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“A free-ranging Mauritian flying fox displays its curiosity, reminding us of the importance of asking questions within the

relevant context” photographed by Omer Yinon, in its natural habitat, Mauritius, September 2023.
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Integrated Tracking: Enhancing GPS Data with

External Sensors

Omer Yinon (Department of Zoology, Faculty of Life Sciences, Tel-Aviv University)
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The use of GPS devices to collect movement
data is among the most applied techniques in
biologging. These devices have revolutionized the
study of animal behavior by enabling precise
tracking of movement patterns across diverse
habitats and species. Technological advances have
facilitated the miniaturization of tracking devices,
making it possible to track species that were too
small to tag just a few years ago(Menz et al. 2022).
GPS loggers are particularly effective in
investigating movement patterns and spatial
coordination between tagged individuals. They can
provide invaluable insights into seasonal behaviors,
decision-making processes, and territorial usage
over time(Conenna et al. 2019; Hallworth and
Marra 2015; Nathan et al. 2022).

Despite their transformative impact, GPS loggers
have inherent limitations that should be
acknowledged. They are unable to record certain
types of behaviors, such as vocalizations or
physiological changes (e.g., body temperature).
While GPS loggers can integrate additional data
streams, such as location coordinates combined
with body temperature or sound recordings, these
advancements predominantly enhance the
documentation of the tagged individual and often
fail to incorporate critical environmental and
external factors. Such as climatic conditions or the
proximity of non-tagged individuals, which can
influence the behavior. Furthermore, GPS devices
face significant challenges in small-scale spatial
studies, such as tracking the movements of insects
within a flower patch or identifying the specific tree
on which an animal has landed in an orchard.

The advent of non-invasive novel sensors and
methodologies now offers opportunities to
integrate diverse data types from an external point
of view sensors (i.e., sensors not directly attached
to the animal) to achieve a more comprehensive
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understanding of animal behavior and movement
patterns. In this article, I discuss emerging
approaches employed in Prof. Yossi Yovel's Bat Lab
at Tel Aviv University and their potential to
advance our understanding of the ecological and
behavioral processes underlying animal
movements and behavior.

Sound cameras are external sensors that can
record sound and movement in dense
environments or low-light conditions. The sound
camera used in Yovel's Bat Lab is equipped with a
wide aperture array of 64 microphones, sampling
at a rate of 200 kHz (Guggenberger et al. 2024).
This device enables high-resolution acoustic
recordings and allows the precise tracking and
identifying specific acoustic parameters from
distances of up to 20 meters, even in noisy
environments.

The sound camera facilitates the visualization
and localization of sound sources in space by
integrating acoustic data with video recordings.
This process overlays the recorded sound
emissions onto a visual representation in real-time,
allowing spatial analysis of acoustic activity. Such
capabilities are particularly valuable in ecological
field studies where tracking tagged individual
movement integrated with their environmental
sound is essential, especially in conditions where
direct visual observation is not
feasible. Furthermore, sound cameras offer a
valuable method for studying social dynamics in
group-living species that remain within the
observer's line of sight for extended periods. This
approach provides an efficient alternative to
tagging each group member with GPS devices and
sound loggers by recording multiple individuals in
natural or controlled environments and mapping
their vocal interactions. These recordings enable
the reconstruction of social networks based on



vocal communication and movement, while also
offering deeper insights into species' vocal
repertoires by linking vocalizations and
movements to specific stimuli.

: ; R
Figure 1. The sound camera mounted on a tripod while
recording vocalizations of Mauritian fruit bats (Pteropus
niger) at Yovel’s Bat Lab research station, Mauritius,

September 2023.
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Figure 2. Sound camera data demonstrates overlapping
real-time video and audio of a free-ranging Mauritian
fruit bat (Pteropus niger), allowing for simultaneous
sound recording and localization, regardless of light
conditions. Data and

figures adapted from

(Guggenberger et al. 2024)

For example, a study published in Frontiers in
Bird Science by Guggenberger et al. demonstrated
how acoustic cameras can enhance the study of
vocal mobbing in Arabian babblers (Turdoides
squamiceps). The researchers tracked and
analyzed individual vocalizations during snake-
mobbing events involving ten groups of ringed
babblers, including both juveniles and adults. Adult
babblers demonstrated rhythmic coordination,
whereas  juveniles showed  inconsistency,
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disrupting group vocal dynamics. Groups with
younger juveniles had lower vocal network
densities than adult-only groups, which exhibited
more structured coordination. This study
highlights the potential of acoustic cameras as an
efficient tool in investigating animal vocal
interactions and movement while providing new
insights into the learning abilities and social
structures of certain species.

Thermal cameras are a valuable resource for
advancing research on animal movement and
behavior. These sensors offer new insights into the
environmental conditions surrounding the tracked
individual or group. For instance, thermal imaging
enables the detection of the temperature of
materials animals interact with and facilitates the
identification of cohabiting species, particularly
endothermic ones. When integrated with drones,
thermal cameras provide the unique advantage of
capturing real-time  video and images
supplemented with temperature data. This
technology significantly enhances researchers’
ability to detect both tagged and untagged animals
in challenging environments, such as dense
canopies, thick vegetation, or low-light conditions.
Moreover, it facilitates the study of behaviors that
were previously difficult to monitor, such as sleep
patterns, thereby greatly advancing research
methodologies. Observing animals at night is
critical for uncovering hidden social and ecological
dynamics that are often missed during daytime
observations

For instance, A study by Loftus et al. (2024) on
olive baboons (Papio anubis) highlights the
significant role of shared sleeping sites in shaping
social dynamics. While disrupting individual sleep
quality, they simultaneously promote intergroup
social tolerance and coordination. Individuals who
shared sleeping sites demonstrated more cohesive
movement and engaged in prolonged interactions
over subsequent days. This research utilized
thermal imaging as a non-invasive method to
observe and identify nocturnal interactions,
expanding knowledge of previously scarcely
documented behaviors.



In addition to tracking, thermal data can provide
valuable insights into the internal states and
responses of animals to specific stimuli in both
laboratory and field settings. For instance, in
primates, nasal temperature has been identified as
a reliable indicator of stress levels (Kuraoka and
Nakamura 2011). By combining physiological
measurements, such as thermal imaging, with
movement data, researchers can gain a deeper
understanding of how specific stimuli influence
decision-making processes and social dynamics
within groups.

Recent research, such as the study by (Barrault
et al. 2022)has demonstrated the potential of
thermography to reveal an interplay between
social and physiological responses in competitive
contexts. The study observed wild chimpanzees
(Pan troglodytes) during social feeding events and
found variations in nasal temperatures based on
the type of food and the social composition of the
audience. In more competitive scenarios, such as
feeding on meat in the presence of dominant
males, nasal temperatures were notably lower,
reflecting heightened stress levels. Conversely, in
cooperative or less contested situations, such as
feeding on figs and being surrounded by more
closely bonded social partners, higher nasal
temperatures were recorded, indicating a more
relaxed physiological state.

By extending the wuse of thermography,
researchers can capture physiological and
behavioral phenomena that are otherwise
challenging to measure.

Moreover, Thermal cameras can provide
substantial advantages for ecological studies,
including population estimation, and the analysis
of movement patterns based on directional choices
relative to known benchmarks (e.g., tracking bats’
directional movement to and from their colonies in
caves). These thermal videos are especially
beneficial in low-visibility environments or when
data from a limited number of tagged individuals
prove insufficient
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Figure 3. Thermal images captured via the remote
controller of a thermal camera. The images highlight
temperature variations, enabling clear differentiation of
bats from their surroundings, thereby facilitating
population estimation surveys. Top: A Mauritian fruit bat
(Pteropus niger) colony roosting in the forest canopy.

Bottom: Mauritian free-tailed bat (Mormopterus

acetabulosus) colony roosting in a cave. Yovel's Bat Lab

research station, Mauritius, December 2022.

LiDAR (Light Detection and Ranging), the third
sensor, has recently gained increased attention.
Originally developed for precise engineering and
topographic measurements, LIDAR has emerged
as a critical tool in ecological research, offering
high-resolution data for studying environmental
structures and dynamics. LiDAR technology
functions by emitting rapid laser pulses toward a
target area, which are reflected off surfaces and
returned to the sensor, and by measuring the time
taken for the laser pulses to travel to the target
and back the system calculates the precise
distances. This enables the creation of highly
detailed three-dimensional maps or models of the
scanned environment or objects, making it a
powerful tool for spatial analysis and



environmental mapping(Eitel et al. 2016).

Recently, in Yovel’s Lab, we have adopted this
sensor for diverse applications. The utility of LIiDAR
is often dependent on spatial context. For example,
when studying small animal models such as
insects, LIDAR can serve as a 3D measurement
tool in fixed environments. Allowing researchers to
track insect movements from a stationary sensor
perspective, providing insights into their spatial
behavior and interactions with their
environment(Kirkeby, Wellenreuther, and
Brydegaard 2016).

LIDAR also excels in generating models at
varying scales, from capturing the precise
dimensions of a single tree achievable with
centimeter-level accuracy to modeling expansive
landscapes spanning kilometers, albeit with
reduced precision. A recent study led by
Goldshtein in Yovel’s lab (Goldshtein et al. 2024)
investigated the navigation strategies of wild
Kuhl's pipistrelle bats (Pipistrellus kuhlii). The
findings revealed that these bats rely on acoustic
cognitive map-based echolocation cues for
navigation, even in relatively uncluttered
environments.

To further explore how bats use acoustic
information for navigation, we constructed a high-
resolution 3D model of their habitat in the Hula
Valley, Israel, using LiDAR technology. This model
accurately represented the  experimental
environment, enabling precise calculations of the
sound entropy within this setting.

Sound entropy quantifies the variation and
complexity of the acoustic environment, in this
study, as perceived by echolocating bats.

Higher entropy values were associated with
complex environments, such as orchards, or edges
of roads and rivers, which generate diverse and
intricate echoes. In contrast, lower entropy values
correspond to simpler environments, like open
crop fields. By integrating a 3D model of their
habitat with the routes chosen by the bats in the
experiment, the study provided new insights into
how bats navigate and localize themselves within
their environment.

In conclusion, advanced external sensors such
as sound cameras, thermal cameras, and LIiDAR
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represent a significant advancement in animal
behavior and movement studies. These tools can
complement biologging techniques or can function
as stand-alone sensors for various research
purposes.

By addressing the limitations of traditional GPS
tracking, they offer a broader and more detailed
perspective on animals' natural behaviors, with
each sensor providing distinct advantages.
Integrating these methods opens new avenues for
conservation efforts and behavioral research,
enabling researchers to gain deeper insights into
the natural world.
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CBBDPCASFI>O-RUTLEEU,

B> —4 (data_gps.csv)

BiP (CAMENTULD AAZXFFRUD GPS
—4 (Katsufumi Sato, AORI, University of Tokyo)
D—EB=EA LU TULET . AxyTrek (Technosmart) T
sHAleneE—4ah 5. RIBBNLEZETO035 A

(filter_csv) T GPS (CBHZR I D1BHRDAZZ it L TLY
F9, T—HCE time (BE). latitude (F8E).
longitude (#2E). height_above_mean_sea_level

(&= E ). ground_speed ( 3t it i® E ) .
number_of_satellites CAM&EEL) HEFENFT.

SRITFIR

-4 -

c o s ” c
- p - r = c

1. JupyterLite ZBE. CSV J7)LZz77vO—R
I3,

2. Python OJ—R (generate_kml) Z>F+XX ~IF
1 ATHE. J—rIJvOICdE-UL. E£179 3.

1, 2OFIMEICDNT. FUL(FRIEGESEZISRE
=LY

import pandas as pd ® v &u8FA
import xml.etree.ElementTree as ET
input_file = "data_gps.csv
output_file = “output.kml"
df = pd.read_csv(input_file)
df filtered = df.dropna(subset=['latitude’, 'longitude'])
kml = ET.Element("kml", xmlns="http://www.opengis.net/kml/2.2")
document = ET.SubElement(kml, "Document”)
coordinat:
for in terrows():
None)
itude), {altitude}" if pd.notna(altitude) else f"{longitude},{latitude}"
k")
ption")

ET.SubElement (point, "coordinates").text = coord

style = ET.SubElement

iconstyle = ET.SubEle

ET.SubElement (iconsty

dinates)

tree = ET.ElementTree(kml)
with open(output_file, "wb") as f:

tree.write(f, encoding="utf-8", xml_declaration=True
print (F"KMLD 7 1 WOERART UE LUz, AT 71 IIE (output_file) ICRESNTLET. ")

KMLD 7 1 WODERD'TET LELTzs AT 7 A IVIE output.kml ICEFINTUVET

3. ERRENIZKML D7 1I)L&aAFD>0—-R9 3,
J—rIvODI—ROTFICTKML I 7 1 JLDVERK

NETUEURE. HAT7-A)UE output.kml (CRFEF

TNTVET, | ERRSNTULWNE, KML T 7-17)LAY


https://japan-biologgingsci.org/home/wp-content/uploads/2025/01/R7-1_221_compressed.pdf
https://help.bip-earth.com/how-to-use-bip8/filter_csv/
https://help.bip-earth.com/how-to-use-bip8/generate_kml/
https://help.bip-earth.com/how-to-use-bip8/plot_dt/
https://help.bip-earth.com/how-to-use-bip8/plot_dt/
https://japan-biologgingsci.org/home/wp-content/uploads/2025/01/R7-1_221_compressed.pdf
https://help.bip-earth.com/how-to-use-bip8/generate_kml/
https://help.bip-earth.com/how-to-use-bip8/generate_kml/
http://help.bip-earth.com/wp-content/uploads/2024/10/data_gps.csv
https://help.bip-earth.com/how-to-use-bip8/filter_csv/
https://help.bip-earth.com/wp-content/uploads/2024/12/generate_kml.txt

YER SN TUVE T, BEANS output.kml &, 45
D>O—-RUTLEEN,

File Edit View

B Open
Open With »

+ Open in New Browser Tab

./

/' Rename F2
Name X Delete Del
B data K Cut Ctrl+X
M@ notebooks 0 Copy Ctrl+C
EH data_dt.csv [*] Paste Ctrl+V

HH data_gps.csv ¥ Download
H data.csv [] Duplicate
HH filtered_data.cs\

Ctrl+D

D

Copy Path

® [F] generate kmlig e Copy Shareable Link

M output_graph.p

[ outputkml

New File

(=] [

New Notebook

4. Google Earth TH<

PC (C Google Earth 1> X b—)LULTLWUZ,
output.kml Z2'J)w 33 & Google Earth _E (CEARR
NERENZFET,

GPS (CBR5 Y. BEREBHR (time, latitude,
longitude) ZSATZBIP JA—XY DI 7AIL T
NE. KML J7AILZER T D ENTEET,
Jupyterlite E T ELCIW U TANDT 7AI

(input_file) & 77 -)L (output_file) D=
ZELUCTERLIZE,

# AT PANELNT 71D/
input_file = "data_gps.csv"

output_file = "output.kml"

plot_DT : FE - BET—5 DRI S I &ERR
TBKEMWIDITENV AT T DR, EEKEDELE
BRITHELEIDZENEETT., ATOTS A
plot_DT (&. BiP TH D> 0O—RUEZRE - KB —
HaGFIHAF. BRINITS I =ERUET .

-25-

ERF—%

- data_dt.csv

BiP (CABENTWVWD IV IADISSDBKT—4H
(324# : Kagari Aoki, Teikyo University of Science)
D—EEFERALTVWET, T—H(C(E time (HE).
depth GZEE). temperature (KR HNEFENZET,

ETFIE

1. JupyterLite ZBE. CSV J7I)LZz77vO—R
CESR

2. Python J—R (plot_DT) Z5*+XAMIF44T
ME. J—hJvo(CdE—-U. FT793,

import pandas as pd [c]
import matplotlib.pyplot as plt

_dt.csv')

# HFF#R%Zpandas Ddatetime T(- 22
data[ 'time'] = pd.to_datetime(data['time'])
# 7S JDERE

fig, (ax1, ax2) = plt.subplots(2, 1, sharexzTrue, figsize=(10, 8))
# Ke# (Depth J)v--:‘i— (F&)

ax1.plo t(d ta[ 'ti , data['depth'], color='blue',
ax1.set_ylabel('De pth (m)*', color='blue')
ax1.set_ylim(data['depth'].max(), @) # 0Z& _LI/CL TdepthDMWAMEE FICRTE
ax1.grid(True)

axl.set_title('Depth and Temperature over Time')

label="Depth')

) DERE (BRE)
data[ 'temperature

# ##2 (Temperature
ax2.plot(dat , color='yellowgreen
ax2.set_ylabel('Temperature (°C)', color='yellowgreen')
ax2.set_ylim(data[ 'temperature'].min(), datal’temperature’].max())
ax2.grid(True)

', label='Temperature')

# WMBORE (FolDtime#)
ax2. setixlabel( ‘Time')

ou
plt.savefi g( utput_graph.png", dpi=300, bbox_inches='tight') # B& L THFF

3. HhTnNeERE#ERL. 9O>0—-R93,
/—I\j‘JOGDZI—i\O)—F(uth (k) - &8 (F)
DEFRIIRNFTREN. Jupyter E(CEBHRD 71 ILAY
J74)L%& (output_graph.png) TREFE=NTLD
DR L TIZE,

AT u\\” Il
\ WWV’H\’ Y o \\f
|

L"/ |

FE - KBT—HREATE BIP JA—Xv DI 7o
ILTHNIZ., BRIIRZFRRIDZENTEET,
JupyterLite L THECISUTARD - HHIT7AILE%Z
ZEIDFH. MEDOFRREBFEDROBZEELT. 2
FERIZE0.
REF. IMREF—FOa{tz@Eo> 270035 A
SI"EI) | IBFECY,


https://help.bip-earth.com/how-to-use-bip8/plot_dt/
http://help.bip-earth.com/wp-content/uploads/2024/10/data_dt.csv
http://help.bip-earth.com/wp-content/uploads/2024/12/plot_DT.txt
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