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Abstract

Despite the fact that landscape fragmentation significantly affects movement and habitat
use of many insect species, it is still relatively unknown how these species utilize particular
habitats. This is especially true for species that are not restricted only to single habitat, but
use various habitats with different environmental conditions during their life cycles. In this
thesis, | therefore focused on such species, Carabus ullrichii, a robust, large ground beetle,
occupying various habitats from deciduous forests to meadows and arable fields, with
questions of how the species utilizes particular habitats based on its movement patterns,
sex, and average speed and also which environmental factors affect its movements. Radio
telemetry, an advanced method, was used for tracking movement behavior of beetles.
Tracking the movements of C. ullrichii in different habitats revealed that its activity was
affected by temperature and time of the day. In addition, the circadian activity of this
species likely varies between geographical localities and habitats. Whereas forest beetles
might be rather dusk and night-active, meadow and field inhabitants were active not only
in the night-time but also in the day-time. Movement of ground beetles is usually
composed by two different patterns: random walk with small distances covered in different
directions and directed movement which is characterized by long covered distances in the
same direction. In the case of C. ullrichii, where individuals moved at the border of two
different habitats, forest and meadow, radio-tracked individuals preferred the forest
environment based on the increasing tendency to random walk. Males were able to walk as
fast as females, but they were more associated with forest edge than females that moved
further into forest and meadow interior. Likely, the inner edge of the forest could serve as a
mating site where males wait for new females, while fertilized females dispersed into the

surroundings.

Keywords: carabids, circadian activity, habitat preferences, movement patterns, radio

telemetry.



Abstrakt

I kdyz pokracujici fragmentace prostiedi vyrazné ovliviluje pohyb a moZznosti druht
vyuzivat ur€ity typ prostfedi, stadle neni v mnoha pfipadech pfesn¢ znamo, jak konkrétné
jsou tato stanovisté vyuzivana. To plati zejména pro druhy, které nejsou vazany jenom na
jeden typ prostfedi, ale béhem svého zivotniho cyklu vyuZzivaji vicero stanovist’ s riznymi
podminkami. Takovym druhem je i relativné velky stievlik Ulrichav (Carabus ullrichii),
ktery se vyskytuje jak v lesich, tak na otevienych stanovistich jako jsou louky a pole.
V této préci jsem se zaméfila na to, jak stfevlik Ulrichtiv vyuziva konkrétni typy stanovist
podle tvaru trajektorie jeho pohybu, pohlavi a primérné rychlosti. Pro sledovani pohybové
aktivity broukti byla vyuzita radiotelemetrie, moderni metoda umoziujici v souc¢asnosti i
sledovani vétsich druhtt hmyzu. Z vysledk vyplyva, Ze pohybova aktivita studovaného
druhu byla ovlivnéna teplotou a denni dobou, avsak je mozné, ze odpovéd’ druhu se mize
lisit v zavislosti na lokalité¢ a stanovisti. Zatimco brouci pohybujici se v lese byli spise
soumracni az noé¢ni, jedinci z otevienych ploch byli aktivni jak v noci, tak ve dne. Pohyb
stfevlika se déli na dvé slozky: prvni, tzv. random walk, se vyznacuje kratkymi urazenymi
vzdalenostmi s ¢astym stéidanim sméru, zatimco pro druhy, tzv. directed movement, jsou
typick¢ dlouhé vzdéalenosti ve stejném sméru. Na zakladé porovnéani trajektorii
sledovanych jedincli na rozhrani louky a lesa, bylo zjiSténo, Ze brouci vice preferovali les.
Dale, ze samci byli stejné rychli jako samice, ale vice se zdrzovali na vnitinim okraji lesa,
na rozdil od samic, které vstupovaly hloubé&ji do lesa ¢i louky. Pravdépodobné lesni okraj
slouzi jako misto k rozmnoZovani, kdy se samice pro spareni rozptyluji do okoli, zatimco

samci zustavaji na okraji a ¢ekaji na dalsi samice.

Kli¢ova slova: denni aktivita, pohyb, radiotelemetrie, stfevlikoviti, vyuzivani habitatu.
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1. Introduction EQ

In recent decades, landscape fragmentation has become an important issue in conservation
biology because of human activities, especially in densely populated parts of Europe
(Saunders et al. 1991, Fahrig 2003). It is a landscape phenomenon which occurs when
habitat loss reaches a point at which habitat continuity is broken (Opdam & Wiens 2002).
This process results in the division of large, continuous habitats into smaller, isolated
habitat fragments (Saunders et al. 1991, Ewers & Didham 2005). A direct reduction of
habitat area leads to a creation of new edges, and some of the habitat fragments are
therefore altered by external conditions which dramatically differ from those prevailing in
an interior. At large scale, the spatial arrangement of the remaining habitat fragments,
together with shape complexity, edges permeability, and patches isolation, and thus overall
landscape matrix quality and structure is important in determining the abundance and
composition of species within fragments (Ewers & Didham 2005) as well as dispersal of
species between fragments (Franklin 1993, Gustafson & Gardner 1996, Collinge & Palmer
2002). Unsuitable structural characteristic of landscape matrix can significantly restrict
movement of animals within their distribution ranges (Hanski & Ovaskainen 2000).
However, dispersal is essential for colonization of new suitable habitats, population
dynamics and gene flow between populations which help species to cope with
environmental changes and local extinction processes (Den Boer 1990, Clobert et al. 2004,
Bowler & Benton 2005). Among animal taxa, insects are one of the most threatened groups
which are negatively affected by landscape fragmentation; their overall decline has been
documented regardless habitats (Benton et al. 2002, Hallmann et al. 2017).

Ground beetles (Coleoptera: Carabidae, hereafter carabids) are often used as good
indicators of environmental changes in the continuously fragmenting landscape due to their
sensitiveness to habitat alterations and disturbances (Altieri 1999). They are generally
influenced by various environmental parameters, both biotic and abiotic, at different spatial
scales depending on their ability to disperse in landscape matrix (Thiele 1977, Altieri 1999,
Bianchi et al. 2006). In agricultural lands, carabids play an important role as predators of
pest (Kromp 1999, Gagic et al. 2017) and with more than 40,000 described species, they
are one of the most species-rich coleopteran families and one of the best-known insect

groups in the Northern hemisphere (L6vei & Sunderland 1996).



European species of large carabids of genus Carabus are brachypterous or
micropterous with only a few existing exceptions of flying species (Turin et al. 2003). Due
to their inability to fly, landscape fragmentation is a more serious threat for their dispersal
than for flying carabid species. Some of these Carabus species are already threatened
because their distribution ranges are reduced or scattered (Turin et al. 2003, Matern et al.
2008, Pokluda et al. 2012, Elek et al. 2014, Volf et al. 2018). Their dispersal power and
ability to colonize new habitats is rather low. For instance, long term study of dispersal
power of Carabus hortensis Linnaeus, 1758 revealed that this species disperses with
average speed 127 m per year with low variation between years (VOller et al. 2018).
Moreover, several studies concluded that even narrow strips of unsuitable habitats and
linear structures as roads might pose as a barrier and thus restrict species dispersal (Mader
et al. 1990, Niehues et al. 1996, Yamada et al. 2010, Matern et al. 2011, Pokluda et al.
2012). Therefore, the knowledge of species’ movement behavior, such as dispersal power
and/or willingness to cross specific habitats, could help to understand causes and
consequences of dispersal and movement behavior which is vital for predicting species’
responses to environmental changes (e.g. Negro et al. 2008, Elek et al. 2014, Voller et al.
2018, Volf et al. 2018).

1.1. Movement activity of ground beetles: key factors and patterns

Abiotic factors, such as light, temperature, and humidity, play a fundamental role in
regulation of movement behavior and daily or annual rhythms of carabids as well as other
insects (Thiele & Weber 1968, Thiele 1977, Turin et al. 2003). Responses to these factors
are species-specific, influenced by breeding period and can even differ not only among
populations of the same species but even on individual level (Thiele 1977, Atienza et al.
1996, Tuf et al. 2012). For instance, individuals of Carabus auratus Linnaeus, 1761 from
the same population exhibited different types of diurnal activities, when some were
nocturnal and some diurnal or even indifferent to light conditions (Thiele & Weber 1964).
In predatory species, movement can be affected by morphological and
physiological adaptations as well as by the distribution and availability of food resources
(Thiele 1977, Wallin & Ekbom 1994). Previous studies revealed that foraging beetles
move significantly differently than satiated individuals. Moreover, movement in areas with

higher abundance of prey was more torturous with reduced speed (Baars 1979, Wallin &



Ekbom 1994, Szyszko et al. 2004). Also, searching for mates during breeding period
significantly affects movement activity (Szyszko et al. 2004, Kagawa & Maeto 2009) and
consequently results in species-specific time-activity peaks (Thiele 1977). At sex level, it
could be presumed that males actively look for females during breeding period, and
females are more active after mating due to search for suitable oviposition sites (Kagawa &
Maeto 2009). At species level, Larsson (1939) described two annual rhythms of ground
beetles based on their seasonal peaks of activity: Adults of autumn breeders are active
during breeding period in summer and autumn and overwinter as larvae or adults (some
species live for more than one year). On the other hand, spring breeders lay eggs in spring
and early summer, larvae appear in summer and freshly emerged adults occur in autumn
with or without small peak of activity before overwintering. Additionally, some species
have flexible reproductive period (Thiele 1977).

Regardless the basic motivation of individuals in the movement studies, in general,
we distinguish two different patterns of movement behavior of ground beetles: random
walk and directed movement (Baars 1979). Random walk is fuzzy search characterized by
short distances covered by beetles and high turning tendency in random directions. It is
likely a result of frequent encounters with potential prey and mates as well as a spatially
restricted area. Directed movement is systematic walk with large distances covered in more
or less the same direction. In open habitats near forest edges, the dark silhouette of
woodland can help the beetles in orientation (Thiele 1977, Niehues et al. 1996). Directed
movement is an efficient strategy to escape from or avoid adverse sites, or it facilitates
dispersion of individuals (Fig. 1). Individuals do not show this behavior synchronously and
ratio of random walk and directed movement varies between habitats, suggesting different
intra-specific habitat use. For instance, the predominance of random walk may suggest
preferred habitat with suitable environmental conditions, prey availability, and help to
avoid predators such as insectivorous rodents (Baars 1979, Wallin & Ekbom 1988,
Niehues et al. 1996, Riecken & Raths 1996).

1.2. Methods of studying movement behavior of carabids

Movement patterns, habitat use, and diurnal activity of ground beetles were studied for

many years with different approaches and techniques, from pitfall trapping and individual

marking to technically advanced and challenged telemetric methods. All these approaches
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Figure 1: Two patterns of carabid movement: random walk (white circles) is characterized by
small distances covered per day in random directions, whereas large distances covered per day in
one direction are typical for the directed movement. Total covered distance: 280 m in 16 days,

source: Appendix II.

request different level of sampling effort and each has its own special advantages as well
as limitations.

Pitfall trapping is the most traditional sampling method for studying biology and
ecology of ground beetles. Unbaited pitfall traps without the killing agent are usually
arranged according to square designs or parallel transects and checked every few hours.
Captured living beetles are individually marked (e.g. painted marks, cuts or numerical is
engraved code in the elytra) and released. This method usually requires high sampling
effort, but enables to catch and mark a large number of individuals (Rijndorp 1980, Althoff
1994, Sktodowski 1999, 2008, Kagawa & Maeto 2009, Yamada et al. 2010, Bérces & Elek
2013, Elek et al. 2014, Ranjha & Irmler 2014). More frequent checks and/or specific trap
modifications allow separating catches from different time of the day and thus studying
species’ diurnal activity patterns (Luff 1978, Tuf et al. 2012). Other modifications involve
enclosure designs with pitfall traps arranged to the circle at the inner edge of the fence or
some other barrier to avoid escaping from the experimental area. Beetles are released in the
center of the enclosure and the time and directions of their movement are recorded
(Niehues et al. 1996).
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However, obtaining movement data by pitfall trapping has certain limitations, such
as dependency on ground surface activity of beetles. This could lead to some uncertainties
between observed (i.e. distance and time between consecutive catches of same individual)
and real movement patterns. This represents a problem because some important behavioral
traits, such as actual habitat use may be masked. Drees et al. (2008) therefore introduced an
easy-to-use method of continuous direct observation of nocturnal beetles under red light
(590-680 nm, low sensitivity of carabids above 550 nm is known: Hasselmann 1962) in
their natural habitat. Beetles marked by white dots were directly observed by the researcher
for several hours during night from sufficient distance to avoid any disturbances and
position of individuals was recorded at regular time intervals.

The radioactive technique is based on labeling beetles by paint with radioactive
isotope (*%Ir). This isotope emits a considerable amount of gamma rays that can be
detected by scintillation detector at a distance of several meters (Baars 1979). However,
author stated that no more than 10 beetles is possible to track simultaneously due to large
covered distances of labeled beetles and thus high searching effort. Besides, even though
adult insects are much less sensitive to radiation than vertebrates (Baars 1979), within few
weeks most of the tracked beetles died due to radiation.

The next two methods are telemetric and operates with active or passive
transmitters (also referred as tags), which are attached to the tracked individuals. First,
harmonic radar includes large ground-based radar station or lighter handheld radar,
which serve as transmitting and receiving units. Tracked beetles are marked by small
passive tags that radiate transmission at exactly half of the wavelength of the original wave
emitted by harmonic radar. The energy for tag functioning is delivered by radar (no battery
is required for tags) and extreme miniaturization is therefore possible (Riley et al. 1996).
These very small tags include only a wire and a diode and thus weight only few
milligrams. This allows tracking even very small and light insect species, such as
butterflies, beetles, bumblebees and bees, without any obvious effect on their behavior
(Riley et al. 1996, Kissling et al. 2014). However, the high length of the wire for achieving
sufficient range of the signal may be limiting for some species. Moreover, passive tags do
not have unique signals and tracked individuals therefore can not be individually identified
when they are tracked simultaneously. Also water, high humidity or dense vegetation and
rugged surface fade the signal and can reduce detection ranges (L6vei et al. 1997, Kissling

et al. 2014). Nevertheless, in case of carabids, harmonic radar was successfully used to
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study ecology and biology of several carabid species (e.g. Wallin & Ekbom 1988, Niehues
et al. 1996, Lovei et al. 1997, O’Neal et al. 2004, Szyszko et al. 2004, 2005).

Second, radio telemetry was for a long time used only to study movement
behavior of vertebrates (for the first time in LeMunyan et al. 1959) due to heavy active (i.e.
battery powered) transmitters attached to animals. Nevertheless, recent continued advances
in technology allowed developing transmitters that are small enough to track also large
insect species, such as large Carabus species, under field conditions. This method involves
three primary components: (i) active transmitters which are attached to the insect
(consisted of a transmitting unit, a battery and an emitting antenna), (ii) a receiving antenna
system, and (iii) a receiver. Transmitters emit signal in the very high (specific, and known)
frequency and the later two components detect and process emitted radio signal (see Fig 2).

Undisputable advantage of this technique is the possibility to track and locate a
tagged individual at any time and thus get accurate and detailed documentation of
individual movement and microhabitat preferences (Kissling et al. 2014). It enables to
track each individual separately because each tag has a specific unique frequency.
Moreover, radio-tracking allows localizing tracked individual very accurately, in the case
of insects to centimeters. However, the emitting antenna’s length affects the detectability
of emitted signal, when shorter emitting antenna significantly decreases signal range and
increases overall searching time. Similarly, as in the harmonic radar system, heavy rain and
dense vegetation can reduce detectability or interfere with the signal and thus it is
sometimes difficult to distinguish reflections from the original signal (Riecken & Raths
1996). For insects in general, the most limiting factor for radio telemetry use is the weight
of the tags (Kissling et al. 2014).

Currently, the mass of the lightest commercially produced transmitters is less than
0.5 g, (0.22 g, model LB-2X, 8 x 4 x 2.8 mm, Holohil Systems Ltd., Canada, and 0.29 g,
PicoPip, 13 x 5 x 3 mm, Biotrack Ltd., UK). There is a trade-off between transmitters’
weight versus power (i.e. signal range) and battery life (Wikelski et al. 2007). For instance,
the battery’s life-span is one to three weeks for the smallest tags mentioned above. Heavier
transmitter will provide longer battery life, but for many insect groups, including ground
beetles, it is too heavy and therefore unusable in field research. Due to the tag’s mass,
insects are not used for a recently relatively common method of tracking larger animals -
GPS technology which allows positioning according to geographic coordinates with the

help of satellites systems (Kissling et al. 2014).
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Figure 2: Principal components of radio telemetry. An active transmitter (tag) attached to a

ground beetle by glue (a) consists of a transmitting unit, an emitting antenna and a power source,
i.e. battery. Tag emits regular pulses of fixed very high frequency, usually in MHz, which is
unique for each tag. The signal of the tag is detected by hand-held receiving antenna system, such
as multiple parallel elements compiled in a line (Yagi, b, d) or a short dipole antenna (e), and
processed by a receiver (e, f). During tracking, the tracking person sets the tag frequency into
receiver and sweeps the receiving antenna from side-to-side to determine the direction of the
strongest signal (b, c).

Photos: Milan Vesely (a), Michal Hykel (b), Jana Razi¢kova (c-f).
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The first radio telemetry study on insects was conducted in the late 1980s on
aquatic, stream-dwelling dobsonfly larvae Protohermes grandis (Hayashi & Nakane 1988,
1989). Since then, and especially in recent decade, there has been a substantial increase in
such studies. Large species of various insect taxa, such as dragonflies (Wikelski et al.
2006, Levett & Walls 2011, Moskowitz & May 2017), orthopterans (Lorch et al. 2000,
2005, Watts & Thornburrow 2011), hymenopterans (Pasquet et al. 2008, Hagen et al. 2011,
Kissling et al. 2014), butterflies (Liégeois et al. 2016) and beetles (Rink & Sinsch 2007,
Hedin et al. 2008, Svensson et al. 2011, Chiari et al. 2013, McCullough 2013, Hamidi et al.
2017, Tini et al. 2017, 2018, Drag & Cizek 2018), were used as model organisms. In the
contrast to vertebrates, there is no radio-tracking “4% rule” in insects, i.e. the tag mass
should not exceed 4% of the body mass of the tracked individual. The tag/body mass ratio
is approximately 20-30% in most of the studies tracking insect (Kissling et al. 2014).
However, e.g. at bumblebees the tag may be as heavy as body itself (Hagen et al. 2011;
Fig. 3). Although bumblebees can carry heavy loads such as nectars and pollen, the
additional weight may likely affect the energy expenditure and movement activity of
tagged individuals. Up to date, only one study tested the impact of transmitters on insect
behavior (Hamidi et al. 2017) and revealed that the presence of tags negatively affected
flying activity and burrowing behavior of Rhynchophorus ferrugineus (Olivier, 1790)
(Coleoptera: Dryophthoridae). Therefore, more studies on energy cost and behavioral
influence in long term are needed.

Among ground beetles, species of the genus Carabus are ideal for radio-tracking
because they are large and also relatively heavy with body mass approximately 1g
(Riecken & Raths 1996, Negro et al. 2008, 2017). To date, only three species were radio-
tracked: Carabus coriaceus Linnaeus, 1758 (body mass: 1.37-1.79 g, tag mass: 0.6-0.7 g,
tag/body mass ratio: 34-51%, Riecken & Raths 1996), Carabus olympiae Sella, 1855
(0.75 g, 0.3 g, 40%, Negro et al. 2008, 2017) and Carabus ullrichii Germar, 1824 (0.7-1.5
0, 0.3 g, 20-42%, Appendix I and Il of this thesis), but it can be assumed that ecology of
more Carabus species, especially habitat specialists such as Carabus hungaricus Fabricius,
1792, will be studied by this technique (Bérces, personal communication). As stated
before, genus Carabus includes mostly flightless species (Turin et al. 2003). Therefore,
their radio-tracking is limited only to ground level and used transmitters do not affect the
flying activity which could make a problem in other insect groups (Hamidi et al. 2017).
The localization of tagged beetles is based on direct tracking, when the searching starts at

the point (often referred as fix), where individuals were found in the previous tracking
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session. Then the researcher walks in the direction of the loudest signal to get close to the
tagged beetle. At the point of 0.5 m distance from the expected signal source, the
localization is stopped due to risk of stepping on the individual (Riecken & Raths 1996).
Other option for finding tagged individuals is triangulation. It is usually used in cases when
tagged individuals are somewhere in the inaccessible terrain or for avoiding disturbing the
animal (White & Garrott 1990, Kenward 2000). During triangulation, the signal source is
determined from different directions around tagged individual and current position is

calculated based on angles recorded. This approach is mostly used for flying insect species

Lucanus cervus

Anax junius 1.3-4.99(0.35g, 7-27%)

1.29(0.3 g, 25%)

Bombus terrestris
0.2 g (0.2 g, 100%)

Philophyllia ingens
3.59(0.35g, 10%)

Carabus ullrichii
0.7-1.5g (0.3 g, 33-60%)

Figure 3: Examples of insect species used for radio telemetry studies. Under the scientific name,
body weight and transmitter weight with tag/body mass ratio (in parentheses) are stated according
to Wikelski et al. (2006), Rink & Sinsch (2007), Hagen et al. (2011), Kissling et al. (2014) and
Appendix I and II.
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with great dispersal (Rink & Sinsch 2007, Levett & Walls 2011, Moskowitz & May 2017,
Tini et al. 2017, 2018).

Most insect radio telemetry studies have focused on habitat use and movement
patterns, including quantification of movement paths and distances (Riecken & Raths
1996, Negro et al. 2008, Pasquet et al. 2008, Hagen et al. 2011, Watts & Thornburrow
2011), habitat selection (Rink & Sinsch 2007, Negro et al. 2008, Tini et al. 2017, 2018,
Drag & Cizek 2018), and size of home ranges (Moskowitz & May 2017), as well as on
foraging behavior (Hayashi & Nakane 1988, 1989), activity patterns (Riecken & Raths
1996), migrations (Wikelski et al. 2006), and even on evolutional aspects (Kelly et al.
2008). Such data are fundamental for basic and applied biodiversity science, such as
species conservation, pest control, and habitat management. However, broader
generalization of movement behavior and space utilization across species, functional
groups and habitats is limited due to relatively low number of radio-tracked studies and
some aspects are still neglected or poorly studied, such as intraspecific variability between

sexes, ages, and individuals (Kissling et al. 2014).

1.3. Thesis focus

Some ground beetles, as well as other insect species, are not restricted to a single habitat,
but use various habitat types during their life cycle. However, their habitat requirements
are often unknown or based only on a particular life stage, although knowledge of specific
utilization of occupied habitats and factors affecting species’ movement in particular
environment is crucial for their persistence (e.g. Dennis & Sparks 2006, Dennis 2012,
Chiari et al. 2013, Tini et al. 2017, 2018, Hykel et al. 2018).

This thesis focuses on movement activity and habitat use of Carabus ullrichii,
ubiquitous carabid species that occurs in various types of habitats from deciduous forests
to open and semi-open habitats, such as arable fields and meadows. However, its
utilization of particular habitat is still unknown, even it can be presumed that C. ullrichii
likely shows some intraspecific variability in its activity due to different environmental
condition in utilized habitats. Therefore, we studied species-specific and sex-specific
movement activity in different habitats using radio-telemetry. In the first part of this thesis
(Appendix 1), we tested the suitability of radio telemetry as an advanced method for

monitoring activity of this species, for the first time quantified the species-specific
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movement, and studied how daytime and temperature affect movement activity of
individuals occurring in a foothill orchard. In the second part (Appendix I1) we focused on
a lowland population from a boundary between a floodplain forest and a meadow during C.
ullrichii’s reproductive period in late spring and early summer. Since these two habitats
naturally differ in their environmental conditions (i.e. abiotic factors and density of ground
vegetation), it can be presumed that these differences could affect beetles’ movement.
Similarly, sex-specific resource requirements during breeding season may indicate
different habitat utilization. In the last part (Appendix I11) the usage of radio-telemetry in
entomology including its advantages, limitations, and prospects for future research is
summarized.

Overall, this thesis is focused on four questions:

(i) Is the radio telemetry a suitable method for tracking C. ullrichii? This method
was used only on a handful of carabid species (see above) and therefore some information
on potential limitations of this method could be still overlooked.

(if) What is the average speed of target species in particular habitat?

(iii) Do abiotic factors affect movement activity of the species and if yes, which
ones and how?

(iv) Is the shape of the movement trajectory affected by specific habitat use in
relation to reproductive behavior of C. ullrichii? These questions presume that average
distances covered per particular time unit and prevalence of movement pattern (i.e. random
walk and directed movement) may show variability between habitats and sexes due to
different microclimatic conditions and physiological requirements and therefore suggesting

different habitat utilization.

17



2. Materials and methods ﬁ

2.1. Model species

Being locally highly abundant species, Carabus ullrichii is 22-33 mm long, robust, convex
ground beetle with shiny cupreous coloration and three rows of conspicuously elevated
elytral tubercles. Its antennae and legs are always black (Hurka 1996, Fig. 4a).
Distributional range extends from south-western Germany to western Ukraine, Romania,
and Bulgaria and currently four subspecies are recognized: C. u. ullrichii, fastuosus,
rhilensis and arrogans (Turin et al. 2003, Fig 4b). This species inhabits various types of
deciduous forests (Kleinert 1983, Andorkd & Kadar 2006, Mathe 2006, Kadar et al. 2017)
as well as open or semi-open habitats, such as meadows, arable fields, fallow lands,
gardens, and orchards from lowlands to foothills (Hirka 1996, Vesely & Sarapatka 2008,
Deuschle & Glick 2009, Huidu 2011). As a typical spring breeder, C. ullrichii overwinters
as adult and reproduce in spring (from late April to June). Its larvae occur during summer,
freshly emerged adults appear during the second half of August and are active till October,
when they start the hibernation (Turin et al. 2003). The species reproduces only once per

season with relatively low fecundity and its generations do not overlap (K&adér et al. 2017).

a)

Figure 4: Female of Carabus ullrichii (a) and distribution range of the species (b) according to
Turin et al. (2003).
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2.2. Study sites

We studied movement patters of two different populations of C. ullrichii in the Czech
Republic: first in foothills (Appendix 1) and second in lowlands (Appendix I1). Previous
field surveys have shown that this species is one of the most common ground beetles with
spring peak of activity that occurs in both study sites.

First, rural landscape was located in foothills of the Beskidy Mountains, north-
eastern Moravia, the Czech Republic (cadastral territory of village Jarcova, Vsetin district,
49°25'28"N 17°57'11"E, approximately 380 m a.s.l.). The study site was 15 years old
orchard with scattered Prunus spinosa and small groups of other tree species, such as
Betula pendula and Picea abies, and relatively dense tussocks of various grasses with
common meadow dicots, such as Ajuga reptans, Taraxacum officinale, Trifolium pretense,
and Leucanthemum vulgare in the herbal layer (Fig. 5a).

Second, lowland population was located in a floodplain of the Morava River in
Litovelské Pomoravi Protected Landscape Area near town Litovel (Olomouc district,
Central Moravia, CZ, 49°41'38"N 17°06'14"E, approximately 230 m a.s.l.). The study site
covers border (hereafter also as ecotone) between two different habitats without a wide
gradual transition zone between them: hay meadow with predominance of dense tussocks
of various grasses (Fig. 5b), and floodplain forest of various age structures with mixed
patches of full and partly open tree canopy cover dominated by Fraxinus excelsior and
Tilia cordata, and by Galium aparine, Urtica dioica, and Allium ursinum in the sparse
herbal layer (Fig. 5¢).

2.3. Data sampling and analyses

All beetles used for radio-tracking in Appendix I and Il were captured by pitfall traps
positioned across study sites during its activity peak in late spring in the second half of
May and consequent radio-tracking was conducted in the begging of June. Each trap was
consisted of two plastic cups inserted into each other, baited with cat food, and checked
every 12 hours to avoid damage of beetles. Before all radio-tracking experiments, captured
individuals were kept separately in plastic boxes for few days in the room temperature and

fed every two days by mealworms at libitum.
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Figure 5: Study sites. Orchard (a), meadow (b) and floodplain forest (c), habitats where C. ullrichii
was radio tracked. Orange and dark green edges of labels correspond with study site positions in the
map of the Czech Republic.

We used PicoPip transmitters (weight 0.3 g, 13 x 5 x 3 mm, Biotrack Ltd.,
Wareham, UK) with specific frequencies between 173-174 MHz. One day before
experiments, beetles were equipped by transmitters attached to the top of their elytra by
cyanoacrylate glue (liquid or gel), sometimes also with silicone putty to asses the most
suitable adhesive material for attaching transmitters. Short emitting antenna (25 mm) was
directed backwards and the battery, as the heaviest part, was located at the back of the
transmitter (Fig. 6). Tags themselves can be customized during production and thus the
position of the battery can be in the front, back or at the center of the transmitter.
Therefore, the center of gravity may change and could bias the body's balance. In cases
when battery is centered, the transmitter is several millimeters higher than in other cases,
so it could restrict beetles’ movement in narrow habitats, such as dense grassy vegetations
(Bérces, personal communication). In the first study (Appendix 1), we tracked relatively
low number of beetles (4 individuals, 3 females and 1 male) only to test feasibility of
radio-tracking. Beetles were released at the center of the studied area approximately 5 m
apart to avoid mutual interference, and tracked every 3 hours for 10 consecutive days.
Since our methodological approach seemed to be ideal for tracking beetles, we conducted
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second study (Appendix 1) with more individuals and in different habitats. We released
21 beetles (11 females and 10 males) at the forest-meadow ecotone and tracked for 16
days.

For radio-tracking, we used AR8000 (AOR Ltd.) and Sika (Biotrack Ltd.) hand-
held receivers with Yagi directional receiving antenna and 20 cm dipole receiving antenna
for short distances. Since distances covered by ground beetles could be small (only tens of
centimeters) in 3 h periods, dipole antenna could process and determine signal source more
precisely than Yagi antenna. Each tracking session started at the point of previous fix of
tracked individuals. We used the direct tracking method, i.e. walking in the direction of the
loudest signal to get close to the tagged beetle to the point of 0.5 m distance from expected
signal source. At each fix, we recorded distance covered by tracked individual from the last
tracking session and main environmental variables potentially influencing the movement of
large ground beetles: temperature, humidity on the ground level, time of the day (light
condition), and type of habitat. For the recording of the trajectory of each individual, we
used two different methods to assess better precision in small scales. The first one was
based on a GPS system where each fix was recorded by GPS coordinates (Appendix I).
Second approach involved GPS system only for coordinates of starting fixes and the rest of
the trajectory was recorded by covered distance and the direction (azimuth) between
consecutive fixes (Appendix I1).

To test the influence of environmental factors and sex on the movement activity of
C. ullrichii, we used generalized linear models with negative binomial error distribution.
Movement trajectories made by tracked beetles were projected into the map to characterize

beetles’ movement patterns in the studied habitats. For detailed description of data

analyses see Appendix I and I1I.

Figure 6: Female (left) and male (right) of Carabus ullrichii with fixed radio transmitters.
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3. Results and discussion x

3.1. Radio-tracking

We proved that radio-telemetry is a suitable method for tracking ground beectles’
movement. Since the majority of Carabus species is unable to fly, transmitters could be
simply attached to the beetles’ elytra. Our experiments with various types of adhesive
materials for attaching transmitters revealed that cyanoacrylate glue gel was easier to apply
and less disturbing for individuals during handling than a combination of relatively fragile
glue and elastic silicone putty, which required more time to dry out. We did not observe
any limitations of movement behavior: beetles were not only able to move several meters
within three hours in densely overgrown and narrow habitat but were also observed during
feeding on earthworms or digging into soil (Appendix I and I1). Similarly, Negro et al.
(2008) reported several observations of tagged C. olympiae eating snails and copulating
with untagged partners and concluded that radio-tracking likely did not substantially
reduce foraging and mating success in short time period. However, it is possible that
attached transmitter increases the overall energy expenditure of its host and negatively
affects its fitness in longer term, but so far no studies on this topic exist.

Based on the quality and signal’s range, it was also possible to determine whether
the tracked beetle was burrowed in the soil or remains on the ground surface. Since there
was no available information on movement ability of C. ullrichii and detectability of
transmitters’ signal was usually shorter than 60 m (its quality depended on the terrain and
vegetation density), we expected that three hours interval between tracking sessions could
be an acceptable compromise between the time invested by the researcher for tracking the
individuals and the distance they could possibly cover. This prediction showed to be right
and beetles never moved out of the signal range. Sometimes, distances covered by ground
beetles were short (tens of centimeters to several meters) in relatively short time period
(hours to days), therefore using GPS for fixes positioning might not be appropriate due to
large error of GPS system at small spatial scales (Appendix 1). Likely, more accurate
approach of fixes positioning involved GPS only for recording coordinates of starting fixes
and then all following fixes were marked by colored sticks embedded in ground. Trajectory
of tracked individuals was then recorded by covered distance and the direction between

consecutive fixes (Appendix I1).
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3.2. The speed of Carabus ullrichii

The average speed of movement of C. ullrichii varied between individuals, but comparing
sexes, there was no significant difference between males and females. The range of speed
was very variable. It could be very low (a few centimeters), to several meters per 3-hour
period regardless habitat. In orchard, the range of the average speed was 0.2-1.7 m per 3 h
period depending on individual (Appendix 1). In second study (Appendix I1), the speed
was 0.14-3.18 m per 3 h for males and 0.04-3.07 m for females. These results were similar
to speed of other large carabids where individuals were able to walk for several meters per
day. For instance, the known values of speed are 2.26—7.32 m per day for C. coriaceus in a
meadow and 2.01-22.16 m per day for the same species in a forest (Riecken & Raths
1996), 9.3-15.0 m per day for Carabus auronitens Fabricius, 1792 in fallow land (Niehues
et al. 1996), and 1.4-32.4 m per day for C. olympiae in a forest (Negro et al. 2018). Ranjha
and Irmler (2014) concluded that the speed of ground beetles in general was positively
correlated with body size. However, it is also affected by habitat requirements, when
strictly woodland species walked slower than habitat generalists (Brouwers & Newton
2009). In contrast, Firle et al. (1998) argued that the distances covered by an individual
depended on the availability of prey and not body size, with decreasing speed in higher
prey densities. Since we found that average speed of C. ullrichii was lower in the forest
than in the meadow, we can presume that forest likely provide better opportunities for
foraging than meadow in concordance with prey availability hypothesis of Firle et al.
(1998).

The highest speeds per 3 h recorded in orchard were 6.0 m for males and 14.1 m for
females, in the forest 20.1 m for males and 19.6 m for females and in the meadow 7.5 m
for males and 17.6 m for females (Appendix I and II). It seems that vegetation thickness
at the ground level might affect speed of walk. Dense tussocks did not appear to serve as a
barrier for movement, but could reduce the highest speed of beetles in the meadow while in
the forest relatively sparse herbal layer enabled beetles to move faster. Other studies also
supported these findings that beetles could run faster in habitats with higher proportion of
bare soil (Mauremooto et al. 1995, Ranjha & Irmler 2014).

In several cases, we found beetles of both sexes stayed at the same spot for several
tracking sessions and sat in self-dug holes irrespective of climatic and microhabitat
conditions (Appendix | and I1). After several hours or even days, they all left their holes

and continued in movement activity. This behavior was directly (Baars 1979) or indirectly
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(Niehues et al. 1996, Riecken & Raths 1996) mentioned also in previous studies. We can
assume that females may stay at one spot for longer time period due to oviposition (Thiele
1977). However, we recorded this behavior in both females and males. Baars (1979)
observed that this inactivity shows no correlation to reproductive behavior of adult
carabids. After a disturbance, beetles left their holes, but did not walk substantial distances
in the next days. However, the real explanation of this phenomenon is still unknown.
Beetles could likely either rest, being satiated, or wait for more suitable environmental

conditions for activity.

3.3. Abiotic factors affecting movement activity

Since insects are ectotherms, the positive relationship between movement activity and
temperature is not surprising. Carabids have various preferences toward different
temperatures based on their life history. Finding patches with suitable temperature is
crucial for acceleration of maturation of the sexual glands (Sota 1986). Moreover, daily
mean temperature may determine the timing of reproduction, as was reported for the spring
breeder C. auronitens (Alhoff et al. 1994). We found that temperature-dependent
movement of C. ullrichii varied between sexes in lowlands (Appendix I1), where males
were active at temperatures around 15°C, while females showed no temperature
preference. It seems to be counterintuitive because temperature should affect females more
than males due to the physiological differences in their breeding behavior (Atienza et al.
1996). In June, females of C. ullrichii were in reproductive or even post-reproductive
period. In this part of the breeding season, females likely looked for enough of prey to
refill the energy costs of reproduction, than for sites with suitable temperature for
development of their ovaries and eggs. Due to the low number of radio-tracked individuals
in orchard, we could not support this sex-specific temperature dependency in foothills,
although we found activity peak around 15°C for this species (Appendix I).

The distribution of circadian activity patterns differed considerably between the
habitat types. Ground beetles inhabiting forest and with large body (i.e. body length > 10
cm) seem to be more nocturnal than small species of open habitats (Thiele 1977, Luff
1978, Lovei & Sunderland 1996). Based on our findings, circadian activity of C. ullrichii
varied between localities and habitats. Whereas forest beetles were more active during

night with the activity peak in the first few hours after sunset (as was also reported for
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some other Carabus species; Thiele 1977, Szyszko et al. 2005) beetles inhabiting open
habitats were active regardless of the light conditions. During midday, temperature in open
habitats became unsuitable for beetles, so they try to escape or hide (Thiele 1977).
Although the predominance of nocturnal activity in the forest was likely connected to
higher moisture requirements, we found no effect of humidity on movement activity
(Appendix I1). Likely, even the minimal humidity of soil surface or leaf litter was enough
to resist desiccation of beetle’s body (Althoff et al. 1994).

3.4. Habitat use and sex-specific movement patterns

In its whole distribution range, C. ullrichii occurs in various habitat types (Andorkd &
Kéadar 2006, Mathé 2006, Deuschle & Glick 2009, Huidu 2011, Kadar et al. 2017). For
instance, it inhabits both wet and dry forests in Slovakia (Kleinert 1983). In Hungary, C.
ullrichii selects habitats according to the light intensity with preference of open oak forests,
but it can also use beech forest and its transition zones (Kadar et al. 2017). In the Czech
Republic, the species is also reported from arable fields and fallow lands (Hurka 1996,
Vesely & Sarapatka 2008). Thus, it can be assumed that its habitat use may vary depending
on the geographical position. At the forest-meadow ecotone (Appendix I1), beetles of both
sexes mostly moved at the forest’s inner edge or its interior and showed random walk
pattern alternated with directed movement. On the other hand, if any individual (only
females, see below) reached the meadow, its movement was almost direct without any
random walk patterns or stops and their average speed was significantly higher than their
movement in the forest. Foraging for prey and seeking for mates resulted in area-restricted
search and higher tendency to random walk (Wallin & Ekbom 1988). Movement behavior
of C. ullrichii suggested that floodplain forest and its ecotone provided more suitable
resources than meadow. In comparison with tracked individuals from orchard (Appendix
1), it was likely that habitat preferences of this species may vary between localities. Beetles
from orchard in foothills seemed to prefer open habitats, whereas lowland individuals
favored forest habitats.

Females more often penetrated forest or meadow interiors at greater distances.
Males were able to walk as fast as females, but they were more associated with the forest,
where they walked close and parallel to the forest’s inner edge and rarely entered the

meadow (Appendix 11, Fig. 7). These sex-specific movement patters suggested that males
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Figure 7: Movement patterns of all 21 tracked individuals at meadow-forest transition from

Appendix II.

waited for females and mated with them at the ecotone. After mating, fertilized females
dispersed into surrounding forest and looked for suitable oviposition sites and for prey to
support reproduction. Only females walked further into the meadow: it is likely that
females utilized open habitats for dispersal to other suitable habitats as Rijnsdorp (1980)
proposed for forest species Carabus problematicus Herbst, 1786 in the meadow. Similar
sex-specific movement behavior at the border of two different habitats as in C. ullrichii
was observed in Carabus yaconinus Bates, 1873 in the mixed farmland-woodland
landscape (Kagawa & Maeto 2009). Adults were most abundant at the edge of the forest
and their numbers gradually decreased when entering into the woodland. Females were

collected within the forest and neighboring orchards more frequently than males. Very
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similar “border” preference showed C. ullrichii. Thus, it could be considered to be an
ecotone specialist, as was formerly reported for some other Carabus species (namely
Carabus arvensis Herbst, 1784, C. coriaceus, and Carabus nemoralis Miller, 1764) based
on their frequent movement patterns along forest edges (Riecken & Raths 1996,
Sktodowski 1999, 2008). It seems that ecotones are important sites for C. ullrichii as well
as other large carabids and therefore the function of habitat transitions in landscape matrix
should not be underestimated, especially when patches with suitable environmental

condition are already fragmented.
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4. Conclusions and future research x

Fragmented landscape has significant impact on movement of many species due to changes
in borders, size and spatial distribution of suitable habitat fragments within landscape
matrix. For ground beetles, movement to different habitats and adjustment of the circadian
activity are two strategies for avoiding adverse environmental conditions. Nevertheless
within one species, these patterns may vary in time, space and between sexes according to
their physiological requirements and reproduction period. Using ecotones as mating sites
may be temporary advantageous because likely it is easier to find a mate there than in the
habitat interior. Suitable edges however may rapidly change their position due to ongoing
fragmentation and thus the species may not respond flexibly and its occurrence may be
negatively affected. Similarly, if isolation of habitat fragments reaches the point in which
the species can not cover the distance between suitable patches, its dispersal will be
restricted and limited to few close fragments.

These conclusions are based on only limited number of individuals of target
species. Therefore, it is possible that in other parts of the range, species response to
environmental conditions may vary due to different habitat preferences of individuals.
Further research should focus on other habitats (e.g. arable fields), as well as on different
habitat transitions and its permeability (e.g. field-forest border), and management (e.g.
different types of forestry). It can be assumed that a large number of studies on radio
telemetry of carabids will be published in near future. This technique does not depend on
the running activity of tagged individual and allows instant tracking at any time (i.e.
regardless movement or inactivity of the individual). Foraging success and position of
mating and oviposition sites as a basic traits of habitat use are easier to study by telemetry
than by pitfall trapping, especially in carabids. Nevertheless, more attention should be
given to methodology of radio-tracking, especially to assessing the impact of the
transmitter on energy expenditure of its host in longer time period, including basic
measurements of condition before and after tracking, laboratory experiments and field

observations.
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Using radio telemetry to track ground beetles:
Movement of Carabus ullrichii
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Abstract: Radio telemetry is an advanced method for studying movement behaviour which is one of the keys to under-
standing species ecology and biology. Using this method we studied the movement of Carabus ullrichii Germar, 1824, a
large and apterous ground beetle species. Four individuals (one male, three females) were equipped with 0.28 g transmitters
and radio-tracked for 10 days in three hour intervals in mosaic rural area; meadow and orchard. We found that maximum
distance covered by an individual during this period was 120.9 m and C. ullrichii travelling speed in such habitat ranged
from 1.69 to 13.43 m per day. Our preliminary results indicate that diurnal activity of this species is not affected by light
conditions but by temperature. Beetles were most active at temperatures 15.0-17.4°C. Here we provide the first study of

the movement ability of this species.

Key words: carabid beetles; Carabus ullrichii; radio-tracking; telemetry; movement

Introduction

Understanding of population dynamics and species in-
teractions is the great challenge of modern ecology
(Kareiva 1990). Colonization of new habitats and gene
flow between populations plays a vital role in popula-
tion persistence. Recently landscape fragmentation, as
a result of human activities, has restricted connectivity
of many animal populations and has increased extinc-
tion risk (Kromp 1999; Holland & Luff 2000). Thus,
fragmentation is a serious problem especially for small
invertebrate species with low dispersal ability (Kotze
et al. 2011; Bérces & Elek 2013). Therefore studying
insect movement and dispersal behaviour is one of the
main issues facing the conservation of species and their
environment (Ranius 2006; Brouwers & Newton 2009).
For many years the only applicable methods for
studying movement, dispersal and habitat preferences
of epigeic arthropods was through grids of pitfall traps
on sampling plots or enclosure experiments. Spatial
movements of ground beetles are usually studied by
capture-mark-recapture methods, but this approach
suggests high sampling effort (Lys & Nentwig 1991;
Kennedy 1994; Kawaga & Maeto 2009; Ranjha & Irm-
ler 2014). However, these techniques do not provide ac-
curate or detailed documentation of individual move-
ments, which is important to obtain better picture of
individual behaviour and microhabitat preferences.
Baars (1979) introduced tracking of two cara-
bid species labeled by radioactive Iridium isotope and
tracked by scintillation detector; however, there was
a considerable loss of the labeled beetles and most of

(©2016 Institute of Zoology, Slovak Academy of Sciences

them died within seven weeks due to radiation effects.
Another possibility is to use harmonic radar with pas-
sive tags. These tags only contain a diode and a wire
so they are light (6-20 mg) and can be carried by small
and flying insects such as bees or butterflies without
influencing their behaviour (Kissling et al. 2014). How-
ever, diodes are passive and do not have unique signals,
therefore the number of simultaneously tracked indi-
viduals is limited. Moreover, this technique requires a
powerful and expensive radar device. Inspite of these
disadvantages, harmonic radar was successfully used to
study ecology and biology of several carabid species
(e.g., Wallin & Ekbom 1988; Niehues et al. 1996; Lovei
et al. 1997; Szyszko et al. 2004, 2005).

Radio telemetry is often and widely used method
for studying movement behaviour of large-bodied an-
imals (White & Garrott 1990; Kenward 2000). How-
ever, radio telemetry is still quite uncommon in inverte-
brates due to technical parameters of radio transmitters
(battery capacity, size and weight) and species biology
(Kissling et al. 2014). Nevertheless, recently developed
active battery powered radio transmitters are smaller,
lighter and can be used to track insects in natural con-
ditions; e.g., beetles (Rink & Sinsch 2007; Hedin 2008;
Svensson et al. 2011; Chiari et al. 2013), dragonflies,
(Wikelski et al. 2006; Levett & Walls 2011), crickets
(Lorch et al. 2005; Watts & Thornburrow 2011) and
bees (Pasquet et al. 2008; Hagen et al. 2011).

Currently, only three studies used radio telemetry
with active transmitters for studying dispersal, move-
ment behaviour, speed, diurnal activity and habitat
use of carabid species. Moreover, these studies have fo-
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Fig. 1. Female of Carabus ullrichii with fixed radio-trasmitter (0.28 g) at the top of elytrae with 25 mm short antena directed backwards.

cused on only two species of ground beetles, Carabus
coriaceus L., 1758, the largest carabid species in Cen-
tral Europe (Riecken & Ries 1992; Riecken & Raths
1996) and Carabus olympiae Sella, 1855, an endangered
species from western Italian Alps (Negro et al. 2008).

In this paper we present the first prelimitary re-
sults of movement pattern of Carabus ullrichii Germar,
1824. We tested the application of radio telemetry as
advanced method for monitoring acitivity of this species
and quantification of species-specific movement. We
also studied how the distances covered by beetles are
influenced by daytime period and temperature, which
are assumed to be important factors affecting the move-
ment of large ground beetles (e.g., Thiele 1977; Turin
et al. 2003).

Material and methods

The movement of C. wullrichii was studied in May and June
2015 in the foothills of the Beskydy Mountains in the north-
east of the Czech Republic, in the village Jarcova (49.4245°
N, 17.9533° E, 380 m a.s.l). The study area (0.7 ha) is a typ-
ical rural area with a mosaic of meadow and orchads. More-
over, previous investigations have shown that C. ullrichii is
one the most common species of genus at this locality.
Carabus ullrichii is an apterous, wide and robust, 22—
33 mm long beetle of cupreous colouration and tuberculate
elytral intervals. The species is widely distributed in Central
and Eastern Europe (Hirka 1996; Turin et al. 2003). This
species is typical spring breeder with overwintering adults
and summer larvae and has only one reproductive period
with peak of activity in early summer, with non-overlapping
generations (Andorké 2014). Immature males and females
are active from August to Semptember. Carabus ullrichii is
a forest species locally, but not obligatorily subdominant to
dominant in deciduous forests of normal and humid hydri-
cal series in the oak and beech-oak vegetation tiers (Zlat-
nik 1976). Recedent to subdominant in oak-beech vegeta-
tion tier, reaching to the beech vegetation tier, exception-
ally even to the beech-fire tier. It escapes the forests of the
oligotrophic series, well prospering in the mesotrohpic, eu-
trophic nitrophilous and basic trophical series. Species also

penetrates to secondary habitats, in dependence on increas-
ing continuity and density of wooden vegetation and de-
creasing distance from the potential immigration sources.
In the existing landscape structure of Central Europe it es-
capes intensively managed fields and some meadows.

To collect bettles, we used two 0.5 litre plastic cups in-
serted into each other as pitfall traps (Thiele 1977; Kromp
1999), which were baited with few pieces of cat food. Live
beetles collected in these traps were kept in the laboratory
for 7-10 days in separate boxes and fed mealworms and cat
food every two days at libitum. Six beetles (four females,
two males) were tagged using 0.28 g PicoPip transmitters
(13 x 5 x 3 mm; Biotrack Ltd., Wareham, United Kingdom,
www.biotrack.co.uk). We used cyanoacrylate glue and sili-
cone putty for attaching and fixing radio-tags at the top of
elytrae with short antena directed backwards (Fig. 1). These
tags had a 25 mm long antenna and unique individual fre-
quencies. One day after tagging, the beetles were released at
18:00 in central part of the study area in meadow, about 4 m
from each other to avoid mutual interference and located ev-
ery three hours (at 0:00, 3:00, 6:00, 9:00, 12:00, 15:00, 18:00
and 21:00) for 10 following days. Nonetheless, two of the
six transmitters (one female and one male) stopped emit-
ting signal after a few hours and therefore were excluded
from the study. The remaining tags had a battery life span
between 16-23 days.

For tracking, we used the AR8000 hand-held receivers
(AOR Ltd. 1994) with Yagi directional antenna and 20 cm
dipole antenna for short distances. The radio signals from
these tags were strong enough to be detected from 60 m.
After approaching within 2 m of an individual we switched
the Yagi antenna to short dipole antenna, which better lo-
cate the trasmitter signal range to 10-40 cm. At this point
we stopped localising the specimen due to risk of stepping
on it. Coordinates of each position (fixes) were plotted on
the map and identified using Garmin GPS (Oregon 550t).
Coloured stick was also driven into a soil, one for each fix, to
avoid potential GPS measurement errors. Distances between
the points were measured by a measuring tape. Distances
shorter than 0.5 m were considered as fixes with no activity.
Finally, air temperature at 2 m above the ground level was
recorded every 3 hours at each fix together with locating the
beetles. If any individual approached the border of research
area, beyond that we would not be able to track it, we cap-
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Table 1. Individual body weight without fixed transsmiter, ratio of body mass and tag mass, total distance in m, mean distance + SD
in m covered by radio-tracked beetles in 24 h period and maximum distance per 24 and 3 hours in meters.

No. Sex Initial body Body and tag Total distance Mean distance Max (24 h) Max (3 h)
weight (g) mass ratio (%) in 24 h period
1 f 1.21 23.1 79.8 7.98 £ 5.5 16.5 10.4
2 m 0.92 30.4 16.6 1.69 + 3.7 11.6 6.0
3 f 1.34 20.9 120.9 13.43 £+ 6.0 22.3 14.1
4 f 1.08 25.9 111.6 11.16 £+ 10.9 29.3 13.0

tured the specimen and released it at the point of the first
fix. As the intention of study was to measure species-specific
movements and not habitat preferences, we expected that
beetle relocation should not affect the individual activity. At
the end of sampling period, we recaptured all specimens and
retrieved their transmitters and then released all the bee-
tles at their original capture locations. Because some tags
were still generating pulses after removing from beetles, we
also tested the life span and quality of signal to battery
discharge.

Patterns of individual movements were visualised in
QGIS 2.8 Wien (QGIS Development Team 2015). GPS co-
ordinates of all fixes were projected into orthophotography
map sourced by Czech Office for Surveying, Mapping and
Cadastre (www.geoportal.cuzk.cz).

For statistical analysis three hours periods were classed
into four groups representing different light conditions of
the day: mornings with fixes between 6:00 and 9:00, mid-
day with fixes between 12:00 and 15:00, evening with fixes
between 18:00 and 21:00 and night with fixes between 0:00
and 3:00. Similarly movement activity (covered linear dis-
tances) and temperature were divided in six respectively
eleven categories with units 2.5 m for linear distance and
2.5°C for temperature. Covered linear distances per three
hours and day (consecutive 24 hours) are presented as min-
imum — maximum value followed by the average + standart
deviation in parentheses. Differences in movement (number
of three hour periods in specific distance category between
individuals) in various times of day were tested with sepa-
rate one-way ANOVA tests. To test the temperature influ-
ence on covered distance, we used generalized linear mixed
models (GLMMs) with negative binomial error distribution
and log link. In the GLMMSs, temperature category was a
fixed effect and individuals were a mixed effect. For the anal-
ysis, we used the glmer.nb function from the lme4 package
(Bates et al. 2014). For post-hoc comparisons between tem-
perature categories, we used the glht function from the mult-
comp package (Hothorn et al. 2008) with Tukey’s pairwise
multiple comparisons of means (Bretz et al. 2010). Analy-
ses were conducted in R 3.2.2 (R Development Core Team
2015).

Results

From May 28 to June 7, 2015 (Table 1, Fig. 2) we col-
lected 313 fixes in total. Radio-tracking period was 9-10
days depending on signal quality of tags. The battery
life span was 18-31 days. The mass of transmitters var-
ied from 20.9-30.4% of beetle body mass. Radio-tagging
apparently did not disturb or limit ground beetles, as
we observed them eating earthworms (n = 2), found
them digged into soil or caught their signal coming out
of the mousehole (n = 3).

Total distances covered by single individual ranged
from 16.6 to 120.9 m in meadow habitat. Due to low
number of individuals we did not compare the differ-
ences between sexes. Individuals were able to walk for
several meters per 3 hour intervals, maximum distance
reached in three hours interval was 14.1 m (in morning).
Average linear distance per three hours interval varied
between 0-6 (0.2 & 0.9) m for the least active specimen
and 0-14.1 (1.7 &+ 2.8) m for the most active specimen.
Per day the range varied between 0-11.6 (1.7 + 3.7) m
and 4.7-22.3 (13.4 £+ 6.0) m. Movement activity did not
differ by light condition (Fig. 3), however it was signif-
icantly affected by temperature (GLMM: x? = 37.026,
df = 10, P < 0.001). Beetles were most active at tem-
peratures 15.0-17.4°C. With increasing and decreasing
temperature decline also the activity of beetles. Below
5°C, no movement was recorded (Fig. 4).

Discussion

Our goal in this field survey was to study movement
ability of C. wllrichii which we plan to use as a model
species in future ecological studies. We also tested the
use of radio telemetry as a method for tracking individ-
uals of this species. In last two decades the availability
of small and light radio transmitters allows researchers
to track small-bodied animals (Kissling et al. 2014). So
far, radio-tracking was used only in two ground bee-
tle species; 32-42 mm long C. coriaceus (tag mass 34—
51%) (Riecken & Ries 1992; Riecken & Raths 1996) and
smaller (18-38 mm) C. olympiae with tag mass approx-
imately 40% of the average individual mass (Negro et
al. 2008). We have verified that radio telemetry is a
suitable method for monitoring smaller carabids such
as C. ullrichii (tag mass 21-30%).

As there was no information on movement ability
of C. wullrichii available, we expected the three hours
interval between checks to be an acceptable compromise
between the time invested by researcher for tracking the
individuals and the distance they could possibly cover.
This prediction showed to be right and beetles never
escaped out of the transmitter signal range during the
period.

The speed of C. wullrichii ranged from 1.69 to
13.43 m day~! in meadow and orchard which is sim-
ilar to speed of other large carabid species. The known
values of speed are 2.26-7.32 m day ! for C. coriaceus
in meadow (Riecken & Raths 1996); 9.3-15.0 m day !
for C. auronitens F., 1792 in fallow land (Niehues et al.
1996); 4.1 m per 12 h period for C. olympiae in shrub-
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No. 1 Female
No. 2 Male
No. 3 Female

No. 4 Female

Fig. 2. Movement pattern of four specimens of C. wullrichii. The size of points represent the number of three hour periods with no
activity (the smallest points = zero periods with no activity, the largest points = more than 10 periods with no activity). Starting
points are outlined in black, black line represents the border of study area.

bery (Negro et al. 2008) and 6 m h~! for C. nemoralis
Miiller, 1764 in set-aside areas and 2 m h™! in semi-
natural habitats (Kennedy 1994).

The habitat in which we tracked C. ullrichii was
mostly short grass meadow with solitary trees or small
groups of trees. Tag fixed at the top of elytra apparently
could limit beetles to move across narrow microhabi-
tats. However, based on similar movement distances ob-
served in other radio-tracked carabids mentioned above
we assume that transmitters did not substantively af-
fected C. ullrichii movement. Furthermore, during our
research individuals were not only able to move several
meters within three hours in densely overgrown habitat
but were also observed during feeding or digging into
soil.

Carabid activity rhythm depends on many factors
like sex, breeding season, habitat or geographic range
(Szyszko 2004; Tuf et al. 2012). Body size of ground

beetles is positively correlated with movement range
(Ranjha & Irmler 2014) and strictly woodland species
move much more slowly than generalist species (Brouw-
ers & Newton 2008). By contrast, Firle et al. (1998)
argued that the distances covered by individual depend
on the availability of prey, but do not correlate with
body size. According to literature (Luff 1978; Lovei &
Sunderland 1996; Hiirka 2005; Negro et al. 2008), wood-
land and large ground beetles (body length > 10 mm)
are mostly animals with night activity whereas field and
small species are rather diurnal. However, radio-tracked
C. coriaceus showed both nocturnal and diurnal ac-
tivity with greater distances covered at night (Riecken
& Raths 1996). Individuals of C. auratus within one
population can have different life cycles, some are noc-
turnal, some diurnal and others are indifferent (Thiele
1977). Similarly our results showed that C. ullrichii is
not typical nocturnal species. Although, the longest lin-
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ear distances (more than 10 m) per three hour period
were mostly covered in the night, the maximum dis-
tance per three hour walked by one individual was cov-
ered in morning hours.

Most of ground beetles are predators which play
an important role in ground ecosystem. Movement be-
haviour is connected with starving; movement of bee-
tles thus can be an indicator of habitat quality (Szyszko
et al. 2004). On the other hand, harmonic radar study
by Wallin & Ekbom (1988) showed no differences be-
tween movements of starving and ad libitum fed bee-
tles (Pterostichus melanarius Illiger, 1798 and P. niger
Schaller, 1783).

Thiele (1977) pointed out a temperature influ-
ence on habitat choice. His laboratory experiments on
Abaz species, Nebria brevicollis (F., 1792) and Poecilus
cupreus (L., 1758) showed similar prefered tempera-
ture curves with activity peaks between 15-20°C. Some
species have a preference toward different temperatures
in relation to their reproduction biology; higher temper-
atures accelerated the maturation of the sexual glands
(Tuf et al. 2012). Forest species appear to be more de-
pendent upon the dark contition whereas the tempre-
rature is more important for field species (Thiele 1977).
Here we show that temperature had an influence on ac-
tivity of C. ullrichii. In this study beetles moved mostly
in meadow and under trees in orchard considered here
as open habitat. It could be an explanation of temper-
ature influence on species-specific movement.

Movement behaviour is an important aspect of or-
ganismal biology and in insects there is still lack of
knowledge. Understanding factors that influence species
behaviour including movement enable us to create
favourable conditions for persistence of insect popu-
lations and technological developments provide new
opportunities and methods. Our study illustrates the
feasibility of radio-telemetry for tracking large epigeic
ground beetles.

Movement activity of C. wullrichii seems to be in-
different to light conditions but temperature affected.
Nevertheless, we are indeed awared that to generalise
our results these trends need to be investigated in fur-
ther research with much wider data set.
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Abstract

Some carabid species are not restricted to a single habitat only, but use various types of habitats. In these
species, relatively little is known about the utilization of occupied habitats and factors affecting their move-
ment within these habitats. In this study, we focus on the movement activity of ubiquitous Carabus ullrichii
during its reproductive period at the border of two types of habitats, a meadow and a forest. We tracked
21 adult individuals using radio telemetry and recorded in total 1,687 position fixes. Movement activity
was associated with the type of habitat and specific environmental conditions such as time of the day and
air temperature. Both sexes activated preferably at dusk and during the night, although males were most
active at temperatures around 15°C, while females showed no preference for temperature. Males were able
to walk as fast as females, but they were more associated with forest edge. We assume that the inner edge
of the forest could be used as a mating site and after mating males stay there and wait for new females with
which to mate, while fertilized females disperse into the surroundings. They moved further into the closed
forest where they were likely looking for oviposition sites and food resources to support reproduction.
Exclusively females were recorded to visit the meadow at a greater distance from the forest edge and their

movements there were almost always direct.

Key words: carabids, dispersal, movement behavior, radio telemetry, reproduction.

INTRODUCTION

Movement and dispersal of animals have consequences
not only for species fitness but also for population
dynamics. In addition, the colonization of new suitable
habitats and gene flow within populations are crucial
for species persistence (Clobert et al. 2004; Bowler &
Benton 2005). In the last few decades, movement of
animal species has often become limited as a result of
human activities and connectivity of populations is cur-
rently restricted due to landscape fragmentation
(Saunders et al. 1991; Hanski & Ovaskainen 2000).
This can be a significant threat especially for inverte-
brates with low dispersal ability such as flightless bee-
tles of the genus Carabus Linnaeus (Turin et al. 2003;
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Ewers & Didham 2006). For these ground-dwellers,
even small patches of unfavorable habitats or linear
structures, such as roads, may pose a barrier (Mader
et al. 1990; Niehues et al. 1996; Yamada et al. 2010;
Matern et al. 2011). Therefore, the knowledge of their
movement behavior (e.g. quantification of speed or
willingness to cross specific habitats) and of its causes
and consequences is vital for predicting a species
response to environmental changes (e.g. Negro et al.
2008; Elek et al. 2014).

Movement behavior of Carabus species, as well as of
other ground beetles, is primarily regulated by endoge-
nous physiological factors. However, it also may be sig-
nificantly affected by abiotic environmental conditions,
particularly by light, temperature, and humidity
(Thiele & Weber 1968; Thiele 1977; Turin et al.
2003). Nevertheless, response to these factors could be
strongly influenced by breeding period and may differ
among species, or even within the populations of the
same species (Thiele 1977; Atienza et al. 1996; Tuf
et al. 2012). In general, carabid movement is usually
composed of two patterns: random walk with small

© 2017 The Entomological Society of Japan
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distances covered per day in random directions and
directed movement with large distances covered per
day (e.g. Niehues et al. 1996; Riecken & Raths 1996).
While random walk is most likely the result of frequent
encounters with food resources or mate-seeking,
directed movement is an efficient strategy for escaping
from adverse sites or for dispersal (Baars 1979;
Wallin & Ekbom 1988). These movement patterns
may vary between habitats, suggesting different habitat
preferences and utilizations (Wallin & Ekbom 1988;
Niehues et al. 1996).

The ground beetle Carabus ullrichii Germar, 1824 is
an abundant species occurring in various types of habi-
tats from fields to forests (e.g. Hirka 1996; Turin et al.
2003; Deuschle & Glick 2009). However, very little is
known about the usage of habitats occupied by this
species and factors affecting its movement within the
habitats. In this study, we used radio telemetry to
investigate a movement activity of C. ullrichii during its
reproductive period in late spring and early summer at
the border of two different habitats, a meadow and a
forest. These habitats naturally differ in their environ-
mental conditions, and it can be assumed that these dif-
ferences could affect movement of beetles. Similarly,
sex-specific resource requirements during breeding sea-
son may indicate different habitat utilization. There-
fore, we tried to answer following questions: (i) which
abiotic factors affect movement activity of the species?;
and (ii) is the shape of movement trajectory, which
reflects prevailing pattern of movement (i.e. random
walk or directed movement), movement direction and
the time spent in a particular environment, affected by
specific habitat use in relation to reproductive
behavior?

MATERIALS AND METHODS
Target species

Carabus ullrichii is a 22-33 mm long, robust beetle
with cupreous coloration, occurs in Central and East-
ern Europe from south-western Germany to western
Ukraine, Romania, and Bulgaria, being abundant
throughout the range (Turin et al. 2003). This species
inhabits  various types of deciduous forests
(Andorké & Ké&dar 2006; Mithé 2006; Andorkd
2014) as well as open or semi-open habitats such as
meadows, fields, gardens, and orchards from lowlands
to foothills (Hirka 1996; Deuschle & Gliick 2009;
Huidu 2011; Rizickova & Vesely 2016). Carabus
ullrichii is a typical spring breeder with overwintering
adults, spring reproduction, and summer larvae. Adult
beetles occur from March to September, the fresh

Entomological Science (2018) 21, 76-83
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imagoes appear during the second half of August, and
they are active till hibernation (Turin et al. 2003). As it
reproduces only once per season with relatively low
fecundity and its generations do not overlap (Andorkd
2014), all individuals included in this study belonged
to the same age cohort.

Study site

The study was conducted in the floodplain of the
Morava River in Litovelské Pomoravi Protected Land-
scape Area near town Litovel (Central Moravia, Czech
Republic, 49°41'38'N  17°6'14"E,
230 m a.s.l.). The study site covers two different habi-
tats: (i) floodplain forest of various age structures dom-
inated by Fraxinus excelsior and Tilia cordata with
mixed patches of full and partly open tree canopy cover
and by Galium aparine, Urtica dioica and Allium wrsi-
num in the sparse herbal layer; and (ii) hay meadow
with predominance of dense tussocks of various
grasses. The border between these two habitats is very
abrupt without a wide gradual transition zone.

approximately

Data sampling

We collected adult individuals of C. ullrichii during
their main activity and reproductive period in May and
June, 2016 using baited pitfall traps positioned across
the study site. To avoid a bias of possible individual
preferences for certain habitat, we placed the traps at
the border of the forest and the meadow. Each trap
consisted of two 0.5-liter plastic cups telescoped to
make extraction easier and baited with cat food placed
in a plastic bottle lid at the bottom. We checked them
every 12 h to avoid damage of beetles. Before the in-
situ experiment, we kept captured beetles ex situ in sep-
arate boxes at the room temperature and we fed them
every two days with mealworms ad libitum.

Radio telemetry is a widely used method for studying
the movement behavior of vertebrates. In the last two
decades, transmitter sizes have become small enough to
allow also tracking of large insect species under natural
field conditions. Undisputable advantage of this
method is the possibility to track and locate a tagged
individual at any time (Kissling et al. 2014). In the pre-
vious study, we found that radio telemetry is a suitable
method for monitoring movements of our model spe-
cies (Rizickovd & Vesely 2016). Therefore, we used
the same PicoPip transmitters (weight 0.3 g, volume of
13 x 5 x 3 mm; Biotrack Ltd., Wareham, UK) with
specific frequencies between 173-174 MHz in this
study. One day before the beginning of the experiment,
we attached the tag with short antenna directed
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backwards at the top of beetle’s elytra by cyanoacrylate
glue gel (Fig. 1). In total, we tagged 21 individuals,
10 males and 11 females. The mass of tags was
approximately 33% of the initial body weight of
tracked males (median 0.9 g, range: 0.7-1.2 g) and
27% of the body weight of females (median 1.1 g,
range: 0.8-1.5 g). We released beetles at the border
between the habitats at 12:00 Central European Sum-
mer Time (CEST) on 31 May 2016, 5 m apart from
each other to avoid mutual interference. We then
located individuals every 3 h until signal loss (but not
later than June 16, 2016).

For radio-tracking, we used the Sika hand-held
receiver (Biotrack Ltd.) with Yagi directional antenna
and 20 cm dipole antenna for short distances. We were
able to detect the transmitter signal from a distance of
60 m. During every tracking session, we started search-
ing for tagged individual at the point (fix), where it was
found in the previous session. First, we walked in the
direction of the bearing of the signal to get close to the
tagged beetle. At the point of 0.5 m distance to
expected signal source, we stopped localizing the indi-
vidual due to risk of stepping on it. Based on the
quality and range of the signal, we were also able to
determine whether the tracked beetle was in the soil or
on the ground surface. We recorded GPS coordinates
of the starting fixes and then marked all following fixes
by colored sticks hammered into the ground. When the
distance covered between two tracking sessions was
shorter than 0.5 m, it was considered as a fix with no
activity. At each fix, we recorded the type of habitat
(forest or meadow), temperature and relative humidity
at the ground level, and the distance covered and the
direction (azimuth) between consecutive fixes.

Data analyses

We classified the 3-h observation periods into four cat-
egories representing different parts of the day: fixes at

Figure 1 Female of Carabus ullrichii with a fixed radio-
transmitter.
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3:00 were classified as dawn, fixes between 6:00 and
18:00 as day, fixes at 21:00 as dusk, and fixes between
dusk and dawn were assigned as night. To test the
influence of sex, environmental factors (type of habitat,
temperature, and relative humidity) and the part of day
on the movement of C. ullrichii, i.e. the covered dis-
tance per 3-h period (response variable), we used gener-
alized linear mixed models (GLMMs) with negative
binomial error distribution. Due to the presence of
large numbers of zero values in the covered distances,
we used (x + ¢) transformation, where x is the response
variable and ¢ was 1/2 of the smallest, non-zero value.
In the GLMMs, temperature, daytime, humidity, and
sex were fixed effects and individual was a mixed
effect. For the analysis, we used the glmer.nb function
from the ‘lme4’ package (Bates et al. 2015). As post-
hoc comparisons of pairwise differences between the
mean covered distances in different daytime classes we
used the glht function from the “multcomp” package
(Hothorn et al. 2008) with Tukey contrasts for multi-
ple comparisons of means (Bretz et al. 2010). To find a
preferred direction of movement of tracked beetles, we
used Rao’s spacing test (rao.spacing.test function) from
the “circular” package (Agostinelli & Lund 2013) and
tested a uniformity of displacement’s directions (azi-
muths) between fixes. All analyses were conducted in R
3.2.2 (R Core Team 2015). Movement trajectories
made by tracked beetles we visualized in QGIS 2.8
Wien (QGIS Development Team 2015) by Azimuth
and Distance Plugin (De Paulo et al. 2016) to charac-
terize beetles’ movement patterns in the studied
habitats.

RESULTS

We recorded a total of 1,687 fixes; 475 (28%) with
movement activity (222 for males and 253 for females)
and 1,212 (72%) with no activity (567 for males and
645 for females). The shortest tracked period obtained
from a single individual had 13 fixes, while the longest
tracking period contained 127 fixes. The shortest total
distance covered by a single beetle was 5.6 m (in 125
fixes), and the longest one was 280.1 m (in 127 fixes),
both for females. Movement characteristics of all
tagged individuals in detail provides Table 1. Median
of distances covered per 3-h interval was 0.45 m
(range: 0.14-3.18 m) for males and 0.95m
(0.04-3.07 m) for females. The highest speed recorded
was 20.1 m per 3 h for males and 19.6 m per 3 h for
females, both in the forest. In the meadow, the highest
speed recorded was much lower: 7.5 m per 3 h for
males and 17.6 m per 3 h for females.
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Table 1 Movement characteristics of radio-tracked individuals: total covered distances, mean speeds in 3-h observation periods

and mean directional vectors

No. of individual Sex Total distance (m) Mean speed per 3 h (m) Mean vector (°) Fix o FixXpass
1 f 79.3 0.62 174.2 45 82
2 m 140.5 1.29 159.2% 63 46
3 f 17.7 0.16 88.8 16 94
4 f 47.2 1.18 205.8* 18 22
S f 97.4 1.25 117.3 26 52
6 m 41.3 3.18 111.4 10 3
7 m 35.0 0.33 123.9 17 88
8 m 39.0 1.95 183.9 12 8
9 m 14.3 0.14 168.7 10 89
10 f 280.1 2.21 145.3 64 63
11 f 5.6 0.04 102.9 9 116
12 f 7.0 0.06 119.4 9 118
13 f 11.2 0.80 173.9 7 7
14 m 15.8 0.15 202.0 13 92
15 m 53.9 0.49 177.5 26 84
16 f 79.7 3.07 209.7 14 12
17 m 551 2.90 169.3 11 8
18 m 40.6 0.41 120.6 24 75
19 m 44.4 0.40 238.0 36 74
20 f 44.5 0.95 240.2 13 34
21 f 79.5 1.03 67.9 32 45

Values marked by asterisk indicate non-random displacement of directions based on Rao’s spacing test (P < 0.05). Fix,. = number of fixes with

activity, Fix,,g = number of fixes without activity.

The movement activity (i.e. covered distance per 3 h)
of C. ullrichii was significantly affected by temperature
(x> = 33.863, df =1, P <0.001), the part of day
(x* = 31.455, df = 3, P < 0.001), and the type of habi-
tat (x* = 48.083, df = 1, P < 0.001). The effect of tem-
perature was sex-specific (sex-temperature interaction:
x> = 5.646, df = 1, P = 0.018). Males were most active
at 15°C, while females had no visible activity peak
(Fig. 2). Beetles were most active at dusk and night
(Fig. 3a), with no significant difference in the diel activ-

ity between the sexes (sex-daytime interaction:
females males
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Figure 2 The effect of temperature on movement activity of
females and males. Each symbol represents a single fix, and
black smooth curve is fitted Loess curve.
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¥* = 4.324, df = 3, P = 0.229). Humidity had no signif-
icant effect on the movement activity (x* = 0.208,
df =1, P = 0.648).

Although all individuals were released at the border
of the habitats, most of them moved towards the inte-
rior of the forest and showed patterns of random walk
alternating with directed movement (Fig. 4a). In this
habitat, some individuals (regardless of sex) were able
to stay at the same spot for three or four days hiding in
leaf litter or burrowing into the soil. Individuals having
dispersed towards meadows showed movements with-
out random walk and stops, and when compared with
movements in the forest, their mean speed per 3 h was
significantly higher (Fig. 3b). While females penetrated
the meadow and the forest at greater distances, males
rarely entered the meadow and walked closer and par-
allel to the forest edge. Except for two individuals, no
prevailing walking directions were detected (Table 1).
Mean directional vectors of all studied individuals ran-
ged from 67.9° to 240.2° (northeast — southwest),
which corresponds with the position of the forest
(Fig. 4b).

DISCUSSION

Using radio telemetry, we found that the movement
activity of C. ullrichii was associated with the type of
habitat, specific environmental conditions such as tem-
perature and the part of day. In ectotherms, the relation
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Figure 3 The mean covered distance (m) of females (dark
bars) and males (light bars) per 3-h period during (a) each
part of the day and (b) in different habitats; error lines repre-
sent 95% Cls. Capital letters above daytime labels indicate
significant differences in the mean covered distance among
different times of a day, based on the post-hoc Tukey’s pair-
wise multiple comparisons of the means.

between activity and temperature is not particularly sur-
prising (e.g. Atienza et al. 1996; Honék 1997). Carabus
species have preferences towards different temperatures
depending on their reproduction biology, because tem-
perature accelerates or suppresses the maturation of the
sexual glands (Sota 1986). For instance, Althoff et al.
(1994) reported that mean daily temperature in May
determined the timing of reproduction in the spring
breeder Carabus auronitens Fabricius, 1792. In
C. ullrichii, the effect of temperature differed between
sexes; males were most active at temperature around
15°C, while females showed no preferred temperature.
This is counterintuitive, as temperature is expected to
have a greater effect on females due to physiological dif-
ferences inherent in the breeding behavior (Atienza et al.
1996). During our field work conducted in late May
and June the majority of radio-tracked females were in
reproductive or even post reproductive period. In this
time, it is likely more important for them to find enough
food to refill the energy costs of reproduction
(Kagawa & Maeto 2009) than to search for sites
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Figure 4 (a) Movement patterns and (b) mean directional vec-
tors of all tracked individuals. Numbers next to the trajecto-
ries in (a) correspond with the numbers of individuals
presented in Table 1. The length of each vector in (b) repre-
sents the mean speed per 3 h. In the inserted map of the Czech
Republic (CZ), “Loc” indicates the position of study site.

suitable in temperature for the development of their
ovaries and/or eggs.

Adults of C. ullrichii were more active during the
dusk and in the early night hours. Thiele (1977) and
Szyszko et al. (2005) also reported that some other
Carabus species tend to be active in early hours after
sunset. In general, woodland-dwelling and/or large
carabids are mostly nocturnal, whereas small, open-
habitat species are mainly diurnal, although exceptions
exist (Lovei & Sunderland 1996; Riecken & Raths
1996). Our previous study indicated that circadian
activity of C. ullrichii individuals from meadow and
orchard was not affected by light conditions
(Razickova & Vesely 2016). Compared to our recent
findings, it is likely that C. ullrichii circadian activity
varies between populations, geographical localities, and
habitats. Whereas forest populations might be rather
night-active as in the general pattern of circadian activ-
ity of carabids mentioned above, meadow and field
inhabitants are active not only in the nighttime but also
in the daytime. During midday, the temperature condi-
tions in open habitats become unsuitable for beetles
and they try to escape or hide from such conditions
(Thiele 1977). However, we did not observe any influ-
ence of relative humidity at the ground level on the
movement activity. Likely, even the minimal humidity

Entomological Science (2018) 21, 76-83
© 2017 The Entomological Society of Japan



of leaf litter and soil surface is high enough to resist
desiccation of beetle’s body (Althoff ez al. 1994).

It is often reported that C. ullrichii occurs in various
types of habitats from deciduous forests to arable lands
(e.g. Hirka 1996; Deuschle & Glick 2009; Andorkd
2014), but relatively little is known about specific habi-
tat utilization. Our results showed that vegetation
structure at the ground level did not affect the mean
speed but the maximum speed of movement. In the
meadow, dense tussocks did not appear to act as bar-
riers, but rather reduced the maximum speed of walk,
while relatively sparse herbal layer inside the forest
enabled individuals to walk quicker. These findings are
in agreement with studies obtained from other types of
habitats such as grass, hedgerows, and crop lands,
where beetles can sprint faster in habitats showing
higher proportion of bare soil (Mauremooto et al.
1995; Ranjha & Irmler 2014).

Ground beetles are predators foraging for prey by
exploring, and thus exhibit an increased turning fre-
quency leading to an area-restricted search in sites with
high prey density (Wallin & Ekbom 1988). In
C. ullrichii, the higher tendency to random walk in the
forest suggests that this type of habitat provides more
suitable conditions for foraging than the meadow,
where the movement was almost exclusively direct. In
addition, only females were detected to penetrate the
meadow at a greater distance from the forest edge. It is
likely that females utilize open habitats for dispersal as
proposed by Rijnsdorp (1980). Females were also able
to walk further into the forest interior than males,
likely seeking favorable oviposition sites and searching
for food resources to support reproduction (Kagawa &
Maeto 2009). Although males were able to walk as fast
as females, they spent most of the time at the forest
inner edge or in nearby forest. Similar sex-specific
movement patterns between forest and orchard were
observed in Carabus yaconinus Bates, 1873
(Kagawa & Maeto 2009). The inner edge of the forest
could be used as a mating site: after mating, fertilized
females disperse into surroundings, while males wait
there to mate with newly arriving females. Occasion-
ally, individuals of both sexes stayed at a spot for sev-
eral fixes irrespective of climatic and microhabitat
conditions. This behavior was indirectly mentioned
also in other studies on movement patterns of Carabus
species, using different tracking techniques (Niehues
et al. 1996; Riecken & Raths 1996), but without expla-
nations of this phenomenon. Likely, beetles could either
rest, being satiated, or wait for more suitable condi-
tions (temperature, day time, etc.). Preferences of
C. ullrichii for the forest edge may also raise the ques-
tion of whether the species should be considered as an
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“ecotone” specialist as was formerly reported by Skfo-
dowski (1999, 2008) and Riecken and Raths (1996)
for some Carabus species based on their parallel move-
ment patterns to the forest edge.

In conclusion, the movement to different habitats
and adjustment of the circadian activity are two strate-
gies for avoiding adverse environmental conditions.
Nevertheless, these patterns may vary in time, space
and between sexes according to their physiological
requirements and reproductive conditions (Atienza
et al. 1996). In C. ullrichii, the movement activity
depends not only on abiotic factors of environment but
it is also associated with reproductive behavior. After
mating, females move actively looking for suitable ovi-
position sites or food resources especially in the forest

interior, while males move only at the forest
inner edge.
ACKNOWLEDGMENTS

We are grateful to Jakub Hordk and Jifi Korabec¢ny for
field assistance and Michal Hykel and Martin Kon-
vicka for statistic consulting and valuable comments on
previous versions of the manuscript. We would like to
thank also Administration of Litovelské Pomoravi
PLA, especially Vladislav Holec, for general support;
and Nature Conservation Agency of the Czech Repub-
lic for providing research authorization no. SR/0015/
LM/2016-4. This study was financially supported by
Internal Grant Agency of Palacky University
(IGA_PrF_2016_017).

REFERENCES

Agostinelli C, Lund U (2013) R Package ’circular’: Circular
Statistics (Version 0.4-7). [Cited 15 Jan 2017.] Available
from URL: https://r-forge.r-project.org/projects/circular/

Althoff G-H, Hockmann P, Klenner M, Nieheus FJ, Weber F
(1994) Dependence of running activity and net reproduc-
tion in Carabus auronitens on temperature. In:
Desender K, Dufréne M, Loreau M, Luff ML,
Maelfait JP (eds) Carabid Beetles: Ecology and Evolu-
tion, pp 95-100. Publishers,
Dordrecht.

Andork6é R (2014) Studies on carabid assemblages and life
history characteristics of two Carabus (Coleoptera, Cara-
bidae) species (Ph.D. Thesis). Faculty of Sciences, E6tvos

Kluwer Academic

Lorand University, Budapest.

Andorké R, Kadar F (2006) Carabid beetle (Coleoptera: Car-
abidae) communities in a woodland habitat in Hungary.
Entomologica Fennica 17,221-228.

Atienza JC, Farin6s GP, Zaballos JP (1996) Role of tempera-
ture in habitat selection and activity patterns in ground
beetle Angoleus nitidus. Pedobiologia 40, 240-250.

81


https://r-forge.r-project.org/projects/circular/

J. Razickova and M. Vesely

Baars MA (1979) Patterns of movement of radioactive cara-
bid beetles. Oecologia 44, 125-140.

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting lin-
ear mixed-effects models using lme4. Journal of Statisti-
cal Software 67, 1-48.

Bowler DE, Benton TG (2005) Causes and consequences of
animal dispersal strategies: relating individual behaviour
to spatial dynamics. Biological Reviews 80, 205-225.

Bretz F, Hothorn T, Westfall P (2010) Multiple Comparisons
Using R. CRC Press, Boca Raton, FL.

Clobert J, Ims RA, Rousset F (2004) Causes, mechanisms and
consequences of dispersal. In: Hanski I, Gaggiotti OE
(eds) Ecology, Genetics and Evolution of Metapopula-
tions, pp 307-335. Elsevier Academic Press, San
Diego, CA.

De Paulo M, Laplante F, DMS Australia, TechnologyOne,
Petroff M (2016) Azimuth and Distance Plugin. [Cited
15 Jan 2017.] Available from URL: https:/plugins.qgis.
org/plugins/qgsAzimuth/

Deuschle ], Gliick E (2009) Colonisation and steadyness of
carabid beetles in orchards. Bonn Zoological Bulletin
56, 7-16.

Elek Z, Drag L, Pokluda P, Cizek L, Bérces S (2014) Dispersal
of individuals of the flightless grassland ground beetle,
Carabus hungaricus (Coleoptera: Carabidae), in three
populations and what they tell us about mobility esti-
mates based on mark-recapture. European Journal of
Entomology 111, 663-668.

Ewers RM, Didham RK (2006) Confounding factors in the
detection of species responses to habitat fragmentation.
Biological Reviews 81, 117-142.

Hanski I, Ovaskainen O (2000) The metapopulation capacity
of a fragmented landscape. Nature 404, 755-758.

Honék A (1997) The effect of temperature on the activity den-
sity of Carabidae (Coleoptera) in fallow land. European
Journal of Entomology 94, 97-104.

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference
in general parametric models. Biometrical Journal 50,
346-363.

Huidu M (2011) Comparative study concerning the Carabi-
dae fauna from the beech forest and the nearby meadow
from Bistrita Gorges (Buila-Vanturarita National Park,
Romania). South Western Journal of Horticulture, Biol-
ogy and Environment 2, 95-105.

Hirka K (1996) Carabidae of the Czech and Slovak Repub-
lics. Kabourek, Zlin.

Kagawa Y, Maeto K (2009) Spatial population structure of
the predatory ground beetle Carabus
(Coleoptera: Carabidae) in the
woodland satoyama landscape of Japan. European Jour-
nal of Entomology 106, 385-391.

Kissling DW, Pattemore DE, Hagen M (2014) Challenges and
prospects in the telemetry of insects. Biological Reviews
89, 511-530.

Lovei GL, Sunderland KD (1996) Ecology and behaviour of
ground beetles (Coleoptera: Carabidae). Annual Review

of Entomology 41, 231-256.

yaconinus
mixed farmland-

82

Mader HJ, Schell C, Kornacker P (1990) Linear barriers to
arthropod movements in the landscape. Biological Con-
servation 54, 209-222.

Matern A, Drees C, Hirdtle W, von Oheimb G, Assmann T
(2011) Historical ecology meets conservation and evolu-
tionary genetics: a secondary contact zone between Cara-
bus violaceus (Coleoptera, Carabidae) populations
inhabiting ancient and recent woodlands in north-
western Germany. ZooKeys 100, 545-563.

Maithé T (2006) Forest edge and carabid diversity in a Car-
pathian beech forest. Community Ecology 7, 91-97.
Mauremooto JR, Wratten SD, Worner SP, Fry GLA (1995)
Permeability of hedgerows to predatory carabid beetles.
Agriculture, Ecosystems and Environment 52, 141-148.

Negro M, Casale A, Migliore L, Palestrini C, Rolando A
(2008) Habitat use and movement patterns in the endan-
gered ground beetle species, Carabus olympiae
(Coleoptera: Carabidae). European Journal of Entomol-
ogy 105, 105-112.

Niehues FJ, Hockmann P, Weber F (1996) Genetics and
dynamics of a Carabus auronitens metapopulation in the
Westphalian lowlands (Coleoptera, Carabidae). Annales
Zoologici Fennici 33, 85-96.

QGIS Development Team (2015) QGIS Geographic Informa-
tion System. Open Source Geospatial Foundation Project.
[Cited 15 Jan 2017.] Available from URL: http:/qgis.
0sgeo.0rg

R Core Team (2015) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Com-
puting, Vienna. [Cited 15 Jan 2017.] Available from
URL: http://www.R-project.org

Ranjha MH, Irmler U (2014) Movement of carabids from
grassy strips to crop land in organic agriculture. Journal
of Insect Conservation 18, 457-467.

Riecken U, Raths U (1996) Use of radio telemetry for study-
ing dispersal and habitat use of Carabus coriaceus L.
Annales Zoologici Fennici 33, 109-116.

Rijnsdorp AD (1980) Pattern of movement in and dispersal
from a Dutch forest of Carabus problematicus Hbst.
(Coleoptera, Carabidae). Oecologia 45, 274-281.

Rizickova J, Vesely M (2016) Using radio telemetry to track
ground beetles: movement of Carabus ullrichii. Biologia
71, 924-930.

Saunders DA, Hobbs RJ, Margules CR (1991) Biological con-
sequences of ecosystem fragmentation: a review. Conser-
vation Biology 5, 18-32.

Sktodowski J (1999) Movement of selected carabid species
(Col. Carabidae) through a pine forest-fallow ecotone.
Folia Forestalia Polonica, Series A — Forestry 41, 5-23.

Sktodowski J (2008) Carabid beetle movements in a clear-cut
area with retention groups of trees. In: Penev L, Erwin T,
Assmann T (eds) Back to the Roots and Back to the
Future. Towards a New Synthesis Amongst Taxonomic,
Ecological and Biogeographical Approaches in Carabi-
dology, pp 451-467. Pensoft Publisher, Sofia-Moscow.

Sota T (1986) Effects of temperature and photoperiod on the
larval development and gonad maturation of a carabid

Entomological Science (2018) 21, 76-83
© 2017 The Entomological Society of Japan


https://plugins.qgis.org/plugins/qgsAzimuth/
https://plugins.qgis.org/plugins/qgsAzimuth/
http://qgis.osgeo.org
http://qgis.osgeo.org
http://www.r-project.org

beetle, Carabus yaconinus (Coleoptera: Carabidae).
Applied Entomology and Zoology 21, 89-94.

Szyszko J, Gryuntal S, Schwerk A (2005) Nocturnal activity
of Carabus hortensis L. (Coleoptera, Carabidae) in two
forest sites studied with harmonic radar method. Polish
Journal of Ecology 53, 117-121.

Thiele HU (1977) Carabid Beetles in Their Environments.
Springer Verlag, Berlin.

Thiele HU, Weber F (1968) The diurnal activity of carabid
beetles. Oecologia 1, 315-355. (In German, with English
abstract.)

Tuf TH, Dedek P, Vesely M (2012) Does the diurnal activity
pattern of carabid beetles depend on season, ground

Entomological Science (2018) 21, 76-83
© 2017 The Entomological Society of Japan

Habitat use of Carabus ullrichii

temperature and habitat? Archives of Biological Sciences
64, 721-732.

Turin H, Penev L, Casale A (2003) The Genus Carabus in
Europe. A Synthesis. Pensoft Publisher, Sofia-Moscow-
Leiden.

Wallin H, Ekbom BS (1988) Movements of carabid beetles
(Coleoptera, Carabidae) inhabiting cereal fields — a field
tracking study. Oecologia 77, 39-43.

Yamada Y, Sasaki H, Harauchi Y (2010) Effects of narrow
roads on the movement of carabid beetles (Coleoptera,
Carabidae) in Nopporo Forest Park, Hokkaido. Journal
of Insect Conservation 14, 151-157.

83



Appendix 111

Abstract: It is not so long ago that the use of radio telemetry for studying animal biology and
ecology was only applicable to vertebrates. However, recently developed radio transmitters
are smaller and lighter, which opens up new opportunities for using this method to track
insects in natural conditions. In this article, we provide short overview of using radio
telemetry in insect studies and describe its advantages and limitations. As an example of
insect tracking, we present our first study on the movement activity of the ground beetle
Carabus ullrichii.
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Vyuziti radiotelemetrie

v entomologii

Radiotelemetrie predstavuje technologii pro dalkovy prenos dat za pouziti
radiového signalu. Nachazi siroké uplatnéni v mnoha oborech lidské ¢innosti
od kosmonautiky, meteorologie, vojenstvi aZ po biologii. Od 60. let minulého
stol. byla pouzita v celé skale zoologickych studii, a to hlavné u obratlovcu.
Jde o unikatni zpisob, jak se o zivotnich strategiich Zivocichu dozvédét vice,
protoze fadu druht Ize ve volné prirodeé jen velmi tézko primo sledovat. Navic
technologicky pokrok otevira v soucasnosti moznost vyuziti i v entomologii.

Radiotelemetrie pracuje s aktivnimi vysi-
la¢i (transmittery neboli tagy) s vlastnim
zdrojem energie, které se pfipevni na Zivo-
¢icha. Jsou zality do ochranného obalu
z plastu, aby citlivé soucastky odolaly ne-
pfiznivym vlivim prostfedi. Vysilacky
vydéavaji vlastni radiovy signal (pulzy)
o velmi vysoké frekvenci, obvykle mezi
30-300 MHz. Signal je pomoci externi
antény zachycen pfijimacem, ktery ma
u sebe vyzkumnik (obr. 1). Kazda vysilac-
ka pouziva jedinecnou frekvenci, neni
proto problém sledovat vice jedinct sou-
Casné. Staci jen spravné naladit pfijimac.
Sila a smér signalu urc¢i polohu sledova-
ného zvitete vuci pozorovateli, pfipadné
ito, zda se jedinec pohybuje, nebo ne. Ze
ziskanych dat miZzeme zjistit celou fadu
zivotnich charakteristik zkoumaného dru-
hu — polohu hnizda, dkrytu ¢i nory, velikost
domovského okrsku, pohybovou a denni
aktivitu nebo migra¢ni schopnosti. Sofisti-
kovanéjsi vysilacky zaznamenavaji do-
konce tepovou frekvenci, télesnou teplotu
a polohu téla.

Kvtli hmotnosti vysilacek byla radio-
telemetrie po desetileti doménou zejména
zoologt zkoumajicich vétsi druhy obratlov-
ct, jako jsou Selmy nebo kopytnici (napf.
Ziva 2013, 5: 234—237), néktefi hlodavci,

vetsi ptaci a dalsi. Nicméné v poslednich
letech technicky rozvoj umoziiuje vyrobu
stdle mensich a lehéich vysilacek, coz ne-
jen rozsifuje spektrum studovanych obrat-
loved napf. o mensi ptaky nebo plazy (viz
Ziva 2008, 3: 131-133), ale pozornost se
obraci i na bezobratlé. Tim se oteviraji
nové moznosti vyuziti radiotelemetrie také
mezi entomology, ktef{ si totiZ donedavna
museli (a Casto stdle museji) vystacit pii
studiu biologie a ekologie hmyzu s rizny-
mi druhy pasti spojenymi s mnoha meto-
dickymi limity (n&kdy opomfjenymi, Ziva
2015, 6: 304-306), odchytavanim a znace-
nim jedinct (tzv. capture-mark-recapture)
nebo pffmym pozorovanim.

Vysilacku mtizeme na zkoumaného je-
dince pripevnit nékolika zpisoby, zalezi
na velikosti zvifete a zptsobu jeho Zivota.
U obratlovct se nejéastéji pouzivaji popru-
hy, udni znamky, obojky nebo implanta-
ty. Dalsi moznost{ je nalepeni vysilacky
piimo na télo, coz pfedstavuje v podstaté
jediné vychodisko u bezobratlych — pevna
kutikula k tomu i pfimo vybizi (obr. 3).

U vysilacky rozhoduje hmotnost bate-
rie, kterd urcuje jeji Zivotnost. A zde nara-
Zime na nejvétsi problém vyuzitelnosti
radiotelemetrie p¥i studiu bezobratlych.
Vétsi hmotnost vysilacky sice zajisti delsi

vydrz, avsak pro vétsinu hmyzich druhd
bude ptilis tézkd a v praktickém vyzkumu
tudiz nepouzitelnd. Kvili hmotnosti se
zatim u bezobratlych nepouziva ani dnes
uz bézna metoda sledovani vétsich zvi-
fat — GPS technologie, umoziiujici uréeni
polohy podle geografickych soufadnic za
pomoci druZice. Proto je potifeba drobny
hmyz soustavné sledovat v jeho prostiedi
a ne prostfednictvim pocitace z pohodlné
pracovny. V soucasné dobé maji nejmensi
komerc¢né vyrabéné vysilacky s velikosti
pouhych 5 x 12 x 1,5 mm hmotnost zhru-
ba 0,2 g a jejich Zivotnost se pohybuje
kolem 7 dnti. Tyto nejmensi vysilacky se
daji pouzit nap¥. pro ¢melédky. P¥i vyzku-
mu hmyzu maji vét§inou hmotnost do 1 g.
U obratlovct byva pravidlem, Zze hmotnost
pfipevnéného vysilace by neméla prekro-
¢it 4 % télesné hmotnosti zvitete. U za-
stupct hmyzi fi$e byva tento pomér vyssi
a kolisa od 6 % (u velkych druhd brouk)
az do 100 % (u ¢melédkil). Nabizi se otdz-
ka, do jaké miry pfipevnéné vysilacka
ovlivn{ zivot jedince. Je pravdépodobné,
7e muZe mit vliv na chovani, energetické
néroky nebo metabolismus nositele v krat-
§im ¢i delsim ¢asovém horizontu. Napf.
vysilackou zatiZeny ¢meldk zemni méné
1ét4 a vice odpociva. Na druhou stranu po-
hyblivost kobylky Anabrus simplex s vy-
silackou a bez ni se vyznamnéji nelisi.
Avsak pocet studii v této oblasti badani je
zatim velmi omezeny, a proto bude tfeba
provést rozsahlejsi experimenty.

S néroky na velikost a hmotnost vysi-
lacky souvisi vzdalenost, na jakou zachy-
time jeji signal. V&tsi a téz81 (v hmyzim
méfitku) maji siln&jsi signal, maximéalni
vzdalenost detekce se udava az 500 m na
rovném terénu. Vétsinou ale tato vzdale-
nost byvd mnohem krat$i (300-100 m
iméné). Svou roli ve vysledné kvalité sig-
nélu hraje topografie terénu, hustota po-
rostu a pocasi. Napt. po desti se signal od
mokré vegetace odrazi a urcit spravny smér
neni tak jednoduché jako za sucha.

1 Prfijimac a anténa — dilezité vybaveni
pfi radiotelemetrickém sledovéni jedince
oznaceného vysilackou. Foto M. Hykel

2 Louka se sadem a skupinami stromu.
Biotop, kde se stfevlici Ullrichovi
(Carabus ullrichii) bézné vyskytuji a kde
jsme sledovali jejich pohybovou aktivitu.
Foto J. Ruzickova
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3 Ukézky ptipevnéni vysilacky

u rtiznych skupin hmyzu. Zleva nahofte:
¢melék zemni (Bombus terrestris),
americké §idlo Anax junius, roha¢ obecny
(Lucanus cervus), stievlik Ullrichtiv

a neotropicka kobylka Philophyllia
ingens. Piekresleno podle ptivodnich
studii. Orig. J. Ruzickova

4 Stievlik Ullrichiv s vysilackou

o hmotnosti 0,3 g. Foto M. Vesely

Presto byla radiotelemetrie jiz iispésné
pouzita v nékolika entomologickych stu-
diich na vétsich druzich véazek, rovnokiid-
lych, blanokiidlych, stfechatek, motylia
a broukti, zejména v oblasti migrace, po-
hybové aktivity, stanovistnich (habitato-
vych) preferenci, velikosti domovského
okrsku nebo vybranych aspektd chovéni
zkoumanych druhtd. Kvantitativni méte-
ni primérné a maximalni vzdalenosti, kte-
rou sledovany druh urazi v pfirozeném
prostfedi za urdity ¢asovy interval, patii
mezi nejcastéjsi cile radiotelemetrickych
praci. Nelétavé druhy urazi za den desit-
ky, vyjimec¢né stovky metrd, u létajicich
se tento tidaj mtZe pohybovat az v fadu
kilometri. Napf. rohac¢ obecny (Lucanus
cervus) je schopen na jeden zitah uletét
az 1720 m a americké 8idlo Anax junius
béhem migrace zvladne v priméru 11,9 km
za den.

Z nelétajicich brouka se diky své veli-
kosti a zajimavému zptisobu Zivota hodi
pro radiotelemetrii zejména velké druhy
stfevlikt rodu Carabus. Jsou relativné téz-
ci, naSe nejvétsi druhy vaziivicenez 1,5 g,

Ziva 6/2016

a az na vyjimky zcela bezk¥idli (apterni).
Proto nehrozi, Zze by dokézali odletét z do-
sahu pfijimace. Je aZ s podivem, Ze do sou-
¢asné doby byly pomoci radiotelemetrie
studovany pouze dva druhy velkych stiev-
likt. Vysledky vyzkumu p¥inesly zajimavé
novinky pro jejich biologii (Riecken a Rath
1996, Negro a kol. 2008). Napt. jaky biotop
vyhledévéa endemit italskych Alp stfevlik
C. olympiae — znalost habitatovych pre-
ferenci je dtlezita pro efektivni ochranu
tohoto ohroZeného druhu, vedeného v ¢er-
veném seznamu jako zranitelny. Nebo Ze
sttevlik kozity (C. coriaceus) nepatii mezi
druhy s typicky noc¢ni aktivitou, jak se d¥i-
ve bézné predpoklddalo. P¥ipadné, jakou
vzdalenost dokéze jedinec urazit za 12 ho-
din (u stfevliki kozitych je rekord 51 m),
resp. za celou dobu sledovani (389 m za
17,5 dne). Néco takového by se dfive dalo
zjistit jediné pomoci padacich zemnich
pasti a oznac¢enim velkého mnozstvi jedin-
ct. Radiotelemetrii 1ze dohledat zkouma-
ného zivocicha v jakoukoli denni dobu
s pfesnosti na nékolik centimetri. Avsak
je tfeba si davat pozor, abychom hledaného
jedince nezaslapli.

Vr. 2015 jsme poprvé vyuzili radiotele-
metrii p¥i vyzkumu pohyblivosti velkych
stfevlikl i my (Ruzickova a Vesely 2016).
Jako modelovy druh jsme vybrali st¥evlika
Ullrichova (C. ullrichii, obr. 4), médéné
zbarveného 22-33 mm velkého brouka,
ktery je relativné béZnym druhem stfedni
a vychodni Evropy. Svym vyskytem zasa-
huje od jihozédpadniho Némecka po zé-
padni Ukrajinu, Rumunsko a Bulharsko.
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U nés je zaménitelny s dal$imi dvéma po-
dobné zbarvenymi druhy. Zndmé;jsi a zhru-
ba stejné velky stievlik médény (C. cancela-
tus) se lisi tim, Ze m4 Cervend stehna a prvni
¢lanky tykadel. Stfevlik zrnity (C. granu-
latus) je stihlej$i a mensi. Stfevlik Ullri-
chtiv patii k ptivodnim druhtim listnatych
lestt, mtZeme ho ale nalézt i v &isté neles-
nich biotopech — v zahradach, sadech, na
loukéch a polich, od niZin do podhuii. Na
podzim vylihli jedinci pfezimuji a v kvét-
nu a ¢ervnu se rozmnozuji. Behem léta
v ¢ervenci a srpnu se setkdme s larvalni-
mi stadii nebo se starymi jedinci, v zavéru
sezony potom i s Gerstvymi dospélci.

V nasi pilotni studii jsme se zamé&fili
zejména na pouzitelnost radiotelemetrie
pii vyzkumu stfevlika Ullrichova. Dal$im,
neméné dulezitym cilem bylo zjistit, jak
se brouci pohybuji v konkrétnim biotopu
a jakou vzdalenost v ném dovedou pte-
konat. Vyzkumnou plochou byl pozemek
o velikosti 0,7 ha v obci Jarcové na levém
bfehu Vsetinské Be¢vy na Valagsku. Slo
o zahradu s loukou, sadem a skupinami
stromd, kde se tito stfevlici bézné vysky-
tuji (obr. 2). Na ¢tyfi jedince (samce a tfi
samice) jsme pomoci vtefinového lepidla
pripevnili vysilacky o hmotnosti 0,3 g
s 2,5 cm dlouhou anténou (obr. 4). Trans-
mitter pfedstavoval zhruba 20-30 % hmot-
nosti brouka. Signal bylo moZno zachytit
az ze vzdalenosti 50 m, polohu jedinct
jsme zaznamenavali kazdé t¥i hodiny ve
dne i v noci po dobu 10 dnt.

Brouci se béhem vyzkumu pohybovali
na louce a pod stromy v sadu. Jejich prui-
mérné rychlost kolisala od 1,7 do 13,4 m
za den. Pfesto byli schopni urazit za t¥i
hodiny az 14,1 m. Neméli problém se
zahrabat do zemé nebo nalézt potravu.
Bézné jsme v prostoru, z néhoz vychazel
signal, nachazeli natravené zizaly, které
tvori obvyklou potravu stfevlika (podob-
né jako potapnici nebo pavouci maji mi-
motélni traveni). Dalsi vysledky naznacuji,
Ze pohybova aktivita tohoto druhu neza-
visi na denni dobé&. Podobné jako zminény
stfevlik kozity ani ndmi sledovany stfev-
lik Ullrichtiv nepfedstavuje typicky noc-
ni druh. Jeho aktivitu ovliviiuji jiné fakto-
ry, velmi pravdépodobné teplota. Béhem
sledovani jsme zaznamenali vrchol akti-
vity mezi 15-17,4 °C. Nicméné zaveéry
zalozené na pouhych ¢étyfech jedincich
nechceme povazovat za konec¢né, a proto
planujeme v dal$im vyzkumu ovétit nase
vysledky na vétsim poctu brouki, ve vice
biotopech a s dalsimi faktory prostfedi. Jen
pro dplnost — na konci sledovani jsme
vSechny jedince vyhledali, vysilacky sun-
dali a brouky pustili zpét do pfirody.

Technicky pokrok jde milovymi kroky
kupfedu a ddva nadéji na dalsi miniaturi-
zaci a zvySovan{ Zivotnosti vysilacek. Nad-
chéazejici roky tak nejspise pfinesou nové
entomologické studie vyuzivajici i tuto
progresivni metodu.

Projekt byl financovan internim grantem
Univerzity Palackého v Olomouci (IGA
PrF 2015 018).

Seznam pouZité a doporucené literatury
je uveden na webové strance Zivy.

ziva.avcr.cz

© Nakladatelstvi Academia, SSC AV CR, v. v. i., 2016. Pretisk ¢lankd v&etné obrazk( se vyslovné zapovida. Veskera prava véetné prava reprodukce jsou vyhrazena.



Palacky University Olomouc
Faculty of Science

Department of Zoology and Laboratory of Ornithology

Radio telemetry of ground beetles:

Habitat use and movement activity of Carabus ullrichii

Summary of the Ph.D. thesis

Jana Ruzickova

Supervisor: RNDr. Milan Vesely, Ph.D.
Olomouc 2018






Summary of the Ph.D. thesis

Author: Mgr. Jana Rizickova

Title: Radio telemetry of ground beetles: Habitat use and movement
activity of Carabus ullrichii

Supervisor: RNDr. Milan Vesely, Ph.D.
Department of Zoology and Laboratory of Ornithology
Faculty of Science, Palacky University Olomouc
17. Listopadu 50, 771 46 Olomouc, Czech Republic

Study program: P1527 Biology
Study field: Zoology

Obhajoba disertacni prace se kona dne.................. Voo hodin v ucebné ¢.
................... na Katedre zoologie a ornitologické laboratofi Pfirodovédecké fakulty
Univerzity Palackého v Olomouci, 17. listopadu 50, Olomouc. Na stejné adrese se
1ze také seznamit s disertaéni praci a posudky.

© Jana Ruzickova, 2018



Abstract

Despite the fact that landscape fragmentation significantly affects movement and
habitat use of many insect species, it is still relatively unknown how these species
utilize particular habitats. This is especially true for species that are not restricted
only to single habitat, but use various habitats with different environmental
conditions during their life cycles. In this thesis, | therefore focused on such
species, Carabus ullrichii, a robust, large ground beetle, occupying various habitats
from deciduous forests to meadows and arable fields, with questions of how the
species utilizes particular habitats based on its movement patterns, sex, and
average speed and also which environmental factors affect its movements. Radio
telemetry, an advanced method, was used for tracking movement behavior of
beetles. Tracking the movements of C. ullrichii in different habitats revealed that
its activity was affected by temperature and time of the day. In addition, the
circadian activity of this species likely varies between geographical localities and
habitats. Whereas forest beetles might be rather dusk and night-active, meadow
and field inhabitants were active not only in the night-time but also in the day-time.
Movement of ground beetles is usually composed by two different patterns:
random walk with small distances covered in different directions and directed
movement which is characterized by long covered distances in the same direction.
In the case of C. ullrichii, where individuals moved at the border of two different
habitats, forest and meadow, radio-tracked individuals preferred the forest
environment based on the increasing tendency to random walk. Males were able to
walk as fast as females, but they were more associated with forest edge than
females that moved further into forest and meadow interior. Likely, the inner edge
of the forest could serve as a mating site where males wait for new females, while
fertilized females dispersed into the surroundings.



Abstrakt

I kdyz pokracujici fragmentace prostfedi vyrazné ovliviiuje pohyb a moznosti
druhtl vyuzivat urcity typ prostfedi, stale neni v mnoha piipadech presné¢ znamo,
jak konkrétné jsou tato stanoviSté vyuzivana. To plati zejména pro druhy, které
nejsou vazany jenom na jeden typ prostiedi, ale béhem svého Zivotniho cyklu
vyuzivaji vicero stanovist’ s riznymi podminkami. Takovym druhem je i relativné
velky stfevlik Ulrichaiv (Carabus ullrichii), ktery se vyskytuje jak v lesich, tak na
otevienych stanovistich jako jsou louky a pole. V této praci jsem se zaméfila na to,
jak strevlik Ulrichtiv vyuziva konkrétni typy stanovist’ podle tvaru trajektorie jeho
pohybu, pohlavi a primérné rychlosti. Pro sledovani pohybové aktivity broukt
byla vyuzita radiotelemetric, moderni metoda umoznujici v soucasnosti i
sledovani vétSich druhd hmyzu. Z vysledkt vyplyva, Ze pohybova aktivita
studovaného druhu byla ovlivnéna teplotou a denni dobou, avSak je mozné, Ze
odpovéd’ druhu se muize liSit v zavislosti na lokalité a stanovisti. Zatimco brouci
pohybujici se v lese byli spiSe soumracni az nocni, jedinci z otevienych ploch byli
aktivni jak v noci, tak ve dne. Pohyb stfevlikti se déli na dvé slozky: prvni, tzv.
random walk, se vyznacuje kratkymi urazenymi vzdalenostmi s castym stfidanim
sméru, zatimco pro druhy, tzv. directed movement, jsou typickeé dlouhé vzdalenosti
ve stejném sméru. Na zakladé porovnani trajektorii sledovanych jedincti na
rozhrani louky a lesa, bylo zjisténo, ze brouci vice preferovali les. Dale, Ze samci
byli stejné rychli jako samice, ale vice se zdrzovali na vnitinim okraji lesa, na
rozdil od samic, které vstupovaly hloubé&ji do lesa ¢i louky. Pravdépodobné lesni
okraj slouzi jako misto k rozmnozovani, kdy se samice pro spareni rozptyluji do
okoli, zatimco samci zlstavaji na okraji a ¢ekaji na dalsi samice.



Introduction

In recent decades, landscape fragmentation has become an important issue in
conservation biology because of human activities, especially in densely populated
parts of Europe (Saunders et al. 1991, Fahrig 2003). It is a landscape phenomenon
which occurs when habitat loss reaches a point at which habitat continuity is
broken (Opdam & Wiens 2002). This process results in the division of large,
continuous habitats into smaller, isolated habitat fragments (Saunders et al. 1991,
Ewers & Didham 2005). A direct reduction of habitat area leads to a creation of
new edges, and some of the habitat fragments are therefore altered by external
conditions which dramatically differ from those prevailing in an interior. At large
scale, the spatial arrangement of the remaining habitat fragments, together with
shape complexity, edges permeability, and patches isolation, and thus overall
landscape matrix quality and structure is important in determining the abundance
and composition of species within fragments (Ewers & Didham 2005) as well as
dispersal of species between fragments (Franklin 1993, Gustafson & Gardner 1996,
Collinge & Palmer 2002). Unsuitable structural characteristic of landscape matrix
can significantly restrict movement of animals within their distribution ranges
(Hanski & Ovaskainen 2000). However, dispersal is essential for colonization of
new suitable habitats, population dynamics and gene flow between populations
which help species to cope with environmental changes and local extinction
processes (Den Boer 1990, Clobert et al. 2004, Bowler & Benton 2005). Among
animal taxa, insects are one of the most threatened groups which are negatively
affected by landscape fragmentation; their overall decline has been documented
regardless habitats (Benton et al. 2002, Hallmann et al. 2017).

Ground beetles (Coleoptera: Carabidae, hereafter carabids) are often used
as good indicators of environmental changes in the continuously fragmenting
landscape due to their sensitiveness to habitat alterations and disturbances (Altieri
1999). They are generally influenced by various environmental parameters, both
biotic and abiotic, at different spatial scales depending on their ability to disperse
in landscape matrix (Thiele 1977, Altieri 1999, Bianchi et al. 2006). In agricultural
lands, carabids play an important role as predators of pest (Kromp 1999, Gagic et
al. 2017) and with more than 40,000 described species, they are one of the most
species-rich coleopteran families and one of the best-known insect groups in the
Northern hemisphere (Lévei & Sunderland 1996).

European species of large carabids of genus Carabus are brachypterous or
micropterous with only a few existing exceptions of flying species (Turin et al.
2003). Due to their inability to fly, landscape fragmentation is a more serious threat
for their dispersal than for flying carabid species. Some of these Carabus species
are already threatened because their distribution ranges are reduced or scattered
(Turin et al. 2003, Matern et al. 2008, Pokluda et al. 2012, Elek et al. 2014, Volf et
al. 2018). Their dispersal power and ability to colonize new habitats is rather low.
For instance, long term study of dispersal power of Carabus hortensis Linnaeus,
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1758 revealed that this species disperses with average speed 127 m per year with
low variation between years (Voller et al. 2018). Moreover, several studies
concluded that even narrow strips of unsuitable habitats and linear structures as
roads might pose as a barrier and thus restrict species dispersal (Mader et al. 1990,
Niehues et al. 1996, Yamada et al. 2010, Matern et al. 2011, Pokluda et al. 2012).
Therefore, the knowledge of species” movement behavior, such as dispersal power
and/or willingness to cross specific habitats, could help to understand causes and
consequences of dispersal and movement behavior which is vital for predicting
species’ responses to environmental changes (e.g. Negro et al. 2008, Elek et al.
2014, Voller et al. 2018, Volf et al. 2018).

Thesis focus

This thesis focuses on movement activity and habitat use of Carabus ullrichii,
ubiquitous carabid species that occurs in various types of habitats from deciduous
forests to open and semi-open habitats, such as arable fields and meadows.
However, its utilization of particular habitat is still unknown, even it can be
presumed that C. ullrichii likely shows some intraspecific variability in its activity
due to different environmental condition in utilized habitats. Therefore, we studied
species-specific and sex-specific movement activity in different habitats using
radio-telemetry. In the first part of this thesis (Appendix 1), we tested the
suitability of radio telemetry as an advanced method for monitoring activity of this
species, for the first time quantified the species-specific movement, and studied
how daytime and temperature affect movement activity of individuals occurring in
a foothill orchard. In the second part (Appendix I1) we focused on a lowland
population from a boundary between a floodplain forest and a meadow during C.
ullrichii’s reproductive period in late spring and early summer. Since these two
habitats naturally differ in their environmental conditions (i.e. abiotic factors and
density of ground vegetation), it can be presumed that these differences could
affect beetles’ movement. Similarly, sex-specific resource requirements during
breeding season may indicate different habitat utilization. In the last part
(Appendix 111) the usage of radio-telemetry in entomology including its
advantages, limitations, and prospects for future research is summarized.

Overall, this thesis is focused on four questions:

(i) Is the radio telemetry a suitable method for tracking C. ullrichii? This
method was used only on a handful of carabid species and therefore some
information on potential limitations of this method could be still overlooked.

(if) What is the average speed of target species in particular habitat?

(iii) Do abiotic factors affect movement activity of the species and if yes,
which ones and how?



(iv) Is the shape of the movement trajectory affected by specific habitat
use in relation to reproductive behavior of C. ullrichii? These questions presume
that average distances covered per particular time unit and prevalence of
movement pattern (i.e. random walk and directed movement) may show variability
between habitats and sexes due to different microclimatic conditions and
physiological requirements and therefore suggesting different habitat utilization.

Main results

- Radio telemetry is the suitable method for studying movement activity of
C. ullrichii. Tagged beetles moved without obvious limitation even in
narrow and densely overgrown habitat.

- Beetles were able to cover distances of several meters in relatively short
time period, but they could also stay at the same spot for two of three days
and then continued in their movements. This inactivity was observed in
both sexes and it was reported also in other ground beetles, however the
explanation of phenomenon is still unknown.

- Movement patterns of C. ullrichii were affected by temperature and time
of the day. In addition, the circadian activity of this species likely varied
between localities and habitats. Whereas beetles presented in the forest
might be rather dusk and night-active, when they are in open habitats,
they were active not only in the night-time, but also in the day-time.

- At the meadow-forest border, males were able to walk as fast as females,
but they rather stayed on the forest edge. The inner edge of the forest
could be used as a mating site where males stayed after mating and wait
for new females, while fertilized females dispersed into the surroundings.

- These findings supported that ecotones was important sites for
reproduction of C. ullrichii. The disappearance of suitable ecotones due to
changes in landscape matrix might negatively affect occurrence of this
species.

Conclusions and future research

Fragmented landscape has significant impact on movement of many species due to
changes in borders, size and spatial distribution of suitable habitat fragments within
landscape matrix. For ground beetles, movement to different habitats and
adjustment of the circadian activity are two strategies for avoiding adverse
environmental conditions. Nevertheless within one species, these patterns may
vary in time, space and between sexes according to their physiological
requirements and reproduction period. Using ecotones as mating sites may be
temporary advantageous because likely it is easier to find a mate there than in the
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habitat interior. Suitable edges however may rapidly change their position due to
ongoing fragmentation and thus the species may not respond flexibly and its
occurrence may be negatively affected. Similarly, if isolation of habitat fragments
reaches the point in which the species can not cover the distance between suitable
patches, its dispersal will be restricted and limited to few close fragments.

These conclusions are based on only limited number of individuals of
target species. Therefore, it is possible that in other parts of the range, species
response to environmental conditions may vary due to different habitat preferences
of individuals. Further research should focus on other habitats (e.g. arable fields),
as well as on different habitat transitions and its permeability (e.g. field-forest
border), and management (e.g. different types of forestry). It can be assumed that a
large number of studies on radio telemetry of carabids will be published in near
future. This technique does not depend on the running activity of tagged individual
and allows instant tracking at any time (i.e. regardless movement or inactivity of
the individual). Foraging success and position of mating and oviposition sites as a
basic traits of habitat use are easier to study by telemetry than by pitfall trapping,
especially in carabids. Nevertheless, more attention should be given to
methodology of radio-tracking, especially to assessing the impact of the transmitter
on energy expenditure of its host in longer time period, including basic
measurements of condition before and after tracking, laboratory experiments and
field observations.

Thesis results are presented as:

Appendix I: Ruzi¢kova J. & Vesely M. (2016): Using radio telemetry to track
ground beetles: Movement of Carabus ullrichii. Biologia 71(8): 924-930.

Appendix Il: Razickova J. & Vesely M. (2018): Movement activity and habitat
use of Carabus ullrichii (Coleoptera: Carabidae): The forest edge as a mating site?
Entomological Science 21: 76-83.

Appendix I1l: Razickova J. & Vesely M. (2016): VyuZiti radiotelemetrie v
entomologii / Usage of Radiotelemetry in Entomology. Ziva 6: 314-315. (In Czech
with English abstract.)
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