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Abstract: Drones equipped with thermal cameras have recently become readily available, broad-
ening the possibilities for monitoring wildlife. The European hare (Lepus europaeus) is a nocturnal
mammal that is closely monitored in Denmark due to populations declining since the mid-1900s.
The limitations of current population-assessment methods, such as, spotlight counts and hunting
game statistics, could be overcome by relying on drone surveys with thermal imaging for population
counts. The aim of this study was to investigate the use of a DJI Mavic 2 Enterprise Advanced drone
with thermal imaging as a tool for monitoring the Danish hare population. Multiple test flights were
conducted over agricultural areas in Denmark in spring 2022, testing various flight altitudes, camera
settings, and recording methods. The test flights were used to suggest a method for identifying and
counting hares. The applied use of this methodology was then evaluated through a case survey that
had the aim of identifying and counting hares over an agricultural area of 242 ha. Hares could be
detected with thermal imaging at flight altitudes up to 80 m, and it was possible to fly as low as 40 m
without observing direct behaviorial changes. Thermal images taken at these altitudes also provided
enough detail to differentiate between species, and animal body size proved to be a good species
indicator. The case study supported the use of thermal imaging-based drone surveys to identify hares
and conduct population counts, thus indicating the suggested methodology as a viable alternative to
traditional counting methods.

Keywords: wildlife monitoring; UAV; unmanned aerial vehicle; aerial survey; population ecology;
conservation biology; animal behavior; wildlife management

1. Introduction

Quantitative information on wildlife populations is necessary for understanding re-
lations between species and their habitat requirements, thereby providing information
essential for nature management and conservation. To conduct wildlife population counts,
traditional field surveys have been widely used in the past. Traditional population monitor-
ing includes direct methods, such as field observations of animals on foot or from a manned
aircraft, images from fixed onsite locations captured by using camera traps, fecal density
counts, and sampling with mark-recapture methods, and indirect monitoring methods, e.g.,
yearly hunting harvest statistics [1–8]. However, over the past decade the use of drones
(unmanned aerial vehicles) has emerged as a precise and noninvasive method for surveying
wildlife populations [9–15]. Drones may be used in environments that are difficult to moni-
tor by traditional methods [11,16]. Even in areas that are easily accessible, drone surveying
has in many cases been proven to provide accurate population estimates [9,11,12,14,16,17].
Moreover, drones often reduce time and labor expended on ground surveys and are a
cheaper alternative to manned aerial surveys [18].
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Drones equipped with thermal cameras have recently become readily available [19].
This development has furthered the use of drones in wildlife research, broadening the
possibilities of drone surveys. Thermal imaging relies on animals’ body heat; that is,
an animal will appear as a bright object at thermal infrared wavelengths if the surface
temperature of an animal is warmer than the surface of its surroundings. This makes drone
surveys with thermal imaging ideal for monitoring nocturnal and crepuscular species (e.g.,
kangaroos (Macropodinae spp.) [20,21] and deer (Cervidae spp.) [18,22,23]), along with forest-
dwelling species (e.g., koalas (Phascolarctos cinereus) [24] and macaques (Macaca spp.) [22]),
and species camouflaged by their cryptic fur or plumage [25].

The European hare (Lepus europaeus) is a nocturnal species with a cryptic fur, making
them difficult to detect. The European hare has been a species of interest in many European
countries since the mid-1900s, when populations began declining all over Europe [26–28].
Moreover, hare are considered a valued game species in Denmark and other countries [26,29].
The status of the European hare is classified as a matter of least concern in Europe, despite
populations continuing to decline [28,30]. Population declines have been linked to the
intensification of agricultural practices, e.g., increased use of herbicides and homogeneous
crop choices [26,31,32]. The Danish population declined more than 30% in the early 2000s,
leading to the European hare being included on the Danish Red List as a vulnerable species
in 2007 [28]. However, throughout the past decade this decline has been reduced to 10% and
the European hare was reclassified as a least concern in 2019 [33]. A national management
plan was created in 2013, which has resulted in a steady development in the Danish hare
population [34,35]. These results are based on annual hunting game statistics and local
population counts conducted by volunteers annually in the spring and fall.

Local population counts are completed with the spotlight method, where counts are
performed 1–2 h after sunset [36]. Spotlight counts are conducted from a car moving
approximately 10–25 km/h along a transect line. Handheld spotlights are then used to
illuminate 150 m to each side of the transect route. Observers detect hare based on their
silhouette and the light reflection from the hare’s eyes [36]. The quantity of reflected light
that is returned to the observer’s eye decreases with distance; e.g., if the distance between
the hare and observer is doubled, the amount of light returned is reduced by 94% [32].
Counts are conducted by volunteers without any formal training; thus, results are likely
biased based on observer experience and hare distance [37]. The spotlight method assumes
that the population distribution in the illuminated area is representative of the distribution
of the entire population. However, hares have been found to have an irregular spatial
distribution [29,32]. Nonetheless, spotlighting is still considered to be the best method for
studying large-scale hare population trends with many study areas and volunteers [29].
Hunting game statistics are also used in many countries to provide an overall indication of
population trends; however, game bag records may not provide reliable data for counting
hares, as they rely on hunting tradition and legislation [4,26,29,38].

The limitations of spotlight counts and hunting game statistics could be overcome
by relying on drone surveys with thermal imaging for population counts. However, the
use of drone surveys with thermal imaging has yet to be demonstrated for identifying and
counting hares. The value of drone surveys is dependent on a number of flight parameters,
such as flight altitude and speed. When determining flight altitude and speed, there is
a tradeoff between the maximum ground area able to be covered in the available flight
time and the minimum resolution required for species identification [11,25,39–41]. It is,
therefore, necessary to consider the size of the animals of interest and the aim of the survey
when determining flight altitude.

Research demonstrating the use of drone surveys with thermal imaging for detecting
and monitoring small mammals is limited, with the majority of previous studies focusing
on larger mammals, such as, deer (Cervidae spp.), alpaca (Vicugna pacos), and the long-tailed
macaque (Macaca fascicularis) [19,22,23,42,43]. Thus, there is a need for studies assessing the
use of drones equipped with thermal cameras as a monitoring tool for smaller mammals.
Psiroukis et al. [44] recently demonstrated the use of aerial thermal imaging to monitor
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free-range rabbits, proving that mammals as small as rabbits can be identified and counted
by using drone surveys with thermal imaging. This study identified a flight altitude of 25 m
as the optimal flight altitude that was low enough to capture images of sufficient resolution
without disturbing the rabbits [44]. However, although this study proves the use of aerial
thermal imaging for monitoring mammals smaller than hare, the survey areas of the study
were only 2 ha each [44]. Wildlife population counts often rely on the surveillance of much
larger areas. It is, therefore, important to determine a flight methodology, including the
optimal flight altitude suited for covering larger ground areas.

The aim of this study was to investigate the potential use of a drone equipped with a
thermal camera as a tool for monitoring the European hare population in Denmark. More
specifically, this study tested multiple flight altitudes to find the appropriate flight altitude
for identifying European hares. The maximum flight altitude was expected to be dependent
on animal size. Furthermore, it was anticipated that animal body size could be used as a
general indicator of species. Moreover, flight speed and flight pattern were tested along
with camera angle and recording method, to identify the ideal parameters for conducting
population surveys with drone-based thermal imaging. Based on the results of these test
flights, an appropriate method for identifying and counting hare with drone surveys by
using thermal imaging was suggested. The applied use of the suggested methodology
was evaluated through a case survey with the aim of identifying and counting hares over
agricultural areas with a total area of 242 ha.

2. Methods

Two different sites with agricultural landscapes in Northern Jutland, Denmark, were
used to carry out multiple aerial surveys (Figure 1). The first site had an area of 39 ha and
was used to carry out test flights between 21 March 2022, and 13 April 2022. The second site
had an area of 242 ha and was only used for the case survey that took place on April 20th,
2022. All flights took place before sunrise or after sunset with the ambient temperature
ranging from 2.4 ◦C to 8.5 ◦C. The drone used in this study was the DJI Mavic 2 Enterprise
Advanced (M2EA) equipped with low-noise propellers. The M2EA had an integrated dual
camera and gimbal system with a 640 × 512 px thermal camera that had a field of view
(FOV) of 48◦× 38◦. The DJI Pilot App was used to conduct both manual flights and mission
flights [45].

Figure 1. Index map showing the locations of the area of test flights, Vrå (57.37229 N, 9.91373 E), and
the case survey, Ulsted (57.09403 N, 10.27624 E).

2.1. Flight Parameters

To find the optimal method for identifying and counting hares with drone surveys,
flight method, flight altitude, and flight speed were tested along with recording method and
camera angle. To compare flight methods, both manual and mission flights were conducted,
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and while manual flights were not well suited for conducting systematic surveys, they
were ideal for quickly finding individuals and closing in on them. Manual flights were,
therefore, used to test the animals’ response to different flight altitudes. This was done by
the drone hovering above an animal at an altitude of 80 m before slowly descending, briefly
pausing every 10 m and stopping when the animal reacted to the presence of the drone.

To assess the tradeoff between area covered and species identification, a series of flights
were conducted at 40 m, 60 m, or 80 m, covering 35.6 m, 53.4 m, and 71.2 m horizontally,
corresponding to 18 px/m, 12 px/m, and 9 px/m. These three flight altitudes were selected
based on initial flights, indicating that at flight altitudes greater than 80 m, animal detection
becomes challenging and at flight altitudes lower than 40 m animals began reacting to the
presence of the drone, thus, altering their behavior, e.g., running away from the drone.
Moreover, flights conducted at an altitude of 40 m should ensure well-resolved images for
species identification. Burke et al. [46] suggested that the minimum resolution for accurate
classification and temperature measurement is approximately 10 pixels. The optimal flight
altitude can, therefore, be calculated based on camera specifications and the average size of
the animal species in question by using the following equations [46]. First, it is important
to know the camera’s angular pixel scale, ρa, as defined by the camera’s horizontal field of
view, θ, and the horizontal resolution of the camera, Npixels:

ρa =
θ

Npixels
. (1)

It is also necessary to find the desired physical pixel scale, ρp, i.e., the desired length
in meters each pixel should cover. Thus, determining the resolution, based on the length of
the animal, la, and the desired resolution of the animal, npixel :

ρp =
la

np
. (2)

The body length of a European hare is approximately 50–70 cm [28], i.e., for optimal
thermal detection a pixel scale of ρp = 0.05 m/pixel (5 cm per pixel) is required. Body
width could also be used instead of body length, depending on which is larger. The optimal
flight altitude, h, can then be calculated based on the desired physical pixel scale and the
angular pixel scale of the camera:

h =
ρp

tan(ρa)
. (3)

Therefore, to detect a hare with a body length of 60 cm the maximum flight altitude
should be approximately 46 m with a DJI M2EA.

2.2. Case Survey

A case survey was conducted with the aim of surveying the hare population over a
larger area, where the flight route covered an area of 242 ha. The survey was conducted
as a mission flight, meaning that a flight plan was created prior to takeoff, ensuring a
systematic coverage of the entire area (Figure 2). This flight method was selected based on
previous flights exploring both mission flights and manual flights, where it was determined
that mission flights were ideal for conducting systematic population counts. The flight
route was created with a 10% side overlap, meaning that neighboring frames from parallel
transect lines had a 10% overlap. Moreover, the case flight was conducted at an altitude of
60 m and a speed of 7 m/s based on previous flights comparing flight altitude (40 m, 60 m,
and 80 m), and flight speed. Previous flights also determined video filming as the preferred
recording method compared to taking systematic overlapping pictures throughout the
route. The camera was, therefore, set to record in video mode at an angle of 90◦, i.e., the
camera was pointing straight down toward the ground. This angle was selected as it
enables the option of mapping the animals’ position later on.
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Figure 2. Example flight route mapped in DJI Pilot App [45]. The blue area indicates the ground
area covered on the aerial images and the green lines show the flight route with distances between
mapping points annotated along the route.

2.3. Data Analysis
2.3.1. Species Classification

Species were primarily classified from images and videos based on the size and shape
of their heat signatures. Moreover, when analyzing videos, the animals’ movement style
could also contribute to correctly identifying species. The size of each animal was calculated
based on its pixels by using Equation 4:

la = h · tan(ρa) · np. (4)

A pairwise Mann–Whitney U-test was conducted with R [47] to test if median body
size, calculated by using thermal pixel size with Equation 4, was different between
animal species.

2.3.2. Mapping Observations

Observations from the case flight were mapped in ArcGIS Pro [48] by using the Full
Motion Video (FMV) player [49], which is an Image Analyst extension in ArcGIS Pro. The
FMV player requires videos to be combined with their associated metadata into a single,
geospatially aware video file [49]. Each video from the case flight was, therefore, combined
with its associated metadata file to create FMV-compliant video data by using the Video
Multiplexer tool. However, prior to this, the original metadata files had to be converted
from SRT files to CSV files, which was done in Python [50]. The FMV player was then
used to play the resulting FMV-compliant videos and map animal observations. A new
point feature class was created for each animal group, and observations were annotated
in the FMV player and added to their respective feature class when they occurred in the
video. This method of annotating observations in ArcGIS Pro, ensured that observations
in the 10% overlap margin appearing on neighboring frames were only scored as a single
observation, thus, minimizing the risk of double counts arising due to the 10% overlap.

3. Results
3.1. Flight Altitude

Hares can be identified at flight altitudes up to 80 m (Figure 3). During test flights,
animals initially identified as hares were further observed until they moved, where their
unique posture during movement was used to confirm the species classification. Moreover,
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at flight altitudes below 40 m the animals reacted to the drone, moving away from the
drone in 90% of the cases.

(a) Image of hare taken at 40 m

(b) Image of hare taken at 60 m

(c) Image of hare taken at 80 m

Figure 3. Thermal images of hare taken at an altitude of 40, 60, and 80 m, respectively.

3.2. Species Classification

A total of 85 animals were recorded throughout all flights, including the case survey.
Of these animals, 35 were classified as hares, 34 as roe deer (Capreolus capreolus), 15 were
classified as smaller unidentifiable animals, and a single animal was classified as a red fox
(Vulpes vulpes). Animals were mainly classified based on their size; however, the red fox
was only possible to classify due to its unique posture during movement (Figure 4).
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(a) European hare (b) Four roe deer

(c) Small unidentified animals (d) Red fox

Figure 4. Thermal images of different animals taken at an altitude of 60 m.

There was a significant difference between body sizes of different animal species
based on their thermal pixel size (Figure 5). The median body length of hares was 0.694 m
(IQR = 0.555–0.833 m), which was significantly smaller (p < 0.001) than the body length
of roe deer (median=1.11 m, IQR = 0.989–1.25 m) and significantly larger (p < 0.001) than
the body length of smaller unidentifiable animals (median=0.416 m, IQR = 0.416–0.416 m).
The body width of hares (median=0.416 m, IQR = 0.382–0.555 m) was also significantly
smaller (p < 0.001) than that of the roe deer (median = 0.642 m, IQR = 0.446–0.833 m).
However, the hares’ median body width was not significantly different from that of the
smaller unidentifiable animals (median=0.416 m, IQR= 0.416–0.416 m).
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Figure 5. Body size of hares (n = 35), deer (n = 34), and smaller unidentifiable animals (n = 15). The
body size was defined by (a) body length, (b) body width, and (c) surface area visible from above.
Significance differences between the respective animal groups are denoted above the box plots, with
∗∗∗ indicating a significance level of p < 0.001.

3.3. Case Survey

The case survey, conducted at an altitude of 60 m, covered a total area of 242 ha. This
yielded a flight route with a total distance of 60,719 m, which took approximately three
hours, excluding additional time and distance required to change batteries. Six batteries
were needed to complete the aerial survey. If the case survey had been conducted at
an altitude of 40 m the flight route would have been 82,393 m and taken approximately
four hours to complete. The case flight resulted in the mapping of 57 animals in total, of
which 18 were identified as hares, 23 were identified as roe deer, a single observation was
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identified as a red fox, and 15 were classified as unidentifiable animals smaller than hare
(Figure 6). Concurrent with the drone survey, traditional spotlight counts were conducted
by volunteers from the Danish Hunters Association. These counts were conducted from
a car moving approximately 10–25 km/h along a transect line from where the observers
used handheld spotlights to illuminate 150 m to each side of the transect route, counting
sightings and differentiating groups of animals by the reflection of their eyes (Figure 6).
In total, 42 animals were spotted by car: 15 hare, 21 deer, one fox, and five unidentified
small animals. Divided by the area surveyed, this gives 0.24 animals in total per ha and
0.07 hares per ha spotted by drone, and 0.17 animals in total per ha and 0.06 hare per ha
spotted by car, disregarding the distance and angle to the observed animal.

Figure 6. Animal observations recorded 20 April 2022, during the case survey. The light green area
shows the area surveyed, 242 ha in total. The top map shows drone thermal sightings, and the bottom
map shows sightings by car, using spotlights.

4. Discussion
4.1. Flight Parameters

The flight route of the case study was set to have a 10% side overlap between par-
allel transect lines to reduce the probability of counting the same animal multiple times.
Witczuk et al. [18] suggests a 100 m gap between parallel transect lines to minimize the
chance of double counts. However, when mapping the video images and observations,
it was easy to identify stationary individuals that appear in the 10% overlap margin on
parallel transects and thereby ensure these individuals are not counted twice. Hence, it is
difficult to completely avoid the multiple observations of the same individual. For double
counts to occur, certain conditions must be met after first detection. First, the animal must
be moving, secondly, the direction of movement must be toward the remaining transects,
and lastly, the speed of movement needs to be fast enough for the animal to arrive before
the drone [18]. Hares have a home range of approximately 20–40 ha and can run up to
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70 km/h [28]. Thus, the probability of double counts is relatively high but will also be
dependent on transect length, with longer transect lines increasing the time before the
drone surveys the next transect lines. However, as long as animal movement is random
relative to the transect lines, which it will be if animals are not affected by the drone, then
multiple detection of the same animals on different transects does not introduce bias [18].
Only when flying at altitudes at which the animals are affected by the presence of the drone
will the animal movement no longer be random relative to transects and introduce bias.

Different flight altitudes have their own advantages and disadvantages. Lower alti-
tudes increase detection probability; however, flight distance and time are also increased
when flying at lower altitudes. Thus, flying at lower altitudes may limit the survey area,
depending on time frame and batteries available. When determining the size of the survey
area it is important to consider the distribution of the animals in question. In theory, the
size of the survey area will not bias the results for species with a completely homogeneous
distribution. However, for most this is usually not the case, making it important to take
the species distribution into account when deciding the survey area and analyzing the
results. For species with a more heterogeneous distribution, a larger area is necessary to
provide an accurate estimation of the population size. In this case study, the hare were
irregularly distributed, supporting the findings of previous studies and emphasizing the
importance of large-scale population surveys [29,32]. Moreover, flying at low altitudes
may also have a disturbance effect on the animals, depending on the species, wind factors,
and drone and camera used. In this study, hare and roe deer were observed to react to
the drone when flying at altitudes below 40 m, despite the M2EA being equipped with
noise-reducing propellers. Similarly, Rahman et al. [22] and Rahman and Setiawan [43]
found that flying at altitudes below 50 m increased the risk of disturbing the animals.

The case study showed that a flight altitude of 60 m was sufficient to detect and
classify species as small as a hare. It was also possible to detect animals smaller than a hare;
however, it was not possible to determine the species of these small animals. The thermal
signatures of all the small animals were 2 × 2 pixels, and in all cases the small animals lay
motionless, making it difficult to determine the species. Flying at a lower flight altitude
would have increased the pixel size of these animals, providing their thermal signatures
with more detail. There is a risk that the small, unidentifiable animals were indeed hares
responding to nearby predators, e.g., humans, the red fox, or perceiving the drone as an
avian predator. Hares are known to lie still, tucked in close to the ground with their ears
pressed flat along their backs to avoid predation [51]. To avoid detection, they decrease
their body length visible from above, changing shape features on the thermal signature
used to determine the species.

When comparing observations from the drone footage with observations from the
traditional monitoring by car, there was a slight difference in the number of observed
animals (Figure 6). Thus, indicating that although drone surveying might reveal more
animals in total, hares may be easier to identify by car. However, there was not a significant
difference between the two methods, which is likely due to the limited amount of data of the
case study. The comparison of the drone survey with the traditional spotlight count should
be considered as a preliminary result, proving the use of drone surveys as an alternative
method. Further studies are needed to compare the use of drone surveys with spotlight
counts over multiple areas.

4.2. Species Classification

Body size proved to be a useful determiner of species, with the species in this study
varying significantly in size. However, body size should not be the only criterion for species
determination, as the size of some species may overlap. Prior to surveying an area, it is
important to not only consider the size of the target species, but to also consider the size of
any other species in the area. Species overlapping in size, may be distinguishable based on
shape and movement posture, i.e., a hare’s jumping locomotion contrary to a fox trotting.
Witczuk et al. [18] was able to differentiate between species overlapping in body length
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(red deer (Cervus elaphus) and wild boar (Sus scrofa)) based on the shape of their thermal
signatures. The thermal signature of red deer was thinner with a distinctive head, whereas
wild boar had a wider thermal signature without a distinctive head [18]. In the same
study, the thermal signatures of roe deer were described as small headless signatures [18].
Contrary to this, the roe deer recorded in the current study were easily classified due to
their thermal signatures having distinctive heads. This difference in thermal signature
shape can be explained by the difference in flight altitude. In Witczuk et al. [18], thermal
signatures were recorded at an altitude of 150 m, whereas thermal signatures in this study
were recorded at altitudes between 40 m and 80 m. This increases the resolution and allows
thermal signatures to include more detail.

Automatic detection and species identification may become available for thermal
drone surveys of mammals with the collection of more data. With automatic detection it
may be possible to identify smaller species that have too little detail for the human eye
to classify [18]. Species recognition with machine learning techniques should not only be
based on size and shape of thermal signatures, but also incorporate other variables, such as
pixel temperature or distribution of pixel intensity, to distinguish between species [11,18].
Automatic recognition may also allow for species identification at higher altitudes, thus
potentially further reducing the time and labor required to conduct population counts.
Recent advances in machine learning have already enabled automated identification and
enumeration of wildlife [44,52]. Psiroukis et al. [44] demonstrated that using deep learning
techniques to count the number of rabbits in single thermal drone images taken at an
altitude of 25 m was comparable to manual counts. For automatic species identification to
be reliable, an extensive reference library with a large variety of training data is required.
Future research should, therefore, focus on creating such a reference library with not
only a variety of species, but more importantly a variety of intraspecific observations, as
intraspecific observations can be highly variable based on the environmental conditions,
camera angle, and animal posture. However, automatic detection with smaller datasets is
possible by using convolutional neural networks (CNNs) [53]. Preexisting general purpose
CNNs can be retrained to detect a target species in thermal drone images by using transfer
learning techniques (i.e., only a few hundred images are necessary to train a CNN for
automatic detection of a target species). In comparison, training a CNN from scratch would
require hundreds of thousands of training images [53]. CNNs use the spectral value of each
pixel along with the pixel’s proximity to other pixels in the image matrix to identify unique
features, e.g., the outline of an animal. These features are then used to classify the animal
based on their similarities with features in training images. CNNs can recognize when an
object in an image matches most but not all of the expected features and is able to correctly
classify the object despite these differences [53]. Thus, enabling identification of wildlife in
different contexts (e.g., different backgrounds), resulting in a contrast between an animal
and its varying background, and intraspecific differences in size, shape, and temperature.

4.3. Limitations

The current European drone regulations state that the drone must always be in the
pilot’s line of sight. This requires the pilot to frequently relocate and limits the survey
areas to locations where the pilot can follow the drone, so as to not lose his or her line of
site when covering larger areas. However, it is possible to receive dispensation, partic-
ularly when flights are carried out in agreement with local authorities for research and
conservation purposes. Another current limitation of drone surveys is the time associated
with analyzing and mapping the large amounts of video and image data acquired. Hence,
emphasizing the importance of developing robust software for automatic detection and
species identification.
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5. Conclusions

It was possible to identify hares and conduct population counts by using drone sur-
veys with thermal imaging. Hares could be detected at flight altitudes up to 80 m with
the M2EA’s thermal camera, and it was possible to fly as low as 40 m without disturbing
the animals. Images taken at flight altitudes between 40 and 80 m provided enough detail
to differentiate between species, with animal body size proving to be a good indicator of
species. Future research should focus on advancing automatic detection, species identifica-
tion, and creating a shared reference library with robust data gathered from a variety of
species in different contexts.
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