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Simple Summary: In recent years, with global warming and climate change, there have been many
cases of successful hornet invasions in some areas. The successful invasion of hornets not only
has an impact on local human security and economic activities, but also seriously threatens the
bee ecosystem, which has attracted the attention of scientists. Therefore, taking some measures to
suppress the foraging and expansion of hornets becomes an important subject. Compared with
attractant trapping and poison baits, hornet-tracking technology, which tracks hornets to find their
nests, is a more efficient and feasible method. This review paper discusses several common hornet-
tracking methods, analyzes the advantages and disadvantages of different methods, and provides a
theoretical basis for the development of hornet-tracking technology.

Abstract: Hornet is a general term for insects of the genus Vespa (Hymenoptera: Vespidae). Hornets
are predatory insects distributed worldwide. They often appear at apiaries in groups to prey on
honey bees, and cause incalculable losses in the honey bee industry. In the face of hornet intrusion,
tracking a homing hornet to find its nest is the most efficient way to discover and eliminate the
hornets around an apiary. Here, five hornet-tracking methods (hornet tag tracking, triangulation,
thermal imaging technology, harmonic radar, and radio telemetry) are reviewed. The advantages,
disadvantages and feasibility of each method are discussed to improve the strategies for tracking
hornets. Therefore, this review provides ideas for the development of hornet-tracking technology
and for improving honey bee protection.

Keywords: hornet; tag tracking; triangulation; thermal imaging; harmonic radar; radio telemetry

1. Introduction

Hornets belong to the genus Vespa (Hymenoptera: Vespidae) and are predatory euso-
cial insects that form moderate to large annual colonies [1], with 22 extant hornet species
known worldwide [1,2]. Some invasive species of hornets have caused significant pressure
on human health and social activities in some areas [3]. At the same time, their predation
of pollinating insects negatively impacts on local pollination services [4]. For example,
they prey on bumblebees (Bombus terrestris Linnaeus, 1758) and honey bees [5], and their
predation of the latter has severely affected the honey bee industry in many parts of the
world [6,7]. Among them, yellow-legged hornets (Vespa velutina Lepeletier, 1836), Asian
giant hornets (Vespa mandarinia Smith, 1852), and Oriental hornets (Vespa orientalis Linnaeus,
1771) have captured the most attention [1]. The yellow-legged hornet is native to Southeast
Asia [8,9]. However, it is an invasive species in East Asia and Central and Western Eu-
rope [10,11]; it has rapidly spread throughout Europe since its first discovery in France in
2004, causing severe damage to local honey bee colonies [12,13]. Similarly, the Asian giant
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hornet was detected in western British Columbia in Canada and Washington State in the
United States [6,14], and it may have successfully wintered in North America [15]. Over
the past few years, V. orientalis has colonized several European countries [16]. In recent
years, the Oriental hornet was found in central Chile in 2020 [17], posing a direct threat to
the beekeeping industry and having the potential for continued invasion.

The invasion of apiaries by hornets has always been a problem for beekeepers, and
the economic losses caused are difficult to estimate. Generally, newly emerged hornet
queens mainly feed on sugar sources such as nectar and fruit juice, but brooding requires
them to consume a large amount of protein to ensure the growth of larvae [18,19]. To
obtain protein, hornet workers hunt a wide range of insects, and honey bees are among
their most preferred protein sources [19,20]. The identification of prey pellets revealed
that the proportion of honey bees among the prey captured by yellow-legged hornets
reached 38.1%, which was the highest proportion of all prey [21]. They prey on bees at the
entrance of the bee hive, which leads to an increase in the probability of overall homing
failure of foraging bees [22,23]. This lockdown causes stress and seriously affects bee
colony strength [18]. V. mandarinia is the largest hornet in the world [24], and this species
marks the target beehive with pheromones as a food source signal to their cohort [25].
Then, they appear in groups in front of the hive to kill the worker bees and enter the
hive to plunder the honey, pollen, and larvae. In Japan, there are reports that more than
a dozen hornets can destroy a colony of 30,000 individuals [15]. The eastern honey bee
(Apis cerana Fabricius, 1793) has evolved several strategies during its long struggle with
hornets [5,26]. For example, A. cerana uses the “heat-balling” [27] defense strategy to
produce high concentrations of CO2 and high temperature and humidity to wrap and kill
its natural enemy, V. mandarinia [28,29]. Another strategy of A. cerana is to collect plant
materials to smear around the hive entrance to protect against hornets [30]. However, most
western honey bees (Apis mellifera Linnaeus, 1758) have difficulty resisting hornets because
of their inefficient and disorganized defenses against them [31]. Therefore, hornet invasion
has created great challenges for honey bee management.

At present, hornet control methods include attractant trapping, poisoned baits, and
nest-tracking methods. The attractant trapping method requires the combination of an
attractant and a trap to capture hornets and prevent the hornets from intruding the api-
ary [32]. Common attractants include sugar-based baits [32,33], protein baits [34], and
various compounds (pheromones and chemical volatiles) [20,35]. This method can safely
and effectively suppress the spread of hornets in the apiary. However, the traps attract
not only hornets but also many nontarget insects [36]. The method by which hornets carry
poisoned baits to destroy their nests is effective, and these poisoned baits can destroy nests
remotely. However, releasing toxic substances into the environment can cause collateral
damage [37]. Nest tracking utilizes the homing instinct of hornets [38,39]. Tracking the
homing hornets and locating their nests may be a viable approach to contain them [40].
Of course, through social propaganda and collecting local residents’ eyewitness reports
on hornets and hornet nests, combined with hornet-tracking technology, the nests can
be locked more quickly and efficiently. For example, in the case of controlling V. velutina
on a Mediterranean island, more than half of the nests (58%) were found through citizen
reports [41].

The early identification and destruction of nests by tracking homing hornets is a
more effective method for overcoming the current hornet crisis [39,42]. At present, the
commonly used tracking technologies are visual tracking and radio signal tracking. In
view of the advantages of using hornet-tracking technology for addressing hornet invasion,
we summarize various hornet-tracking methods to provide a theoretical basis for the
prevention and control of hornet invasion.
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2. Visual Tracking
2.1. Hornet Tag Tracking

Once the hornets fly away from the apiary, they are very difficult to track with the
naked eye. The hornets quickly get out of sight or blend into the complex sky background,
resulting in tracking failure. A hornet tag can assist the naked eye in observing the flight of
a hornet, thereby simplifying tracking. A tag is generally composed of a thin thread and a
lightweight feather or paper strip. The thread is tied to the waist of the hornet as a tracking
mark. The tracking mark of a hornet can be tracked with a telescope or an unmanned aerial
vehicle (UAV) to locate the hornet’s nest. Reynaud and Guérin-Lassous designed a system
that can achieve multiple UAVs with autonomous flight capabilities to cooperate in the
tracking of tagged hornets [43].

Hornet tags are widely used in folk because of their low cost and ease of operation,
but they also present many problems. In practice, we found that the size and shape of the
hornet tag will affect visual tracking. Moreover, the weight and air resistance of hornet tags
affect hornets’ flight. Even if a hornet can fly normally, another problem is that the hornet
may become entangled with branches and leaves when it lands on vegetation, preventing it
from moving forward. Of course, there is also a risk of losing the tracking target when the
hornet’s flight trajectory is obscured. Turchi and Derijard proposed another issue: when
hornets find that a thread is tied to its abdomen, it will stay on a nearby tree to try to
remove the tag [37]. Therefore, hornet tags are suitable for use on relatively flat terrains
with few trees.

Recently, a special hornet tag was proposed. Thomas Walter et al. used the photolumi-
nescence properties of passivated lead sulfide quantum dots as luminescent tags (weight
12.5 mg; diameter 5 mm) for hornets [44]. These tags can be directly adhered to the hornet,
allowing the hornet and the label to be integrated. Then, their developed shortwave in-
frared detection system can be used to record and determine the position of the hornet with
a delay of less than 10 ms. Whether the same effect can be achieved by using light-reflecting
materials or other luminescent materials remains to be further verified. Researchers have
successfully tracked honey bees using a lightweight retroreflective tag. The system detects
bees through a camera with a global electronic shutter, enabling 3D flight path analysis and
long-term automated monitoring of honey bees within a range of 35 m [45].

2.2. Triangulation

Triangulation is a traditional technique used for locating hornet nests. This method
involves releasing the specimens captured in at least three locations and recording the
direction of their homing (Figure 1a). If the samples come from the same nest, the three
directional lines converge to a point that indicates the location of the nest [37]. Leza et al. set
up 87 bait stations around a hornet-invaded apiary to observe the flight routes of hornets
from 2 or 3 feeding points, then drew and triangulated these flight routes on a map, and
finally located the nest by visual observation [46]. Although this method can track hornet
nests, it requires many experienced operators and material resources. In addition, this
method will not be applicable if the released hornets belong to multiple nests.
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Rojas-Nossa et al. proposed a method for detecting nests with high density distribu-
tion [47]. The method involves recording the direction in which the marked hornet leaves
the bait station, and the time it takes to travel a round trip between the bait station and the
nest. Then, according to the times and directions recorded, two external lines are drawn on
a map, defined on both sides by the average direction line, with an angle from the average
line of 10◦ or 15◦ (for times shorter than 10 min, it is 10◦, for times greater than 10 min, it
is 15◦). Then, a scalloped area is obtained. The distance is estimated based on the time,
including the shortest and longest estimated distances, and concentric circles are drawn
on the map so that the concentric circles and the scalloped area intersect to form a new
area that is then searched. If the nest is not found, a second bait station is built, and the
same method is used to construct an area. If the area intersects with the first area, a smaller
interaction area is then formed and the target area is reduced to locate the approximate
position of the nest (Figure 1b).

Through this method, the target can be located within a smaller area, improving the
efficiency of tracking; this approach is a simple operation that anyone can learn in a short
training time, making it suitable for promotion in vast rural areas. However, some hornets
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stay or hover on nearby trees before homing, which is likely to cause deviations in the
measurements and results. At present, there are few reports on the homing trajectory of
hornets, but scientists have found that ground-nesting wasps (Sphecidae: Cerceris australis)
conduct arc segment trajectories when homing through the view guidance in memory [48].

2.3. Thermal Imaging Technology

During the tracking process, once the location of the hornet nest is narrowed down to
a small area, it is difficult to find the specific location of the nest with the naked eye due
to occlusion by leaves or a lack of light. It has been shown that social insects, including
hornets, can control the temperature of their nests [3,49,50]. Some hornets can use the
insulation characteristics of their nest envelope to maintain the temperature of the nest at
28–30 ◦C by changing their metabolism [51–53]. Thermal imaging is a remote and passive
monitoring technology that can detect and record infrared radiation emitted by objects [54].
The detectability of an object is proportional to the temperature difference between the
object and the surrounding environment. Therefore, in theory, thermal imaging technology
could be used to detect hornet nests.

Lioy et al. tested this method on three nests under different environments and op-
erating conditions and reported that the time, distance, and presence or absence of leaf
occlusion had an impact on the ability to detect thermal signals [53]. The results showed
that the morning is the best time of the day for thermal imaging detection. The closer the
temperature is to the average temperature of the nest, the more difficult it is to detect. The
detectability improves as the distance between the operator and the nest decreases. The
presence of a canopy in front of a nest also reduces the ability to detect the nest.

Hornet nests built on trees, such as those of V. velutina, can be detected using this
technique [40,53]. However, thermal imaging has difficulty detecting nests built in hidden
places. For example, the nests of Asian giant hornets are built underground [55], such as
in natural caves, snake caves, or decaying tree roots, making them difficult to detect [15].
Similarly, bumblebee nest in holes [56], and using thermal imaging technology to locate
wild bumblebee nests by observing nest traffic has proven to be inefficient [57]. Although
insects such as hornets have certain thermostatic abilities [58], it is still difficult to detect
them clearly using long-distance thermal imaging technology.

Although thermal imaging technology shows advantages in accurate positioning,
there are various factors that are not conducive to detection (temperature differences,
distance, and occlusion). Within a small range, thermal imaging technology can detect the
surrounding environment of a bee field, and in a large area, thermal imaging can also be
combined with the use of drones to search through the surrounding canopy.

3. Radio Signal Tracking
3.1. Harmonic Radar

Harmonic radar has been used to track insects since the late 1980s [59]. It is widely
used in the study of farmland pests and monitoring the behavior of insects, and is a
relatively mature technology [60–63]. Its working principle is to install a passive lightweight
transponder (usually a Schottky diode) on the tracked insect [61]. Because harmonic radar
uses the super high frequency (SHF) band, compared to the transmitters used in radio
telemetry, the antenna used by the transponder is shorter (12–16 mm), and the weight of
the transponder is lighter (<20 mg) [44,63,64]. The radar transmission system transmits
the signal, amplifies and reflects the fundamental frequency signal after the transponder
receives it, and then receives it back via the radar receiving system. The distance between
the transponder and the radar can be determined by measuring the time delay between
the transmitted signal and the received signal. Moreover, the direction of the object is
the direction from which the receiving antenna receives the signal [42]. The location
update frequency is related to the device, natural environment, and the path and speed of
the tracked target [44,61], and the position update frequency is proportional to the route
display accuracy. Generally, the position is updated every 3 s [65], and the resolution is
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(±2.5 m) [44]. Through multiple launches, the detection of the trajectory of the tracked
object can be achieved. Therefore, the object can be tracked by radar.

Harmonic radar can be used to effectively track insects in low-altitude plain areas.
However, it is difficult to achieve the desired effect in complex environments in moun-
tainous areas. Harmonic radar tags rely on a reflected signal rather than a signal that is
generated, so they cannot be uniquely identified. They are highly sensitive to the direction
of the tag relative to the radar unit and the influence of terrain and vegetation [61]. With
increasing altitude, occlusion by dense trees influences the transmission of signals [66]. As
a result, the detection distance becomes shorter, or it even becomes impossible to detect the
signal. The maximum detectable range of the harmonic radar is approximately 900 m in a
plain unshielded area [40,67,68]. For example, the mountain forest area tested by Daniele
Milanesio’s team is only 125 m long [40]. The range is not enough when compared to the
average foraging range of V. velutina (395 ± 208 m, maximum 786 m) [69]. Moreover, some
hornets can forage much farther than 1000 m [13]. The foraging distance of V. mandarinia is
even farther (usual foraging distance = 1000 m to 2000 m; max = 8000 m) [70].

To address the effects of distance and mountainous terrain, Riccardo Maggiora et al.
successfully developed a harmonic radar that can track hornets in a 500 m range over
mountainous forest terrain [42]. Harmonic radar achieves a wider range of detection
by changing the beam width. Its azimuth width is only 1.5◦ of the half-power beam
width (HPBW) (the width of the HPBW is proportional to the coverage area and inversely
proportional to the signal strength), while the elevation angle beam width reaches 24◦

HPBW, which improves the radar in the vertical direction, with a tracking range of up to
500 m. The radiating surface makes this approach more suitable for terrain with altitude
variation. The team previously attempted to install the radar system on a liftable telescopic
tower to improve the mobility of the radar system and the ability to quickly lock onto the
flight direction of hornets [71].

The advantage of harmonic radar over other tracking methods is that it can display
the position and flight path of hornets in real time. However, due to its complex system and
low portability, harmonic radar is particularly cumbersome in the actual tracking process.
The whole system can be installed on a car to achieve mobility. However, the complex
terrain of a mountain also makes it difficult to reach a favorable position for tracking. Greg
Storz et al. proposed a portable FMCW harmonic radar system that is expected to be
installed on a UAV [72]. The module is made more compact by reducing its power and
shortening its range of operation. Although a certain detection range is sacrificed (S-band
40 m, X-band 15 m), its portability and its combination with UAVs will allow more efficient
hornet tracking, which is a major development direction for the future.

3.2. Radio-Telemetry Tracking

Radio-telemetry technology has been widely used to study the movement behavior
and spatial distribution of vertebrates [73]. In recent years, transmitters have been made
light enough to be applied to insects, for example, for tracking migratory dragonflies
and observing the large-scale movement of neotropical orchid bees [74–76]. The effective
tracking range of radio telemetry is typically 100–500 m [74,77]; compared with the passive
transponder of the harmonic radar, radio telemetry instead uses an active transmitter. The
signal emitted by the transmitter installed on the hornet is received by the Yagi antenna,
and the signal is transmitted to the receiver for numerical display. The received signal
strength indicator (RSSI) value indicates the strength of the received signal. Generally, the
RSSI decreases with increasing distance from the signal source. When the Yagi antenna
is facing the direction of the transmitter, the RSSI is the strongest. However, the RSSI
decreases gradually as the direction shifts [39]. In this way, the position and direction
of the tracked hornets can be roughly determined. Researchers have tried to improve
the positioning accuracy of radio telemetry by using multi-antenna arrays, successfully
reducing the positioning error to less than 16 m [78].
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The weight of the transmitter is a key factor affecting the tracking of hornets. Generally,
passive transponders can be easily made to weigh less than 20 mg [42,79], but the lightest
active transmitter currently sold is heavier than 100 mg (NanoPin, weight 130 mg, Lotek,
Newmarket ON, Canada) (Table 1). As the weight of the transmitter decreases, so does
the detection range. To obtain a lighter transmitter, Shearwood et al. proposed an active
transmitter using bee vibration as the power source and a piezoelectric energy harvester to
replace the battery, successfully reducing the weight [80]. Kumari et al. proposed a new
circuit design for very high frequency (VHF) radiotelemetry [81]. This design allows the
smallest tag size (5 mm × 5 mm × 2.5 mm) and tag weight (<95 mg). A unique active
transmitter used for insect tracking weighs between 30 mg and 80 mg; the transmitter is
able to harvest energy via a piezoelectric harvester [82].

Table 1. Characteristics of the lightest currently commercially available (May 2024) active radio
transmitters. Data sources: accessed on 6 August 2024, Lotek (www.lotek.com); ATS (Cambridge,
ON, Canada, atstrack.com); HOLOHIL (Carp, ON, Canada, www.holohil.com).

Tag Name Weigh t (mg) Size (mm) Life Pulse Rate (ppm) Company

NanoPin 130–170 11 × 3 × 3 12–29 days 30 Lotek

T15 150 11 × 3.4 × 3.4 7–27 days 15–30 ATS

PicoPip (Ag190) 220 12 × 5 × 2 4 days 30 Lotek

LB-2X 270 11 × 5 × 2.8 8–15 days 20–120 HOLOHIL

Research shows that the weight of V. velutina ranges from 140 to 475 mg, and most
hornets (81%) fly well when they carry a tag less than 80% of their body weight; only 14%
of hornets exhibit good flight beyond this threshold [83]. Therefore, the choice of installing
a transmitter on larger bodied hornets can increase the likelihood of ensuring normal flight.

Due to the portability of radio telemetry systems, a single person can carry them for
tracking. However, it is difficult for the carrier to maintain the flight speed of hornets,
especially on complex terrain. To this end, carrying the tracking device on a UAV and
following the hornets with the UAV offers the simplest solution. Shearwood et al. used a
commercial UAV equipped with a phase-controlled radar, receiver, and controller that could
effectively track the bees and transmit the data to a remote base station [82]. However, due
to the limitations of the transmitter, the working distance of the system is approximately
10 m. Ju et al. proposed an autonomous tracking system based on the combination of radio
telemetry and a UAV [77], in which the Yagi antenna and receiver are carried on the UAV
and the calculation module, flight controller, and various sensors are installed to control
the position relationship between the UAV and the signal source.

On the basis of a UAV successfully carrying a radio telemetry system, Kim et al.
proposed a tracking system based on multiple antennas [84]. Two omnidirectional antennas
are placed in a suitable position on the ground cooperate with the UAV, and receive signals
from the transmitter carried by the hornet. In this system, according to the RSSI values
of the three antennas, the position of the tracked object is estimated via the triangulation
method. The system can estimate the three-dimensional position information of the target
to achieve more accurate tracking. The positioning error is successfully reduced from
16.4812 m to 6.8039 m. Compared with the simple use of multi-antenna arrays, the use of
UAV makes the system more flexible and effectively reduces the positioning error [78].

Compared with harmonic radar, radio telemetry systems cannot intuitively display
location information. However, due to the portability of its equipment, it can be carried
on a UAV, and GPS can be installed on the UAV to indirectly locate the position of the
hornets and obtain the location information of the nest through the position of the UAV. Of
course, different regional bills have regulated the use of drones, which may affect the use
and development of drones in the field of insect tracking.

www.lotek.com
atstrack.com
www.holohil.com
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4. Discussion

Currently, hornet-tracking technology is still not mature enough and faces many
challenges. In this review, several existing hornet-tracking technologies are discussed
in depth, and conclusions are drawn as follows: (1) Common hornet tags in the market
influence the normal flight of hornets and cause the targets to be easily lost. Most tracking
tags are suitable for simple environments in plain areas. However, the cost is low, and
the operation is easy. (2) The triangulation method is a simple method for locating the
approximate location of a hornet nest. However, it is necessary to consider the influence of
hornets that remain on a tree or wander elsewhere. (3) Thermal imaging technology can
directly determine the specific location of a hornet nest, but canopy occlusion, ambient
temperature, and the operator’s angle and position can impact detection; necessarily, this
technique is not applicable to a nest located in a cave. (4) Harmonic radar systems can track
the movement trajectory of hornets to their nest. However, these methods are limited in
complex terrain, and the system is expensive. Creating portable harmonic radar systems or
improving their mobility are future development directions. (5) Radio telemetry technology
is the most suitable for hornet tracking because of its portability. Moreover, these devices
can be easily combined with UAVs, and adding multi-antenna arrays at the same time
can effectively reduce the error. However, the weight of the transmitter is the key to
successful tracking, and with the development of science and technology, there will be
more lightweight transmitters in the future. (Table 2).

Table 2. The advantages and disadvantages of the 5 tracking methods.

Name Advantages Disadvantages

Hornet tag
Low cost (single 0.027–0.140 USD,
https://www.taobao.com, accessed on 1
August 2024), simple operation

Affects the flight of the hornets (tag weight,
air resistance, rope length)

Triangulation Low cost of equipment, simplicity to operate,
can roughly locate the nest

Direction records easily contain errors
(hornets handle food, flight trajectories)

Thermal imaging
Can accurately locate the nest, using the
temperature difference between the nest and
the environment

Affected by the environment and operation,
not suitable for hidden nests

Harmonic radar The transponder is lighter (<20 mg), the
target motion trajectory can be displayed

The equipment is heavy and costly, the signal
is easily blocked by the environment.

Radio-telemetry Portable equipment, can be carried on a UAV The transmitter is heavier for hornet, the
position display is not intuitive

With the increasing harm caused by hornets, hornet-tracking technology has re-
ceived increasing attention. Hornet-tracking technology will also be further improved
with the development of science and technology. It is predicted that the future direction
of hornet-tracking technology development will focus mainly on the following three
points: (1) lightweight hornet tags and transmitters, and considering the weight of the
receiver; (2) hornet tagging, triangulation, and thermal imaging technology capable of co-
operating to locate nests more efficiently; and (3) combining thermal infrared, harmonic
radar, and radio telemetry with UAV applications.

There are few reports on the combined use of different technologies, but the comple-
mentary advantages of different technologies may improve the efficiency and success rate
of locating nests. For example, the combination of hornet tags and triangulation technology
can find the area where the nest is located, and thermal imaging technology can accurately
lock onto the nest; after the approximate location of the nest is determined by harmonic
radar and radio telemetry technology, thermal imaging and UAV can complete the precise
positioning and identification of the nest.

Choosing the appropriate hornet-tracking technology is crucial in different environ-
ments. In urban areas, where buildings and man-made structures are prevalent, radio

https://www.taobao.com
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telemetry and tag-tracking technologies are recommended. In rural environments, the
open fields and fewer obstacles make triangulation and harmonic radar suitable choices. In
mountainous areas, due to the complex terrain, thermal imaging technology and improved
harmonic radar are more effective for locating and tracking hornet nests. By selecting the
right technology based on the environmental characteristics, it is possible to more efficiently
control hornet populations and protect beekeeping and ecosystems.

Finding nests by tracking hornets can effectively inhibit the continuous expansion of
hornet populations, which is the most thorough and effective way to address ecological
crises and dilemmas related to apiaries. Decreasing the number of invasive hornets can
greatly reduce their impact on the local ecology. When the hornet nests around an apiary
are removed, the health of the apiary can be restored, and the losses caused by hornet
invasion can be reduced. Hornet-tracking technology will contribute significantly to the
global ecology and the bee industry.

Author Contributions: Conceptualization, C.W. and J.H.; methodology, J.H.; software, C.W.; vali-
dation, C.W., J.H. and X.W.; formal analysis, J.H.; investigation, Z.G.; resources, J.H. and Z.G.; data
curation, C.W.; writing—original draft preparation, C.W.; writing—review and editing, J.H. and
J.H.; visualization, C.W. and Z.G.; supervision, J.H. and X.W.; project administration, J.H. and X.W.;
funding acquisition, J.H. and Z.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported, in part, by the National Key R&D Program of China
(2022YFD1600205), the Science and Technology Plan of Yunnan Province Project (2022–2024), the
China Agriculture Research System-Bee (CARS-44-KXJ5), and the Agricultural Science and Technol-
ogy Innovation Program, Chinese Academy of Agricultural Sciences (CAAS-ASTIP-2024-IAR).

Data Availability Statement: This study did not create or analyze new data, and data sharing does
not apply to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Otis, G.W.; Taylor, B.A.; Mattila, H.R. Invasion potential of hornets (Hymenoptera: Vespidae: Vespa spp.). Front. Insect Sci. 2023, 3,

1145158. [CrossRef] [PubMed]
2. Perrard, A.; Pickett, K.; Villemant, C.; Kojima, J.; Carpenter, J. Phylogeny of hornets: A total evidence approach (Hymenoptera,

Vespidae, Vespinae, Vespa). J. Hymenopt. Res. 2013, 32, 1–15. [CrossRef]
3. Feas Sanchez, X.; Charles, R.J. Notes on the nest architecture and colony composition in winter of the yellow-legged Asian hornet,

Vespa velutina Lepeletier 1836 (Hym.: Vespidae), in its introduced habitat in Galicia (NW Spain). Insects 2019, 10, 237. [CrossRef]
[PubMed]

4. Rojas-Nossa, S.V.; Calviño-Cancela, M. The invasive hornet Vespa velutina affects pollination of a wild plant through changes in
abundance and behaviour of floral visitors. Biol. Invasions 2020, 22, 2609–2618. [CrossRef]

5. O’Shea-Wheller, T.A.; Curtis, R.J.; Kennedy, P.J.; Groom, E.K.J.; Poidatz, J.; Raffle, D.S.; Rojas-Nossa, S.V.; Bartolome, C.; Dasilva-
Martins, D.; Maside, X.; et al. Quantifying the impact of an invasive Hornet on Bombus terrestris Colonies. Commun. Biol. 2023, 6,
990. [CrossRef] [PubMed]

6. Zhu, G.; Gutierrez Illan, J.; Looney, C.; Crowder, D.W. Assessing the ecological niche and invasion potential of the Asian giant
hornet. Proc. Natl. Acad. Sci. USA 2020, 117, 24646–24648. [CrossRef]

7. Franklin, D.N.; Brown, M.A.; Datta, S.; Cuthbertson, A.G.S.; Budge, G.E.; Keeling, M.J. Invasion dynamics of Asian hornet, Vespa
velutina (Hymenoptera: Vespidae): A case study of a commune in south-west France. Appl. Entomol. Zool. 2017, 52, 221–229.
[CrossRef]

8. Arca, M.; Mougel, F.; Guillemaud, T.; Dupas, S.; Rome, Q.; Perrard, A.; Muller, F.; Fossoud, A.; Capdevielle-Dulac, C.; Torres-
Leguizamon, M.; et al. Reconstructing the invasion and the demographic history of the yellow-legged hornet, Vespa velutina, in
Europe. Biol. Invasions 2015, 17, 2357–2371. [CrossRef]

9. Herrera, C.; Williams, M.; Encarnacao, J.; Roura-Pascual, N.; Faulhaber, B.; Jurado-Rivera, J.A.; Leza, M. Automated detection of
the yellow-legged hornet (Vespa velutina) using an optical sensor with machine learning. Pest Manag. Sci. 2023, 79, 1225–1233.
[CrossRef]

10. Kwon, O.; Choi, M.B. Interspecific hierarchies from aggressiveness and body size among the invasive alien hornet, Vespa velutina
nigrithorax, and five native hornets in South Korea. PLoS ONE 2020, 15, e0226934. [CrossRef]

11. Laurino, D.; Lioy, S.; Carisio, L.; Manino, A.; Porporato, M. Vespa velutina: An alien driver of honey bee colony losses. Diversity
2019, 12, 5. [CrossRef]

https://doi.org/10.3389/finsc.2023.1145158
https://www.ncbi.nlm.nih.gov/pubmed/38469472
https://doi.org/10.3897/jhr.32.4685
https://doi.org/10.3390/insects10080237
https://www.ncbi.nlm.nih.gov/pubmed/31382493
https://doi.org/10.1007/s10530-020-02275-9
https://doi.org/10.1038/s42003-023-05329-5
https://www.ncbi.nlm.nih.gov/pubmed/37798331
https://doi.org/10.1073/pnas.2011441117
https://doi.org/10.1007/s13355-016-0470-z
https://doi.org/10.1007/s10530-015-0880-9
https://doi.org/10.1002/ps.7296
https://doi.org/10.1371/journal.pone.0226934
https://doi.org/10.3390/d12010005


Insects 2024, 15, 601 10 of 12

12. Monceau, K.; Thiery, D. Vespa velutina nest distribution at a local scale: An 8-year survey of the invasive honeybee predator. Insect
Sci. 2017, 24, 663–674. [CrossRef]

13. Sauvard, D.; Imbault, V.; Darrouzet, E. Flight capacities of yellow-legged hornet (Vespa velutina nigrithorax, Hymenoptera:
Vespidae) workers from an invasive population in Europe. PLoS ONE 2018, 13, e0198597. [CrossRef] [PubMed]

14. Wilson, T.M.; Takahashi, J.; Spichiger, S.-E.; Kim, I.; van Westendorp, P.; Szalanski, A. First reports of Vespa mandarinia
(Hymenoptera: Vespidae) in north America represent two separate maternal lineages in Washington State, United States, and
British Columbia, Canada. Ann. Entomol. Soc. Am. 2020, 113, 468–472. [CrossRef]

15. Nunez-Penichet, C.; Osorio-Olvera, L.; Gonzalez, V.H.; Cobos, M.E.; Jimenez, L.; DeRaad, D.A.; Alkishe, A.; Contreras-Diaz, R.G.;
Nava-Bolanos, A.; Utsumi, K.; et al. Geographic potential of the world’s largest hornet, Vespa mandarinia Smith (Hymenoptera:
Vespidae), worldwide and particularly in North America. PeerJ 2021, 9, e10690. [CrossRef]

16. Zucca, P.; Granato, A.; Mutinelli, F.; Schiavon, E.; Bordin, F.; Dimech, M.; Balbo, R.A.; Mifsud, D.; Dondi, M.; Cipolat-Gotet,
C.; et al. The oriental hornet (Vespa orientalis) as a potential vector of honey bee’s pathogens and a threat for public health in
north-east Italy. Vet. Med. Sci. 2024, 10, e1310. [CrossRef] [PubMed]

17. Werenkraut, V.; Arbetman, M.P.; Fergnani, P.N. The oriental hornet (Vespa orientalis L.): A threat to the Americas? Neotrop. Entomol.
2022, 51, 330–338. [CrossRef] [PubMed]

18. Dieguez-Anton, A.; Rodriguez-Flores, M.S.; Escuredo, O.; Seijo, M.C. Monitoring study in honeybee colonies stressed by the
invasive hornet Vespa velutina. Vet. Sci. 2022, 9, 183. [CrossRef] [PubMed]

19. Cappa, F.; Cini, A.; Bortolotti, L.; Poidatz, J.; Cervo, R. Hornets and Honey Bees: A Coevolutionary Arms Race between Ancient
Adaptations and New Invasive Threats. Insects 2021, 12, 1037. [CrossRef]

20. Couto, A.; Monceau, K.; Bonnard, O.; Thiery, D.; Sandoz, J.C. Olfactory attraction of the hornet Vespa velutina to honeybee colony
odors and pheromones. PLoS ONE 2014, 9, e115943. [CrossRef]

21. Rome, Q.; Perrard, A.; Muller, F.; Fontaine, C.; Quilès, A.; Zuccon, D.; Villemant, C. Not just honeybees predatory habits of Vespa
velutina (Hymenoptera: Vespidae) in France. Ann. Soc. Entomol. France 2021, 57, 1–11. [CrossRef]

22. Requier, F.; Rome, Q.; Chiron, G.; Decante, D.; Marion, S.; Menard, M.; Muller, F.; Villemant, C.; Henry, M. Predation of the
invasive Asian hornet affects foraging activity and survival probability of honey bees in Western Europe. J. Pest Sci. 2018, 92,
567–578. [CrossRef]

23. Monceau, K.; Arca, M.; Lepretre, L.; Mougel, F.; Bonnard, O.; Silvain, J.F.; Maher, N.; Arnold, G.; Thiery, D. Native prey and
invasive predator patterns of foraging activity: The case of the yellow-legged hornet predation at European honeybee hives. PLoS
ONE 2013, 8, e66492. [CrossRef] [PubMed]

24. Tan, K.; Dong, S.; Li, X.; Liu, X.; Wang, C.; Li, J.; Nieh, J.C. Honey Bee Inhibitory Signaling Is Tuned to Threat Severity and Can
Act as a Colony Alarm Signal. PLoS Biol. 2016, 14, e1002423. [CrossRef] [PubMed]

25. Norderud, E.D.; Powell, S.L.; Peterson, R.K.D. Risk assessment for the establishment of Vespa mandarinia (Hymenoptera: Vespidae)
in the Pacific Northwest, United States. J. Insect Sci. 2021, 21, 10. [CrossRef] [PubMed]

26. Ugajin, A.; Kiya, T.; Kunieda, T.; Ono, M.; Yoshida, T.; Kubo, T. Detection of neural activity in the brains of Japanese honeybee
workers during the formation of a “hot defensive bee ball”. PLoS ONE 2012, 7, e32902. [CrossRef] [PubMed]

27. Ken, T.; Hepburn, H.R.; Radloff, S.E.; Yusheng, Y.; Yiqiu, L.; Danyin, Z.; Neumann, P. Heat-balling wasps by honeybees.
Naturwissenschaften 2005, 92, 492–495. [CrossRef] [PubMed]

28. Sugahara, M.; Sakamoto, F. Heat and carbon dioxide generated by honeybees jointly act to kill hornets. Naturwissenschaften 2009,
96, 1133–1136. [CrossRef]

29. Sugahara, M.; Nishimura, Y.; Sakamoto, F. Differences in heat sensitivity between Japanese honeybees and hornets under high
carbon dioxide and humidity conditions inside bee balls. Zool. Sci. 2012, 29, 30–36. [CrossRef]

30. Fujiwara, A.; Sasaki, M.; Washitani, I. A scientific note on hive entrance smearing in Japanese Apis cerana induced by pre-mass
attack scouting by the Asian giant hornet Vespa mandarinia. Apidologie 2016, 47, 789–791. [CrossRef]

31. Arca, M.; Papachristoforou, A.; Mougel, F.; Rortais, A.; Monceau, K.; Bonnard, O.; Tardy, P.; Thiery, D.; Silvain, J.F.; Arnold, G.
Defensive behaviour of Apis mellifera against Vespa velutina in France: Testing whether European honeybees can develop an
effective collective defence against a new predator. Behav. Process. 2014, 106, 122–129. [CrossRef]

32. Landolt, P.; Zhang, Q.H. Discovery and development of chemical attractants used to trap pestiferous social wasps (Hymenoptera:
Vespidae). J. Chem. Ecol. 2016, 42, 655–665. [CrossRef] [PubMed]

33. Lioy, S.; Laurino, D.; Capello, M.; Romano, A.; Manino, A.; Porporato, M. Effectiveness and selectiveness of traps and baits for
catching the invasive hornet Vespa velutina. Insects 2020, 11, 706. [CrossRef]

34. Barandika, J.F.; de la Hera, O.; Fananas, R.; Rivas, A.; Arroyo, E.; Alonso, R.M.; Alonso, M.L.; Galartza, E.; Cevidanes, A.;
Garcia-Perez, A.L. Efficacy of protein baits with fipronil to control Vespa velutina nigrithorax (Lepeletier, 1836) in apiaries. Animals
2023, 13, 2075. [CrossRef] [PubMed]

35. Sarah, E.; Robert, L. Food volatiles as attractants for yellowjackets (Hymenoptera: Vespidae). Environ. Entomol. 2001, 30, 157–165.
36. Sanchez, O.; Arias, A. All that glitters is not gold: The other insects that fall into the Asian yellow-legged hornet Vespa velutina

‘specific’ traps. Biology 2021, 10, 448. [CrossRef]
37. Turchi, L.; Derijard, B. Options for the biological and physical control of Vespa velutina nigrithorax (Hym.: Vespidae) in Europe: A

review. J. Appl. Entomol. 2018, 142, 553–562. [CrossRef]

https://doi.org/10.1111/1744-7917.12331
https://doi.org/10.1371/journal.pone.0198597
https://www.ncbi.nlm.nih.gov/pubmed/29883467
https://doi.org/10.1093/aesa/saaa024
https://doi.org/10.7717/peerj.10690
https://doi.org/10.1002/vms3.1310
https://www.ncbi.nlm.nih.gov/pubmed/37909468
https://doi.org/10.1007/s13744-021-00929-4
https://www.ncbi.nlm.nih.gov/pubmed/34873676
https://doi.org/10.3390/vetsci9040183
https://www.ncbi.nlm.nih.gov/pubmed/35448681
https://doi.org/10.3390/insects12111037
https://doi.org/10.1371/journal.pone.0115943
https://doi.org/10.1080/00379271.2020.1867005
https://doi.org/10.1007/s10340-018-1063-0
https://doi.org/10.1371/journal.pone.0066492
https://www.ncbi.nlm.nih.gov/pubmed/23823754
https://doi.org/10.1371/journal.pbio.1002423
https://www.ncbi.nlm.nih.gov/pubmed/27014876
https://doi.org/10.1093/jisesa/ieab052
https://www.ncbi.nlm.nih.gov/pubmed/34369564
https://doi.org/10.1371/journal.pone.0032902
https://www.ncbi.nlm.nih.gov/pubmed/22431987
https://doi.org/10.1007/s00114-005-0026-5
https://www.ncbi.nlm.nih.gov/pubmed/16151794
https://doi.org/10.1007/s00114-009-0575-0
https://doi.org/10.2108/zsj.29.30
https://doi.org/10.1007/s13592-016-0432-z
https://doi.org/10.1016/j.beproc.2014.05.002
https://doi.org/10.1007/s10886-016-0721-z
https://www.ncbi.nlm.nih.gov/pubmed/27435228
https://doi.org/10.3390/insects11100706
https://doi.org/10.3390/ani13132075
https://www.ncbi.nlm.nih.gov/pubmed/37443873
https://doi.org/10.3390/biology10050448
https://doi.org/10.1111/jen.12515


Insects 2024, 15, 601 11 of 12

38. Poidatz, J.; Monceau, K.; Bonnard, O.; Thiery, D. Activity rhythm and action range of workers of the invasive hornet predator of
honeybees Vespa velutina, measured by radio frequency identification tags. Ecol. Evol. 2018, 8, 7588–7598. [CrossRef] [PubMed]

39. Kim, S.; Ju, C.; Kim, J.; Son, H.I. A tracking method for the invasive Asian hornet: A brief review and experiments. IEEE Access
2019, 7, 176998–177008. [CrossRef]

40. Milanesio, D.; Saccani, M.; Maggiora, R.; Laurino, D.; Porporato, M. Design of an harmonic radar for the tracking of the Asian
yellow-legged hornet. Ecol. Evol. 2016, 6, 2170–2178. [CrossRef]

41. Leza, M.; Herrera, C.; Picó, G.; Morro, T.; Colomar, V. Six years of controlling the invasive species Vespa velutina in a Mediterranean
island: The promising results of an eradication plan. Pest Manag. Sci. 2021, 77, 2375–2384. [CrossRef] [PubMed]

42. Maggiora, R.; Saccani, M.; Milanesio, D.; Porporato, M. An innovative harmonic radar to track flying insects: The case of Vespa
velutina. Sci. Rep. 2019, 9, 11964. [CrossRef] [PubMed]

43. Reynaud, L.; Guérin-Lassous, I. Design of a force-based controlled mobility on aerial vehicles for pest management. Ad. Hoc.
Netw. 2016, 53, 41–52. [CrossRef]

44. Walter, T.; Degen, J.; Pfeiffer, K.; Stockl, A.; Montenegro, S.; Degen, T. A new innovative real-time tracking method for flying
insects applicable under natural conditions. BMC Zool. 2021, 6, 35. [CrossRef] [PubMed]

45. Smith, M.T.; Livingstone, M.; Comont, R. A method for low-cost, low-impact insect tracking using retroreflective tags. Methods
Ecol. Evol. 2021, 12, 2184–2195. [CrossRef]

46. Leza, M.; Miranda, M.Á.; Colomar, V. First detection of Vespa velutina nigrithorax (Hymenoptera: Vespidae) in the Balearic Islands
(Western Mediterranean): A challenging study case. Biol. Invasions 2018, 20, 1643–1649. [CrossRef]

47. Rojas-Nossa, S.V.; Álvarez, P.; Garrido, J.; Calviño-Cancela, M. Method for nest detection of the yellow-legged hornet in high
density areas. Front. Insect Sci. 2022, 2, 851010. [CrossRef] [PubMed]

48. Sturzl, W.; Zeil, J.; Boeddeker, N.; Hemmi, J.M. How Wasps Acquire and Use Views for Homing. Curr. Biol. 2016, 26, 470–482.
[CrossRef] [PubMed]

49. Klingner, R.; Richter, K.; Schmolz, E.; Keller, B. The role of moisture in the nest thermoregulation of social wasps. Naturwis-
senschaften 2005, 92, 427–430. [CrossRef]

50. Stabentheiner, A.; Nagy, J.M.; Kovac, H.; Kafer, H.; Petrocelli, I.; Turillazzi, S. Effect of climate on strategies of nest and body
temperature regulation in paper wasps, Polistes biglumis and Polistes gallicus. Sci. Rep. 2022, 12, 3372. [CrossRef]

51. Sedira, N.; Pinto, J.; Ginja, M.; Gomes, A.P.; Nepomuceno, M.C.S.; Pereira, S. Investigating the architecture and characteristics of
Asian hornet nests: A biomimetics examination of structure and materials. Materials 2023, 16, 7027. [CrossRef] [PubMed]

52. Stabentheiner, A.; Schmaranzer, S. Thermographic determination of body temperatures in honey bees and hornets: Calibration
and applications. Thermology 1987, 2, 563–572.

53. Lioy, S.; Bianchi, E.; Biglia, A.; Bessone, M.; Laurino, D.; Porporato, M. Viability of thermal imaging in detecting nests of the
invasive hornet Vespa velutina. Insect Sci. 2021, 28, 271–277. [CrossRef] [PubMed]

54. Pereira, C.B.; Kunczik, J.; Zieglowski, L.; Tolba, R.; Abdelrahman, A.; Zechner, D.; Vollmar, B.; Janssen, H.; Thum, T.; Czaplik, M.
Remote welfare monitoring of rodents using thermal imaging. Sensors 2018, 18, 3653. [CrossRef] [PubMed]

55. Mattila, H.R.; Nguyen, L.T.P.; Perrard, A.; Bain, M.; Otis, G.W. Biology of the southern giant hornet, Vespa soror: Nest architecture,
morphological differences among castes, and the genetic structure of colonies. Front. Insect Sci. 2023, 3, 1136297. [CrossRef]
[PubMed]

56. Collett, T.S.; Robert, T.; Frasnelli, E.; Philippides, A.; Hempel de Ibarra, N. How bumblebees coordinate path integration and
body orientation at the start of their first learning flight. J. Exp. Biol. 2023, 226, jeb245271. [CrossRef] [PubMed]

57. Roberts, B.R.; Osborne, J.L. Testing the efficacy of a thermal camera as a search tool for locating wild bumble bee nests. J. Apic.
Res. 2019, 58, 494–500. [CrossRef]

58. Kovac, H.; Stabentheiner, A. Does size matter?—Thermoregulation of ‘heavyweight’ and ‘lightweight’ wasps (Vespa crabro and
Vespula sp.). Biol. Open 2012, 1, 848–856. [CrossRef] [PubMed]

59. O’Neal, M.E.; Landis, D.A.; Rothwell, E.; Kempel, L.; Reinhard, D. Tracking insects with harmonic radar: A case study. Am.
Entomol. 2004, 50, 212–218. [CrossRef]

60. Boiteau, G.; Vincent, C.; Leskey, T.C.; Colpitts, B.G.; MacKinley, P.; Lee, D.H. Impact of host plant connectivity, crop border and
patch size on adult Colorado potato beetle retention. PLoS ONE 2014, 9, e95717. [CrossRef]

61. Siderhurst, M.S.; Murman, K.M.; Kaye, K.T.; Wallace, M.S.; Cooperband, M.F. Radio telemetry and harmonic radar tracking of the
spotted lanternfly, Lycorma delicatula (White) (Hemiptera: Fulgoridae). Insects 2023, 15, 17. [CrossRef]

62. Ovaskainen, O.; Smith, A.D.; Osborne, J.L.; Reynolds, D.R.; Carreck, N.L.; Martin, A.P.; Niitepold, K.; Hanski, I. Tracking butterfly
movements with harmonic radar reveals an effect of population age on movement distance. Proc. Natl. Acad. Sci. USA 2008, 105,
19090–19095. [CrossRef] [PubMed]

63. Woodgate, J.L.; Makinson, J.C.; Lim, K.S.; Reynolds, A.M.; Chittka, L. Life-long radar tracking of bumblebees. PLoS ONE 2016, 11,
e0160333. [CrossRef] [PubMed]

64. Mech, L.D.; Barber, S.M. A Critique of Wildlife Radio-Tracking and Its Use in National Parks; Northern Prairie Wildlife Research
Center: Jamestown, ND, USA, 2002.

65. Degen, J.; Hovestadt, T.; Storms, M.; Menzel, R. Exploratory behavior of re-orienting foragers differs from other flight patterns of
honeybees. PLoS ONE 2018, 13, e0202171. [CrossRef] [PubMed]

https://doi.org/10.1002/ece3.4182
https://www.ncbi.nlm.nih.gov/pubmed/30151173
https://doi.org/10.1109/ACCESS.2019.2958153
https://doi.org/10.1002/ece3.2011
https://doi.org/10.1002/ps.6264
https://www.ncbi.nlm.nih.gov/pubmed/33423381
https://doi.org/10.1038/s41598-019-48511-8
https://www.ncbi.nlm.nih.gov/pubmed/31427653
https://doi.org/10.1016/j.adhoc.2016.09.005
https://doi.org/10.1186/s40850-021-00097-3
https://www.ncbi.nlm.nih.gov/pubmed/37170312
https://doi.org/10.1111/2041-210X.13699
https://doi.org/10.1007/s10530-017-1658-z
https://doi.org/10.3389/finsc.2022.851010
https://www.ncbi.nlm.nih.gov/pubmed/38468760
https://doi.org/10.1016/j.cub.2015.12.052
https://www.ncbi.nlm.nih.gov/pubmed/26877083
https://doi.org/10.1007/s00114-005-0012-y
https://doi.org/10.1038/s41598-022-07279-0
https://doi.org/10.3390/ma16217027
https://www.ncbi.nlm.nih.gov/pubmed/37959626
https://doi.org/10.1111/1744-7917.12760
https://www.ncbi.nlm.nih.gov/pubmed/32011804
https://doi.org/10.3390/s18113653
https://www.ncbi.nlm.nih.gov/pubmed/30373282
https://doi.org/10.3389/finsc.2023.1136297
https://www.ncbi.nlm.nih.gov/pubmed/38469522
https://doi.org/10.1242/jeb.245271
https://www.ncbi.nlm.nih.gov/pubmed/36995307
https://doi.org/10.1080/00218839.2019.1614724
https://doi.org/10.1242/bio.20121156
https://www.ncbi.nlm.nih.gov/pubmed/23162695
https://doi.org/10.1093/ae/50.4.212
https://doi.org/10.1371/journal.pone.0095717
https://doi.org/10.3390/insects15010017
https://doi.org/10.1073/pnas.0802066105
https://www.ncbi.nlm.nih.gov/pubmed/19060191
https://doi.org/10.1371/journal.pone.0160333
https://www.ncbi.nlm.nih.gov/pubmed/27490662
https://doi.org/10.1371/journal.pone.0202171
https://www.ncbi.nlm.nih.gov/pubmed/30157186


Insects 2024, 15, 601 12 of 12

66. Osborne, J.L.; Clark, S.J.; Morris, R.J.; Williams, I.H.; Riley, J.R.; Smith, A.D.; Reynolds, D.R.; Edwards, A.S. A landscape-scale
study of bumble bee foraging range and constancy, using harmonic radar. J. Appl. Ecol. 2001, 36, 519–533. [CrossRef]

67. Chapman, J.; Reynolds, D.; Smith, A. Migratory and foraging movements in beneficial insects: A review of radar monitoring and
tracking methods. Int. J. Pest Manag. 2004, 50, 225–232. [CrossRef]

68. Greggers, U.; Schoning, C.; Degen, J.; Menzel, R. Scouts behave as streakers in honeybee swarms. Naturwissenschaften 2013, 100,
805–809. [CrossRef] [PubMed]

69. Lioy, S.; Laurino, D.; Maggiora, R.; Milanesio, D.; Saccani, M.; Mazzoglio, P.J.; Manino, A.; Porporato, M. Tracking the invasive
hornet Vespa velutina in complex environments by means of a harmonic radar. Sci. Rep. 2021, 11, 12143. [CrossRef]

70. Matsuura, M.; Sakagami, S.F. A bionomic sketch of the giant hornet, Vespa mandarinia, a serious pest for Japanese apiculture. J.
Fac. Sci. 1973, 19, 125–162.

71. Milanesio, D.; Saccani, M.; Maggiora, R.; Laurino, D.; Porporato, M. Recent upgrades of the harmonic radar for the tracking of the
Asian yellow-legged hornet. Ecol. Evol. 2017, 7, 4599–4606. [CrossRef]

72. Storz, G.; Lavrenko, A. Compact low-cost FMCW harmonic radar for short range insect tracking. In Proceedings of the 2020 IEEE
International Radar Conference (RADAR), Washington, DC, USA, 28–30 April 2020; pp. 642–647.

73. Manville, A.M., 2nd; Levitt, B.B.; Lai, H.C. Health and environmental effects to wildlife from radio telemetry and tracking
devices-state of the science and best management practices. Front. Vet. Sci. 2024, 11, 1283709. [CrossRef]

74. Daniel Kissling, W.; Pattemore, D.E.; Hagen, M. Challenges and prospects in the telemetry of insects. Biol. Rev. Camb. Philos. Soc.
2014, 89, 511–530. [CrossRef]

75. Wikelski, M.; Moskowitz, D.; Adelman, J.S.; Cochran, J.; Wilcove, D.S.; May, M.L. Simple rules guide dragonfly migration. Biol.
Lett. 2006, 2, 325–329. [CrossRef]

76. Wikelski, M.; Moxley, J.; Eaton-Mordas, A.; Lopez-Uribe, M.M.; Holland, R.; Moskowitz, D.; Roubik, D.W.; Kays, R. Large-range
movements of neotropical orchid bees observed via radio telemetry. PLoS ONE 2010, 5, e10738. [CrossRef] [PubMed]

77. Ju, C.; Son, H.I. Investigation of an autonomous tracking system for localization of radio-tagged flying insects. IEEE Access 2022,
10, 4048–4062. [CrossRef]

78. Fisher, K.E.; Dixon, P.M.; Han, G.; Adelman, J.S.; Bradbury, S.P.; Codling, E. Locating large insects using automated VHF radio
telemetry with a multi-antennae array. Methods Ecol. Evol. 2020, 12, 494–506. [CrossRef]

79. Wolf, S.; McMahon, D.P.; Lim, K.S.; Pull, C.D.; Clark, S.J.; Paxton, R.J.; Osborne, J.L. So near and yet so far: Harmonic radar
reveals reduced homing ability of Nosema infected honeybees. PLoS ONE 2014, 9, e103989. [CrossRef]

80. Shearwood, J.; Hung, D.M.Y.; Cross, P.; Preston, S.; Palego, C. Honey-bee localization using an energy harvesting device and
power based angle of arrival estimation. In Proceedings of the 2018 IEEE/MTT-S International Microwave Symposium-IMS,
Philadelphia, PA, USA, 10–15 June 2018; pp. 957–960.

81. Kumari, M.; Hasan, S.M.R. A new CMOS implementation for miniaturized active RFID insect tag and VHF insect tracking. IEEE.
J. Radio Freq. Identif. 2020, 4, 124–136. [CrossRef]

82. Shearwood, J.; Aldabashi, N.; Eltokhy, A.; Franklin, E.L.; Raine, N.E.; Zhang, C.; Palmer, E.; Cross, P.; Palego, C. C-Band telemetry
of insect pollinators using a miniature transmitter and a self-piloted drone. IEEE Trans. Microw. Theory Tech. 2021, 69, 938–946.
[CrossRef]

83. Kennedy, P.J.; Ford, S.M.; Poidatz, J.; Thiéry, D.; Osborne, J.L. Searching for nests of the invasive Asian hornet (Vespa velutina)
using radio-telemetry. Commun. Biol. 2018, 1, 88. [CrossRef] [PubMed]

84. Kim, B.; Ju, C.; You, S.H.; Son, H.I. Design of UAV-based multi-antenna system for localization of Asian hornet and its simulation
study. J. Apic. Res. 2022, 37, 15–24.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1046/j.1365-2664.1999.00428.x
https://doi.org/10.1080/09670870410001731961
https://doi.org/10.1007/s00114-013-1077-7
https://www.ncbi.nlm.nih.gov/pubmed/23812604
https://doi.org/10.1038/s41598-021-91541-4
https://doi.org/10.1002/ece3.3053
https://doi.org/10.3389/fvets.2024.1283709
https://doi.org/10.1111/brv.12065
https://doi.org/10.1098/rsbl.2006.0487
https://doi.org/10.1371/journal.pone.0010738
https://www.ncbi.nlm.nih.gov/pubmed/20520813
https://doi.org/10.1109/ACCESS.2022.3140488
https://doi.org/10.1111/2041-210X.13529
https://doi.org/10.1371/journal.pone.0103989
https://doi.org/10.1109/JRFID.2020.2964313
https://doi.org/10.1109/TMTT.2020.3034323
https://doi.org/10.1038/s42003-018-0092-9
https://www.ncbi.nlm.nih.gov/pubmed/30271969

	Introduction 
	Visual Tracking 
	Hornet Tag Tracking 
	Triangulation 
	Thermal Imaging Technology 

	Radio Signal Tracking 
	Harmonic Radar 
	Radio-Telemetry Tracking 

	Discussion 
	References

