to correspond to an equivalent decrease in behaviors that 

involved frequent turns and tighter turning angles, such as foraging. Interestingly, we found that 

speed increased by 11%, which appears contrary to what we would expect if, for example, the 

presence of the device increased drag when the bats were flying (Pavlov et al. 2007, Czyz et al. 

2015). On the other hand, the increase in speed could be correlated with the reduction in 

tortuosity. As speeds are likely to be associated with the number of turns and degree of turning 

angles, we would expect to observe an increase in speed when the bats travelled in straighter 

lines. Alternatively, the increase in speed could indicate that bats are overcompensating for the 

additional mass of the device. We acknowledge that the physical impacts of the device, such as 

drag, may still be negatively influencing bat flight, but this influence may have been masked by 

the increase in speed as a result of the reduction in tortuosity. We can therefore still conclude that 

overall maneuverability was impacted with the presence of the transmitter. Nevertheless, we can 

only speculate that the reduction in maneuverability was a consequence of 1) the device 

physically hindering the bat (such as the weight, shape, length of antenna, etc.), 2) a behavioral 

response to the device, or 3) a combination of the two. For example, as the transmitter was 
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attached in-between the shoulder blade, it is possible that the shape of the device hindered the 

full range of motion of the wings, which in turn limited turning ability.  

It should also be noted that once we attached the transmitter, 26% of bats did not fly at all 

during trials on the first night. This outcome alone provides strong evidence that the bats were 

initially impacted by the transmitter. Of those bats that flew, we observed two main effects on 

their flight patterns; 1) a 78% reduction of the proportion of time bats flew and 2) a 67% 

decrease in the distance flown. These results further demonstrate that the initial attachment of the 

device had a significant influence on the bats. The resulting increase in non-active behaviors 

indicate that bats are negatively responding to having a foreign object attached to them (Thiel 

1983, Barron et al. 2010, Herrod et al. 2014, Castle et al. 2015). When we took a closer look at 

the increase in non-active behaviors (i.e., resting and crawling), we noted a considerable amount 

of time was spent grooming, in which the bats were clearly attempting to remove the transmitter 

as demonstrated by Figure 25. Furthermore, studies have shown that grooming is often 

considered a way in which animals comfort themselves after a stressful event (Thiel 1983, Lee et 

al. 2018). Both of the aforementioned notions suggest that any increase in grooming provides 

evidence that the bats are distressed by the attached transmitter. At the least, our results verify 

the perceptions held by researchers that they should not track a bat on the first night after 

attachment because it would behave erratically.  

 



 

38 
 

 

Figure 25: Example of grooming damage to transmitters. 

 

Lastly, there was one noticeable implication of the transmitter attachment on a specific 

behavior that could negatively impact the survival of bats. We found the amount of drinking 

attempts decreased by 63% with the transmitter attached. The ability to drink water from low-

lying sources is known to require accurate positioning and careful maneuvering; essentially it is a 

risky activity as the bats could end up in the water if a mistake were to be made (Adams and 

Simmons 2002). Consequently, bats take a number of consecutive passes (diminishing in height) 

over a water source before they attempt to drink (Tuttle et al. 2006). We speculate that the 

presence of the transmitter could potentially be impeding the ability of the bats to perform such 
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activities. Thus, if bats are not drinking, especially in hot conditions, this could be affecting their 

health and safety. 

If the variations we observed in maneuverability, flight patterns, and behavior were due 

to the initial attachment of the device, then we would expect an improvement with time (i.e., the 

bats habituated to the device). It is possible that habituation could happen abruptly or represents 

as a progressive improvement over time. Nevertheless, our results revealed that over a 3-day 

period, the bats did not improve in tortuosity, time spent flying, distance flown, or drinking, 

indicating that the bats did not habituate to the devise during this time. This result is contrary to 

the belief of researchers that bats return to natural behaviors by the second night of telemetry 

surveys. Thus, we recommend that similar surveys are conducted extending beyond the 3-day 

period to determine if and when bats habituate to the transmitter. Furthermore, as different 

species may respond differently to the attachment of a device, we recommend that multiple 

species are tested to confirm that our findings are not simply an artifact of species (i.e., evening 

bats). However, one underlying concern of our study is that the bats with the device attached did 

not increase their drinking activities over a 3-day period. Thus, if bats do not habituate to the 

device and do not drink or are unable to drink for as long at the transmitter is attached (i.e., <22 

days), this could have serious implications for their health and safety. 

We acknowledge that performing our study in a controlled environment has the potential 

to influence bat activity and behavior. For example, we found that area usage did not vary 

between bats with and without the transmitter attached. Essentially, all bats flew predominately 

in zone 2 as they appeared to be avoiding flying close to the edges of the enclosure (i.e., zone 3) 

and areas where they had to make tight turns (such as in zone 1). We speculate that this either 

represents the conditions evening bats would normally fly (i.e., about 1-2 m from the edges of 
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tree lines; Ammerman et al. 2012) or it was a product of being in the flight facility. Moreover, 

we certainly noted variations in behaviors, such as landing, crawling, and foraging, that would 

not necessarily be exhibited, or exhibited to such an extent, in a natural environment. For 

example, we observed over 50 landing instances in 90% of bats without the transmitter and 

landing was recorded consistently after the transmitter was attached (i.e., over the 3-day period). 

It is unlikely that frequent landing is a natural behavior and it is more likely associated with the 

enclosure itself, or more specifically the netting. Anecdotally, we have noted bats sweeping the 

surface of the netting with their wings (which we recorded as “touching” in this study) to flush 

insects off these surfaces and then immediately catch them out of the air. Another alternative 

foraging technique we observed involved bats landing on the netting, where they waited for an 

invertebrate prey to fly by, at which point the bat would fly out and catch the prey before 

returning to the net (similar to perch and ambush foraging strategies; Jones et al. 2017). In 

support of our observations, a number of studies have reported bats adapting or switching 

foraging strategies when it was energetically more beneficial for them to do so (Ratcliffe and 

Dawson 2003, Hackett et al. 2014). We could speculate that the lack of aerial hawking (the 

foraging behavior we defined as a zig-zagging flight pattern with >3 tight turns in <5 secs) we 

observed was due to the bats switching to alternative foraging strategies that were potentially 

more energetically efficient in our controlled environment. Another reason why the bats may 

have landed on the netting more frequently than we expect may have been because they were 

searching for a way out of the enclosure. We definitely observed bats deliberately flying back 

and forth in close proximity to the edges and corners of the enclosure. Similarly, the proportion 

of crawling observed among bats without the transmitter attached may also have been an artifact 

of the flight facility and may not necessarily occur in natural environments to the same extent. 
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However, we found that bats increased the proportion of crawling by 27% once the transmitter 

was attached. This increase is further evidence that the transmitter is impacting the bats, as they 

selected to crawl instead of fly; a trend that persisted over the 3-day survey period. This result 

supports the overall findings of our study that a device attached to a bat influences 

maneuverability, flight patterns, and behavior. 

The challenge that remains is to determine whether the impacts related to the attachment 

of the device are strictly physical or behavioral, or a combination of both. We do know that as 

the effects of the transmitter attachment persisted over time, this strongly suggests that the 

impacts we observed are not solely associated with the initial attachment process. Thus, we 

cannot unequivocally say that the 5% weight rule is or is not appropriate, but given our results, it 

may not be. On the other hand, if the effects were strictly driven by behavior, the attachment of 

any device could result in behavioral changes regardless of the weight. We found a study that 

supports this theory. Hughes and Rayner (1993) found that female bats showed no significant 

differences in flight while pregnant (representing >40% increase in weight). It demonstrated that 

the added weight of a transmitter should not influence flight, at least in females. Based on our 

results, the attachment of the transmitter influenced males and females equally, suggesting that 

weight is not the influencing factor and that the effects of the transmitter are most likely a 

behavioral response.  

CONCLUSION 

The findings our study show that any survey that involves attaching devices to bats, or 

potentially any volant species, is likely to bias data collection. More specifically, if animals are 

not flying as far or for as long, this could lead to an underestimation of range size, resource use, 

and nightly activity patterns. Similarly, if animals are spending more time trying to remove the 
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device by pulling or gnawing at the transmitter, rather than conducting more natural behaviors 

(such as foraging), this could bias surveys that identify resource preferences. For example, if a 

bat stops for long periods with the intention of grooming the transmitter, we could potentially 

misidentify the location as a preferred roost site when it is not. Thus, if we were to base 

management strategies on such research it could potentially lead to the implementation of 

ineffective and costly management strategies. We, therefore, caution that if data from surveys 

using devices are used, the potential biases and limitations associated with attaching these 

devices are acknowledged. At the very least, our findings suggest that the first 3 nights of 

attachment should be carefully considered before making any inferences.  

On a side note, the amount of damage we observed to the transmitters should be 

addressed (Fig. 25). Any damage could potentially impact the integrity of a transmitter and 

explain why many transmitters commonly used in bat telemetry surveys do not last as long as the 

expected battery life. All too often, transmitters appear to be either groomed off or their signals 

fail, (which we tend to assume is associated with the battery) but may actually be a result of 

damage (i.e., antenna bitten off). Thus, there is clearly a need to explore alternative transmitter 

design (i.e., shape, antenna length, etc.) that minimize the amount of damage that can occur. 
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Telemetry is an effective method for collecting movement data, however, transmitters 

have the potential to negatively impact the maneuverability and behavior of wildlife, particularly 

volant species. Despite concerns, no studies to date have assessed the potential effect of 

transmitters on bats. Thus, we conducted a behavioral study on evening bats (Nycticeius 

humeralis) in a controlled environment. We found that transmitters affected both flight and 

behavior. There was an initial 20% reduction in the number of bats that flew once the transmitter 

was attached. Of the bats that did fly, we observed decreases in tortuosity by 30%, in distance 

flown by 67%, in the proportion of active behavior by 78%, and in the number of drinking 

attempts by 63%. Furthermore, these impacts did not diminish over time (3-day period), 

suggesting that bats are not habituating to the transmitter. This could have consequences for 

telemetry survey data collection and interpretation.  
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