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Carabus hungaricus is an endangered habitat specialist of tall-grass steppe occurring in the
Pannonian region. In this study, we used radio telemetry to examine whether habitat type
(different habitat patches in steppe mosaic), sex, time of day, temperature and air pressure
affect the activity of this species. During the reproductive period of C. hungaricus in Octo-
ber 2017, we equipped ten individuals, five males, and five females, with small 0.3 g VHF
transmitters and tracked them for seven consecutive days. The average speed of tagged
individuals was 1.29 m/h for the fastest individual and 0.21 m/h for the slowest one. The
shape of trajectories indicated random walk; only in few cases did beetles cover larger
distances between two tracking sessions. Habitat type significantly affected beetle move-
ment; the average speed was higher in grassy patches and common juniper stands, while
it decreased in mosses and litter under shrubs. Although there was no effect of sex, time
of day, or air pressure on beetles” activity, the temperature had a positive effect on move-
ment. Beetles’ movement patterns indicated preferred patches within the assumed optimal
habitat. The availability of suitable patches within steppe mosaic can be therefore crucial
for the persistence of this species.

Keywords: Natura 2000, insect movement, PicoPip radio-transmitters, steppe mosaic, tem-
perature, Carabus hungaricus

INTRODUCTION

Movement behaviour is a crucial aspect of the ecology of a species and
determines its occurrence in the environment (ALLEN & SINGH 2016). Whereas
dispersal is essential to colonize new suitable habitats at landscape/region-
al scales (BowrLer & Benton 2005), different behavioural patterns occur at
smaller local scales, influencing spillover between neighbouring habitats (i.e.
asymmetric movement of individuals from one habitat patch to another) or
fine-scale movements within the particular habitat (WaLLIN & Exsom 1988,
TscHARNTKE et al. 2005). However, a habitat perceived uniform by the human
observer does not necessarily represent relevant within-habitat heterogeneity
to a particular insect species (NEVE DE MEVERGNIES & BAGUETTE 1990, CHAR-
RIER et al. 1997). This can be especially true for insects with special fine-scale
habitat requirements which, however, still can be partially unfolded (NeGro
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et al. 2017). When such species also have limited dispersal capacity, they can be
threatened by habitat fragmentation, alteration or loss (Ewers & Dipnam 2006).

Scale-dependent movements of the ground beetles (Coleoptera: Carabi-
dae, hereafter carabids) have already been the focus of ecological studies. Car-
abids are often used as good indicators of habitat quality (LOvEI & SUNDER-
LAND 1996) because their distribution and movement activity can be affected
by various biotic (e.g. sex, breeding season, food distribution) and abiotic (e.g.
temperature, humidity, light intensity) factors (e.g. THIELE 1977, BUTTERFIELD
1997, TuriN et al. 2003, KADAR ef al. 2017, WEHNERT & WAGNER 2019). Carabid
responses to suitable or adverse environmental conditions are manifested in
changes in between- and within-habitat utilization (RieckeN & Ratns 1996,
Tur et al. 2012, KADAR et al. 2017, MARTIN-CHAVE et al. 2018). Two different pat-
terns of individual movement can be described: a random walk and lower av-
erage speed may suggest preferred habitat and satisfactory prey availability,
while a faster, directed movement is an efficient strategy to escape adverse
sites or for dispersal of individuals (i.e. migration, Baars 1979, N1eHUEs et al.
1996, RUZickovA & VEseLY 2018).

Movement behaviour of carabids has traditionally been investigated with
mark-recapture combined with pitfall trapping of living individuals (GrRUM
1971, Rynsporr 1980, NEVE DE MEVERGNIES & BAGueTTE 1990, ALTHOFF et al.
1994, Skr.opowskr 1999, MATERN et al. 2007, Vourr et al. 2018, WEHNERT & WaG-
NER 2019). However, obtaining movement data by pitfall trapping has limita-
tions due to its dependence on ground-dwelling activity of the beetles. This
could lead to uncertainties between observed (i.e. recorded distance and time
between consecutive catches of the same individual) and real, fine-scale trajec-
tory of movement. Consequently, this could lead to bias in registering impor-
tant behavioural patterns, such as feeding, mating and habitat utilization. One
possibility to overcome this problem is direct, continuous observation of an
individual in the field. It requires, however, intensive field effort and observ-
ing time is often limited (Dreks et al. 2008). Telemetric approaches may be a
promising solution. Radio telemetry is a rapidly developing method, which
allows the tracking of large insects, including carabids under natural condi-
tions (KissLiNG et al. 2014). The genus Carabus is suitable for radio-tracking due
to size and body mass (large-bodied species weigh approximately 1g), so these
species can carry even the relatively heavy active transmitters. Although the
majority of studies have been done on common European species, including C.
auratus L., 1760 (Reike 2004), C. coriaceus L., 1758 (R1EckEN & Ries 1992, RIECKEN
& Raths 1996, 2000), C. hortensis L., 1758 (Reike 2004), C. monilis F., 1792 (Rieck-
EN & RiEs 1992, RieckeN & Ratus 2000), C. nemoralis O. F. Miiller, 1764 (DEicH-
ser. 2007), and C. ullrichii Germar, 1824 (RUZickovA & VEeserLy 2016, 2018), there
are only few papers focusing on threatened species or those with high conser-
vation potential (NEGRro et al. 2008, 2017). Nevertheless, there is a growing use
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radio telemetry for assessing habitat use of endangered species with disjunc-
tive distribution ranges and special habitat requirements, such as the wetland
specialist C. clathratus L., 1761 (Jorp 2003) or the endemic habitat specialist of
western Italian Alps, C. olympiae Sella, 1855 (NEGro et al. 2008, 2017). Move-
ment patterns provide direct clues for understanding species-habitat interac-
tions and may, therefore, improve species conservation (ALLEN & SiNnGH 2016).

In this study, we focused on another habitat specialist, Carabus hungari-
cus Fabricius, 1792 that inhabits dry calcareous and sandy grasslands in the
Pannonian Basin. The species is highly threatened by habitat loss and frag-
mentation, and is listed in EU legislation as a typical invertebrate species of
Pannonian steppe. Previous research revealed its macro-scale habitat require-
ments and population structure, size, and between- and within-year dynamic
(Poxrupa et al. 2012, BErces & Erek 2013). Dispersal abilities and potential
barriers to dispersal are also known (ELEx et al. 2014). These population-level
studies leave movement activity at individual-scale unknown, although the
understanding of spatio-temporal ecology of C. hungaricus is important for
developing effective conservation actions.

This lack of knowledge prompted us to explore fine-scale movement pat-
terns of this species in its typical habitat, a tall-grass steppe in Hungary. Since
the steppe consists of a microhabitat mosaic of grasses, mosses, bushes, trees,
and patches with bare sandy soil, it can be presumed that the utilization of
particular patches by the species may vary. Moreover, sex and abiotic factors,
such as temperature, humidity, and time of day might also play a role in activ-
ity and movement pattern as it was documented for other carabids, (THIELE
1977, ButterRrIELD 1997, Tur et al. 2012, Rozi¢kovA & VEseLy 2016, 2018) but
not for this species (Turin et al. 2003). Therefore using radio telemetry, we
aimed to clarify the following questions:

(1) How the individuals of C. hungaricus utilize the different microhabitat
patches of the Pannonian tall-grass steppe vegetation?

(2) Is there any sex-specific difference in movement activity, average
speed or detected trajectories?

(3) How the most cardinal environmental conditions, such as tempera-
ture, humidity, time of day and air pressure, can affect these measured move-
ment components?

MATERIAL AND METHODS

Study area

Live specimens were collected approximately 50 km southeast of Budapest near the
village of Taborfalva, central Hungary. The typical habitat for C. hungaricus in this region
is the Pannonian sandy grassland (Festucetum vaginatae) which covers a total area of 980
ha, approximately 6 km long and 2 km wide (GPS: 47.1048N, 19.3975E). The area is a part
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of “Turjanvidék’ Natura 2000 site, established to protect valuable and threatened habitats
and species, among them the plant species Iris arenaria and Colchicum arenarium. This site is
used as a military training area without any agricultural activity. The average annual rain-
fall is 520-540 mm with an average yearly temperature of 10.3 °C (min. 17 °C, max. +34
°C, DovENyI et al. 2010). The landscape is formed by a mosaic of 1-5 m tall dunes covered
with tall-grass vegetation, dominated by Stipa borystenica, Chrysopogon gryllus and Festuca
vaginata, together with sporadically scattered shrubs of Crategus sp., Juniperus communis,
and Berberis vulgaris. Additionally, the ground is covered by various species of mosses and
lichens or remained bare.

Study species

Carabus hungaricus is a medium-sized (22-28 mm) black-coloured ground beetle with
dull elytra. It cannot fly due to the reduction of hind wings (TurIx et al. 2003). Its main ac-
tivity period is in autumn (September-October) when it reproduces and another, smaller
activity peak occurs in the first half of June when the tenerals emerge (BErcEs & ELEk 2013).
Unlike the majority of Carabus species, C. hungaricus prefers open habitats, and as a dry
grassland specialist, it is typical for the Pannonian and steppic biogeographical regions.
The species is strictly protected by local legislation or Red-listed in several countries, in-
cluding Austria (Zurka 2014); the Czech Republic (VESELY et al. 2017); Hungary, Moldova
(NecuLiseanu et al. 1992), Slovakia (HorLecovA & Franc 2001), and Russia (ILiasHENKO &
ILiasuENKO 2000). In the Pannonian Basin, its populations inhabit sandy grasslands, ex-
tending from Serbia in the south, throughout the sandy areas along the Danube River,
all the way to Austria and southern part of the Czech Republic to the north. In Hungary,
which is the last stronghold of C. hungaricus, the most numerous populations inhabit low-
land sandy steppes and the largest population has estimated 3,000-8,000 individuals (Bg-
RCES et al. 2018). This species has been monitored since 2005 by the Duna-Ipoly National
Park Directorate to enhance the nature conservation status of the species as a part of the
implementation of EU Habitats Directive (92/43/EC).

Radio-tracking and environmental variables

For tracking, we used ten live individuals (five males and five females) captured by
unbaited pitfall traps. Using a cyanoacrylate gel glue, we attached small transmitters to the
top of beetles” elytra. These PicoPip radio-transmitters (weight 0.3 g, 8 x 5 x 4 mm, 10-day
battery life-span, manufactured by Biotrack Ltd., Wareham, UK) had the specific frequen-
cies between 150-151 MHz and 5 cm long antenna directed backward (Fig. 1). The mass
of the transmitters varied between 34.5-49.2% of beetle body mass. After mounting the
transmitters, beetles were kept separately in plastic boxes for the first few hours until the
adhesive completely dried. Afterward, the tagged beetles were released in the study area
approximately 5 m apart from each other to avoid mutual interferences and were tracked
over seven consecutive days during C. hungaricus’s reproduction period at the beginning of
October 2017. Using Sika hand-held receiver (Biotrack Ltd.) and Yagi directional antenna,
we were able to detect the transmitter signal from about 120 m. Tagged individuals were
directly tracked, thus we started the search at the point (fix), where the beetle was found
during the previous tracking session, and we followed the signal until we reached the
source of the signal with an accuracy of up to 50 cm. At this stage, we stopped localizing the
individual due to the risk of trampling because tracked beetles were often hidden under
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grass, moss or litter. At least four tracking sessions were made every day. For each fix, we
recorded GPS coordinates, distance covered between two consecutive tracking sessions to
avoid possible GPS errors at small scales, daytime, and type of habitat. Other environmen-
tal data, i.e. air temperature, humidity, and changes in air pressure (i.e. variables which can
bias the movement of beetles), were obtained from the closest meteorological station oper-
ated by National Meteorological Service of Hungary (https://www.met.hu/). At the end of
radio-tracking period, we recaptured all specimens and retrieved their transmitters. Then,
the beetles were released at original capture locations.

Data analyses

Since the beetles’ positions were not recorded at regular time intervals, first we calcu-
lated the average speed per hour for each fix as a covered distance divided by given time
period. Then, we used the random forest algorithm (the cforest function from the ‘party’
package, StroBL et al. 2008) to test the predictive power of the measured variables. Due to
the strong negative correlation of air temperature and humidity (Pearson r = -0,796), only
the temperature was used for further analysis. To analyse the beetles” movement activity
(the average speed per hour) in relation to biotic and abiotic factors, linear mixed models
were used. In these models, the response variable was square-root transformed to acquire
normal distribution. Habitat (categorical variable with four levels: grass, mosses, leaf litter
and bare ground under common juniper stands), sex (categorical), temperature (continu-
ous), air pressure (continuous), and time of day (categorical, two levels: day and night)
were used as fixed effects; individual ID as a random effect. For the analysis, we created a
full model which contained all explanatory variables, including their interaction with sex.
Subsequently, non-significant variables and interactions were gradually removed from the
model in a backward selection. We used the Ime function from the ‘nlme’ package (Pin-
HEIRO et al. 2017). As post hoc comparisons of pairwise differences, we used the glht func-
tion from the ‘multcomp’ package (HoTtHOoRN et al. 2008) with Tukey contrasts for multiple
comparisons of means (Bretz ef al. 2010). All analyses given above were conducted in R
3.4.1 (R Core Team 2017).

Fig. 1. Male of C. hungaricus with fixed radio-transmitter (photo: Sandor Bérces).
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RESULTS

In total, we recorded 309 fixes, 168 were active (i.e. with movement activi-
ty) and 141 were stationary. Concerning habitat types, 24 fixes were recorded in
leaf litter, 17 in the ground under common juniper stands, 55 in mosses, and 213
in grassy patches. The most active individual covered a total distance of 102.93
m, the slowest one 19.09 m (both individuals were females). The average speed
was 1.29 m/h for the fastest beetle and 0.21 m/h for the slowest one, respectively
(Table 1). In a few cases, the tracked beetles stayed at the same spot for one or
two days. The visual inspection of the shape of recorded trajectories showed
that the beetles mostly randomly walked around; only in a few cases did they
cover larger distances (Fig. 2). Different habitat patches significantly affected
(x> =15.801, d.f. = 3, P = 0.001) walking speed, which was higher in grass and
under common juniper stands, than in mosses and leaf litter under shrubs (Fig.
3a). Sex had no effect on movement activity. Regarding the environmental vari-
ables, only temperature (x2=9.177, d.f. =1, P =0.002) had a positive effect (Fig.
3b). We found no effect neither of the time of day nor of air pressure.

I Populus sp.

I Juniperus sp.

- Males [ Crategus sp., Berberis sp.
=== Females [] Grass, mosses

Fig. 2. Movement patterns of all tracked individuals, black dots represent releasing points.
In the inserted map of Hungary, “loc” indicates the position of study site.
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Table 1. Movement characteristics of radio-tracked individuals: total covered distances
and the average speed per hour. Fix_, = number of fixes with activity, Fix =number of
fixes without activity.

No. of Sex Total distance  Average speed+SD Fix_, Fix .,
individual (m) (m/h)
1 male 77.45 0.83+1.3 15 13
2 male 64.11 0.57+1.1 13 16
3 male 101.65 1.29+2.2 23 11
4 female 102.93 0.93+1.6 20 16
5 female 54.10 0.67+1.5 23 11
6 female 19.09 0.21+0.4 15 14
7 female 26.90 0.42+1.0 12 16
8 male 51.62 0.62+0.9 26 7
9 female 20.55 0.26+0.6 10 18
10 male 42.94 0.52+1.2 11 19
DISCUSSION
Daily displacement

Individuals of C. hungaricus frequently move and active beetles may dis-
perse >1 km within one season (ELEx ef al. 2014). The same study estimated the
daily displacement ranging from 8.4 to 20.3 m/day, depending on the study site,
sampling design, and spatial arrangement of microhabitats. Here, we recorded
similar values (5-31 m/day) using radio-tracking. It seems that C. hungaricus
is slightly more active than the other Carabus species in open habitats, such as

<

I o | b

e
= o AB o =
= - =
(=)

€ o E &1
I 3
3 ® | A g |
w o @
) S

o
S o7 o
g g g
o < ©
L s Z
b= b=
T o~ (=2
2 ’7T 7]

Q

d T T T T T

litter common juniper  grass moss 0 5 10 15 20
Habitat type Temperature (°C)

Fig. 3. Responses of the movement activity of C. hungaricus to habitat type (a) and tempera-
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letters at the bottom of bars indicate significant differences according to Tukey contrasts for
multiple comparisons of means.
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meadows and fallow lands. For instance, the similar-sized C. nemoralis walks
only with an average speed of 2.6 m/day (Dercaser 2007), while the much larger
C. clathratus covers 2.5 m/day (Jopp 2003). For C. coriaceus, the speed varies be-
tween 2.26-7.32 m/day and for C. monilis, it is 9.9 m/day (Riecken & Ratns 1996,
2000). The speed of C. auratus was estimated by different methods and ranged
from 4.3-15.0 m/day (N1eHUES et al. 1996, Re1ke 2004). C. hungaricus can be faster
than the other carabids, possibly due to different open habitats and density of
vegetation at ground level which can impede the movements of carabids (Mau-
REMOOTO et al. 1995, Szyszko et al. 2004, RanjHA & IRMLER 2014). Whereas hay
meadows are often overgrown by dense tussock grasses, our grassland was
a habitat mosaic with bare soil patches that tagged beetles crossed faster. It is
important to note that all above mentioned speed values do not represent the
maximal reachable speed of species because the time when the tracked indi-
vidual is inactive is included in the calculations. As previously recorded (Baars
1979, NieHuUEs et al. 1996, RieckeN & Ratas 1996, RuzickovAa & VEseLy 2016,
2018), tagged individuals could stop for several hours or a day, without any
movement. The reason for such behaviour still remains unexplored.

Habitat use

The visual inspection of movement patterns (i.e. shapes of recorded tra-
jectories) revealed that the predominance of the random walk might suggest
overall suitability of the studied steppe habitat since the directed movement
was rare. However, when the average speed is considered, the differences
in microhabitat utilization appeared. The tracked individuals were faster in
grass and under common juniper stands, while their average speed decreased
in mosses, lichens, and leaf litter under Berberis and Crategus shrubs. Patches,
where the average speed was lower, can be considered as favourable due to
higher availability of shelter; they may act as oviposition sites due to their
relatively stable humidity (Baars 1979, Riynsporp 1980). Adult carabids can
be highly mobile at small spatial scales (Jorr & Reuter 2005), but other de-
velopmental stages are less vagile. Eggs, larvae and pupae are more sensitive
to adverse environmental conditions and disturbances than adults and their
movement is limited, so they can not simply escape from unfavourable sites.
The choice of suitable habitat patches by adults can be therefore the key to
persistence of these more threatened life stages (L6vEI & SUNDERLAND 1996,
WEHNERT & WAGNER 2019). Our results correspond with previous findings
that C. hungaricus prefers relatively humid patches with litter in xeric grass-
lands and tall-grass ruderal vegetation nearby (Cizex et al. 2012). The average
speed on bare ground under common juniper stands and in grassy parches
was higher suggesting the unsuitability of these patches or better permeability.
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No sex-specific movement

Previous research revealed that males were more active during the breed-
ing season than females (based on male/female ratio of catches, BErcEs & ELEk
2013), our radio-tracking, however, found no difference in sex-specific move-
ment patterns: males and females were equally active. Higher male activity
exists in several other Carabus species (Drees & Huk 2000, Szyszko et al. 2004,
KADAR et al. 2015). These studies used pitfall traps where males could be posi-
tively attracted by pheromones to traps containing females (Lurr 1986, BAum-
GARTNER 2000), creating a bias. Radio-tracking is not influenced by this phero-
mone-luring effect and showed no differences in walking speed between sexes
in several Carabus species (RIECKEN & Raths 1996, NEGRO et al. 2008, RoZ1¢kovA
& VEsELY 2018).

Environmental factors affecting movement activity

Although circadian activity patterns in carabids differ considerably be-
tween habitat types (forest species tend to be nocturnal whereas grassland
species are usually diurnal: GREENSLADE 1964, TrIELE 1977), we found no ef-
fect of time of day on the movement activity of C. hungaricus during its re-
production period. The dark colour of the species might suggest a nocturnal
activity (LOver & SunperrLanND 1996), however, no other information about
the circadian activity of C. hungaricus is available to this date. Since some noc-
turnal Carabus species had a certain degree of daytime activity during their
breeding period (THIELE & WEBER 1968), it is possible that outside the breed-
ing season, the circadian activity of C. hungaricus is different.

The temperature had a positive effect on the activity of C. hungaricus,
which is not particularly surprising since carabids are ectotherms. Tagged
beetles, however, were active even around temperatures near 0°C. As Jaskura
and SoszyNska-May (2011) reported, several species of the family Carabidae
(adults as well as larvae) can be active also during winter. C. hungaricus seems
to be a temperature tolerant species because active beetles were observed on
the soil surface during sunny days in December (BErcEs, unpublished data).
Less tolerant is the species at the other end, because it aestivates during the
hottest summer days in July (BErces & ErLex 2013). The majority of Carabus
species has an optimal temperature range when they are active and this opti-
mum can be sex-specific, such as in C. ullrichii (RGZi¢kovA & VEseLy 2018) or
C. granulatus (Drees & Huk 2000). Temperature plays an important role also
in the life history because it can accelerate the maturation of gonads (Sora
1987) or trigger of oogenesis (ALTHOFF et al. 1994). Although a previous study
reported that females of C. hungaricus preferred drier and warmer sites than
males (Pokrupa et al. 2012), our data did not support this conclusion.
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Air pressure did not affect the movement activity of tracked C. hunga-
ricus individuals. It seems that other environmental factors are more impor-
tant predictors for species activity than air mass changes. Another explana-
tion might be in the short time tracking period (one week) when the weather
was relatively stable without strong changes in front system. In general, the
impact of changes in air pressure on activity of carabids is still unexplored
and studies focused on this topic are almost missing. Only KApAR and SzenT-
KIRALYI (1992) found significant effects of cold and warm weather fronts on
the flight activity of carabids. For ground-dwelling movement, however, no
information exists. Therefore, the link between changes in air-masses and be-
havioural patterns of carabids, as well as other insects, should be considered
in further studies alongside the long-term monitoring.

CONCLUSION

Our radio telemetry recording the fine-scale movement and habitat use
of C. hungaricus showed that the preferred habitat type was not equally uti-
lized by the species. The availability of suitable patches for various require-
ments, from feeding to larval development, within habitat mosaic can be cru-
cial for species persistence. For the conservation of C. hungaricus in our study
site, the steppe should be maintained open and patchy at the fine-scale; thus
not only grass but scattered bushes and mosses are required. Such habitat
mosaic can be maintained by a low grazing pressure (0.1 livestock unit per
ha, only a few months of grazing during the season) alternating with years
of non-grazing. Mowing, if necessary, should be targeted to eliminate succes-
sion. The connectivity of these patches at landscape/regional scale might be
achieved by adjacent set-aside fields because C. hungaricus can penetrate such
non-crop habitats (PokLupa et al. 2012). Our study showed that movement
patterns may be an effective tool for habitat use assessment. Future research
should be therefore focused on a detailed description of covered trajectories
as a proxy for the individual-level response to habitat management.
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