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ABSTRACT

Radio telemetry has been widely used to study the space use and movement behaviour of vertebrates, but transmitter
sizes have only recently become small enough to allow tracking of insects under natural field conditions. Here, we
review the available literature on insect telemetry using active (battery-powered) radio transmitters and compare this
technology to harmonic radar and radio frequency identification (RFID) which use passive tags (i.e. without a battery).
The first radio telemetry studies with insects were published in the late 1980s, and subsequent studies have addressed
aspects of insect ecology, behaviour and evolution. Most insect telemetry studies have focused on habitat use and
movement, including quantification of movement paths, home range sizes, habitat selection, and movement distances.
Fewer studies have addressed foraging behaviour, activity patterns, migratory strategies, or evolutionary aspects. The
majority of radio telemetry studies have been conducted outside the tropics, usually with beetles (Coleoptera) and
crickets (Orthoptera), but bees (Hymenoptera), dobsonflies (Megaloptera), and dragonflies (Odonata) have also been
radio-tracked. In contrast to the active transmitters used in radio telemetry, the much lower weight of harmonic radar
and RFID tags allows them to be used with a broader range of insect taxa. However, the fixed detection zone of a
stationary radar unit (< 1 km diameter) and the restricted detection distance of RFID tags (usually < 15 m) constitute
major constraints of these technologies compared to radio telemetry. Most of the active transmitters in radio telemetry
have been applied to insects with a body mass exceeding 1 g, but smaller species in the range 0.2—0.5 g (e.g. bumblebees
and orchid bees) have now also been tracked. Current challenges of radio-tracking insects in the field are related to
the constraints of a small transmitter, including short battery life (721 days), limited tracking range on the ground
(100-500 m), and a transmitter weight that sometimes approaches the weight of a given insect (the ratio of tag mass
to body mass varies from 2 to 100%). The attachment of radio transmitters may constrain insect behaviour and incur
significant energetic costs, but few studies have addressed this in detail. Future radio telemetry studies should address (z)
a larger number of species from different insect families and functional groups, (i) a better coverage of tropical regions,
(uz) intraspecific variability between sexes, ages, castes, and individuals, and () a larger tracking range via aerial surveys
with helicopters and aeroplanes equipped with external antennae. Furthermore, field and laboratory studies, including
observational and experimental approaches as well as theoretical modelling, could help to clarify the behavioural
and energetic consequences of transmitter attachment. Finally, the development of commercially available systems for
automated tracking and potential future options of insect telemetry from space will provide exciting new avenues for
quantifying movement and space use of insects from local to global spatial scales.
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I. INTRODUCTION

An understanding of the movement and space use of animals
is fundamental to basic and applied ecology (Kareiva &
Shigesada, 1983; Turchin, 1998; Schick et al., 2008; Bowlin
etal., 2010; Manly et al., 2010). Techniques such as radio
telemetry have been used for more than 50 years for studying
local and landscape-scale movements, habitat use, and
dispersal of animals (Cochran & Lord, 1963; Craighead
& Craighead, 1963; Millspaugh & Marzluff, 2001). They
can also be used to measure physiological and energetic
variables remotely (commonly referred to as biotelemetry;
Cooke et al., 2004), and this has been an important aspect of
wildlife telemetry since the first use of this technology (Essler
& Folk, 1961; Mackay, 1964).

Radio telemetry involves three primary components: an
active (battery-powered) transmitter affixed to the animal
that emits a radio signal [usually in the very high frequency
(VHF; 30300 MHz) range], an antenna system, and a radio
receiver (with or without a datalogger). The latter two detect
and process the radio signals that are emitted from the
radio transmitters (Fig. 1). The use of radio transmitters
has provided novel and unexpected insights into space
use and movement of free-ranging wild animals and has
become a standard technique in wildlife biology, especially
when applied to large-bodied vertebrates (White & Garrott,
1990; Kenward, 2001; Millspaugh & Marzluff, 2001). For
large-bodied birds, mammals, fishes and reptiles, basic radio
transmitters have been extended to global positioning system
(GPS) dataloggers, biotelemetry tools and satellite-based
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Fig. 1. Principal elements of radio telemetry illustrated with a radio-tagged bumblebee. (A) An active radio transmitter is glued
onto the body of the insect and emits a radio signal with regular pulses at a fixed radio frequency and a predetermined pulse rate.
(B) Strength of the radio signal. It is strongest when an antenna is pointing directly at the transmitter. The pink line indicates signal
gain in decibels arriving at different angles to the antenna’s main axis. (C) A yagi antenna picks up the radio signal broadcast by the
transmitter. The tracking person can sweep the antenna from side-to-side to determine the direction of the strongest signal.

tracking systems (Cooke et al,, 2004; Cagnacci et al., 2010;
Bridge et al., 2011).

The key limiting factor in radio telemetry studies is the
trade-off between transmitter weight versus power (i.e. range)
and battery life (Wikelski et al., 2007). Because of this, the
majority of studies to date have been conducted on large-
bodied vertebrates. However, because of continued advances
in technology, weights of the most basic radio transmitters for
vertebrates have been reduced to less than 5 g. Transmitters
weighing below 1 g are now available (Table 1), which allow
the tracking of small-bodied animals such as insects and
invertebrates in the field (Fig. 2). These small transmitters
are glue-on models that are simply attached to the body
of animals with an adhesive, sticky paste or glue (Fig. 2).
Additional electronics for GPS, archival loggers or satellite
retrieval are usually not included as they are too heavy for
small-bodied species in most cases (Bridge ez al., 2011).

Active transmitters (as used in radio telemetry) are powered
by batteries that are the main contributor to the weight
of the tags. As an alternative, there are also passive tags
which do not incorporate their own power source and
hence can be reduced to a fraction of the weight of active
transmitters. These passive tags can also be used to study
movement behaviour of animals. For instance, harmonic
radar tags transpose an incoming signal (sent out by a radar
station) to a different frequency. The reflected signal then
returns to the radar station and can be distinguished from
other radar-reflective objects. Radio frequency identification
(RFID) tags involve a circuit that only transmits when a
powerful radio signal is sent to it. These circuits are very light
(< 10mg) and allow individual identification of animals,
but the range between RFID tag and transceiver usually
needs to be below 1 m. Both harmonic radar and RFID
have been used widely to study insect movements. We focus
our review on radio telemetry using active transmitters, but
key findings from harmonic radar and RFID studies as

well as some other approaches (e.g. homing experiments,
theoretical models, genetic microsatellite approaches, etc.)
are also briefly mentioned.

Here, we provide an overview of radio telemetry studies
with insects. First, we review published studies of insect
telemetry and summarize the historical development and
the main study aims in this research field. Second, we
provide an overview of key findings from harmonic radar
and RFID studies, compare advantages and disadvantages of
both techniques to radio telemetry with active transmitters,
and highlight a few other alternatives for studying insect
movement. Third, we identify current challenges for tracking
insects with active transmitters, including the constraints
of a small battery, the behavioural effects of transmitter
attachment, and the potential effects of transmitter weights
on the insect’s energetic costs. Finally, we highlight future
prospects of this research field, including the extension of
fieldwork, experimental and theoretical studies, and future
possibilities such as the development of automated tracking
systems or the tracking of insects from space. Throughout
our review, we consider both local spatial extents (e.g.
movements within habitat patches or at grain sizes below
10km?) and continental to global spatial scales (e.g. when
studying migration), and highlight the utility of different
radio telemetry approaches relative to the scale of the study
objective.

II. HISTORY OF INSECT TELEMETRY

The following historical overview of case studies on insect
telemetry is based on a literature search in the Web of Science
(WoS) and Scopus database (September and October 2012).
Using the key words ‘insect telemetry’, we searched oS
and Scopus across all journals. In addition, we used the key
words ‘telemetry’, ‘radio tracking’ or ‘radiotracking’ to search
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Table 1. Characteristics of the smallest and lightest currently commercially available (October 2012) active radio transmitters. The
transmitters listed here are provided by companies that have been mentioned in published case studies on insect telemetry (see

Table 2)

Battery Pulse Pulse

lifespan®  rateP width”
Tag name Mass (g) Size® (mm) (days) (ppm) (ms) Company® Homepage
A2412 0.20 12x5x 1.5 9-22 15-40 15 Advanced Telemetry Systems — www.atstrack.com
LB-2X 0.22 8§ x5.3x28 4-8 40 20 Holohil Systems www.holohil.com
PicoPip 0.19-0.24 12x5x2 3-5 30-50 20 Biotrack www.biotrack.co.uk
LT6-337 0.47 NA 12-22  40-57 10-20  Titley Scientific www.titley-scientific.com
ZV1G 102 0.95 14 x8 x5 26-32 30-40 18 Sirtrack www.sirtrack.com
G3-1V > 1 13x8x5 7-10 50 15-20  AVM Instrument Company www.avminstrument.com

#The size of a transmitter is given as length x width x height.

PThe battery lifespan depends on the pulse rate and pulse width of the transmitter. For a fast pulse rate, the battery life span is usually
shorter than for a slow pulse rate. A slower pulse rate can thus lead to a longer lifespan of the battery. ppm, pulses per minute.

“The companies listed here include all those mentioned in published case studies on insect telemetry (except Sparrow Systems, which had
no accessible information on its homepage: www.sparrowtracking.com).

NA, information not available.

specific insect journals, including Journal of Orthoptera Research,
Journal of Insect Conservation, Ecological Entomology, European
Journal of Entomology, Apidologie, Environmental Entomology,
Journal of Insect Science, Insectes Sociaux, and International Journal
of Tropical Insect Science. Finally, we used our own literature
databases and other studies we were aware of.

We identified 27 case studies of insect radio telemetry
(summarized in Table 2), i.e. studies where active (battery-
powered) radio transmitters had been used to study insect
movement, habitat use, behaviour, migration or evolution.
We focused on insects and included species from both the
aquatic and terrestrial realms. Unless otherwise stated, we
did not include other invertebrates such as spiders (Janowski-
Bell & Horner, 1999) or freshwater invertebrates (Gherardi &
Vannini, 1989; Robinson, Thom & Lucas, 2000). We also did
not specifically search for unpublished theses or unpublished
reports because they are hard to find and gaining access to
them is difficult. Studies using harmonic radar, RFID tags
or other alternative approaches are briefly summarized in
Section III.

(1) Historical development
(a) The first pioneering studies

More than two decades ago, the first radio telemetry studies
were conducted with free-ranging insects (Fig. 3A). These
pioneering studies (Hayashi & Nakane, 1988, 1989) were
focused on the non-flying larvae of an aquatic insect rather
than on terrestrial species. They aimed at understanding
the foraging movements and activity patterns of dobsonfly
larvae (Protohermes grandis) in their natural stream habitats.
The transmitter was already very small (7 x 18 x 2 mm)
and light (0.25 g in water), and their mass approximated c.
10-40% of the body mass of the larvae. The tags did not
have an antenna, so the signal range of the transmitter was
very limited (2 m). At the same time (in the late 1980s), the
first telemetry studies were published on other (flightless)

invertebrates such as freshwater crabs (Gherardi & Vannini,
1989).

For terrestrial insects, the first telemetry study was
published at the beginning of the 1990s (Fig. 3A). It
focused on a carabid beetle (Carabus coriaceus) with the
aim of testing the potential of small radio transmitters for
tracing the movements of non-flying terrestrial insects at
the landscape scale (Riecken & Ries, 1992). The study was
later extended to quantify the habitat use and dispersal
of this large (30—40mm long) Central European carabid
beetle (Riecken & Raths, 1996). A first preliminary radio
telemetry study on the threatened New Zealand giant weta
(Deinacrida heteracantha) was also conducted at the end of
the 1990s, but the few individuals available only provided
limited insights into habitat use and movement (Gibbs &
Mclntyre, 1997). After the turn of the millennium, the
first radio telemetry studies on flying terrestrial insects were
published (Fig. 3A). They focused on large-bodied beetles
(Lucanus cervus, Osmoderma eremita, Scapanes australis) and were
mainly interested in local movements and habitat use, either
from a habitat fragmentation and conservation perspective
(Sprecher-Uebersax & Durrer, 2001; Hedin & Ranius, 2002)
or from an interest in pest control (Beaudoin-Ollivier et al.,
2003). At the same time, studies on a non-flying bush-cricket
(Anabrus simplex) revealed differences in movement rates and
directionality in outbreak and non-outbreak populations
(Lorch & Gwynne, 2000; Lorch et al., 2005).

(b) The last 10 years

Over the last 5—10 years, there has been a marked increase
in insect telemetry studies compared to previous years (Fig.
3A). Besides new telemetry studies on beetles (Rink & Sinsch,
2007; Dubois & Vignon, 2008; Hedin et al., 2008; Negro
et al., 2008; Svensson et al., 2011) and crickets (Kelly, Bussiere
& Gwynne, 2008; Stringer & Chappell, 2008; Sword, Lorch
& Gwynne, 2008; Watts & Thornburrow, 2011; Fornoff,
Dechmann & Wikelski, 2012; Watts et al., 2012), the range of

Biological Reviews 89 (2014) 511530 © 2013 The Authors. Biological Reviews © 2013 Cambridge Philosophical Society



Insect telemetry

515

Fig. 2. Examples of active radio transmitters attached to different insect species. (A) Male orchid bee (Exaerete frontalis) with a
300 mg transmitter attached to the thorax. (B) Bumblebee (Bombus terrestris) with a 200 mg transmitter attached to the dorsal upper
abdomen. (C) Neotropical orchid bee (Eulaema sp.) with a 220 mg transmitter attached to its upper dorsal abdomen. (D) Neotropical
katydid (Philophyllia ingens; Orthoptera: Tettigoniidae) with a 300 mg transmitter attached to the upper thorax. (E) Monarch butterfly
(Danaus plexippus) with a 200 mg transmitter attached to the lower frontal abdomen. (I) Neotropical moth (Sphingidae) with a 220 mg
transmitter attached to the lower abdomen. Photograph credits: Christian Ziegler (A, C), W. Daniel Kissling (B), and Martin

Wikelski (D F).

radio-tagged insect taxa has been expanded to other groups
such as dragonflies (Wikelski et al., 2006; Levett & Walls,
2011) and bees (Pasquet et al., 2008; Wikelski et al., 2010;
Hagen, Wikelski & Kissling, 2011). The first study on drag-
onflies revealed individual migration tactics of green darners
(Anax junius), their distinct stopover and migration periods,
and the dependence of individual migratory decisions on
specific weather patterns (Wikelski et al., 2006). The first
telemetry study on bees was published 2 years later (Fig. 3A),
with a focus on carpenter bees (Xylocopa flavorufa) and their
role in pollinating cowpeas (Vigna unguiculata) (Pasquet et al.,
2008). Subsequently, other studies have demonstrated the
great potential of radio-tracking for understanding space use
and movement behaviour of bees and dragonflies, including
tropical orchid bees (Wikelski et al., 2010) as well as temperate

bumblebees (Hagen et al., 2011) and dragonflies (Levett &
Walls, 2011). In addition, a number of telemetry studies
have focused on several species of giant weta (Orthoptera:
Anostostomatidae) endemic to New Zealand, mostly with
the aim of understanding the movements, habitat use and
behaviour of these insects after translocation to islands or
mammal-free mainland sanctuaries (Stringer & Chappell,

2008; Watts & Thornburrow, 2011; Watts ez al., 2012).

(¢) Summary across taxa and studies

Out of the 27 case studies reviewed here (Table 2), 20 (74%)
have been conducted with either beetles or crickets (Fig. 3B).
Radio-tagged beetles include ground beetles (Coleoptera:
Carabidae), scarab beetles (Coleoptera: Scarabacidae),
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Table 2. Summary of case studies (N = 27) using radio telemetry of insects. The case studies are grouped alphabetically within insect
orders (beetles, crickets, bees, dobsonflies, and dragonflies). Organism characteristics describe species names, insect family, and
whether flying (yes/no) or of tropical affinity (yes/no). The aims of each case study (yes/no) are summarized within five categories:
HAB, habitat use and selection; MOV, movement distance; BEH, behaviour; MIG, migration; EVO, evolution

Organism characteristics

Study aims

Case study Species Family Flying Tropical HAB MOV BEH MIG EVO
Beetles (Coleoptera)
Beaudoin-Ollivier et al. Scapanes australis Scarabacidac Yes Yes Yes Yes Yes  No No
(2003)
Dubois & Vignon (2008)  Osmoderma eremita Scarabacidac Yes No Yes Yes No No No
Hedin & Ranius (2002) Osmoderma eremita Scarabacidae Yes No No Yes No No No
Hedin et al. (2008) Osmoderma eremita Scarabacidac Yes No No Yes No No No
Negro et al. (2008) Carabus olympiae Carabidae No No Yes Yes  Yes No No
Riecken & Ries (1992) Carabus coriaceus Carabidae No No No Yes No No No
Riecken & Raths (1996) Carabus coriaceus Carabidae No No Yes Yes  Yes No No
Rink & Sinsch (2007) Lucanus cervus Lucanidae Yes No No Yes  Yes No No
Sprecher-Uebersax & Lucanus cervus Lucanidae Yes No Yes Yes No No No
Durrer (2001)
Svensson et al. (2011) Osmoderma eremita Scarabacidae Yes No No Yes No No No
Crickets (Orthoptera)
Fornoff et al. (2012) Philophyllia ingens Tettigoniidae Yes Yes Yes Yes  Yes No No
Gibbs & Mclntyre (1997)  Dewnacrida heteracantha Anostostomatidac~ No No No Yes No No No
Kelly et al. (2008) Deinacrida rugosa Anostostomatidae ~ No No No Yes No No Yes
Lorch & Gwynne (2000)  Anabrus simplex Tettigoniidae No No No Yes No  Yes No
Lorch et al. (2005) Anabrus simplex Tettigoniidae No No No Yes No  Yes No
Srygley et al. (2009) Anabrus simplex Tettigoniidae No No No No No  Yes No
Stringer & Chappell Motuweta isolata Anostostomatidae~ No No No Yes No No No
(2008)
Sword et al. (2008) Anabrus simplex Tettigoniidae No No No Yes No  Yes No
Watts & Thornburrow Deinacrida heteracantha Anostostomatidaec ~ No No Yes Yes Yes  No No
(2011)
Watts et al. (2012) Deinacrida rugosa Anostostomatidac~ No No Yes Yes Yes  No No
Bees (Hymenoptera)
Hagen et al. (2011) Bombus terrestris, B. hortorum, ~ Apidae Yes No Yes Yes Yes  No No
B. ruderatus
Pasquet et al. (2008) Xylocopa flavorufa Apidae Yes Yes No Yes No No No
Wikelski et al. (2010) Exaerete frontalis Apidae Yes Yes Yes Yes No No No
Dobsonflies (Megaloptera)
Hayashi & Nakane (1988)  Protohermes grandis Corydalidae No No No Yes Yes  No No
Hayashi & Nakane (1989)  Protohermes grandis Corydalidae No No No Yes Yes  No No
Dragonflies (Odonata)
Levett & Walls (2011) Anax imperator Aeshnidae Yes No Yes Yes No No No
Wikelski et al. (2006) Anax junius Aeshnidae Yes No No Yes No Yes No

and stag beetles (Coleoptera: Lucanidae), while crickets
include bush-crickets (Orthoptera: Tettigoniidae) and wetas
(Orthoptera: Anostostomatidae) (Table 2). A smaller number
of studies (N =7) have focused on other insect orders such
as bees (Hymenoptera: Apidae), dobsonflies (Megaloptera:
Corydalidae), and dragonflies (Odonata: Aeshnidae) (Fig.
3B). An almost equal number of studies has addressed flying
and non-flying insects (Fig. 3B), but most studies have been
conducted in non-tropical regions (Fig. 3B).

(2) Main study aims
(a) Movement

The main study aims in insect telemetry can be grouped
into movement, habitat use, behaviour, migration, and

evolution (Table 2). The most common study objective is
to obtain quantitative estimates of insect movement (Fig.
3C), especially average and maximum movement distances
under natural conditions. For instance, recent landscape-
level telemetry studies of bees have revealed maximum flight
distances of 2.5, 5 and 6 km within a few days for bumblebees
(Hagen et al., 2011), orchid bees (Wikelski et al., 2010), and
carpenter bees (Pasquet ez al., 2008), respectively. Other stud-
ies on ground-living carabid beetles (Riecken & Raths, 1996;
Negro et al., 2008) or flightless crickets (Kelly e al., 2008;
Watts & Thornburrow, 2011; Watts et al., 2012) suggest
movement distances to be less than 100 m per day (usually at
night, with males covering greater distances than females).
Total lengths of movement paths can be up to several hun-
dred metres within a 2—3 week time period (Riecken & Raths,
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Fig. 3. Number of case studies on insect telemetry versus (A) time
(year of publication), (B) characteristics of radio tagged insects,
and (C) main study aims. The black arrows in A denote the first
time at which a specific ecological group of insects was radio-
tracked in the field. In B, the characteristics of studied species
are insect order (beetle, bee, cricket, dragonfly, dobsonfly), flying
versus non-flying, and tropical versus non-tropical species. In C,
the main study aims are divided into movement, habitat use,
behaviour, migration, and evolution. In A and B, the number
of studies adds up to the total (N =27) within those bars that
have the same colour. In C, a single study can count multiple
times (i.e. have multiple study aims). Compare with Table 2.
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1996; Negro et al., 2008; Watts & Thornburrow, 2011) or
evenover | km within 1-2 months (Watts ez al., 2012). In con-
trast to flightless insects, beetles with flight abilities have been
observed to cover larger distances, with single long-distance
flights of 50—1700m (Sprecher-Uebersax & Durrer, 2001;
Beaudoin-Ollivier ¢t al., 2003; Rink & Sinsch, 2007; Dubois &
Vignon, 2008) and maximum recorded movement distances
of over 2km (Rink & Sinsch, 2007). However, movement
distances of flying insects might also differ between sexes (as
for non-flying insects), with males covering larger distances
than females or vice versa, depending on the species considered
(Sprecher-Uebersax & Durrer, 2001; Beaudoin-Ollivier ¢/ al.,
2003; Rink & Sinsch, 2007). Besides horizontal movements,
radio telemetry has also been used to study vertical move-
ments. For instance, radio-tracking of a bush-cricket (Philo-
phylha ingens) in a tropical rainforest revealed that these mnsects
are more or less stationary at 10 m above ground throughout
most of the day, but that they perform upward movements
on trees starting at sunrise, followed by distinct downward
movements beginning at noon (Fornoff et al., 2012).

(b) Habitat use

Another widely addressed study aim in insect telemetry
is habitat use (Fig. 3C), including studies on proportional
habitat preferences, home range requirements, and resource
selection of insects (Table 2). For instance, radio-tracking
has been used to study the habitat selection of a ground
beetle (Carabus olympiae) at a landscape scale, suggesting that
beech forests and subalpine shrubs are the preferred habitat
for this endemic and endangered species (Negro et al., 2008).
At finer spatial scales, the microhabitat selection of insects
can also be studied with radio-tracking. For instance, the
proportional use of specific food plants has been studied in
giant wetas (Demnacrida heteracantha) (Watts & Thornburrow,
2011), whereas significant differences between sexes in the use
of woodpiles, stumps, open areas, and trees were revealed for
a stag beetle (Lucanus cervus) (Sprecher-Uebersax & Durrer,
2001). Other studies have used telemetry to quantify the
occupancy rate of hollow trees by a threatened beetle
(Dubois & Vignon, 2008), the precise location of feeding and
mating sites of pest beetles (Beaudoin-Ollivier ¢t al., 2003),
or the preference and avoidance of certain habitat types by
bumblebees in a Central European landscape mosaic (Hagen
etal, 2011). Radio telemetry studies have also obtained
first quantitative estimates of home range sizes in beetles
(Sprecher-Uebersax & Durrer, 2001), bees (Wikelski et al.,
2010; Hagen et al., 2011), crickets (Fornoff et al., 2012), and
dragonflies (Levett & Walls, 2011). These results on home
range sizes are likely to be underestimates because of the
short battery lifespan, the limited tracking range of the
transmitters, and the effects of tag weight on behaviour and
energetic costs (see Section I'V).

(¢) Behaviour

Besides movement distances and habitat use, radio telemetry
has also been used to understand the basic behaviour of
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insects (Fig. 3C). The first studies of radio telemetry in insects
were aimed at understanding the foraging behaviour of the
aquatic, stream-dwelling dobsonfly larvae (Protohermes grandis)
(Hayashi & Nakane, 1988, 1989). The results showed that
these predatory insect larvae do not actively search for prey
but instead use ambushing as the mode of foraging. For a
terrestrial beetle (Lucanus cervus), radio telemetry showed that
males (but not females) climb up to elevated structures (trees,
shrubs) before they take off for flight (Rink & Sinsch, 2007).
Radio tags further allowed quantification of the relative
amount of time spent for different behaviours, including
resting, foraging and moving of bumblebees (Hagen et al.,
2011) and giant wetas (Watts et al., 2012). However, the
large mass of transmitters relative to the body mass of
insects might influence such behaviour (Hagen et al., 2011).
Field studies on a scarab beetle (Scapanes australis) revealed
differences in flight behaviour between sexes, with males
typically flying within 5m of the ground and females flying
to above canopy level (>20m) and then further away
(Beaudoin-Ollivier et al., 2003). Radio telemetry has also
been used to quantify activity periods of beetles (Riecken &
Raths, 1996; Sprecher-Uebersax & Durrer, 2001; Beaudoin-
Ollivier et al., 2003; Negro et al., 2008), crickets (Fornoff et al.,
2012) and dragonflies (Levett & Walls, 2011) in day and
night time. While studies on carabid and scarab beetles
mostly confirmed their predominantly nocturnal activity,
radio telemetry of a tropical bush-cricket (Philophyllia ingens)
revealed peaks of activity during the day (probably feeding
and/or stridulating activity), despite the insect being assumed
to be predominantly nocturnal (Fornoff ¢t al., 2012). Radio
telemetry studies can therefore reveal unexpected insights
into insect behaviour.

(d) Mgration

Another important study aim addressed in five case studies
is insect migration (Table 2). Countless numbers of insects
migrate every year between and within continents, but little
1s known about individual long-distance trajectories and the
ultimate reasons for mass movements (Holland, Wikelski &
Wilcove, 2006). A ground-breaking telemetry study in insect
migration followed the migratory pathways of a dragonfly
using Cessna airplanes equipped with receivers and ground
teams (Wikelski et al., 2006). The study showed that the green
darner (Anax junius) migrated every 3 days with an average
net advance of 58km in 6 days, having distinct stopover
and migration days similar to those proposed for songbirds.
Besides dragonfly migration, four case studies have focused
on the migratory activity of mormon crickets (Anabrus simplex)
(Table 2). Average migration distances, directionality, and
intrinsic versus extrinsic (environmental) cues were studied
in outbreak and non-outbreak populations during mass
migrations (Lorch & Gwynne, 2000; Lorch et al., 2005;
Sword ¢t al., 2008), and the immediate effects of protein and
carbohydrate diets on migratory activity could be quantified
(Srygley et al., 2009). Radio telemetry thus has great potential
to gain insights into animal migration, although few studies
have so far used this methodology with insects (Fig. 3C).
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(e) Lvolution

Finally, radio telemetry can also be used to study questions
in evolution, although this has been done rarely to date
(Fig. 3C). An interesting study on the Cook Strait giant
weta (Demnacrida rugosa) in New Zealand tested hypotheses of
sexual (female-biased) size dimorphism (Kelly et al., 2008).
Using radio telemetry, the authors found that adult male
giant weta with longer legs and smaller bodies travelled
significantly further per night and accrued significantly
greater insemination success. This suggests a strong mobility-
driven selection pressure on males, with greater mobility
favouring smaller males, whereas fecundity selection might
favour larger females (Kelly ezal, 2008). Hence, radio
telemetry has also the potential to contribute to our
understanding of evolution and natural selection if this is
related to space use and movement of insects.

III. COMPARISON OF RADIO TELEMETRY
WITH OTHER TECHNIQUES

Besides radio telemetry, there are two established tagging
alternatives which have also been used extensively to study
the movement and activity patterns of insects: harmonic
radar and radio frequency identification (RFID) (Fig. 4).
Both use passive tags which do not have their own power
source (i.e. no battery as in an active transmitter). Harmonic
radar and RFID tags can therefore be reduced to a fraction
of the weight of an active transmitter (Table 3). We here give
a short overview of these two technologies, provide some
examples of their application in insect movement studies,
and compare their advantages and disadvantages to radio
telemetry with active transmitters. We also briefly highlight
alternatives to radio telemetry, harmonic radar and RFID.

(1) Harmonic radar

Radar has been used by entomologists for over 40 years
(Chapman, Drake & Reynolds, 2011; Drake & Reynolds,
2012). The first introduction of a radar system to entomology
allowed observing high-flying insects at distances of up to
2km (Schaefer, 1969; Riley, 1975). This technique (often
referred to as ‘vertical-looking entomological radar’, VLR)
has been used successfully to study movements (e.g. flight
orientation or migratory activity) of large (> 100 mg) insects
(e.g. moths or locusts) in the air without the need to attach
a tag (Chapman, Reynolds & Smith, 20034¢; Chapman
et al., 2010; Chilson et al., 2012; Drake & Reynolds, 2012).
For low-flying insects, such classical radar observations are
only possible over very flat and featureless terrain because
terrain features and vegetation strongly echo the radar signals
(Riley & Smith, 2002). In the mid-1980s, the technique of
harmonic radar was therefore introduced to study movement
behaviour and space use of low-flying insects (Mascanzoni
& Wallin, 1986; Riley et al., 1996). This approach uses a
small passive transponder (attached to the insect) that re-
radiates transmissions at exactly half the wavelength of the
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Fig. 4. Equipment for studying insect movement and foraging activity with passive tags, including scanning harmonic radar
(A—-D) and radio frequency identification (RFID, E—H). The black arrows in photographs of insects indicate the position of tags.
(A) Scanning harmonic radar from Rothamsted, Hertfordshire, UK. Signals returned from tagged insects are captured with the
smaller (0.76 m diameter) parabolic reflector mounted above the larger transmitting antenna (for details see Riley & Smith, 2002;
Ovaskainen ez al., 2008). (B) A honeybee carrying a harmonic radar transponder designed for the use with the Rothamsted scanning
harmonic radar. (C) A large white butterfly (Pieris brassicae) with a harmonic radar transponder. (D) A bumblebee (Bombus terrestris)
with a harmonic radar transponder. (E) Two microsensys RFID readers linked by colourless Perspex tubing and connected to the
entrance of a bumblebee (Bombus terrestris) nest (for details see Gill et al., 2012). (FF) A honeybee carrying a RFID tag (see Henry et al.,
2012). (G) Bumblebee (Bombus terrestris) workers with RFID tags. (H) An eusocial paper wasp (Polistes canadensis) with a RFID tag
attached (for details see Sumner ez al., 2007). Photo credits: Alan D. Smith (A), Andrew Martin (B), Juliet Osborne (C), Stephan Wolf

(D), Oscar Ramos-Rodriguez (E), ACTA & Axel Decourtye (F), Nigel Raine (G), Aidan Weatherill (H).

original transmitted wave, and thus allows tagged animals
to be distinguished from other radar-reflecting objects such
as terrain features or vegetation (Mascanzoni & Wallin,
1986; Chapman, Reynolds & Smith, 2004; Chapman et al.,
2011). The very simple tags (including a wire and diode)
weigh only a few milligrams (6—-20mg) and can therefore
be carried by many insects without any obvious effects on
behaviour. However, the length of the wire/antenna needed
to achieve sufficient range can be problematic for some insect
species.

Two forms of harmonic radar can be distinguished. The
more sophisticated version consists of a ground-based (i.e.
stationary) scanning harmonic radar station in which the
movement of a tagged insect is tracked on a circular radar
display (Riley & Smith, 2002; Drake & Reynolds, 2012).
This radar system allows recording both the range and
the direction of the insect. The detection distances for this

method are up to almost 1km (Table 3) when assuming a
flat terrain and a transmitted wavelength of 3.2 cm at 25 kW
(Riley & Smith, 2002). The technique requires a powerful
(and costly) radar device, but the costs for individual tags
are minimal which allows many replicates once the initial
system is purchased and set up. A number of studies have
used this ground-based scanning harmonic radar to obtain
insights into the movement and flight behaviour of insects
(for good overviews see Chapman et al., 2011; Drake &
Reynolds, 2012). For instance, studies with honeybees have
provided insights into their waggle-dance communication
(Riley et al., 2005), their ability to compute optimum flight
vectors between resources (Menzel et al., 2011), their re-
orientation following displacement (Riley et al., 2003, 2005;
Reynolds et al., 2007), and their map-like spatial memory
for navigation (Menzel et al., 2005). Ground-based scanning
harmonic radar has also been used successfully with other
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Table 3. Characteristics of three key techniques that employ active transmitters (radio telemetry) or passive tags (scanning harmonic
radar, radio frequency identification) to study the movement and activity patterns of insects. Harmonic radar refers here to
ground-based scanning but does not include handheld receivers (see text for details)

Scanning harmonic Radio frequency

Characteristic Radio telemetry (RT) radar (SHR) identification (RFID)
Type of tag Active (with battery) Passive (without power source) Passive (without power source)
Tag mass (mg)* 2001000 1-20 0.9-100
Signal range (m) on ground” 100-500 250-900 Usually <1 (often < 0.1,
sometimes < 0.001)

Spatial extent of study focus Landscape to global Landscape Local
Differentiates between Yes No Yes

individuals (unique signal)
Mobility of system Mostly mobile (rarely fixed) Fixed Mobile or fixed
Early applications (year of 1988 1996 2003

publication)®

1

Main limitations® Heavy transmitters, long

antenna

Long antenna, terrain and
vegetation as barriers, signal
without identification
information, technically
demanding

Very short signal range

aRT (see references in Table 4); SHR (O’Neal et al., 2004; Riley et al., 2005); RFID (Streit et al., 2003; Robinson et al., 2009a; Silcox et al.,

2011; Schneider et al., 2012).

PRT (see text for details); SHR: (Riley et al., 1996; Osborne et al., 1999; Riley & Smith, 2002; Menzel et al., 2005); RFID (Streit et al., 2003;

Silcox et al., 2011; Schneider ez al., 2012).

‘RT (Hayashi & Nakane, 1988); SHR (Riley et al., 1996); RFID (Streit et al., 2003).
dRT (Hagen et al., 2011); SHR (O’Neal et al., 2004; Chapman ez al., 2011); RFID (Streit et al., 2003; Silcox et al., 2011; Gill ez al., 2012).

msects such as bumblebees (Osborne et al., 1999; Riley ¢t al.,
1999; Lihoreau et al., 2012), moths (Riley et al., 1998), and
butterflies (Cant e al., 2005; Ovaskainen et al., 2008).

A more cost-effective version of harmonic radar is a light-
weight handheld receiver (O’Neal et al., 2004; Psychoudakis
etal., 2008), often referred to as a ‘harmonic direction
finder’ (Chapman efal., 2011). This form of harmonic
radar transmits at a longer wavelength compared to the
ground-based scanning radar. The detection distances for
tags held above the ground are therefore only in the range
of 30-60m and even shorter (< 10 m) when the tag is on
the ground (Mascanzoni & Wallin, 1986; Lovei et al., 1997;
O’Neal et al., 2004; Psychoudakis et al., 2008). Moreover, the
handheld harmonic devices used with insects often only allow
measurement of the direction of the signal, but not the range
(Drake & Reynolds, 2012). Ground-based scanning radar,
by contrast, measures range as well as direction. A series of
studies have used handheld harmonic radar to investigate
the short-term and short-distance movement behaviour of
beetles including both ground-dwelling (e.g. Mascanzoni &
Wallin, 1986; Lovei et al., 1997; O’Neal ¢t al., 2004) as well as
flying species (e.g. Boiteau & Colpitts, 2001, 2004). However,
due to the limited detection range this system is applied less
often to insect taxa than is the ground-based scanning radar.

(2) Radio frequency identification

RFID is a wireless sensor technology based on detecting
electromagnetic signals. The antenna and receiver unit that
reads the RFID tags is called a ‘reader’. The reader powers
a passive RFID tag wirelessly to emit a radio signal for

identification. The main use of RFID has been for the long-
term identification of a large number of individuals. The
effective signal range between the reader and tag varies with
the power output of the antenna, the radio frequency, and
the size of tag (Table 3). It can reach up to 30 m or more,
but usually detection is below 1-5m (Domdouzis, Kumar
& Anumba, 2007). For insects, RFID tags have to be very
small and their detection is usually in the range of a few
centimetres or even millimetres (Reynolds & Riley, 2002;
Silcox et al., 2011). They can weigh as little as 0.9-4 mg
(Streit et al., 2003; Robinson et al., 2009a; Schneider et al.,
2012) and their small volume and low profile means they can
be glued onto a diverse range of insect species.

RFID tags have been used in a number of insect
studies. For instance, impacts of pesticides on individual
survival rates, foraging behaviour, homing ability and activity
patterns have been studied in honeybee and bumblebee
colonies using RFID (Decourtye et al., 2011; Gill, Ramos-
Rodriguez & Raine, 2012; Henry etal,, 2012; Schneider
etal., 2012). In such studies, readers were placed at the
entrance of colonies to assess in- and out-going movements
from colonies or specially designed feeding stations (e.g. Fig.
4FE). Similar approaches have been applied to study forager
recruitment zza pheromones in bumblebee colonies (Molet
et al., 2008) or nest-drifting behaviour in natural populations
of eusocial paper wasps (Sumner et al., 2007). RFID tags
have also been successfully applied in studies with ants
(Robinson et al., 20094, b), beetles (Vinatier et al., 2010), and
other surface-dwelling or subterranean insects (Silcox et al.,

2011).
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(3) Comparison of passive tags to active
transmitters

The principal advantage of passive tags (harmonic radar,
RFID) over active transmitters (radio telemetry) is their
much smaller weight (Table 3). This allows the application
of passive tags to a much broader range of insects including
the economically important honey bee; weight constrains
the use of active transmitters to the largest insect species
(see Section IV). The lack of a battery also greatly extends
the potential operational lifespan of the passive tags and
considerably reduces their costs. This means that a much
larger number of individuals can be tracked over a longer
time period once the harmonic radar station or RFID reader
has been purchased.

The fixed range of a stationary radar unit limits the
flexibility of the system compared to a hand-held antenna
and recetver unit as used in radio telemetry. Ground-based
scanning harmonic radar can have a signal range of almost
lkm (Table 3), but detection of larger scale movements
is problematic due to the stationary design of the system.
Moreover, harmonic radar does not return a uniquely
identifiable signal and is thus unable to identify individuals
in most cases. Individuals can only be identified if tags are
used sequentially rather than simultaneously, or if the studied
insect behaviour occurs over a small spatial and temporal
scale so that each individual can be tracked continuously.
Ground-based scanning harmonic radar is best suited for
the analysis of movement and foraging behaviour in flat,
open habitat of < 10 ha. Harmonic radar using a handheld
receiver is even more limited in space. It is ideally suited for
studying movements of ground-dwelling insects at the scale
of a few metres.

Like active transmitters, RFID tags allow the identification
of individuals. An advantage is that tags are available at
low cost and with almost unlimited lifespan. The main
limitation is the very small range at which the tags can
be detected (Table 3). Careful placements of readers can
permit investigations of spatial movements at very fine scales
(e.g. when entering and leaving colonies). However, the high
costs of readers make applications across a large spatial
extent beyond the reach of most research budgets. New
experimental designs with mobile readers can increase the
spatial coverage and allow monitoring of large populations
of individuals over long periods of time (Moreau et al., 2011).

(4) Alternatives to radio telemetry, harmonic radar
and RFID

Besides radio telemetry, harmonic radar, and RFID, a
number of alternative techniques can be used to quantify
msect movements and space use. These include homing
experiments, theoretical models, genetic microsatellite
approaches, mark-reobservation studies, and Light Detection
and Ranging (LIDAR). While the first two approaches tend
to overestimate the routine movement behaviour of insects
under natural conditions, the latter three tend to measure
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minimum (rather than maximum) movement distances (as
do harmonic radar and RFID).

Homing experiments have been used to approximate
maximum flight distances of central place foragers (mostly
hymenopterans), i.e. species that bring resources back to
their nests. This approach allows investigation of an animal’s
ability to return to its home after displacement to unfamiliar
regions. It has been used, for instance, with honeybees
(Capaldi & Dyer, 1999), solitary Osmia spp. bees (Guédot,
Bosch & Kemp, 2009), social bumblebees (Goulson & Stout,
2001), and ants (Collett, Graham & Harris, 2007). Similarly,
theoretical models can be used to predict maximum flight
ranges of insects, e.g. by correlating flight range with body
size (Greenleaf et al., 2007) or with energy budgets based on
optimal foraging theory (e.g. Cresswell, Osborne & Goulson,
2000).

Several techniques are available to measure minimum
(rather than maximum) movement distances. For instance,
genetic microsatellite approaches are used to determine
sibling relationships of foraging insects and therefore allow
quantifying foraging range and nest density (Chapman,
Wang & Bourke, 20035; Darvill, Knight & Goulson, 2004;
Kraus, Wolf & Moritz, 2009). Insects can also be marked
individually with simple labels or tags to follow their local
movements (Hagler & Jackson, 2001). Combined with mark-
reobservation methods, this allows tracking of the movement
of marked individuals within or across study sites (e.g.
Dramstad, 1996; Walther-Hellwig & Frankl, 2000). This
tagging technique is inexpensive, but usually tedious and
time consuming, and restricted to the local scale. LIDAR
uses light (laser) to measure reflectance of objects, in contrast
to radar which uses radio waves. It has been applied to track
insect movements, e.g. those of honeybees at a patch scale
(Shaw et al., 2005). LIDAR does not permit identification of
individuals if more than one individual is tracked at the same
time. A number of additional computer-based technologies
are available, but they have been less widely applied to
observe insect movements (for a review see Reynolds &
Riley, 2002).

IV. CHALLENGES OF TRACKING INSECTS
WITH ACTIVE TRANSMITTERS

(1) Constraints of small size
(a) Baltery size

One of the key challenges in insect telemetry is the need for
a very small and light transmitter so that the animal is able
to carry it (Fig. 2). This currently precludes the use of GPS
technology (Cagnacci et al., 2010), satellite tracking (Bridge
et al., 2011) or biotelemetry (Cooke et al., 2004). The weights
of such transmitters are simply too heavy for insects. For the
simplest transmitters, a lighter weight can best be achieved
by reducing the battery size, as this is the heaviest part of
an active radio transmitter. However, a smaller battery also
generally means a shorter lifespan (Fig. 5). As a consequence,
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Fig. 5. Relationship between transmitter mass and battery
lifespan for active radio transmitters used in insect telemetry
studies. The heavier a transmitter, the longer the battery lifespan
and the better the possibilities for data collection. Values were
obtained from 17 insect telemetry case studies for which data
on tag mass and battery lifespan were available in the original
publications (Table 2). The Pearson correlation (r) between
log-transformed variables is provided.

msect telemetry studies have been conducted over short time
periods, mostly over 7—21 days (Fig. 5). Reducing the pulse
rate can increase battery life, but if the pulses are too far
apart, it is difficult for a tracking person to determine the
direction of the signal.

(b) Limated tracking range

Another consequence of the requirement to use a small
transmitter is that the tracking range is reduced compared
with that of larger transmitters that can send out a stronger
signal. For instance, the maximum tracking range at ground
level over flat terrain that has been reported in insect
telemetry case studies is 500m (Beaudoin-Ollivier et al.,
2003; Kelly etal., 2008; Levett & Walls, 2011). Usually
maximum tracking ranges of 100-400m are mentioned.
The tracking range depends not only on battery power but
also on other factors such as topography and vegetation
structure, and routine tracking distances in the field are
therefore often much shorter than the maximum tracking
distances reported by radio tag suppliers. One way to increase
the area of tracking is to use helicopters and aeroplanes
equipped with external antennae, as there are usually fewer
obstacles in the line-of-sight between transmitter and antenna
(depending on terrain and vegetation). Aerial tracking
has been used in four insect telemetry studies (Wikelski
et al., 2006, 2010; Pasquet et al., 2008; Hagen et al., 2011)
and enabled researchers to obtain better information on
maximum flight distances at the landscape scale. Moreover,
it is currently the only possible option to track long-distance
migration events of insects with radio telemetry (Wikelski

et al., 2006).
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(2) Behavioural effects of transmitter attachment
(a) Observational and indirect evidence

A key challenge in the radio telemetry of insects is to
understand whether and how the attachment of transmitters
affects their behaviour and other aspects of their life history.
In most cases, authors only report anecdotally about how
transmitters might or might not affect insect behaviour. For
instance, radio-tagged carabid beetles (Carabus coriaceus) were
observed in the laboratory to experience problems when
digging themselves into the ground (Riecken & Ries, 1992),
and scarab beetles (Osmoderma eremita) can be blocked by thin
twigs or leaves when walking on the ground or climbing
trunks (Dubois & Vignon, 2008). Some studies use indirect
evidence to support the assumption that transmitters have no
or only negligible effects on insect behaviour. For the scarab
beetle Osmoderma eremita, movement rates and ranges as well
as dispersal kernels obtained from telemetry data were similar
to those estimated from mark-recapture experiments (Hedin
& Ranius, 2002; Dubois & Vignon, 2008; Svensson et al.,
2011), and hence it was suggested that dispersal behaviour is
not strongly affected by transmitter attachment.

(b) Quantitative tests

Potential behavioural effects of transmitter attachment
have been tested quantitatively in only a few cases. For
instance, relationships between handling time and relative
prey size for dobsonflies have been reported to be similar
for individuals with and without transmitters (Hayashi &
Nakane, 1988, 1989). For a bush-cricket (Anabrus simplex),
the effects of transmitter attachment on six movement
behaviours were experimentally tested in a laboratory
arena, including three turning-related behaviours (turn
angle, turning rate, directional change relative to distance)
and three walking-related (walk time, speed, and distance)
behaviours (Lorch et al., 2005). No significant differences in
these movement parameters were found between groups
of males or females either with or without transmitters.
Bumblebee (Bombus terrestris) workers fitted with transmitters
exhibited significantly lower flower visitation rates and spent
significantly more time foraging on individual flower heads
than individuals without transmitters (Hagen et al, 2011).
Additionally, bumblebees with transmitters rested for long
time periods (> 45min), suggesting that tag attachment
increased their energy usage in the field (Hagen ez al., 2011).
Overall, the attachment of transmitters can affect insect
behaviour in the short or long term, but it is not easy to
generalize about these effects. More quantitative tests on
how transmitters affect various aspects of insect behaviour
and life history are therefore needed.

(3) Transmitter weights and energetic costs
(@) Ratio of tag mass to body mass

The weight of a transmitter might not only affect behaviour,
but also the energy budget and metabolism of insects. For
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instance, the energy costs of flight, movement, and burrowing
might be increased if transmitters are attached to the body
of insects. For terrestrial vertebrates such as birds and
mammals, a ‘< 5% body size’ rule is often used, suggesting
that the weight of the transmitter should not exceed 5% of a
species’ body weight (Brander & Cochran, 1969; Murray &
Fuller, 2000). This rule is arbitrary and has been questioned
because it ignores acrodynamic relationships and fails to
provide a direct estimate of energetic costs of transporting a
transmitter (Caccamise & Hedin, 1985). Nevertheless, it has
been used as a rule of thumb for attaching transmitters
to vertebrates. For insects, much less is known about
the relationship between tag mass and insect body mass
and its effect on insect metabolism. The smallest active
radio transmitters (despite being very small) are still heavy
compared to the body mass of insects, and the ratio of tag
mass to body mass in insect telemetry studies has ranged
from 2 to 100% (Table 4). In most cases, the weight of a
transmitter has been less than one third of the body weight
of a species (Table 4), but for some species (e.g. bees), the
weight of the transmitter has exceeded one third or even
half of the insect’s body weight (T'able 4). Some species such
as bumblebees are known to be able to carry such heavy
loads (e.g. nectar and pollen loads up to 100% of their
body weight; Heinrich, 1979), but this additional weight is
likely significantly to affect their normal energy expenditure
if carried beyond the time span of a single foraging bout.
Nevertheless, no study has yet tested how the additional
weight of transmitters affects energy costs of insects, both in
the short and the long term.

(b) Potential energetic costs of transmitter attachment

Some insect telemetry studies have made a first attempt
towards understanding the potential energetic costs of
carrying a transmitter. For instance, changes in body weight
before and after radio-tagging have been used to quantify
net effects on metabolism. For wetas (Gibbs & Mclntyre,
1997) and carabid beetles (Riecken & Ries, 1992), an
increase in body mass of radio-tagged insects from the
start to the end of the tracking period has been considered as
evidence that transmitter weights do not strongly reduce food
uptake and foraging success (Riecken & Ries, 1992; Gibbs
& Meclntyre, 1997). By contrast, a radio-tagged individual
of the scarabid beetle Osmoderma eremita lost 13% of its body
mass from the beginning of the tracking until its death
(Dubois & Vignon, 2008). This could be attributed to the
increased energy costs of carrying the additional transmitter
weight, but other explanations are also possible. For both
wetas (Watts & Thornburrow, 2011) and dobsonfly larvae
(Hayashi & Nakane, 1988, 1989), the measured movement
distances of radio-tagged individuals were not related to the
ratio of the transmitter mass to body mass, suggesting no
bias in distance estimates due to additional energetic costs.
By contrast, long resting periods during flight movements
of radio-tagged bumblebee individuals could indicate that
transmitter weights may incur significant energy costs for
these insects (Hagen et al., 2011).
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V. FUTURE PROSPECTS IN RADIO TELEMETRY
WITH INSECTS

To date, there have been few published case studies on
insect telemetry. However, given the increasing availability of
miniaturized active radio transmitters and the famously high
taxonomic richness of insects, there is considerable potential
to develop this research field further. Below we highlight
future prospects related to field studies, experimental and
theoretical approaches, the development of automated
tracking systems, and potential future options for tracking
insects from space.

(1) Field observational studies
(a) Expanding species coverage

The limited number of insect telemetry studies currently
precludes broad generalisations across species, functional
groups, biomes and habitat types. Species coverage therefore
needs to be expanded to obtain more comprehensive
quantitative data on movement behaviour and space use at
the landscape and patch scales. This should cover aspects of
space use and movement such as home range sizes (Wikelski
et al., 2010; Hagen et al., 2011; Levett & Walls, 2011; Fornoff
et al., 2012), local movement paths (Negro ¢t al., 2008; Hagen
etal., 2011), habitat selection (Negro et al., 2008; Hagen
et al., 2011; Watts & Thornburrow, 2011), and routine flight
distances (Pasquet ef al., 2008; Wikelski ez al,, 2010; Hagen
et al., 2011) of insects from different taxonomic groups. Such
studies might be particularly important for conservation
(Negro et al., 2008), pest control (Beaudoin-Ollivier et al.,
2003), and landscape ecological management (Osborne ef al.,
1999), and will provide the basis for understanding the
survival of insects (e.g. pollinators) in human-dominated and
fragmented landscapes (Hagen et al, 2012). Furthermore,
radio telemetry needs to be extended to a larger number
of migratory insects, to gain an understanding of migration
strategies in insects at regional or even continental and
global scales (Holland ez al., 2006; Wikelski et al., 2006). The
use of helicopters and airplanes equipped with external
antennae has great potential for covering larger areas,
e.g. for tracking regional migration or landscape-level
movements.

(b) Future priorities for field studies

From our review above, some specific recommendations
for future field studies emerge that could help to obtain
more balanced insights into insect ecology and behaviour.
First, a broader coverage of species from different insect
families and functional groups seems to be possible with
the smallest currently available radio tags. To date, most
radio-tagged insect species have a body mass in excess of
1 g, but smaller species with a body mass of 0.2-0.5g (e.g.
bumblebees and orchid bees) have now also been tracked
under natural (field) conditions (Table 4). This opens up new
opportunities to track species with a wider body size range
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Table 4. Body mass, tag mass, and their ratio (tag mass/body mass) for insect species which have been tracked with active radio
transmitters in the field. Values represent the mean or range (if available) across individuals and sexes as reported in the original
publications (compare with Table 2). Note that not all case studies from Table 2 reported both body mass and tag mass

Species Sex-specific tags  Body mass (g) Tagmass (g) Ratio (%) Reference
Beetles (Coleoptera)
Carabus coriaceus No 1.37-1.79 0.60-0.70 34-51 Riecken & Raths (1996)
Carabus olympiae No 0.75 0.30 40 Negro et al. (2008)
Lucanus cerous No 1.30-4.90 0.35 7-27 Rink & Sinsch (2007)
Lucanus cervus No 1.90-3.30 0.40 12-21 Sprecher-Uebersax & Durrer (2001)
Osmoderma eremita No 1.70-2.84 0.41 15-24 Dubois & Vignon (2008)
Osmoderma eremita No 2.20-2.40 0.48-0.52 20-24 Hedin & Ranius (2002) and Hedin ez al. (2008)
Osmoderma eremita No 1.41-2.93 0.41 14-29 Svensson et al. (2011)
Scapanes australis No 6.43-8.95 0.47-0.49 5-8 Beaudoin-Ollivier et al. (2003)
Crickets (Orthoptera)
Anabrus simplex No 2-3 0.85 26-43 Lorch & Gwynne (2000)
Anabrus simplex No 2-3 0.45 15-23 Lorch et al. (2005) and Sword et al. (2008)
Deinacrida heteracantha Yes 9; 35 0.87; 1.08 10; 3 Watts & Thornburrow (2011)
Deinacrida rugosa No 10-20 0.40 2-4 Kelly et al. (2008)
Deinacrida rugosa Yes 9.6; 19.2 0.87;1.08 9; 6 Watts et al. (2012)
Motuweta isolata No 8.6-34 1.70 5-20 Stringer & Chappell (2008)
Philophyllia ingens No 3.50 0.30-0.35 9-10 Fornoff et al. (2012)
Bees (Hymenoptera)
Bombus hortorum No 0.30-0.45 0.20 44-66 Hagen et al. (2011)
Bombus ruderatus No 0.27-0.40 0.20 50-74 Hagen et al. (2011)
Bombus terrestris No 0.20-0.30 0.20 66—-100  Hagen et al. (2011)
Exaerete frontalis No 0.49-0.69 0.30 43-61 Wikelski et al. (2010)
Xylocopa flavorufa No 1.01 0.35 35 Pasquet et al. (2008)
Dobsonflies (Megaloptera)
Protohermes grandis No 0.80-2.26 0.25-0.33 11-41 Hayashi & Nakane (1988)
Protohermes grandis No 1.00-1.89 0.19 10-19 Hayashi & Nakane (1989)
Dragonflies (Odonata)
Anax junius No 1.20 0.3 25 Wikelski et al. (2010)

‘Sex-specific tags’ (yes/no) indicates whether a case study used different tag sizes for different sexes because of size dimorphism between
males and females. Male values are then reported before the semicolon, and female values after. Species are ordered alphabetically within

orders (beetles, crickets, bees, dobsonflies and dragonflies).

than possible previously. Second, relatively few studies have
applied insect telemetry to tropical species (Fig. 3B, Table
2), which is surprising given that most insect species occur
at tropical latitudes (Godfray, Lewis & Memmott, 1999).
We suggest that considerable progress in insect ecology and
movement could be made if telemetry studies were not
predominantly conducted in extra-tropical regions. Third,
the use of radio telemetry has great potential to allow
further insights into insect behaviour, but the intraspecific
variability in ecological and behavioural characteristics, such
as those between sexes, ages, castes, and individuals, has only
rarely been investigated. For instance, various studies using
different approaches have obtained data on landscape-level
movements and foraging ranges of social bee workers (e.g.
Osborne ¢t al., 1999; Goulson, 2003; Greenleaf ¢ al., 2007),
but we have surprisingly little knowledge about the detailed
space use of queens, males or solitary bees beyond the scale
of local foraging patches (Goulson, 2003; Hagen et al., 2011,
2012). Finally, few studies have quantified the effects of
transmitter attachment on insect behaviour in the field (e.g.
Hagen et al., 2011). We recommend that future studies obtain
basic measures of condition and body mass before and after
insect telemetry, and conduct quantitative behavioural field

observations for individuals with and without transmitters, to
assess the potential negative effects of transmitter attachment
under field conditions.

(2) Laboratory and field experiments and
theoretical studies

In addition to field observational studies, there is also great
potential for conducting experimental and theoretical studies
to quantify how transmitters affect or might change insect
energy budgets and behaviour. A key factor here is to
understand the energy costs of carrying a transmitter, which
probably varies with insect body size (Chown & Gaston,
2010) and across taxonomic groups (e.g. beetles, bees,
dragonflies). For flying insects, the aerodynamics of flight
need to be considered when assessing transmitter effects,
including flight behaviour and manoeuvrability (Caccamise
& Hedin, 1985).

(a) Laboratory experiments

To date, only a few studies have used detailed laboratory
experiments to assess how transmitter attachment affects
movement behaviour (e.g. Lorch ez al., 2005). Laboratory or
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flight cage experiments could help to test how transmitters
affect insect energy expenditure. For instance, increased
flower handling times in bumblebees fitted with transmitters
have been demonstrated in the field (Hagen et al., 2011),
but calibrated feeder experiments in a flight cage could
additionally assess whether this change in behaviour reduces
overall nectar consumption or whether it demonstrates
behavioural plasticity to maintain overall nectar intake
(Pflumm, 1977). Experiments in flight cages (e.g. with
increasing transmitter weights) could also be used to identify
maximum weights of tags that have no or minimal impact on
insect behaviour (Boiteau & Colpitts, 2001) and to assess the
physical constraints that the tags place on animals’ movement
and flight. Alternatively, experimental laboratory and field
studies can be conducted by adding tiny extra weights to the
body of insects to test the effect of increasing load weight
on foraging behaviour and lifespans (Schmid-Hempel, 1986;
Wolf & Schmid-Hempel, 1989). Experiments with radio
transmitters could also be combined with other techniques
that allow studying insect movements in a laboratory setting
(for an overview see section 8 in Reynolds & Riley, 2002).

(b) Theoretical models

Theoretical models have been used to analyse economics
and distances of foraging and flight range (Viswanathan
et al., 1999; Cresswell ¢t al., 2000). Such models can be tested
and compared with experimental and observational data
and allow theoretical predictions about how energy intake
and foraging strategies affect movement. A combination
of short-term experimental studies with theoretical models
of energy budgets and metabolism in relation to foraging
(Viswanathan et al., 1999; Cresswell et al., 2000) and flight
behaviour (Caccamise & Hedin, 1985; Fischer & Ebert, 1999;
Fischer & Kutsch, 2000; Ando, Shimoyama & Kanzaki,
2002) could potentially permit predictions about the short-
and long-term sub-lethal effects of transmitters on insect
individuals and populations.

(3) Automated tracking systems

The radio telemetry studies discussed herein have relied
on manual tracking with hand-held or aircraft-mounted
antennae (Fig. 1). This limits sample sizes and temporal
resolution while requiring considerable labour. Automated
recording and triangulation of radio signals from small radio
transmitters could overcome these limitations. Moreover,
by removing the need for subjective assessments of signal
volume, an automated system would allow the pulse rate
of transmitters to be reduced significantly, thus lengthening
transmitter life.

(a) Automated data logging versus aulomated tracking

We distinguish ‘automated data logging” from ‘automated
tracking systems’ because the former only detects the
presence and absence of movements and activity patterns
while the latter determines the location and movement of
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individuals. Automated data logging has been used since
the start of wildlife radio telemetry (Cochran et al., 1965;
Voegeli et al., 2001) and has also been used with insects, e.g.
to measure daily activity patterns of bush-crickets (Fornoff
et al., 2012) or dragonflies (Levett & Walls, 2011). By contrast,
automated tracking systems (both radio and acoustic) have
so far only been applied to track large-bodied animals,
including sharks (Heupel & Hueter, 2001; Klimley et al.,
2001), ungulates (Johnson et al., 2000; Ager et al., 2003),
primates (Crofoot et al., 2010), bats (Dechmann et al., 2009;
Holland ¢t al., 2011), and other vertebrates (Kays et al., 2011).
We include acoustic tracking systems in aquatic animals
because the principles are similar and informative for the
design of future automated radio telemetry systems.

(b) Presence/absence design

The simplest automated tracking system to obtain spatially
explicit data involves a series of receivers that are spread
across a study site to record the presence or absence of a
signal within range (Fig. 6A). For instance, the space use
and movement of a marine cephalopod in and around a
harbour was recorded using 64 automated acoustic receivers
mnstalled on a network of moored buoys (Stark, Jackson
& Lyle, 2005). Such an approach could, in principle, be
applied to terrestrial insects (using radio rather than acoustic
signals), specifically for understanding the use of specific
habitats or the movements to and from clearly defined
locations such as nest sites or foraging areas. The method
could be refined by carefully considering how overlaps in
detection could indicate location, and by potentially using
signal strength as a measure of distance (given flat terrain and
no major obstacles that would affect detectability, Iig. 6A).
However, this method 1s only useful for research questions
that are focused on movements of the order of hundreds of
metres, because this is the detectable distance of the radio
transmitters. Consequently, smaller scale movements cannot
be distinguished using a system that detects the presence
or absence of a transmitter within range. For studies where
accuracy in the order of metres is required, passive RFID
tag technologies are more appropriate (see above).

(¢) Triangulation design

To obtain more precise spatial locations of moving
individuals, triangulation with three or more antenna and
receiver units is required (Fig. 6B). Such automated tracking
systems that simultaneously record signal bearings from
at least three receiver stations and then triangulate the
location of the transmitter have been used successfully
to track larger animals (e.g. Kays etal, 2011; Fig. 6B).
They allow multiple individuals to be tracked simultanecously
and provide data at high spatial and temporal resolution,
24h a day, for the lifetime of the transmitter (Kays
etal, 2011). A new receiver (SRX 600, Lotek Wireless,
www.Lotek.com) has now become commercially available
that could be used to compute bearings of signals from
coded transmitters, as it automatically assesses relative signal
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Fig. 6. Examples of designs for automated tracking systems. (A) Presence/absence design where an automated tracking of movement
and space use could be approximated using the presence/absence of a radio signal from a transmitter within the range (red circle
outlines) of a receiver with a simple dipole antenna (red dot with black outline, numbered 1-4). In this hypothetical example, the
careful placement of receiver and data-logger units could allow broad discrimination between animal use of Field A (detected by 1
or 2), Field B (detected by 3 or 4), or fallow margin (detected by either 1 and 3 or 2 and 4). The limitations of this system design
are that the radius around each receiver is determined by the detectible distance of the radio transmitter (likely to be in the order
of hundreds of metres). Detectability at the limit of the signal range can be variable, and it requires flat ground with no obstacles to
radio transmission. (B) Triangulation design which allows triangulating the position of an object to achieve high spatial precision
and to track movement within habitats. The example illustrates the automated radio telemetry system (ARTS) established on Barro
Colorado Island in Panama (Kays et al., 2011). Each antenna tower and receiver computes the signal bearing based on relative
signal strength recorded at six directional yagi antennae set at fixed angles. These data are fed via a wireless network back to the
base station and then made accessible online to researchers. Once the raw signal-bearing data are cleaned, locations of individual
animals can be computed using the principles of triangulation. This system permits simultaneous tracking of 20 or more individuals
24 h per day for the lifetime of the transmitters. This type of system could be developed for the smaller signal power and range of
< 1 g radio transmitters to answer questions about habitat use and movement patterns of insects at fine spatial scales. Transportable
antenna towers could permit the system to be used at multiple sites, but site-specific signal distortions would need to be mapped at

cach site. (Image in B is reproduced from Kays et al. (2011), used with permission from R. Kays and Oxford University Press.).

strength from multiple inputs. Coded transmitters allow
multiple identifiable transmitters to use the same frequency
and the receiver is thus able simultaneously to record
signal strength for many coded transmitters using the same
frequency. This improves the temporal resolution of fixes
beyond that obtained by previous systems (Kays et al., 2011).
The drawback of coded transmitters is that the extra circuitry
needed adds additional transmitter weight. However, very
small coded transmitters have now also become available
(0.25 g, www.Lotek.com). We are not aware of any published
study that has used such automated systems to track insects.

(4) Tracking from space
(a) Space-based tracking systems

The emergence of satellite tracking systems such as
ARGOS (www.argos-system.org) in the 1980s has been a
breakthrough for the monitoring and analysis of global
movements of large-bodied vertebrates. The transmitters
needed for such systems are relatively large and their
application has long been limited to species that weigh
more than approximately 300g (Wikelski efal., 2007).
However, new developments have further reduced the mass
of solar-powered transmitters operating va the ARGOS
satellite systems to 5g and this allows e.g. birds down
to almost 100g to be tracked (Microwave Telemetry,

www.microwavetelemetry.com). As an alternative to satellite
tracking systems such as ARGOS, the ICARUS initiative
(International Cooperation of Animal Research Using Space;
http://icarusinitiative.org) has been started with the aim
of establishing a new space-based system that allows the
global tracking of small-bodied vertebrates and insects.
The principal idea is to establish sensitive receivers with
sophisticated antennae in near-earth orbit that are able to
detect signals from small radio tags attached to animals
(Pennisi, 2011). The shorter distance from the Earth to the
space station (~320 km) compared with that to the ARGOS
satellites (~850 km) would demand less energy to send data,
potentially reducing battery requirements.

(b) Prospects and limitations of tracking insects_from space

The current challenge for tracking insects with space-based
tracking systems such as ARGOS and ICARUS is to develop
transmitters that are small (but still powerful) enough to be
detected from space. Transmitters with a mass below 5g
are envisioned (Wikelski ez al., 2007) or currently developed
(Microwave Telemetry, www.microwavetelemetry.com) and
a further reduction to below 1g might be expected in the
near future if the current rate of technological advancement
continues. Such developments could potentially create
a breakthrough for the global tracking of small-bodied
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vertebrates and, if technology develops further, might also be
applied to insects. Nevertheless, even transmitters in the 1 g
range will only be applicable to the largest insects, and global
space-based tracking of insects will probably only be possible
for specific species, e.g. those that live in open habitats such
as deserts (Wikelski et al., 2007). The spatial resolution (i.e.
accuracy) of such systems is likely to be in the range of a
few kilometres, which would be suitable for detecting large-
scale movements of insects such as migrations. For more
local and landscape-level applications, field-based manual
tracking, aerial surveys, and automated tracking systems (as
discussed above) will remain the key for providing data at
the appropriate resolution.

VI. CONCLUSIONS

(1) Radio telemetry is applicable for a wide range
of large-bodied insects and allows researchers to gain
insights into insect ecology, behaviour, and evolution,
especially when addressing questions about space use, habitat
selection, mobility, movement distances, activity patterns and
migration strategies at local, landscape and even regional
scales. Such data are fundamental for basic and applied
biodiversity science, including species conservation, pest
control, landscape ecology, and agricultural and horticultural
management.

(2) The limited number of insect telemetry studies currently
precludes broader generalisations of movement behaviour
and space use across species, functional groups, biomes
and habitats. We recommend (¢) extending coverage to
a wider range of species from different insect families and
functional groups, (z2) putting more emphasis on (sub-)tropical
regions, and (u¢) quantifying intraspecific variability between
sexes, ages, castes, and individuals. Aerial surveys from
helicopters and aeroplanes equipped with external antennae
can help to increase the limited tracking range of active
radio transmitters, especially when quantifying maximum
flight distances and home range sizes at the landscape scale,
or when tracking long-distance migration events at regional
and continental scales.

(3) Quantifying the effects of transmitter attachment on
insect behaviour and energy costs is crucial, but has been
widely neglected to date. We suggest that more quantitative
tests are needed to assess the consequences of transmitter
attachment, including basic measurements of condition
and body mass before and after telemetry, behavioural
field studies for individuals with and without transmitters,
laboratory or flight cage experiments, or theoretical studies
on foraging and flight behaviour in relation to energy budgets
and metabolism.

(4) Finally, we see great potential for moving the frontiers
of insect telemetry considerably further if automated systems
for tracking insect movement, activity and behaviour are
implemented and applied. The further development of space-
based tracking systems such as ARGOS or ICARUS could
ultimately provide a breakthrough for the monitoring and
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analysis of regional and continental movements of large-
bodied insects.
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