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Abstract Aeroecology is an emerging scientific discipline that seeks to broaden
understanding about the ecological function and biological importance of the aero-
sphere. The unifying concept of this interdisciplinary field is a focus on the aero-
sphere itself and the myriad airborne organisms that inhabit and depend upon this
environment for their existence. In this chapter, we discuss the conceptual frame-
work of aeroecology and underscore the technological advances that support for an
interdisciplinary approach to studying the aerosphere.
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8.1 Introduction

When we think about habitat for bats or other creatures, we often think about the
vegetation communities associated with where an animal forages or the physical
landscape features that an animal uses for periods of rest (e.g., caves). For volant
animals like bats, the air through which they fly is also arguably a habitat. Air is a
fluid medium utilized by bats and birds along with their prey for critical activities
such as foraging, dispersal, and migration. The acrosphere—the relatively thin sub-
stratum of the troposphere closest to the Earth’s surface that supports life—has long
been studied in the context of meteorological conditions and functional ecosystem
relationships, such as nutrient cycling and gas exchanges, but it has not been recog-
nized as a separate ecosystem until relatively recently (Kunz et al. 2008).

Aeroecology is an emerging scientific discipline that seeks to broaden under-
standing about the ecological function and biological importance of the aerosphere
(Kunz et al. 2008). The unifying concept underlying this new interdisciplinary field
of study is a focus on the aerosphere itself and the myriad airborne organisms that
inhabit and depend upon this environment for their existence. Biologists that study
animals that use the aerosphere have typically focused on behavior, ecology, and
evolution of specific taxonomic groups (e.g., vertebrates, arthropods) or specific
physiological or behavioral functions, such as thermoregulation, water balance, res-
piration, or flight. The aerosphere has been studied extensively by atmospheric sci-
entists and meteorologists with the goal of expanding our understanding of
meteorology and ability to predict weather. Aeroecology provides a unifying frame-
work for investigating how dynamic properties of meteorological conditions at
local, regional, and global scales affect organisms that depend on air for foraging
and movement (Fig. 8.1).

Marine biology has long been recognized as a stand-alone discipline that unites
a diversity of scientists, including oceanographers, ecologists, and organismal biol-
ogists. The unifying theme in marine biology is the aqueous fluid of the oceans and
the interactions of animals with that habitat. Similarly, aeroecology unites scientists
that study the physical aerosphere with ecologists and organismal biologists that
study species that use this medium as habitat. By connecting scientists across exist-
ing disciplines into a common framework, aeroecology advances collaborative sci-
ence and addresses both fundamental scientific questions as well as applied research
topics important for conservation.

Unlike aquatic ecosystems, no animal spends its entire life in the aerosphere. Yet
many species spend a significant portion of their lives in this environment (Wilcove
2008). The aerosphere is a critical connective habitat for species that spend time in
terrestrial or semiaquatic ecosystems but depend on the aerosphere for daily or sea-
sonal movements. Because of their ability to move over large spatial extents, volant
organisms such as birds, bats, and insects contribute to the ecological integrity of
multiple ecosystems that span geopolitical boundaries linked by migration or dis-
persal through the aerosphere. Aeroecology provides a framework for understanding
the effects of global phenomena such as climate change and anthropogenic altera-
tion of diverse landscapes on biodiversity, global health, and ecological integrity
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Fig. 8.1 Conceptual diagram of the spatial and temporal scales of common meteorological
phenomena and movement behaviors of bats in the aecrosphere. Areas of overlap indicate the scales
at which movements of bats in the aerosphere can be influenced by prevailing meteorological
conditions (copied with permission from BAMS)

(Kunz et al. 2008). Many of the questions addressed by aeroecology require the use
of advanced technological tools because of the logistical challenges of studying
animals in the aerosphere.

8.2 Important Questions in Aeroecology

Kunz et al. (2008) laid out a vision for aeroecology that incorporated both techno-
logical solutions for studying animals that use the aerosphere as well as outlining
some of the key questions that unite aeroecology. Here we outline some of the
cutting-edge work currently being conducted in aeroecology and discuss current
advances in integrative approaches that hold promise for future endeavors in this
arena.
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8.2.1 Climate/Weather and Aerial Behavior of Bats

Predicting impacts of climate change on animal populations requires understanding
how animals respond to variation in climate and weather patterns. Recent studies have
shown that changes in seasonal climate, specifically drought, can have negative impacts
on fitness in some bat species, including reproductive rates (Adams 2010) and annual
survival (Frick et al. 2010b). Studies that address how both climate and weather condi-
tions influence movement and foraging behavior of bats in the aerosphere will add to
understanding how long-term shifts in climate may influence bat populations.

Anthropogenic climate change has caused shifts in phenology, such as spring
arrival, emergence, and reproduction of many temperate species (Both and Visser
2005). Aeroecological investigations in phenology and migratory behavior should
provide new information about phenology and whether bats are at risk from decou-
pling of resource—consumer interactions, as has been shown for some migratory
passerines (Visser et al. 2005). Long-term monitoring of phenological patterns,
such as arrival and departure from colonial roosts, can determine how bat popula-
tions respond to shifts in climate. Emergence counts and arrival/departure times
from colonies can be done with traditional approaches of visual inspection on the
ground or through remote-sensing technologies, such as radar, for species that fly at
sufficient altitudes to be detectable (e.g., Tadarida brasiliensis) (Frick et al. 2012).
Following bats during migration has thus far not been logistically feasible, except
for very large-bodied bats outfitted with global positioning system (GPS) or satellite
telemetry (Smith et al. 2011; Tsoar et al. 2011). Answering questions about long-
distance migratory patterns will require technological advances in individual
tracking devices that are currently in development coupled with integration of
various remote-sensing instruments such as networked radars.

We still know relatively little about the scale of movements in most bat species.
Numerous studies over the past several decades using small radio-tracking
transmitters on bats have advanced knowledge considerably about selection of roost
types and local foraging movements (Amelon et al. 2009). Given the relatively short
life span of these types of devices (usually 1-2 weeks) and the labor necessary for
tracking nightly foraging movements, there is still a considerable gap in knowledge
about both seasonal movements of bats and how factors such as weather and prey
availability influence foraging behavior. Technological advances in both individual
tracking devices and remote-sensing systems such as radar offer promising oppor-
tunities toward breaking some of the logistical barriers to empirically investigating
these questions.

8.2.2 Population Monitoring

Although estimating population sizes and determining population trends is not
exclusive to aeroecology, there is some exciting work being done on censusing bats
at large colonies and tracking changes in colony size using thermal infrared
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imaging, near-infrared video, and radar technologies under the umbrella of
aeroecology. Monitoring bat populations is important for determining impacts of
natural and anthropogenic stressors on populations and developing effective conser-
vation strategies (Hayes et al. 2009; O’Shea et al. 2003). Counting bats at hiber-
nacula has been a traditional method of monitoring bat populations for species that
hibernate in known hibernacula (Kurta and Kennedy 2002). This technique is highly
valuable and has been pivotal in estimating impacts of white-nose syndrome (WNS)
on bats in eastern North America (Frick et al. 2010a; Langwig et al. 2012). For spe-
cies that do not hibernate, however, estimating bat population sizes and trends
through time remains challenging (O’Shea and Bogan 2003).

In particular, accurately estimating colony sizes for large colonies of bats, such
as Brazilian free-tailed bats, has been a long-standing challenge. The development
of thermal infrared video provides a reliable method for censusing bat colonies and
has been used successfully for estimating colony sizes (Kunz et al. 2009), including
very large aggregations of Brazilian free-tailed bats (Betke et al. 2008; Hristov et al.
2010). Betke et al. (2008) developed computer vision algorithms for counting indi-
vidual bats in a field of view with thermal infrared imagery. These methods have led
to insights about population trends (Betke et al. 2008) and daily and seasonal fluc-
tuations in colony size (Hristov et al. 2010).

Radar provides a potential alternative means of estimating bat populations
for certain species. There are two basic approaches to using radar for estimating
colony sizes of bats. Small, portable radars capable of fine spatial resolution can
be positioned near a bat colony and used to observe and count individuals as
they depart. This method is akin to the thermal infrared imagery technique.
Conversely, larger and more powerful radars that exist as part of weather radar
networks can detect bats and other aerial organisms as they scan the aerosphere
in the vicinity of a particular colony site. In this case, the number of individuals
is inferred from the strength of the received radio wave signal scattered by a bat
or collection of bats. Using radar for estimating numbers of bats is a developing
method and needs further validation, for example, through the use of comple-
mentary observations from thermal infrared video. As we discuss in more detail
below, both of these radar approaches are associated with various strengths and
limitations.

8.2.3 Aeroecology for Conservation

The aerosphere is affected by human activities and conditions such as air pollution,
artificial light sources, and anthropogenic structures (e.g., skyscrapers, communica-
tion towers, and wind turbines) that may cause direct mortality or disruption of
activities such as feeding, dispersal, migration, and courtship (Kunz et al. 2008).
Habitat destruction and modification can also alter migratory or foraging activities
in the aerosphere. Effective conservation policies will depend on understanding
how bats are affected by these myriad threats in the aerosphere.
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Mortality of bats from collisions with wind turbines at wind energy facilities has
caused considerable concern for bat conservation (Kunz et al. 2007a, b; Arnett et al.
2008). Studies have shown that fatalities at wind turbine facilities are predictable
based on seasonal periods (fall migration) as well as daily meteorological condi-
tions, such as wind conditions (Arnett et al. 2011, Chap. 20). Determining migra-
tory patterns of bats and how migratory movements are influenced by meteorological
conditions will help identify high-risk areas for siting wind facilities. Remote-
sensing technologies such as radar and thermal infrared video, especially when
coupled with tracking devices, are valuable resources for studies on fatalities associ-
ated with wind energy facilities. A better understanding of migratory routes and
relationships between weather and bat movements will be key for developing effec-
tive conservation for species affected by wind energy development.

8.3 Tools Used in Aeroecology

Investigating the behavior and movements of bats in the aerosphere has always been
and will remain logistically challenging. Aeroecology addresses this challenge head
on through an approach that focuses on technological advances and integration
across multiple technologies and scientific disciplines. We discuss some of the key
technological tools in an aeroecologists’ toolbox with attention to how they can be
used now or in the near future for advancing aeroecology. This is not meant to be an
exhaustive list, but rather highlights certain tools we feel are particularly helpful or
promising. Although acoustic recording devices are an important and rapidly evolv-
ing technology for aeroecological studies, we reference readers to chapters in this
volume and elsewhere (Parsons and Szewczak 2009) dedicated to this topic.

8.3.1 Radar Aeroecology

Remote-sensing tools offer opportunities for investigating ecological processes at
spatial and temporal scales that have traditionally thwarted authoritative under-
standing of ecological dynamics in the aerosphere. The capacity of radars to detect
biological scatterers in the aerosphere has been known for over 60 years (Lack and
Varley 1945), and much has been learned about the aerial behavior of birds, bats,
and flying arthropods through the assistance of this technology. For the most part,
these studies have been conducted using small radars that were specifically adapted
for observations of volant species (e.g., Bruderer et al. 1999; Chapman et al. 2011;
Harmata et al. 2003). Since these studies have largely been taxa dependent, some
investigators have self-classified their work as belonging to either radar ornithology
or radar entomology. Here, we adopt a taxonomically broader and more integrative
approach under the name of radar aeroecology (Chilson et al. 2012b). Several over-
view papers have been written that discuss the utility of radar for biological studies
(Diehl and Larkin 2002; Chilson et al. 2012b; Gauthreaux and Belser 2003).
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A considerable boon to biological studies using radar and one that has helped
lead to the advancement of radar aeroecology as an integrative discipline has been
the development of operational networks of radars for the observation of weather.
Gauthreaux began using weather radars in the USA for biological research not long
after these facilities were established in 1959 (Gauthreaux and Livingston 2006). In
the interim, many others have followed suit using networked weather radars across
several countries (Buler and Moore 2011; Diehl et al. 2003; Dokter et al. 2011;
Horn and Kunz 2008; Kelly et al. 2012; van Gasteren et al. 2008). As one example,
we consider how the network of weather radars within the USA are being exploited
for aeroecological studies.

The NOAA National Weather Service (NWS) maintains and operates 159
Weather Surveillance Doppler Radar (WSR-88D) installations collectively known
as NEXRAD. This network provides near-continuous coverage of the airspace cor-
responding to roughly the lowest 10 km for the conterminous continental USA.
NEXRAD stations regularly detect scatter from airborne animals, including bats,
birds, and insects (bioscatter) (Fig. 8.2). Data are updated every 5-10 min and the
entire data archive, which goes back to the early 1990s, is now publicly available
through the National Climatic Data Center (NCDC). The benefits and uses of
NEXRAD for weather monitoring and forecasting are well demonstrated; however,
the use of this radar network for aeroecological studies focused on bats remains
limited (Frick et al. 2012; Horn and Kunz 2008).

Weather radars probe the surrounding airspace using a particular volume cover-
age pattern (VCP) suitable for prevailing meteorological conditions. Data are
reported and stored in spherical coordinates with observations binned into discrete
units of azimuth angle, elevation angle, and range with the origin of the coordinate
system located at the radar installation. For each bin, three conventional radar prod-
ucts are reported: radar reflectivity factor (Z), radial velocity (v,), and spectrum
width (o). The measure of backscattered intensity, radar reflectivity factor (Z), can
be directly related to the number of aerial organisms occupying the aerosphere
(Chilson et al. 2012c) and therefore is the appropriate measure for identifying
aggregations of animals for phenological studies (Kelly et al. 2012) or estimating
aerial densities (Chilson et al. 2012c). Radial velocity (v,) can be used to detect pat-
terns in migration by looking at flight directions and speeds of bioscatterers
(Gauthreaux and Belser 1998).

A recent and key innovation for increasing the utility of NEXRAD data for eco-
logical studies is the visualization of NEXRAD data in real time in a Cartesian grid
that mosaics across different radar installations (Fig. 8.2). Radar data from NEXRAD
are fused with observations from other meteorological instruments into one collec-
tive data product provided by the National Atmospheric and Oceanic Administration
(NOAA) National Severe Storms Laboratory (NSSL). This database is known as the
National Mosaic and Multi-Sensor Quantitative Precipitation Estimation (NMQ)
system (nmq.ou.edu). Within this framework, NEXRAD data are ingested, con-
trolled for quality, and combined to form a three-dimensional map of Z, which is
projected onto a Cartesian grid (Zhang et al. 2004, 2011). The horizontal resolution
of the NMQ output is 1 km with 31 vertical levels and a temporal resolution of
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Fig. 8.2 Diagram showing how multiple-instrument sampling is being used to develop quantita-
tive tools for aeroecology. Radar measurements of single animals are conducted in an anechoic
chamber (top right) and are used in conjunction with both portable radars (bottom left) and indi-
vidual fixed radar installations (bottom right) to calibrate and interpret received radar signals from
bioscatter. Radar data from networked fixed stations are mosaicked and mapped into a Cartesian
grid system (top right) that shows continental-scale patterns of bioscatter activity. These maps can
be viewed in near real time to watch biological phenomena such as emergences of Brazilian free-
tailed bats (Tadarida brasiliensis) in south-central Texas (center). Emergences are identifiable as
distinct clouds of radar reflectivity associated with known cave locations

5 min. Data are displayed as two-dimensional map of composite maximum reflec-
tivity values across the conterminous continental USA. Currently, there is a biologi-
cally oriented companion website supported by NSSL called SOAR—Surveillance
of the Aerosphere—using Weather Radar that displays the composite reflectivity
(CREF) before bioscatter signal has been filtered out for improving meteorological
predictions (http://soar.ou.edu).

The advantage of the NMQ/SOAR system is that it allows ecologists to view in
real time (and from their desk chair) the behavior of organisms in the aerosphere at
unprecedented spatial scales (Fig. 8.2). For example, it is possible to view emer-
gences of Brazilian free-tailed bats from cave and bridge roosts in south-central
Texas (Fig. 8.2) and determine patterns of daily timing of emergences as well as
seasonal arrival/departures. Novel foraging behaviors of bats in the aerosphere are
also being revealed. For example, Fig. 8.3 shows radar reflectivity patterns that sug-
gest that Brazilian free-tailed bats emerged from Frio Cave and foraged for insects
aggregated by outflowing winds produced by storm systems. These types of
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Fig. 8.3 Radar visualization from the SOAR website (soar.ou.edu) showing insects aggregated
along a storm-generated gust front and Brazilian free-tailed bats (Tadarida brasiliensis) emerging
from cave roosts and foraging along the insect buffet

visualizations and observations can help generate hypotheses about behavior of bats
in the aerosphere and how meteorological conditions can drive predator—prey inter-
actions in the aerosphere.

Although many insights regarding behavior and distributions of animals in the
aerosphere can be made by investigating visualizations of NEXRAD radar imag-
ery, more quantitative interpretations of radar data are needed. Persistent and sig-
nificant limitations remain in using existing operational systems such as NEXRAD
for biological monitoring and aeroecological research. In part, these problems stem
from (1) lack of a robust biological nexus within the radar community and con-
versely a lack of familiarity of radar products among ecologists, (2) absence of
radar product outputs focused on bioscatter, and (3) the manner in which radar
output data are filtered prior to release to the public (Chilson et al. 2012b). A work-
shop on radar aeroecology was convened in 2012 at the National Weather Center in
Norman, Oklahoma, to address these and other issues (Chilson et al. 2012a).
Realizing the full potential of radar aeroecology will require advances in (1) valida-
tion studies based on theory and experiments in the laboratory to evaluate reflectiv-
ity measurements provided by radars, (2) multi-instrument sampling in the field
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that can validate approaches across different radar platforms, and (3) development
of tools and techniques for mining radar data in concert with field observations and
other remotely sensed data.

Meteorologists have long used multiple-instrument sampling techniques for
ground-truthing observations and integrating information across sampling domains
to quantify characteristics and behavior of weather phenomena (Chilson et al.
2012b; National Resource Council 2009). This same technique of using mobile
radars in conjunction with NEXRAD installations is also being employed in the
field of radar aeroecology with the aim of using radar data for quantifying densities
of animals in the aerosphere. Figure 8.2 depicts a multi-instrument sampling
approach that aims to use measurements of individual animals in the laboratory to
permit quantitatively interpretations of large-scale observations of bioscatter over
continental scales. Reflectivity of individual animals can be measured in the labora-
tory to determine the backscattering radar cross section (RCS) of an individual ani-
mal (e.g., bat). These RCS measurements are necessary for estimating aerial
densities of a species from radar reflectivity values (Chilson et al. 2012c). Some
smaller portable radars can count discrete echoes which can be used to calibrate
reflectivity values from NEXRAD and other large radars, and this method has been
successful in estimating bird densities aloft (e.g., Diehl et al. 2003; Dokter et al.
2011). Small portable radars are also useful for helping scale from individuals to
groups of bioscatterers (e.g., bats) by having finer spatial resolution than large
radars typical of NEXRAD. These portable radars can also be oriented toward bio-
logical aggregations of interest (e.g., a bat roost). Radars in the NEXRAD network
are at fixed locations, but the data are continuously collected and archived, which
offers considerable advantages for long-term monitoring. The ultimate goal is to
enable use of NEXRAD data for estimating population sizes so that long-term mon-
itoring of bat species such as Brazilian free-tailed bats can be accomplished through
current remote-sensing efforts. Use of the NEXRAD data network for population
monitoring would permit retrospective analyses going back through the life of the
archive (20 years) as well as continuous monitoring into the future.

Estimating population densities at ground-truthed point localities such as known
bat roosts appears quite promising. However, use of this technology for estimating
densities during migration is currently limited by the inability to discriminate taxo-
nomic origin of received signals. However, many weather radar installations are
now capable of supporting polarimetric operation, which should greatly enhance
abilities to discriminate among types of biological scatterers. Whereas conventional
weather radars transmit and receive radio waves with a single polarization, polari-
metric weather radars use two orthogonally aligned radio waves (Fig. 8.3).
Information related to size, shape, and orientation of a scatterer can be extracted by
comparing the amplitudes and phases recorded for the different polarizations
(Chilson et al. 2012b; Mueller and Larkin 1985; Zrni¢ and Ryzhkov 1998). Consider,
for example, a collection of bioscatterers sampled by a weather radar consisting of
both moths and small bats (Fig. 8.4). If the sampled bioscatter predominantly results
from one of the two species (either bats or insects), then the resulting polarimetric
signature, which is unique to the type of animal in this case, can be used for taxo-
nomic discrimination.
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Fig. 8.4 Depiction of a radar sampling volume containing moths and bats. Resulting bioscatter
signal contains contributions from both species. Depending on the relative numbers of each spe-
cies, the backscattered signal may be dominated by one species over the other. Also shown is an
illustration of polarimetric radio waves propagating through the aerosphere before interacting with
the bioscatterers contained within the sampling volume

Overall, radar aeroecology holds much potential for contributing to understand-
ing of many aspects of bat ecology and conservation, including phenology, foraging
behavior of bats in the aerosphere, and long-term population monitoring of targeted
species. Certain bat species cannot be studied effectively with radar, particularly
those that fly under forest canopies. The Brazilian free-tailed bat has been the clas-
sic model organism for radar aeroecology in the USA. Species that aggregate in
large groups and fly in open habitats will be good candidates for studies in radar
aeroecology that focus on phenology and population monitoring. The ability for
dual polarization to help discriminate taxonomic groups in the aerosphere will help
increase the utility of radar for migratory studies of bats.

8.3.2 Thermal Imaging

Since the initial development of commercial handheld thermal infrared cameras in
the 1980s, ecologists have used thermal cameras as an approach to understanding
ecophysiology (e.g., Reichard et al. 2010). Many studies have shown that thermal
infrared cameras can provide information about metabolic rates, thermal regulation,
and water loss. While the studies are not usually considered aeroecology studies per
se, when applied to volant animals, they can be quite revealing. There are very few
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techniques available that can provide reliable information about the energetics of
flight collected through noninvasive means.

Recent advancements in thermal infrared technology have led to wider applica-
tions for ecological studies (Hristov et al. 2008). Even the most basic models of
thermal infrared cameras have the single most important advantage over visual light
camera systems: the ability to see in the dark. This capability allows for imaging
bats roosting or moving inside caves, emerging from roosts, commuting across the
landscape, and foraging. These behaviors have typically been difficult to observe
with other technologies. Thermal infrared video overcomes limitations of normal
photography or videography in low light situations that cause blurring and narrow
depth of field. There are also benefits to using thermal infrared cameras in daylight,
such as obtaining high-contrast images that are valuable for computer vision
analysis.

Thermal infrared videography has played an integral role developing aeroecol-
ogy as an integrative discipline across fields. This collaborative integration has
raised interest in how a single data stream can be used for multiple scientific lines
of inquiry. For example, while biologists may be interested in understanding move-
ments of individual bats and observing behaviors such as insect capture and obsta-
cle avoidance, collaborators in more technical fields, such as computer science and
engineering, may be interested in understanding the movements of large groups of
entities in 3D space. Data acquisition and analysis for multiple purposes requires
cross-disciplinary communication and understanding.

A very recent and successful contribution of thermal infrared cameras to aero-
ecology has been their use in censusing large colonies of bats, specifically Brazilian
free-tailed bats (Betke et al. 2008; Hristov et al. 2010). It has long been the goal of
many ecologists to estimate abundances and understand the ecological role of bats
(Kunz et al. 2009). In particular, the large colonies of Brazilian free-tailed bats that
form in caves and under overpass bridges in Texas have long fascinated ecologists
as they constitute some of the largest aggregations of mammals in the world. Earlier
estimates of numbers of bats were based on error-prone methods of counting and
led to unreliable estimates of colony size (Betke et al. 2008). A reliable method of
estimating colony size was necessary for tracking population trends through time
and determining the ecosystem services of these bats to the agricultural industry in
Texas (Cleveland et al. 2006).

By taking advantage of a strong collaborative effort between computer science
and biology, Betke et al. (2008) developed several tracking and counting algorithms
to be used with thermal infrared video of emerging Brazilian free-tailed bats. To
collect these videos, a FLIR Merlin system (including a camera and associated com-
puter station) was deployed perpendicular to the flow of bats, usually with a back-
drop of sky, which allowed for the highest degree of contrast, and video was recorded
throughout emergence (Fig. 8.5). These videos were then processed using standard
computer vision techniques, such as background subtraction, to locate moving heat
signatures that were identified as likely to be bats. These bats were then tracked
from frame to frame using recursive Bayesian filtering and counted as they left the
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Fig. 8.5 Thermal imaging can be used to produce high-contrast, high-resolution imagery that can
be used by a variety of researchers. (a) A visual light image of Tadarida brasiliensis emerging
from Frio Cave. Thermal cameras are arranged such that their field of view includes the bats with
a backdrop of the sky. (b) The resulting images provide unprecedented detail of bat flight and
group behavior (photo credit N.W. Fuller)

frame of view. When compared to hand-annotated videos of emerging bats, the
automated census system was extremely effective and reliable in its final counts
(Betke et al. 2008).

Thermal infrared imaging is also being used to describe the movements of organ-
isms in three-dimensional space as they fly through the aerosphere and interact with
various types of clutter, including self-clutter (i.e., other bats), stationary obstacles
(e.g., trees), and moving obstacles (e.g., predators). Information such as angle of
approach, turning radius, 3D wing position, angular velocity, proximity of approach,
3D group structure, and group behavior can be determined using multiple calibrated
camera views, each focused on an overlapping frame of view. Understanding the
mechanics of three-dimensional flight of animal groups can provide general insights
about group structure and individual behavior (Parrish and Hamner 1997). Three-
dimensional data from thermal imaging can also be combined with other technologies
to better understand the way forest structure influences movement and flight of bats.
Research has shown that forest structure plays an important role in bat flight (Lacki
et al. 2007). Recent advances in under-canopy LiDAR systems have allowed for even
greater resolution of animal flight within forests. For example, data gathered through
these analyses has the potential to provide novel research directions and valuable
insight into the biomechanics and mastery of flight.

8.3.3 Tracking Individuals

A full understanding of the aggregate phenomena observable by radar and thermal
imaging must take into account the motivation and constraints that influence the
behavior of individual animals. We must, therefore, give some attention to the
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activities of the individual to understand the mechanisms that give rise to the
emergent properties of groups and populations. Tracking the movements of indi-
vidual bats is particularly challenging due to the fact that bats are small yet move
rapidly over great distances. The majority of bat species weigh less than 20 g (Smith
et al. 2003), which severely limits the types of tracking devices that can be attached
to bats without unduly affecting their behavior (Bridge et al. 2011). For large bat
species, the possibilities for tracking individuals are more expansive. There have
been numerous successful efforts to employ satellite tracking to studies of bats, and
there are even published guidelines for what equipment is most appropriate for dif-
ferent species (Smith et al. 2011). The smallest signal-transmitting devices capable
of functioning on a global scale are satellite transmitters that weigh on the order of
5 g, which is far too large for most bats. Although we can expect increasing minia-
turization of complex electronics, a significant decrease in the mass of traditional
satellite transmitters is unlikely due to fundamental constraints on the energy
requirements of long-distance transmission and the chemical nature of batteries.
Unless there is a breakthrough in battery technology, traditional satellite tracking
will not be possible for small bats.

Geolocation dataloggers weighing less than 1 g have provided some of the first
renderings of migrations by small birds (Béchler et al. 2010; Stutchbury et al. 2009),
but these devices rely on determining the precise times of sunrise and sunset, which
limits their use on many bat species due to their roosting habits. Moreover, these track-
ing devices rely on recapturing tagged individuals to obtain data, and such a scenario
may be unlikely for many bat species. Nevertheless, there may be some potential for
geolocation dataloggers to provide insights into the long-distance movements of some
species, particularly tree-roosting bats (Holland and Wikelski 2009).

The future is much more promising with regard to short-range tracking. The
requirements for battery power limit the degree of miniaturization possible for radio
transmitters. Nevertheless, one can now find transmitters as small as 0.11 g (MacCurdy
et al. 2011). The range and longevity of such small transmitters are quite limited (on
the order of 2 weeks and 4 km depending on the design), but this high degree of min-
iaturization enables tracking individuals of even very small bat species. Radio trans-
mitters are not only getting smaller, but radio telemetry systems are becoming more
sophisticated. Traditionally, tracking movements of individuals with radio transmit-
ters relied on labor-intensive methods, such as following individuals across the land-
scape with a portable receiver and antenna, or crude location estimates based on
triangulation from multiple directional antennas. In addition, the number of tags that
could be monitored at once was usually limited because each tag had to operate at its
own frequency. Emerging technologies have automated tracking endeavors and
increase the accuracy of location estimates. Moreover, signals from radio tags can be
coded such that multiple tags can operate on the same frequency. For example,
MacCurdy et al. (2009) have demonstrated a tag location system, in which special-
ized receivers can discern differences in the arrival time of transmitter signals such
that the system can determine the relative distances between an individual tag and
several known locations. Once implemented, this sort of “reverse GPS” system can
automatically generate locations for an individual every few seconds.
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The holy grail of radio tagging—global coverage via a unified set of space-based
receivers—is the goal of the International Cooperation for Animal Research Using
Space or ICARUS. This system proposes to use devices very similar to traditional
radio transmitters in conjunction with highly sophisticated receivers in space to
track individual animals. Tests of the system have been carried out using airplanes,
and plans have begun for deployment of the first space-based receivers. If the sys-
tem works as anticipated, ICARUS could provide global coverage for transmitters
weighing on the order of 1 g.

Radio-frequency identification (RFID) is another promising technological field
that has great potential for tracking individual bats. RFID generally refers to short-
distance wireless communication on the order of a few meters to a few centimeters
between a small, passive tag and a powered interrogator or reader. The reader emits
a carrier wave that powers a transmission from the tag such that the tag does not
need a battery. There are forms of RFID communication that use powered tags and
that can function over relatively large distances (tens of meters), but most RFID
systems have passive tags and limited read range. Passive Integrated Transponders
or PIT tags are now familiar to most biologists. These RFID tags are commonly
used in animal studies and can weigh less the 0.1 g. Because they do not require a
battery, their service life is typically longer than the life span of a bat, and they
have already been used to monitor the behaviors of individual bats (e.g., Kerth
etal. 2011).

The primary limitation to RFID systems is that their extremely limited read
ranges generally restrict their use to situations in which one is monitoring a very
localized resource or area (e.g., a small cave entrance). Typical low power systems,
such as those that use PIT tags, cannot really track individual movement paths.
However, high-frequency systems are in development that can locate individual tags
by employing a network of power nodes connected to reading units. Systems of this
sort would be able to track individual movements among the network of power
nodes, which would typically be an area equivalent to a large room or gymnasium.

In some situations, geographic information can be inferred from intrinsic bio-
markers, such as stable isotopes and DNA, which are, of course, free of any size
constraints (Cryan et al. 2004; Robinson et al. 2010). Detailed movement paths
are beyond the reach of these tools, but if adequate background data are available,
they can provide coarse estimates of breeding or wintering locations and/or link
groups of individuals to regional populations (Hobson and Wassenaar 2008).
Combining the inference from these techniques to generate probability landscapes
has led to surprisingly precise geographic assignments in a limited number of bird
species (T. Smith and M. Wunder, personal communication), and there is potential
for this technique to yield insights into connectivity and movement of bat
populations as well.

Not only does tracking individuals have scientific value, but it also provides a
means of educating and engaging the public. People identify with individuals, and
describing a life cycle from the perspective of an individual bat is appealing to com-
municate about bats to the general public. Tracking individuals will undoubtedly
provide key insights into important issues affecting bats and humans today,



164 W.F. Frick et al.

including disease transmission, mortality at wind turbines, and consumption of
insect pests, and perhaps the narratives revealed by tracking technology will help
raise public awareness to these important issues.

8.4 Conclusions

By focusing on integrating across a diversity of disciplines and technological inno-
vations, aeroecology is furthering scientific investigations in a diversity of research
arenas. For example, aeroecology is at the forefront of research on topics such as
daily and nightly dispersal, migratory patterns, foraging behavior, distribution and
quantification of aerial biomass, aerial biodiversity, phenological patterns related to
climate change, and impacts of land-use policy. In addition to basic scientific
research, aeroecology has the potential to make significant contributions to human
society by providing information on issues ranging from aviation safety, agricul-
tural productivity, and siting of wind energy facilities.

A pressing need exists for scientists to identify and use creative technological
and analytical solutions for understanding biological phenomena at broad spatial
and temporal scales in the aerosphere, given global threats to biodiversity, emerging
infectious diseases, and the need to sustain ecological integrity (Kunz et al. 2008).
By developing new analytical and interpretive tools from existing and emerging
technologies, aeroecology encourages scientists and citizens from a diverse set of
disciplines to tackle contemporary conservation and ecological questions in unprec-
edented ways.
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