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Abstract
The members of the genus Carabus are among the most intensively studied beetle taxa, but many aspects of their autecology are
still unexplored. We aimed to study the relationship between measured abiotic parameters and the spatial and temporal distri-
bution of signature carabid species.Carabus assemblages were sampled by pitfalls at six sites belonging to two nearby locations,
both forest habitats: in valley and in hill-top position. The sites showed variation in microclimatic and soil characteristics, to
which the seven species caught showed specific spatial associations. Carabus scheidleri and C. coriaceus were ubiquitists,
occurring at all sites. The habitat specialist C. violaceus germari indicated valley sites with high humidity, lower temperature,
limy soil and higher pH, whereas the other specialists,C. nemoralis andC. convexuswere strongly associated with the dry, warm,
more acidic hill habitat. Remaining species were associated with specific sites and environmental features. The species also
exhibited specific phenological patterns corresponding with their habitat preference. Hill habitat species exhibited peak activity
density during the hottest summer period, whereas most other species had an activity depression during that period. The results
suggest that althoughCarabus activity density patterns are species specific, they are largely affected by temperature both spatially
and temporally.
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Introduction

Modelling the influence of environmental abiotic factors on
ecosystem functioning can be a difficult task, thus, the under-
standing of the abiotic drivers on biodiversity is the key to
understand and predict the effects of climate change on spe-
cies assemblages (De Laender et al. 2016). In this regard,
ground dwelling invertebrates are ideal model organisms.
Their changing phenology can be one of the first signs that

makes environmental changes detectable (Eisenhauer et al.
2018). Although the first experiments dealing with the impor-
tance of abiotic factors influencing the activity of ground bee-
tles date back to 1930’s (Turin et al. 2003b), only a few papers
deal with measured environmental factors affecting the other-
wise relatively well studied genus Carabus (Coleoptera:
Carabidae) (Cardenas and Hidalgo 2000; Kádár et al. 2017;
Park et al. 2017). Information on the proximate responses of
Carabus species to environmental variations is mostly based
on naturalists’ observations and intuitions, and classic auteco-
logical papers are still missing on this important group.

Members of the genus Carabus are large, often colourful,
well studied members of the family Carabidae. They are usu-
ally considered as polyphagous predators of snails, slugs, in-
sects and earthworms (Hůrka 1996). Their typical lifespan
covers more than 1 year. Some species have overwintering
larvae, as well. These long-living species are iteroparous, i.e.
they are able to reproduce in more than one mating season
(Andorkó and Kádár 2009). Eggs are deposited in the soil,
larvae are active on the soil surface and pupation occurs in
hollows in the ground. Very little is known about the biology
and ecology of larvae due to the low capture rates and the
difficulties in rearing them in the laboratory (Assmann 2003).
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The Hungarian Carabus species’ checklist consists of 28
species, mainly associated with forest habitats. Each of the
species is protected by Hungarian law. The seven Carabus
species captured in our research were also characteristic forest
dwelling species. Carabus convexus Fabricius, 1755 covers a
wider habitat spectrum, besides forests also occurring in dry
steppe habitats (Szél et al. 2007). Themain activity periods are
early spring and mid-summer which correspond to its repro-
duction period and to the emergence of tenerals (Kádár et al.
2015). Carabus coriaceus Linnaeus, 1758 is an eurytopic
species mainly living in forests (Szél et al. 2007); active
throughout the year, with the main activity peak during
August (Turin et al. 2003a, b; Kádár et al. 2015). Carabus
violaceus germari Sturm, 1815 is a common, eurytopic sub-
species that occurs in forests, steppe vegetation and human
settlements (Szél et al. 2007). This taxon is considered as
separated species by some author (Szél et al. 2007) and by
the Hungarian Law. Most of the information about it are taken
from C. violaceus Linnaeus, 1758 data (Turin et al. 2003a,
b; Kádár et al. 2015). Carabus hortensis Linnaeus, 1758 and
C. nemoralis O.F. Müller, 1764 are both silvicol, eurytopic
species (Szél et al. 2007). Carabus nemoralis is typical in
thermophilic oak forests (Szél et al. 2007). The adults are
active from early spring until about July, when they enter an
aestivation diapause (Turin et al. 2003a, b). Carabus
scheidleri Panzer, 1799 is widely distributed, mainly in hard-
wood forests (Szél et al. 2007).With some variation, it usually
exhibits two activity peaks during a year (Turin et al. 2003a,
b; Andorkó and Kádár 2009). This is allowed by its flexible
reproductive periods (Thiele 1977), mainly caused by the abil-
ity of the larvae to develop either under summer or winter
conditions (Andorkó and Kádár 2006). Carabus ullrichii
Germar, 1824 is another silvicol species which also might
occur in grassy habitats (Růžičková and Veselý 2018). It has
two activity peaks in a season.

Themost widely usedmethod to investigate carabid assem-
blages is pitfall trapping. Pitfall trap catches are interpreted as
activity density, because these figures are a function of both
population density and the mobility of the individuals.
Mobility is influenced by biotic and abiotic factors. Many
biotic factors are innate, such as species identity and sex.
Life history events, determining the occurrence of develop-
mental stages can be in interaction with environmental factors.
Sex-related mobility differences may cause virtual female or
male dominance. For instance, there is a female bias in activity
density during the egg laying period which requires lots of
movements by the females. Conversely, males are usually
more active during the mating season (Kádár et al. 2015),
while variability in movement activity is influenced by feed-
ing conditions in both sexes (Szyszko et al. 2004).

Activity density is also influenced by abiotic factors (Luff
1975; Lövei and Sunderland 1996) including temperature and
humidity. The effects of these variables were studied under

both laboratory (Thiele 1977) and field conditions (Refseth
1984; Cardenas and Hidalgo 2000; Turin et al. 2003a, b;
Brouat et al. 2004; Kádár et al. 2017; Park et al. 2017).
Temperature has been long considered to be the most impor-
tant abiotic factor in influencingCarabus activity (Néve 1994)
but it’s effect was usually studied as a proximate factor acting
at the time of the behavioural observation (Althoff et al. 1994;
Néve 1994; Weber and Heimbach 2001; Růžičková and
Veselý 2018). Only very few studies exist to statistically test
the impact of temperature at longer timescales (Kádár et al.
2017; Park et al. 2017).

Most of the studies that dealt with the effect of the temper-
ature did so by neglecting the effect of humidity. While rela-
tive humidity is not entirely independent from temperature,
under the same temperature humidity may vary considerably,
and this may have a high impact on the activity pattern of
carabids. Currently the role of humidity is a controversial top-
ic. Humidity was suggested as the principal component re-
sponsible for changes in carabid communities, however, this
was based on environmental classification and not direct mea-
surement of the factor (Šustek 2007). Other reports attribute
much less significance to humidity (Huk and Kuhne 1999;
Park et al. 2017). A recent study emphasizes that the effects
of both climatic variables strongly influence local carabid
communities (Park et al. 2017).

The larval development of Carabus spp. is strongly depen-
dent on soil features (Paarmann 1973; Paarmann 1986), how-
ever, soil also plays a role in Carabus adult autecology via
affecting the biotic environment through its chemical compo-
nents, physical structure and by being in interaction with mi-
croclimate. The occurrence of some species is bound by spe-
cial pH requirements (Weber 1966; Franzen 1995; Matern
et al. 2007), although it is not clear whether this is a direct
effect of the soil or a consequence of their prey’s soil prefer-
ence (Casale et al. 1998; Assmann et al. 2000). Even less is
known about the effect of other natural chemical factors in the
soil (Turin et al. 2003a, b). The effect of soil contamination,
including that of heavy metals have been studied in more
detail (Butovsky 2011; Koivula 2011; Tőzsér et al. 2019),
but there are highly variable responses, which could arise from
the fact that as predators the exposure of Carabus spp. to
heavy metals probably depend more on the concentration in
their prey than on the bioavailable concentration in the soil
(Šerić Jelaska et al. 2014).

The main goal of the present study was to explore the
relationship between measured abiotic parameters and the oc-
currence of signature carabid species. We investigated the
effects of microclimatic factors (humidity, air temperature)
and soil parameters on the spatial distribution of seven
Carabus species. We also analysed how seasonal meteorolog-
ical changes have affected activity density changes in the in-
vestigated species. We also analysed sex ratios in the pitfall
catches as a function of the abiotic factors.
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Materials and methods

Pitfall trapping was performed near the village Solymár, north
of the Hungarian Capital Budapest between 19.04.2013–
04.10.2013 at two locations: (i) Alsó-Jegenye valley along
the bank of Paprikás-rivulet (later referred to as “valley”)
and (ii) Felső-patak hill (later referred to as “hill”) at 500 m
distance from the first location. The valley habitat is located
next to the village; it is a natural forest following the bank of
the rivulet with high anthropogenic disturbance and with
many invasive and indigenous plant species (Fallopia
japonica, Parthenocissus inserta, Dryopteris filix-mas). The
hill habitat is a natural forest, belonging to the Querco
petraeae - Carpinetum association. At both locations three
sampling sites were designated (valley: V1 (47°35.098’ N;
18°56.749′ E), V2 (47°35.064’ N; 18°56.734′ E), V3
(47°35.054’ N; 18°56.734′ E); hill: H1 (47°35,094’ N;
18°57.164′ E), H2 (47°35.130’ N; 18°57.166′ E), H3
(47°35.115’ N; 18°57.151′ E)). Samples were taken with five
pitfall traps per site, with four traps in the corners of a square
of 5 m side length, and one trap in the middle of the square
(Fig. 1). The traps were filled with 70% ethylene glycol solu-
tion and were emptied fortnightly. The samples were stored in
70% ethanol before sorting their material under stereomicro-
scope. For more details on the sampling see (Csonka 2017).

To describe variation in microclimatic conditions across
sites, relative humidity (RH) and temperature (T) were record-
ed with Voltcraft DL-121TH USB Data Logger, at every site
attached to the very base of a nearby tree, between
14.06.2013–24.06.2013. We used the maximum, minimum,
and average daily values in statistical analysis. Spatial varia-
tion in soil conditions was established by taking soil samples
at each site. Soil samples were taken from the “A layer” of the
soil at all trapping sites. Analysis was done by the Institute for
Soil Sciences and Agricultural Chemistry, Centre for
Agricultural Research based on MÉMNAK: MSZ-08-0202-

1977 protocol (pH, structure, dissolved salt, humus, CaCO3,
P, K, N content).

To describe longer term, seasonal temporal variation, me-
teorological data representing the entire study area and cover-
ing the whole trapping period was obtained from www.
idokep.hu. We calculated average values of temperature and
relative humidity for the sampling intervals from the daily data
provided by the homepage administrator.

Spatial differences in microclimatic variables were
analysed using General Linear Models with mixed effects
(MGLM). We constructed models with daily average tem-
perature and humidity being the explanatory variables,
with sites nested within habitat as factorial variables,
and the days as random factors. The effect of the seasonal
variation in meteorological variables on the activity den-
sity of Carabus species was tested with Generalized
Linear Models (GZLM) with Poisson distribution and
log link function in R 3.6.1 (R Core Team 2019) using
multistage approach. First the effect of average tempera-
ture and average humidity were tested, in case of no sig-
nificant results the minimum and maximum values were
tested. A stepwise model selection was carried out in
forward/backward and backward/forward directions using
the Akaike Information Criterion (AIC). If over-
dispersion was detected (Residual Deviance is greater
than the degrees of freedom), quasi-Poisson models were
used. Genders of the three most abundant species were
tested separately with the same procedure.

Species association with the environmental variables was
visualized with Redundancy Analysis (RDA) in CANOCO
(ter Braak and Smilauer 2012), significance of habitat associ-
ations was tested by calculating Indicator Values (IV) by
Indicator Value Analysis (Dufrêne and Legendre 1997) per-
formed in PC-Ord 6.0 (McCune and Mefford 2011). Sex ratio
differences were tested according to Wilson and Hardy
(2002).

Fig. 1 Locality of sampling sites
and the arrangement of traps at
sites. (Source of map: Google
maps)
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Results

Spatial variation in microclimatic and soil conditions

There were significant differences in the daily average tem-
perature and daily average humidity data between the hill and
the valley habitat (MGLM Temperature, effect of habitat: F =
309.1; d.f. = 1, 50; p < 0.0001; MGLM Humidity, effect of
habitat: F = 100.8; d.f. = 1, 50; p < 0.0001; Fig. 2). The sam-
pling sites within the habitats were not homogeneous with
respect to the microclimatic variables (MGLM Temperature,
effect of site(habitat): F = 29.0; d.f. = 4, 50; p < 0.0001;
MGLM Humidity, effect of site(habitat): F = 15.2; d.f. = 4,
50; p < 0.0001; Fig. 2). Samples from the hill contained less
carbonate (0.14–0.47 m/m %) than from the valley (6.11–
15.7 m/m %), presumably due to wash out of CaCO3.
Correspondingly, soils were slightly acidic on the hill
(pH 5.9–6.7) and nearly neutral, slightly alkaline (pH 7.2–
7.3) in the valley. Phosphate and nitrogen content was more
variable, independently of habitat. Valley 3 site had the
highest P concentration (294 mg/kg), while N concentrations
were the highest at V2 and H3 (0.35 and 0.34 m/m %,
respectively).

Spatial variance in Carabus distribution

All together 573 specimens of seven Carabus species were
collected during the sampling period; their occurrence and
abundance was different at the sampling sites (Table 1).
Taking a combination of microclimate and main soil vari-
ables, the first two axes in the constrained ordination ex-
plained 87.4% of the variation in species distribution cumula-
tively (RDA: Eigenvalue (axis 1) = 0.59; Eigenvalue (axis
2) = 0.28) (Fig. 3). The most abundant species, C. scheidleri,
positioned the closest to the ordination origo, occurred at all
sites. Out of the sub-dominant, but also ubiquitous species,
C. coriaceus showed no pronounced preference for either hab-
itat, but C. v. germari was much more frequent in the valley
habitats described by high humidity, lower temperature, limy
soil and higher pH. The ordination plot reveals that
C. nemoralis and C. convexus were strongly associated with
the dry, warm and more acidic hill habitat. These habitat as-
sociations for each mentioned species were marginally signif-
icant (p = 0.1) in the performed Indicator Value Analysis (val-
ley habitat indication: IV(C. v. germari) = 93.8; hill habitat
indication: IV(C. nemoralis) = 100; IV(C. convexus) = 86.5).
Carabus ullrichii specimens seem to avoid the bank of the
rivulet (V3 site), which was the most humid site. Carabus
convexus was only recorded from samples from one side of
the rivulet and from the hill habitats (V3, H1–3), but was
missing from the other bank (V1–2), while C. hortensis was
recorded with greater abundance only from V3.

Seasonal variation in meteorological variables and
Carabus activity

Fortnightly average temperature and humidity had no signifi-
cant effect on the activity of any Carabus species. Minimum
temperature positively correlated with the activity of
C. convexus, C. nemoralis and C. scheidleri specimens. The
later was also positively affected by the maximum humidity as
well. All Carabus species were active during the whole sam-
pling period, however, they showed markedly different sea-
sonal activity patterns (Fig. 4). With the exception of
C. nemoralis and C. coriaceus they had a moderate spring
activity period during May and a more pronounced activity
period later in the summer, although they reacted differently to
the hottest, driest periods. Carabus convexus, C. nemoralis
and C. ullrichii were the most active during the hottest and
driest periods. Carabus coriaceus showed some kind of aes-
tivation reducing its activity during this time, resulting in a
bimodal pattern peaking in June and September. Carabus
scheidleri also exhibited a bimodal phenology, with highest
activity at the end of June, however this species had the sec-
ond, albeit smaller, peak during the hot and dry mid-August
period. In C. v. germari a bimodal pattern could be observed
only in the case of females. Although we had a low number of

Fig. 2 Box-plot of microclimatic data (vertical lines: minimum and
maximum values, 25th and 75th percentiles and median. Red: hill
habitat, blue: valley habitat
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collected individuals, it is remarkable that C. hortensis
completely ceased its activity during the hottest, driest period
in August.

Variation in sex ratios

Sex ratios were significantly female biased in the case of
C. scheidleri and C. v. germari and male biased in the case
of C. convexus. The third most abundant species, C. ullrichii
did not show any gender bias, neither was such a pattern
observable on the summarized data of Carabus spp.
(Table 2). Difference between genders in their response to
seasonal meteorological variations was detectable only in the
case of C. scheidleri, where females were affected positively
by the maximum temperature values, whereas males were not
(Table 3). In a fortnightly break down, considering the pooled
Carabus data, significant difference was detectable only in the

second half of June (N = 69; observed ratio = 0.33; z = −2.77;
p = 0.005), caused by the high number of active C. scheidleri
females.

Discussion

Activity density of carabids can change not just between years
(Judas et al. 2002) but along much shorter time scales, as well
(Huizen 1977; Desender 2000). Patterns found in these studies
depended on the resolution of the given study, on the length of
sampling periods and on the number of sites sampled. To have a
reliable picture about changes in the activity density of Carabus
spp., in our research we covered almost the full vegetational
period with biweekly temporal resolution. We focused on two
forest habitat types (a more humid, and a more dry) represented
by three sites each, where pitfall trapping took place in our study.
We recorded a moderate variation in the measured microclimatic
and soil variables across the sites. This resolution allowed us to
establish both spatial and temporal patterns of activity densities
and their dependence on environmental variables.

Ground beetle species usually have patchy distribution in a
continuous habitat (Rainio and Niemela 2003; Antvogel and
Bonn 2008), suggesting that they are strongly influenced by local
fine scale micro- habitat variables. This phenomenon can be
analysed when individual behaviour of species is observed, for
example with radiotelemetry (Bérces and Růžičková 2019). This
notion is supported by the present study, since within the six sites
of the two locations, covering overall a relatively small area, we
could detect different spatial distribution types, specific for some
of the species, demonstrating specific microhabitat affinity
ranges. On one hand, relative to the extent of the present envi-
ronmental variability, we could identify generalist species. The
overall dominant Carabus scheidleri represented a typical eury-
topic dominant species, which occurred at every site with rela-
tively high abundance. Carabus coriaceus and C. ullrichii rep-
resented a eurytopic sub-dominant type, being present at (nearly)
all sites, but in much lower numbers. On the other hand, some
species exhibited a relatively strong association with either of the
hill or the valley main habitat type. Carabus nemoralis and

Table 1 Number of collected
Carabus specimens Species Valley 1 Valley 2 Valley 3 Hill 1 Hill 2 Hill 3 Sum

Carabus convexus 0 0 5 9 14 13 41

Carabus coriaceus 2 1 9 4 9 4 29

Carabus violaceus germari 93 14 28 5 3 1 144

Carabus hortensis 0 0 3 0 0 2 5

Carabus nemoralis 0 0 0 3 3 11 17

Carabus scheidleri 33 25 53 71 38 43 263

Carabus ullrichii 43 6 0 11 9 5 74

Sum 169 45 95 100 74 41 573

Fig. 3 Redundancy analysis biplot of the Carabus species and the
sampling sites constrained by climatic and soil variables (arrows). Axes
1 and 2 hold 59% and 28% of the explained variance, respectively
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Fig. 4 Number of collected specimens of Carabus spp. with the
environmental variables in the background. Axis x: number of collected
specimens (not on the same scale), black lines: males, black dotted lines:

females, grey bars: precipitation (mm), grey lines: average temperature,
grey dotted lines: minimum temperature, grey dashed line: maximum
temperature

Table 2 Number of collected
Carabus specimens and the
calculated sex ratios

Species Male Female Sum Sex ratio Z value p value

Carabus convexus 27 14 41 0.6585 1.8084 0.0423 *

Carabus coriaceus 10 19 29 0.3448 −1.8898 0.0947

Carabus violaceus germari 90 54 144 0.625 3.000 0.0027 **

Carabus hortensis 1 4 5 0.200 −1.3416 0.1797

Carabus nemoralis 5 12 17 0.2941 −1.7321 0.0896

Carabus scheidleri 104 159 263 0.3954 −2.9013 0.0007 ***

Carabus ullrichii 33 41 74 0.4459 −0.4781 0.3524

Sum 234 339 573 0.4712 −1.3788 0.1680

Significant differences are marked with asterisk, * p < 0.05; ** p < 0.001; *** p < 0.0001
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C. convexus showing a strong preference, occurred nearly exclu-
sively in the hill habitats. Carabus violaceus germari, while oc-
curring at all sites, exhibited a clear habitat preference, and oc-
curred abundantly only in the valley, showing a much smaller
abundance at the hill sites. Our result corresponded to the find-
ings of Néve (1994), indicating that the species responds strongly
to humidity levels. Some species, like C. convexus, were associ-
ated with the complex abiotic features of their preferred habitat.
However, other species showed a strong association with certain
abiotic variables, such as C. nemoralis showing preference for
warm, dry and less limy sites,C. v. germari associated with sites
of high-pH soils. This supports the notion that soil is an important
additional factor that influences carabid species composition,
probably through affecting the development of eggs and larvae
(Kotze et al. 2011).

Most Carabus species exhibit biennial (or even longer)
iteroparous lifecycle (Matalin 2007). While these species are
continually present with their populations in a given habitat, their
activity densities can be strongly dependent on external factors,
such as the seasonal changes of weather. Although some of the
literature proposed humidity as a main factor affecting the dy-
namics of ground beetles (Šustek 2007), in our samples humidity
influenced the activity of only one out of sixCarabus species. At
the same time, our study rather indicated a responsiveness to
temperature, as the activity density of three out of the six inves-
tigated species correlated with the minimum temperature, addi-
tionally we found the significance of maximum temperature in
one species. The above correlational results manifested in specif-
ic phenological patterns, which in some species coincided with
the hottest periods (C. convexus, C. nemoralis, C. ullrichii),
whereas in others resulted in bimodal patterns that actually had
a depression during these peak temperature periods
(C. coriaceus, C. hortensis).

It is also remarkable, that there is a correspondence be-
tween the temporal and spatial reactions of the species.
Scientists long ago have been trying to solve what limiting

factors control the habitat affinity of carabid beetles (e.g.
Krogerus 1932; Bro Larsen 1936; Krogerus 1948; Lindroth
1949; Krogerus 1960). Thiele (1979) studying Central
European carabids in laboratory experiments, concluded that
on average the factors of humidity and light were of greater
importance than temperature. However, inmontane habitats in
the temperate zone, he suggested temperature to be the prima-
ry factor determining the life cycle of carabids (Thiele 1977).
These contrasting results support Park et al. (2017), according
to whom responses to environmental variables could differ
between communities. Our results indicate a greater impor-
tance of temperature in concurrently affecting the temporal
dynamics and spatial distribution of Carabus spp. In particu-
lar, the hot period active species showed preference for sites
with warmer microclimate, whereas aestivating species were
more associated to cooler, more humid sites in our study. In
the case ofC. scheidleri a sex biased response was observable.

Overall, the fine scale spatial distribution of Carabus spe-
cies was affected by microclimatic and soil variables in a
complex way. The correlations between weather variables
and temporal changes in the Carabus catches suggested that
activity density is mostly affected by temperature, often lim-
ited by low temperature values. These results indicate that to
gain a reliable picture about carabid ecology, studies with
sufficient spatial and temporal resolution are necessary.
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