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Simple Summary

Urbanization is expanding rapidly around the world and is a major cause of the decline
in insect diversity. In cities, small patches of natural habitat, such as forest fragments,
can act as refuges for native species, but these areas are often isolated and exposed to
strong human disturbance. Understanding how animals behave in such environments
can help us predict which species are able to survive in cities. In this study, we examined
the behavior of a flightless ground beetle living in rural and urban habitats. We focused
on traits such as activity, willingness to explore new surroundings, and boldness (how
quickly an individual leaves a safe shelter). We expected beetles from urban, especially
isolated, habitats to be bolder and more exploratory than rural individuals and to differ
between males and females. We found that individual beetles showed consistent behavioral
differences over time, indicating stable “personalities”, particularly in females and rural
beetles. However, beetles from urban and rural habitats behaved similarly, and males
and females did not differ significantly. These results show that behavioral responses to
urbanization depend strongly on species-specific traits and ecological context, highlighting
the need for species-focused approaches in urban conservation.

Abstract
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traits were significantly repeatable, providing evidence for animal personality, particularly
in females and rural beetles. Contrary to our hypothesis, no behavioral differences were
detected between rural and urban individuals. Furthermore, no significant sex-dependent
differences in behavior were observed. Overall, our findings highlight the importance of
species-specific traits and ecological context in shaping behavioral variation.

Keywords: behavior; carabid; invertebrate; novel environment test; emergence test; activity;
exploration; boldness; repeatability

1. Introduction

Urbanization is a global and rapidly expanding form of land-use change, creating
a particular kind of human-modified environment [1]. Urbanization involves the spatial
increase of human density, and its subsequent replacement of natural and semi-natural
habitats with built infrastructure, impervious surfaces [2,3]. Cities/settlements typically
experience elevated temperatures (the urban heat island effect [4]), reduced infiltration and
increased runoff [5], and higher levels of chemical [2], light [6], and noise [7] pollution.

As a result, the original habitat becomes fragmented into “habitat islands” within
urban matrices. These can serve as important refuges for native flora and fauna and
maintaining ecosystem functions [7]. However, such habitat remnants are usually small,
spatially isolated, and strongly influenced by edge effects, causing increased exposure to
disturbance, invasive species, and altered abiotic conditions [8]. Populations inhabiting
these remnant patches often occur at lower densities and face an elevated risk of local
extinction [9]. Connections to surrounding rural landscapes and/or other remnant habitat
patches can facilitate dispersal, gene flow, and recolonization, thereby enhancing population
persistence [10,11]. In contrast, isolated urban habitat patches may function as demographic
sinks, where populations persist only temporarily without sufficient immigration [12,13].

The environmental changes associated with urbanization can strongly influence how
individuals interact with their surroundings and may favor specific traits that enhance
performance under urban conditions [7,14]. Sets of correlated behavioral traits, described as
behavioral syndromes, may further constrain or facilitate responses to urban environments
by linking multiple behaviors along common axes such as boldness, activity, or risk-
taking [15,16].

Urban-dwelling individuals of mammals [17], birds [18], reptiles [19], and also inver-
tebrates [20], are more willing to explore novel environments, tolerate human disturbance,
and exploit unpredictable or anthropogenic resources [21]. Despite the growing body of
evidence supporting increased boldness and exploration in urban populations, the strength
and direction of rural-urban behavioral differences vary considerably by context, among
species, and even sexes [22].

Our study aimed to test whether activity-, exploration-, and boldness-related behav-
ioral traits differ in the ground beetle Carabus convexus originating from rural habitats, or
urban forest patches connected to or isolated from rural areas. Specifically, we hypothesized
that (H1) measures quantifying behavioral traits are repeatable across trials, indicating
the presence of consistent individual differences in behavior (animal personality). Further,
(H2) individuals from isolated urban habitats are bolder and more exploratory than rural
conspecifics, and (H3) differences exist in behavioral traits and their repeatability between
males and females, because of their different reproduction-related strategies. We expected
males to be more exploratory and bolder than females.
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We found that all measures of behavioral traits were repeatable across trials for females but
not for males, providing clear evidence for the presence of animal personality. However,
neither habitat type nor sex had a significant effect on activity, exploration, or boldness.

2. Materials and Methods
2.1. Study Area and Sampling Design

The research was conducted in forested habitats located both within and near the
administrative boundaries of Debrecen (47°32' N, 21°38' E), Hungary’s second largest
city, which had 201,704 residents in 2024 and covers 461.7 km?. The city lies adjacent
to a 1092 ha large mature (>120 years old) lowland oak forest (Convallario—Quercetum
roboris), protected since 1992. Urban expansion dating back to the early 20th century
created several isolated urban remnants of the formerly continuous forest (Figure S1).
This situation offers a framework for investigating urbanization-related ecological changes
under comparable mesoclimatic conditions, geomorphology, soil characteristics, forest type,
age, and land-use history.

To assess the ecological consequences of habitat fragmentation by urbanization, we
selected six forest sites, including two rural and four urban ones, all at least 250 m apart.
This inter-patch distance ensured the independence of samples [23] and, because of known
carabid movement patterns, also spatially distinct ground beetle assemblages [24,25]. The
selected sites were similar in size and sufficiently large (all above 4.5 ha) to support self-
sustaining arthropod assemblages [26]. Urban sites were embedded in landscapes with a
markedly higher proportion of urban land use (built-up and impervious surfaces, urban
parks, ponds) compared to rural ones (62.97 £ 6.21% vs. 1.17 £ 0.18% within a 1000 m
buffer, respectively; Table S1). The urban sites differed in their connection to rural habitats
(Figure S1), with two of them being connected to (connected urban sites hereafter), while
the other two were isolated from rural habitats (isolated urban sites hereafter). Isolated
urban sites were separated from the rural habitats by built-up and impervious surfaces or
two-lane asphalt roads. Asphalt-paved surfaces like roads function as effective barriers for
flightless ground beetles, as individuals rarely cross them [27,28].

Beetles were sampled from mid-March to the end of May 2024, using live, unbaited
pitfall traps. At each sampling site, 15 traps were deployed, resulting in a total of 90 traps
(6 sites x 15 traps). The traps were placed randomly, with a minimum distance of 10 m
between them and a distance of at least 50 m from the forest edge to minimize potential
edge effects [29]. Traps consisted of plastic containers (170 mm in length, 110 mm in width,
and 105 mm in depth) partially filled with shredded leaf litter to provide refuge and reduce
intraguild predation. Each trap was covered with a 20 x 20 cm fiberboard lid to protect
against rain. Traps were checked twice per week. Captured beetles were transported to
the laboratory, identified to species level, sexed, and their live body mass was measured
(two repeats, precision 0.1 mg). After weighing, beetles were housed individually in Petri
dishes (90 mm diameter) with moistened filter paper with access to water but no food.

2.2. Study Species

Carabus convexus Fabricius, 1775, is a medium-sized, wingless, widely distributed
Eurasian forest specialist ground beetle [30]. In Central Europe, adult activity typically
starts in late March, with egg laying from mid-April onward [31]. Newly emerged (teneral)
individuals can be found from late July, and adults of this new generation overwinter in
November. Collectively, these traits—strong habitat affiliation, medium body size, and
limited dispersal ability—make C. convexus vulnerable to the ecological impacts of ur-
banization [32-34]. In C. convexus, there is a behavioral difference by season. During
the reproduction period, both sexes are more exploratory than beetles after the reproduc-

https:/ /doi.org/10.3390/insects17040356


https://doi.org/10.3390/insects17040356

Insects 2026, 17, 356

40f 15

tion [35]. For this reason, we decided to concentrate on the reproduction period that is
crucial for population persistence. This has the additional advantage of avoiding collect-
ing too many individuals from small urban populations. During the sampling period,
123 C. convexus individuals (65 females and 58 males) were captured. We collected
83 individuals from rural sites, 33 beetles from connected urban sites, and 7 individu-
als from isolated urban sites. All individuals had minimally worn mandibles, suggesting
that they had overwintered and were entering their first reproductive season.

2.3. Behavioral Assays

Following transport from the field, during warm periods in a cool box, individuals
were allowed a 2 h acclimatization and recovery period prior to behavioral assays. Lo-
comotor activity, exploration, and boldness were first quantified in a novel environment
assay (also called open-field test) [36-38]. Subsequently, exploratory and boldness/anxiety-
related behaviors were measured in an emergence test [39,40]. To prevent observer bias,
experimenters were blind to the origin of the individual.

The novel environment consisted of a white plastic arena (364 x 230 mm) with the
floor subdivided into 35 equal-sized squares [41]. At the start, a randomly chosen beetle
was placed in the central square and covered with a Petri dish (55 mm diameter). Once
the individual remained motionless for at least five seconds, the cover was carefully
removed without physical contact, and the beetle’s movements were video-recorded for
90 s [20] using a GoPro HERO6 camera (CHDHX-601-FW, GoPro, Inc., San Mateo, CA,
USA). Video recordings were analyzed with BugTracker (version 0.2 [42]) and Windows
Movie Maker (version 8.0.7.5), and the following behavioral measures were quantified:
(1) the total number of squares visited (hereafter referred to as “no. squares visited”),
representing overall locomotor activity [37] or exploratory behavior [20]; (2) the number
of non-peripheral squares (non-adjacent to the arena wall) visited (“no. inner squares
visited”), used as a measure of exploration [37] or boldness, as higher frequency of entry
into the center of the arena (centrophilia) indicate bolder behavior [40]; (3) the time until
the beetle started to move (“latency to move”), interpreted as a measure of exploration or
boldness [43].

During the emergence test, a randomly selected beetle was placed in a semitransparent
brown plastic vial (length: 6 cm, diameter: 2.5 cm), which was sealed and positioned
horizontally. After 1 min of acclimatization, the cap of the vial was removed, enabling the
beetle to leave. We measured the time needed for the beetle to (4) emerge from the shelter
(“latency to emerge”). The test was stopped when the head of the beetle was completely
out of the vial or after a maximum of 5 min. If the beetle did not leave the vial, it received a
score of 300 s. This measure quantifies the exploratory behavior or boldness [39,40,43].

The repeatability of the above measures was assessed by performing each assay twice,
separated by 24 h [37,44]. Limiting the assessment to two trials minimized the risk of
habituation; increasing the number of trials does not enhance repeatability [45].

2.4. Statistical Analyses

All statistical analyses were conducted in the R environment (version 4.5.2 [46]). Body
mass may affect arthropod behavior [40]; thus, it was included in the analyses. The
effects of habitat type, sex, body mass, and their interactions on behavioral measures
were examined using generalized linear mixed models (GLMMs). Prior to model fitting,
the most appropriate probability distributions were determined using the car (version
3.1-3 [47]) and MASS (version 7.3-65 [48]) packages. Count-type behavioral measures
(no. squares visited, no. inner squares visited) were modeled using a Poisson distribution,
whereas time-related ones (latency to move, latency to emerge) were analyzed using
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a lognormal error distribution with the glmmTMB package (version 1.1.14 [49]). The
hierarchical structure of the experimental design was accounted for by including sampling
sites nested within habitat type as a random effect. Trials, experimenter identity, and
individual beetle identity (ID) were incorporated as additional random factors. Model-
estimated marginal mean differences between habitat types were calculated using the
emmeans package (version 2.0.2 [50]). To examine whether the results changed when urban
areas were treated together, we ran an additional GLMM where connected and isolated
urban habitats were not separated.

To assess whether individual beetles ranked similarly across behavioral measures,
the Kendall’s coefficient of concordance was calculated using the DescTools package (ver-
sion 0.99.60 [51]) separately for the two trials. Consistency between repeated trials was
quantified by estimating adjusted repeatability from GLMMs that included individual
identity as a random term, using the rptR package (version 0.9.23 [52]). These analyses
were performed first for all individuals combined and subsequently for females and males,
as well as for beetles from rural, connected, and isolated urban sites separately. Finally,
potential associations among behavioral measures were explored by calculating Spearman’s
rank correlation coefficients between behavioral measures for each trial separately.

3. Results

Individual beetles were consistently ranked across behavioral measures in both trials
(Kendall’s coefficient of concordance: trial 1, W = 0.220, x% =81.020, df = 3, p <0.0001; trial 2,
W =0.030, x2 = 11.146, df = 3, p = 0.011), providing evidence for the existence of structured
behavioral patterns.

When data from female and male beetles were pooled, all measured behavioral mea-
sures showed significant repeatability (Table 1). In contrast, significant repeatability across
behavioral variables was observed only in females (Table 1). Among males, repeatability
was detected only for the number of squares visited, whereas latency to move and latency
to emerge were marginally significant, and the number of inner squares visited did not
show significant repeatability (Table 1). When data were analyzed separately for beetles
collected from rural, connected, and isolated urban sites, significant repeatability across
behavioral variables was observed only in rural beetles (Table 2).

Table 1. Adjusted repeatability (R) of the behavioral measures of adult Carabus convexus, as well as
females and males collected from rural and differently isolated urban habitats. Behavioral measures
were recorded in a novel environment (latency to move, no. squares visited, no. inner squares visited)
and an emergence behavior test (latency to emerge). Values in bold denote significant repeatability
(p < 0.05), while those in italics denote marginally significant repeatability (p < 0.1).

Response Variable Repeatability, R [95% CI] *
All individuals (n = 123)
Latency to move 0.297 [0.117, 0.432]
No. squares visited 0.292 [0.071, 0.427]
No. inner squares visited 0.191 [0, 0.327]
Latency to emerge 0.229 [0.052, 0.384]
Females (n = 65)
Latency to move 0.330 [0.091, 0.521]
No. squares visited 0.310 [0.042, 0.508]
No. inner squares visited 0.343 [0.001, 0.522]
Latency to emerge 0.304 [0.052, 0.489]
Males (n = 58)
Latency to move 0.204 [0, 0.426]
No. squares visited 0.271 [0, 0.45]
No. inner squares visited 00, 0.187]
Latency to emerge 0.178 [0, 0.422]

* confidence intervals (CIs) were calculated using 1000 bootstraps.

https:/ /doi.org/10.3390/insects17040356


https://doi.org/10.3390/insects17040356

Insects 2026, 17, 356

60f15

Table 2. Adjusted repeatability (R) of the behavioral measures of adult Carabus convexus individuals
collected from rural and differently isolated urban habitats. Behavioral measures were recorded in a
novel environment (latency to move, no. squares visited, no. inner squares visited) and an emergence
behavior test (latency to emerge). Values in bold denote significant repeatability (p < 0.05).

Response Variable Repeatability, R [95% CI] *
Individuals from isolated urban sites (n = 7)
Latency to move 0.426 [0, 0.901]
No. squares visited 010, 0.5]
No. inner squares visited 00, 0.626]
Latency to emerge 00, 0.558]
Individuals from connected urban sites (n = 33)
Latency to move 010, 0.296]
No. squares visited 0.066 [0, 0.338]
No. inner squares visited 0.094 [0, 0.378]
Latency to emerge 0.112 [0, 0.421]
Individuals from rural sites (n = 83)
Latency to move 0.428 [0.232, 0.57]
No. squares visited 0.420 [0.176, 0.563]
No. inner squares visited 0.231 [0, 0.424]
Latency to emerge 0.229 [0.008, 0.428]

* Confidence intervals (CI) were calculated using 1000 bootstraps.

Neither habitat type, sex, nor body mass, nor their interactions had a significant effect
on any of the studied behavioral measures (Table 3). The effect of habitat type on the
latency to move was negligible (x? = 0.414, p = 0.813; a model-estimated marginal mean
difference between rural and connected urban sites of —0.441 [95% CI: —1.320, 0.440], and
between rural and isolated urban sites of —1.936 [95% CI: —5.710, 1.830]). The effect of
habitat type on the number of squares visited was also negligible (x* = 0.854, p = 0.652; a
model-estimated marginal mean difference between rural and connected urban sites of
—0.077 [95% CI: —0.621, 0.776], and between rural and isolated urban sites of 0.603 [95%
CI: —2.630, 3.837]). The effect of habitat type on the number of inner squares visited was
also negligible (x> = 1.650, p = 0.438; model-estimated marginal mean difference of 0.029
[95% CI: —0.536, 0.594] between rural and connected urban sites, and —0.028 [95% CI:
—2.795, 2.740] between rural and isolated urban ones). The effect of habitat type on the
latency to emerge was also negligible (x> = 1.900, p = 0.387; model-estimated marginal
mean difference of —0.220 [95% CI: —0.491, 0.052] between rural and connected urban sites,
and —0.231 [95% CI: —1.257, 0.795] between rural and isolated urban ones). The same
result was obtained when connected urban and isolated urban habitats were combined and
treated as an urban habitat type (Table S2).

Several of the behavioral measures studied were significantly correlated with each
other, and in some cases significant correlations were also detected between measures
quantified in the novel environment and emergence tests. The strongest positive correlation
occurred between the number of squares visited and the number of inner squares visited
(Figure 1). In contrast, both of these were significantly negatively correlated with latency to
move. A significant positive correlation was also found between latency to emerge from
shelter and latency to move in the novel environment test (Figure 1).
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Table 3. Analysis of deviance table for the fitted generalized linear mixed models on the behavioral
measures of Carabus convexus adults collected from rural and differently isolated urban habitats.
Behavioral measures were recorded in a novel environment (latency to move, no. squares visited, no.
inner squares visited) and an emergence behavior test (latency to emerge).

Response Variable Explanatory Variable x> d.f. P
Latency to move

Habitat 0414 2 0.813
Sex 0.000 1 0.997
Body mass 0.681 1 0.409
Habitat x Sex 0.592 2 0.744
Habitat x Body mass 0.223 2 0.894
Sex x Body mass 0.032 1 0.858
Habitat x Sex x Body mass 0.556 2 0.757

No. squares visited
Habitat 0.854 2 0.652
Sex 0.977 1 0.323
Body mass 0.276 1 0.599
Habitat x Sex 0.124 2 0.940
Habitat x Body mass 0.594 2 0.743
Sex x Body mass 1.070 1 0.301
Habitat x Sex x Body mass 0.050 2 0.975

No. inner squares visited

Habitat 1.650 2 0.438
Sex 0.009 1 0.923
Body mass 0.029 1 0.865
Habitat x Sex 0.132 2 0.936
Habitat x Body mass 1.531 2 0.465
Sex x Body mass 0.003 1 0.959
Habitat x Sex x Body mass 0.339 2 0.844

Latency to emerge
Habitat 1.900 2 0.387
Sex 1.776 1 0.183
Body mass 0.713 1 0.399
Habitat x Sex 2.484 2 0.289
Habitat x Body mass 1.862 2 0.394
Sex x Body mass 2.025 1 0.155
Habitat x Sex x Body mass 2.518 2 0.284

Latency to emerge (s) 0'1*79 e 0012 Spearman r Latency to emerge (s) 0;33,1 R 0117 Spearman r

1.0 1.0
- |

0.5 - 0.5
. . s -0.368 ; o -0.386 0.638
No. inner squares visited - - No. inner squares visited e (e o
0.5 0.5
No. squares visited . id No. squares visited . i
@ <@ \@b @ @ \@b
P ©® i ¥ i® 1@
& & & & & &
0 > > © > >
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By o
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Figure 1. Correlation matrix of the studied behavioral measures using Spearman’s rank correlation
coefficient for the first (a) and second trial (b). Colors indicate the strength and direction of correlations
(blue = negative; red = positive). Only the upper triangle is shown. Numbers represent Spearman’s
correlation coefficients, and asterisks indicate significance levels (* p < 0.05, *** p < 0.001). Behavioral
measures were recorded in a novel environment (latency to move, No. squares visited, No. inner
squares visited) and an emergence behavior test (latency to emerge).
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4. Discussion
4.1. Limitations of the Dataset

Our results are based on a single species in a single year. Including more species and
temporal replication would strengthen the possibility of generalization. Nonetheless, we
believe that information concerning a forest specialist carabid is still useful and potentially
relevant for other ground beetles of similar ecological requirements.

Despite intensive, standardized sampling with identical sampling effort across all
three habitat types, C. convexus abundance differed markedly among habitats, with very
few individuals captured in the isolated urban fragments. Consequently, our results
should be interpreted with caution. The pronounced decline along the rural-connected
urban-isolated urban habitat gradient is consistent with previous findings demonstrating
the sensitivity of C. convexus to urbanization [32-34]. Earlier studies conducted in the same
region further support this pattern, indicating that only small populations persist in urban
forest fragments [53], particularly in those isolated by paved roads and other impervious
surfaces [54,55].

The small sample size from the isolated urban sites and, therefore, the imbalance
in sample size among habitat types compromised the statistical power of our models, as
GLMMs are sensitive to such imbalances. All the above factors require caution when
interpreting our results.

4.2. Behavior Repeatability and Time Interval Between Trials

A previous meta-analysis [45] showed that repeatability is higher when repeated trials
are closer in time. Therefore, the relatively short interval between repeated behavioral trials
in our study may have influenced the repeatability estimates. However, nearly two-thirds
(64.95%) of the experiments included in the above-mentioned meta-analysis concerned
vertebrate species, and a rather coarse temporal categorization was used (less than or
more than one year) [45]. Because behavioral repeatability may differ between vertebrate
and invertebrate species—and even among different invertebrate taxa [56]—and because
invertebrates often have shorter development than a year, a new summary of data on
repeatability of beetle behavior is warranted.

We collected published repeatability estimates of behavioral measures in beetles using
the novel environment and emergence behavioral tests [20,36,41,57-62] (Table S3)—both of
which were applied in our study. Repeatability estimates assessed in a novel environment
did not change significantly as a function of the time interval between repeated trials,
either when the sexes were analyzed together or when females were analyzed separately
(Table S4). In contrast, when males were analyzed separately, repeatability estimates
increased significantly with increasing time intervals between trials. Based on these results,
we recommend that in studies of beetle behavior using the novel environment test, the
interval between repeated observations should not exceed 5 days. This relatively short
interval would ensure that the studied beetles remain in comparable states (e.g., hunger,
body mass, physiological condition, etc.), thereby minimizing the confusing effects of
environmental and state-dependent variation on behavioral repeatability [45].

4.3. Animal Personality

In behavioral ecology, behavioral traits refer to measurable aspects of behavior, in-
cluding but not limited to activity levels, boldness, exploratory tendency, risk-taking, and
aggression. Such traits often exhibit considerable variation among individuals and are
typically assessed using standardized protocols under controlled laboratory or field con-
ditions [15]. When individual differences in a given behavioral trait remain consistent
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over time and/or across different situations, this consistency is interpreted as evidence for
animal personality [15,56,63].

Based on the correlations among behavioral measures quantified in the novel environ-
ment and emergence tests, the strong and significant correlation between the number of
squares visited and the number of inner squares visited in the novel environment arena
indicates, in line with previous conclusions [20,37,64], that these two variables reliably
quantify activity and exploratory behavior of ground beetles. In contrast, the significant,
moderate positive correlation between latency to move in the novel environment test and
latency to emerge from the shelter in the emergence test suggests that these measures may
serve as accurate indicators of boldness and exploration in insects [39,40,43]. The strength
of correlation was higher between latency to move and latency to emerge in the second trial
than in the first one. This leads to a methodological recommendation that one should allow
a one-day acclimatization for the lab-transported beetles, in order to minimize the effect
of stress linked to capture and transport. The moderate, significant negative correlation
between latency to move and the number of both the total and the inner squares visited in
the novel environment test is due solely to methodological limitations, as beetles that start
movement later in the arena certainly visit fewer squares.

In our study, all activity-, exploration-, and boldness-related behavioral traits quanti-
fied in novel environment and emergence behavioral tests were significantly repeatable
over time, either when sexes were analyzed together or when females were assessed
separately, proving evidence for animal personality in C. convexus. Repeatability esti-
mates of behavioral measures were lower when male and female beetles were analyzed
together than when females were analyzed separately, suggesting substantial variability
in the repeatability of male behavior. Indeed, in males, only activity- and exploration-
related behavior—quantified as the number of squares visited in the novel environment
test—showed significant repeatability. Thus, our hypothesis was only partially confirmed,
as we did not confirm the presence of personality in male C. convexus beetles.

Male behavior has often been considered more repeatable than female behavior, a
pattern commonly attributed to hormonal influences such as testosterone that may in-
crease behavioral predictability in males [45,65], as well as to the role of sexually selected
behavioral traits in mate choice [45]. Nevertheless, according to a recent meta-analysis,
behaviors unrelated to mate preference exhibit higher repeatability in females than in males,
thereby making the prevailing assumption of greater behavioral repeatability in males
equivocal [45]. Similarly, we found higher repeatability in females, while in males, most
behavioral measures were not significantly repeatable. Higher repeatability of activity-,
exploration-, and boldness-related behaviors in female than male beetles may reflect sex-
specific differences in life-history strategies and behavioral plasticity. In females, these
behaviors are closely linked to energetic demands and reproductive investment, potentially
favoring stable, individual-specific behavioral strategies. In contrast, male behavior may
be more context-dependent and responsive to mating opportunities, resulting in increased
within-individual variation and lower repeatability [56]. This pattern is consistent with
growing evidence from invertebrate taxa indicating that sex differences in behavioral
repeatability do not necessarily conform to expectations derived from studies on verte-
brates [66]. However, previous findings on the exploratory behavior of ground beetles
are inconsistent. Studies on Carabus hortensis Linnaeus, 1758 [61] and Nebria brevicollis
(Fabricius, 1792) [20] reported higher repeatability in males than females, whereas a study
on Pterostichus oblongopunctatus (Fabricius, 1787) [20], similarly to our results, found higher
repeatability in females than males. Consequently, future studies investigating sex-specific
differences in behavioral repeatability are essential for drawing general conclusions.
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We showed that activity-, exploration-, and boldness-related behavioral measures
were significantly repeatable over time in rural but not in urban C. convexus. Consistent
individual differences in behavior are expected to occur when environmental conditions
are relatively predictable and consistent behavior is favored by selection [67,68]. Rural
habitats are typically characterized by reasonably stable environmental conditions; there-
fore, maintaining a fixed behavioral strategy may be advantageous, resulting in behavioral
repeatability. In contrast, urban habitats with frequent disturbances are less predictable,
favoring behavioral flexibility over consistency [69].

4.4. Urbanization and Behavior

Human-induced disturbances (such as traffic, impervious surfaces, and diverse pol-
lutants), together with the environmental modifications associated with urbanization,
generate novel and often challenging environments for urban survivors. Certain behavioral
traits may facilitate successful adaptation to such environments. Research on such traits
has predominantly focused on vertebrates—most commonly birds and mammals—and
has demonstrated that urban individuals tend to exhibit higher levels of boldness and
exploratory behavior than their rural conspecifics [70-73]. Similar patterns have been
reported in several arthropod taxa, including grasshoppers [74], ants [75], and spiders [76].

In contrast, our results indicated no significant differences in activity, exploration,
or boldness between rural and urban adults of C. convexus. Similarly, a previous study,
assessing the activity- and exploration-related behavioral measures in a novel environment,
found no significant differences in these measures between C. convexus individuals from
forested rural and isolated urban forest fragments [41]. To date, only one other study has
investigated urbanization-related differences in activity and exploratory behavior of ground
beetles in the city of Hamburg, Germany [20]. This study reported no significant differences
between beetles collected from forest patches with low versus high levels of urbanization
in three of the four species studied (Abax parallelepipedus (Piller & Mitterpacher, 1783),
N. brevicollis and P. oblongopunctatus). Individuals of the fourth species, Carabus nemoralis
O.F. Miiller, 1764, showed significantly higher activity and exploratory behavior at highly
urbanized sites than elsewhere. However, this effect was detected based on a single field
test, preventing any assessment of behavioral consistency or repeatability. Moreover,
the less urbanized forest patches were still located within the city and thus represented
suburban rather than rural habitats [20]. Consequently, the reported behavioral differences
should be interpreted with caution.

The absence of behavioral differences among rural, connected, and isolated urban
populations of C. convexus may be explained by several mechanisms, which are not neces-
sarily mutually exclusive. Due to the limited dispersal capacity of this flightless species,
urban populations probably represent remnants persisting after urban expansion. In this
context, urbanization may primarily act as a strong environmental filter, allowing only
pre-adapted individuals to survive [77], without necessarily promoting further behavioral
divergence. Shifts in other behavioral traits related to microhabitat use, thermal tolerance,
or daily activity patterns may play a role in adaptation to urban environments [78]. In
addition, structurally similar microhabitats in urban forest fragments to those in rural ones
may reduce the perceived novelty [79]. Finally, the relatively short time since urbanization,
combined with a multi-year generation time, may have limited the emergence of detectable
evolutionary differentiation in behavior [80].

4.5. Sex-Dependent Behavior

Sex-related variation in behavioral traits is common across a wide range of animal
taxa and is often associated with differences in reproductive strategies and life-history
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trade-offs between males and females [66]. In many species, males typically display more
exploration and risk-taking, a pattern frequently attributed to sexual selection favoring
active mate searching. By contrast, females often show more cautious behavior, which may
reflect stronger selection pressure on survival and future reproductive investment [56,66].

Contrary to our hypothesis, we found no significant differences between female and
male C. convexus in activity, exploration, and boldness. In the studied habitats, both
sexes appear to experience similar ecological constraints and selective pressures, which
likely minimized sex-specific behavioral differences. Similarly, a meta-analysis involving
37 invertebrate species, including four ground beetles, reported no significant sex-
dependent differences in activity, exploration, or boldness [81]. Previous studies examining
the activity and exploratory behavior in C. hortensis and C. nemoralis found that females
were significantly less active and exploratory, visiting fewer squares within the arena [20,61].
In contrast, in an earlier novel environment test, female C. convexus showed significantly
higher activity and exploration than males [41]. These contradictory findings highlight that
sex-related behavioral differences are strongly trait-, taxon-, and context-dependent. The
strong influence of these factors is further supported by the high heterogeneity in effect size
estimates reported in a meta-analysis examining sex differences in animal personality [81].

5. Conclusions

In this study, we investigated the behavioral repeatability, personality traits, and
effects of urbanization and sex on the behavior of the flightless ground beetle C. convexus.
Behavioral analyses demonstrated significant repeatability in activity-, exploration-, and
boldness-related traits, providing evidence for animal personality, particularly in rural
females. Repeatability estimates support the presence of meaningful among-individual
behavioral variation. In contrast, behavioral consistency in males was weaker, suggesting
sex-specific differences in behavioral plasticity. Contrary to our hypothesis, no behavioral
differences were detected between rural and urban individuals, indicating that urbanization
has not led to measurable divergence in the traits studied. This pattern likely reflects the
limited dispersal capacity of C. convexus, the persistence of remnant urban populations,
and similar microhabitat conditions across forested sites. Furthermore, no significant sex-
dependent differences in behavior were observed, suggesting that both sexes experience
comparable ecological constraints. Overall, our findings highlight the importance of species-
specific traits, ecological context, and sex in shaping behavioral variation and emphasize
the need for further studies on invertebrate behavior across environmental gradients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects17040356/s1, Figure S1. Schematic map showing the mature
lowland oak forest north of the city of Debrecen and its urban remnant patches (“Great forest”)
as well as the land use types (“Impervious surface”—built-up and impervious surfaces; “Urban
forest”—managed, middle-aged forest stands with mainly native canopy-forming species; “Urban
pond”—artificially created standing water; “Urban park”—intensively managed, more open urban
forested parks with native and/or non-native species in the canopy layer, or intensively managed
parks dominated by open habitat patches with scattered native and/or non-native trees). ”"R1”
and “R2”—rural sampling sites; “Ucl” and “Uc2”—urban sampling sites connected to rural forest;
“Uil” and “Ui2”—urban sampling sites isolated from rural forest; Figure S2. Schematic image of
(A) the novel environment arena, with inner squares marked in gray; (B) the plastic vial for testing
the emergence behavior; Figure S3. Model estimates (and 95% CI) for the fitted generalized linear
mixed models on the behavioral measures of Carabus convexus individuals collected from rural and
connected (“urbancon”) and isolated urban (“urbaniso”) sites. Behavioral measures were recorded in
a novel environment (A: latency to move, B: no. squares visited, and C: no. inner squares visited) and
an emergence behavior test (D: latency to emerge); Table S1. Area of the sampling sites, as well as the
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proportion of modified habitats (urban park, urban pond, built-up and impervious surfaces) within
a 1000 m buffer around the sampling sites. See Figure S1 for location of the sampling sites and the
land-use map; Table S2. Analysis of deviance table for the fitted generalized linear mixed models
on the behavioral measures of Carabus convexus individuals collected from rural and urban habitats
(connected and isolated urban sites were treated together). Behavioral measures were recorded
in a novel environment (latency to move, no. squares visited, no. inner squares visited) and an
emergence behavior test (latency to emerge); Table S3. Interval between trials and repeatability
estimates for behavioral measures assessed in novel environment assays for various beetle species;
Table S4. Summary of the fitted generalized linear mixed models on the effect of the time interval
(in days) on the repeatability estimates for behavioral measures assessed in novel environment tests
using published data on beetles extracted during a systematic review (see Table S3). Models were
fitted for all individuals and then separately for females and males. In the models, repeatability
estimates were used as the response variable, with a Gaussian error distribution, while the time
interval between repeated trials (in days) was set as the explanatory variable. Study identity, species
identity, and behavioral measures were included as random effects. p values in bold denote significant
effects (p < 0.05).

Author Contributions: Conceptualization, T.M. and G.L.L.; methodology, T.M. and G.L.L.; formal
analysis, T.M.; investigation, TM., SM., RH., M.T,, ES.K,, VE.A-M., BS.and A.T; writing—original
draft preparation, T.M. and G.L.L.; writing—review and editing, TM., SM., RH., M.T,, FSK,
VE.A.-M,, BS., A.T. and G.L.L.; visualization, TM. and G.L.L,; supervision, T.M.; funding acquisition,
T.M. Authorship is by the “first-and-last-author-emphasis” (FLAE) principle. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Hungarian National Research, Development and Innova-
tion Fund (grant number: OTKA K-146628).

Data Availability Statement: The data presented in this study are openly available in Mendeley
repository at doi: 10.17632/wwyxbzr63t.1, https:/ /data.mendeley.com/datasets/wwyxbzr63t/1
(accessed on 23 February 2026).

Acknowledgments: We thank the Department of Green Infrastructure of the Mayor’s Office of
Debrecen, especially Orsolya Hamecz, for providing access to the study sites.

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

References

1.  McIntyre, N.E. Urban ecology—Definitions and goals. In The Routledge Handbook of Urban Ecology; Douglas, 1., Goode, D., Houck,
M., Wang, R., Eds.; Routledge: London, UK, 2011; pp. 7-16.

2. Parris, KM. Ecology of Urban Environments; Wiley-Blackwell: Hoboken, NJ, USA, 2016.

3. Hahs, A K, Fournier, B.; Aronson, M.F].; Nilon, C.H.; Herrera-Montes, A.; Salisbury, A.B.; Threlfall, C.G.; Rega-Brodsky, C.C.;
Lepczyk, C.A.; La Sorte, F.A.; et al. Urbanisation generates multiple trait syndromes for terrestrial animal taxa worldwide. Nat.
Commun. 2023, 14, 4751. [CrossRef]

4. Phelan, P.E.; Kaloush, K.; Miner, M.; Golden, ].; Phelan, B.; Silva, H.; Taylor, R.A. Urban heat island: Mechanisms, implications,
and possible remedies. Annu. Rev. Environ. Resour. 2015, 40, 285-307. [CrossRef]

5. Jacobson, C.R. Identification and quantification of the hydrological impacts of imperviousness in urban catchments: A review.
J. Environ. Manag. 2011, 92, 1438-1448. [CrossRef]

6.  Grimm, N.B,; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, ] M. Global change and the ecology of cities.
Science 2008, 319, 756-760. [CrossRef]

7. Norton, B.A.; Evans, K.L.; Warren, P.H. Urban biodiversity and landscape ecology: Patterns, processes and planning. Curr. Landsc.
Ecol. Reports 2016, 1, 178-192. [CrossRef]

8.  Johnston-Bates, ].; Capon, S.J.; Castley, ].G. Propagule bank dynamics in urban subtropical forest remnants: Edge effects,
fragmentation and plant invasion. Urban For. Urban Green. 2025, 103, 128563. [CrossRef]

9. Li, G.; Fang, C.; Li, Y,; Wang, Z.; Sun, S.; He, S.; Qi, W.; Bao, C.; Ma, H.; Fan, Y; et al. Global impacts of future urban expansion on

terrestrial vertebrate diversity. Nat. Commun. 2022, 13, 1628. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/insects17040356


https://data.mendeley.com/datasets/wwyxbzr63t/1
https://doi.org/10.1038/s41467-023-39746-1
https://doi.org/10.1146/annurev-environ-102014-021155
https://doi.org/10.1016/j.jenvman.2011.01.018
https://doi.org/10.1126/science.1150195
https://doi.org/10.1007/s40823-016-0018-5
https://doi.org/10.1016/j.ufug.2024.128563
https://doi.org/10.1038/s41467-022-29324-2
https://www.ncbi.nlm.nih.gov/pubmed/35338145
https://doi.org/10.3390/insects17040356

Insects 2026, 17, 356 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ottewell, K.; Pitt, G.; Pellegrino, B.; Van Dongen, R.; Kinloch, ].; Willers, N.; Byrne, M. Remnant vegetation provides genetic
connectivity for a critical weight range mammal in a rapidly urbanising landscape. Landsc. Urban Plan. 2019, 190, 103587.
[CrossRef]

Faeth, S.H.; Bang, C.; Saari, S. Urban biodiversity: Patterns and mechanisms. Ann. N. Y. Acad. Sci. 2011, 1223, 69-81. [CrossRef]
Leston, L.EV.; Rodewald, A.D. Are urban forests ecological traps for understory birds? An examination using Northern cardinals.
Biol. Conserv. 2006, 131, 566-574. [CrossRef]

Lepczyk, C.A.; Aronson, M.E].; Evans, K.L.; Goddard, M.A.; Lerman, S.B.; Maclvor, ].S. Biodiversity in the city: Fundamental
questions for understanding the ecology of urban green spaces for biodiversity conservation. Bioscience 2017, 67, 799-807.
[CrossRef]

Zuhiga-Palacios, ].; Zuria, I; Castellanos, I.; Lara, C.; Sdnchez-Rojas, G. What do we know (and need to know) about the role of
urban habitats as ecological traps? Systematic review and meta-analysis. Sci. Total Environ. 2021, 780, 146559. [CrossRef]

Sih, A.; Bell, A.; Johnson, ]J.C. Behavioral syndromes: An ecological and evolutionary overview. Trends Ecol. Evol. 2004, 19,
372-378. [CrossRef]

Janosikova, R.; Tulis, F.; Balaz, I.; Eccard, J.A.; Mazza, V. Range expansion during recolonization: What does animal personality
have to do with it? Behav. Ecol. 2025, 36, araf053. [CrossRef]

Morton, EB.; Gartner, M.; Norrie, E.-M.; Haddou, Y.; Soulsbury, C.D.; Adaway, K.A. Urban foxes are bolder but not more
innovative than their rural conspecifics. Anim. Behav. 2023, 203, 101-113. [CrossRef]

Carrete, M.; Tella, J.L. Behavioral correlations associated with fear of humans differ between rural and urban burrowing owls.
Front. Ecol. Evol. 2017, 5, 54. [CrossRef]

Lapiedra, O.; Chejanovski, Z.; Kolbe, ].J. Urbanization and biological invasion shape animal personalities. Glob. Change Biol. 2017,
23, 592-603. [CrossRef] [PubMed]

Schuett, W.; Delfs, B.; Haller, R.; Kruber, S.; Roolfs, S.; Timm, D.; Willmann, M.; Drees, C. Ground beetles in city forests: Does
urbanization predict a personality trait? Peer] 2018, 6, e4360. [CrossRef]

Lowry, H.; Lill, A.; Wong, B.B.M. Behavioural responses of wildlife to urban environments. Biol. Rev. 2013, 88, 537-549. [CrossRef]
Mitchell, D.J.; Houslay, T.M. Context-dependent trait covariances: How plasticity shapes behavioral syndromes. Behav. Ecol. 2020,
32, 25-29. [CrossRef]

Digweed, S.C.; Currie, C.R.; Carcamo, H.A.; Spence, ].R. Digging out the digging-in effect of pitfall traps: Influences of depletion
and disturbance on catches of ground beetles (Coleoptera: Carabidae). Pedobiologia 1995, 39, 561-576. [CrossRef]

Leszek, G. Remarks on the differentiation in Carabidae mobility. Ekol. Pol. 1971, 19, 47-56.

Elek, Z.; Razickova, J.; Odor, P. Individual decisions drive the changes in movement patterns of ground beetles between forestry
management types. Biologia 2021, 76, 3287-3296. [CrossRef]

Niemeld, J. Carabid beetles (Coleoptera: Carabidae) and habitat fragmentation: A review. Eur. |. Entomol. 2001, 98, 127-132.
[CrossRef]

Mader, H.J.; Schell, C.; Kornacker, P. Linear barriers to arthropod movements in the landscape. Biol. Conserv. 1990, 54, 209-222.
[CrossRef]

Yamada, Y.; Sasaki, H.; Harauchi, Y. Effects of narrow roads on the movement of carabid beetles (Coleoptera, Carabidae) in
Nopporo Forest Park, Hokkaido. J. Insect Conserv. 2010, 14, 151-157. [CrossRef]

Molnar, T.; Magura, T.; T6thmérész, B.; Elek, Z. Ground beetles (Carabidae) and edge effect in oak-hornbeam forest and grassland
transects. Eur. J. Soil Biol. 2001, 37, 297-300. [CrossRef]

Ko6dobocz, V. Ground Beetles of Hungary (Coleoptera: Carabidae); Ronadrzé Természetvédelmi Egyestilet: Debrecen, Hungary, 2024.
(In Hungarian)

Turin, H.; Penev, L.; Casale, A.; Arndt, E.; Assmann, T.; Makarov, K.V.; Mossakowski, D.; Sz¢él, G.; Weber, F. Species accounts.
In The Genus Carabus in Europe: A Synthesis; Turin, H., Penev, L., Casale, A., Eds.; Pensoft Publishers: Sofia, Bulgaria, 2003;
pp- 151-284.

Magura, T.; Lovei, G.L. Consequences of urban living: Urbanization and ground beetles. Curr. Landsc. Ecol. Reports 2021, 6, 9-21.
[CrossRef]

Martinson, H.M.; Raupp, M.J. A meta-analysis of the effects of urbanization on ground beetle communities. Ecosphere 2013, 4, 60.
[CrossRef]

Niemeld, J.; Kotze, D.J.; Venn, S.; Penev, L.; Stoyanov, I.; Spence, J.; Hartley, D.; de Oca, E.M. Carabid beetle assemblages
(Coleoptera, Carabidae) across urban-rural gradients: An international comparison. Landsc. Ecol. 2002, 17, 387—401. [CrossRef]
Magura, T.; Lovei, G.L. Increased exploratory behaviour during the breeding season in a ground beetle, Carabus convexus. In
Proceedings of the 21th Biology Days; Prazsmari, H., Ed.; Babes-Bolyai University: Kolozsvar, Romania, 2021; p. 42.

Magura, T.; Horvath, R.; Mizser, S.; Téth, M.; Nagy, D.D.; Csicsek, R.; Balla, E.; Lovei, G.L. Urban individuals of three rove beetle
species are not more exploratory or risk-taking than rural conspecifics. Insects 2022, 13, 757. [CrossRef]

https:/ /doi.org/10.3390/insects17040356


https://doi.org/10.1016/j.landurbplan.2019.103587
https://doi.org/10.1111/j.1749-6632.2010.05925.x
https://doi.org/10.1016/j.biocon.2006.03.003
https://doi.org/10.1093/biosci/bix079
https://doi.org/10.1016/j.scitotenv.2021.146559
https://doi.org/10.1016/j.tree.2004.04.009
https://doi.org/10.1093/beheco/araf053
https://doi.org/10.1016/j.anbehav.2023.07.003
https://doi.org/10.3389/fevo.2017.00054
https://doi.org/10.1111/gcb.13395
https://www.ncbi.nlm.nih.gov/pubmed/27310334
https://doi.org/10.7717/peerj.4360
https://doi.org/10.1111/brv.12012
https://doi.org/10.1093/beheco/araa115
https://doi.org/10.1016/S0031-4056(24)00225-7
https://doi.org/10.1007/s11756-021-00805-x
https://doi.org/10.14411/eje.2001.023
https://doi.org/10.1016/0006-3207(90)90052-Q
https://doi.org/10.1007/s10841-009-9236-z
https://doi.org/10.1016/S1164-5563(01)01103-7
https://doi.org/10.1007/s40823-020-00060-x
https://doi.org/10.1890/ES12-00262.1
https://doi.org/10.1023/A:1021270121630
https://doi.org/10.3390/insects13080757
https://doi.org/10.3390/insects17040356

Insects 2026, 17, 356 14 of 15

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

Labaude, S.; O'Donnell, N.; Griffin, C.T. Description of a personality syndrome in a common and invasive ground beetle
(Coleoptera: Carabidae). Sci. Rep. 2018, 8, 17479. [CrossRef]

Magura, T.; Horvath, R.; Mizser, S.; Téth, M.; Kozma, ES.; Lovei, G.L. Sex-specific but not urbanisation-related behavioural
differences in a wolf spider, Pardosa alacris. Sci. Rep. 2026, in press. [CrossRef]

Wexler, Y.; Scharf, I. Distinct effects of two separately applied stressors on behavior in the red flour beetle. Behav. Processes 2017,
145, 86-92. [CrossRef]

Tremmel, M.; Miiller, C. Insect personality depends on environmental conditions. Behav. Ecol. 2013, 24, 386-392. [CrossRef]
Magura, T.; Mizser, S.; Horvath, R.; Nagy, D.D.; Téth, M.; Csicsek, R.; Lovei, G.L. Are there personality differences between rural
vs. urban-living individuals of a specialist ground beetle, Carabus convexus? Insects 2021, 12, 646. [CrossRef] [PubMed]
Malik-Roffa, H.; T6zsér, D.; Téthmérész, B.; Magura, T. BugTracker: Software for Tracking and Measuring Arthropod Activity.
Diversity 2023, 15, 846. [CrossRef]

Gyuris, E.; Fer6, O.; Tartally, A.; Barta, Z. Individual behaviour in firebugs (Pyrrhocoris apterus). Proc. R. Soc. B Biol. Sci. 2011,
278, 628-633. [CrossRef] [PubMed]

Wexler, Y.; Subach, A.; Pruitt, ].N.; Scharf, I. Behavioral repeatability of flour beetles before and after metamorphosis and
throughout aging. Behav. Ecol. Sociobiol. 2016, 70, 745-753. [CrossRef]

Bell, A.M.; Hankison, S.J.; Laskowski, K.L. The repeatability of behaviour: A meta-analysis. Anim. Behav. 2009, 77, 771-783.
[CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2025.
Fox, J.; Weisberg, S. An R Companion to Applied Regression; SAGE Publications: Thousand Oaks, CA, USA, 2018.

Venables, W.; Ripley, B. Modern Applied Statistics with S; Springer: New York, NY, USA, 2002.

Brooks, M.E,; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.].; Médchler, M.; Bolker, B.M.
glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling. R J. 2017, 9,
378-400. [CrossRef]

Lenth, R.V,; Piaskowski, ]. emmeans: Estimated Marginal Means, aka Least-Squares Means 2025. Available online: https:/ /cran.r-
project.org/web/packages/emmeans/index.html (accessed on 11 March 2026).

Signorell, A.; Aho, K.; Alfons, A.; Anderegg, N.; Aragon, T.; Arachchige, C.; Arppe, A.; Baddeley, A.; Barton, K.; Bolker, B.; et al. De-
scTools: Tools for Descriptive Statistics 2021. Available online: https:/ /cran.r-project.org/web/packages/DescTools/index.html
(accessed on 15 January 2026).

Stoffel, M.A.; Nakagawa, S.; Schielzeth, H. rptR: Repeatability estimation and variance decomposition by generalized linear
mixed-effects models. Methods Ecol. Evol. 2017, 8, 1639-1644. [CrossRef]

Magura, T.; Lovei, G.L.; Téthmérész, B. Time-consistent rearrangement of carabid beetle assemblages by an urbanisation gradient
in Hungary. Acta Oecologica 2008, 34, 233-243. [CrossRef]

Magura, T.; Horvath, R.; Mizser, S.; Téth, M.; Lovei, G.L. Differences in morphology of rural vs. urban individuals of the flightless
ground beetle, Carabus convexus. Insects 2025, 16, 430. [CrossRef]

Magura, T.; Mizser, S.; Horvath, R.; Nagy, D.D.; Té6th, M.; Csicsek, R.; Lovei, G.L. Differences in life history traits in rural vs.
urban populations of a specialist ground beetle, Carabus convexus. Insects 2021, 12, 540. [CrossRef]

Kralj-FiSer, S.; Schuett, W. Studying personality variation in invertebrates: Why bother? Anim. Behav. 2014, 91, 41-52. [CrossRef]
Harris, C.; Liedtke, ].; Drees, C.; Schuett, W. Exploratory behaviour is not related to associative learning ability in the carabid
beetle Nebria brevicollis. Behav. Processes 2020, 180, 104224. [CrossRef]

Li,R; Yang, C; Lou, Y,; L, J.; Lyu, N. Animal personalities influence male mating behavior and reproductive fitness. Behav. Ecol.
2025, 36, arae094. [CrossRef]

Prokop, P; Balcectik, J.; Masarovi¢, R.; Provaznik, Z. Examining personalities and behavioural syndromes in the burying beetle,
Nicrophorus vespilloides Herbst, 1783. Ecol. Evol. 2025, 15, €71718. [CrossRef]

Roald-Arbel, M.; Yarwood, E.; David Fernandes, A.S.; Moubarak, E.M.; Drees, C.; Niven, J.E.; Schuett, W. Using a low-cost
trackball system to assess repeatability of movement in small animals. Ecol. Evol. 2025, 15, €72535. [CrossRef]

Yarwood, E.; Drees, C.; Niven, J.E.; Schuett, W. Sex-specific covariance between metabolic rate, behaviour and morphology in the
ground beetle Carabus hortensis. Peer] 2021, 9, e12455. [CrossRef] [PubMed]

Zhang, L.; Baas, K.B.; Biesot, L.; de Boer, A.; Nugteren, A.; Székely, T.; Komdeur, ]. Multidimensional behavioral consistency and
syndromes in the dung beetle Onthophagus taurus: Adult sex ratio has no effect on personality expression. Behav. Ecol. Sociobiol.
2025, 79, 72. [CrossRef]

Carere, C.; Maestripieri, D. Animal Personalities: Who Cares and Why? In Animal Personalities—Behavior, Physiology, and Evolution;
Carere, C., Maestripieri, D., Eds.; University of Chicago Press: Chicago, IL, USA, 2013; pp. 1-10.

Magura, T.; Mizser, S.; Horvath, R.; Téth, M.; Lovei, G.L. Inconsistency in the existence of personality in ground beetles
(Coleoptera: Carabidae). Diversity 2026, 18, 67. [CrossRef]

https://doi.org/10.3390/insects17040356


https://doi.org/10.1038/s41598-018-35569-z
https://doi.org/10.1038/s41598-026-41239-2
https://doi.org/10.1016/j.beproc.2017.10.008
https://doi.org/10.1093/beheco/ars175
https://doi.org/10.3390/insects12070646
https://www.ncbi.nlm.nih.gov/pubmed/34357306
https://doi.org/10.3390/d15070846
https://doi.org/10.1098/rspb.2010.1326
https://www.ncbi.nlm.nih.gov/pubmed/20826482
https://doi.org/10.1007/s00265-016-2098-y
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.32614/RJ-2017-066
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/DescTools/index.html
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1016/j.actao.2008.05.010
https://doi.org/10.3390/insects16040430
https://doi.org/10.3390/insects12060540
https://doi.org/10.1016/j.anbehav.2014.02.016
https://doi.org/10.1016/j.beproc.2020.104224
https://doi.org/10.1093/beheco/arae094
https://doi.org/10.1002/ece3.71718
https://doi.org/10.1002/ece3.72535
https://doi.org/10.7717/peerj.12455
https://www.ncbi.nlm.nih.gov/pubmed/35003913
https://doi.org/10.1007/s00265-025-03613-4
https://doi.org/10.3390/d18020067
https://doi.org/10.3390/insects17040356

Insects 2026, 17, 356 15 of 15

65.

66.
67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Andrew, R.]J. Recognition processes and behavior, with special reference to effects of testosterone on persistence. Adv. Study Behav.
1972, 4, 175-208. [CrossRef]

Schuett, W.; Tregenza, T.; Dall, S.R.X. Sexual selection and animal personality. Biol. Rev. 2010, 85, 217-246. [CrossRef] [PubMed]
Dall, S.R.X.; Houston, A.I; McNamara, ].M. The behavioural ecology of personality: Consistent individual differences from an
adaptive perspective. Ecol. Lett. 2004, 7, 734-739. [CrossRef]

Wolf, M.; Weissing, EJ. An explanatory framework for adaptive personality differences. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365,
3959-3968. [CrossRef]

Laskowski, K.L.; Chang, C.-C.; Sheehy, K.; Aguifaga, ]J. Consistent individual behavioral variation: What do we know and where
are we going? Annu. Rev. Ecol. Evol. Syst. 2022, 53, 161-182. [CrossRef]

Vines, A; Lill, A. Boldness and urban dwelling in little ravens. Wildl. Res. 2016, 42, 590-597. [CrossRef]

Audet, ].-N.; Ducatez, S.; Lefebvre, L. The town bird and the country bird: Problem solving and immunocompetence vary with
urbanization. Behav. Ecol. 2015, 27, 637-644. [CrossRef]

Dammhahn, M.; Mazza, V.; Schirmer, A.; Gottsche, C.; Eccard, J.A. Of city and village mice: Behavioural adjustments of striped
field mice to urban environments. Sci. Rep. 2020, 10, 13056. [CrossRef]

Mazza, V.; Dammhahn, M.; Losche, E.; Eccard, J.A. Small mammals in the big city: Behavioural adjustments of non-commensal
rodents to urban environments. Glob. Change Biol. 2020, 26, 6326-6337. [CrossRef] [PubMed]

Rech, F.; Narimanov, N.; Bauer, T.; Schirmel, J. Urbanization increases fluctuating asymmetry and affects behavioral traits of a
common grasshopper. Ecol. Evol. 2022, 12, €9658. [CrossRef]

Jacquier, L.; Molet, M.; Doums, C. Urban colonies are less aggressive but forage more than their forest counterparts in the ant
Temnothorax nylanderi. Anim. Behav. 2023, 199, 11-21. [CrossRef]

Kralj-Fiser, S.; Hebets, E.A.; Kuntner, M. Different patterns of behavioral variation across and within species of spiders with
differing degrees of urbanization. Behav. Ecol. Sociobiol. 2017, 71, 125. [CrossRef]

Chatelain, M.; Riidisser, J.; Traugott, M. Urban-driven decrease in arthropod richness and diversity associated with group-specific
changes in arthropod abundance. Front. Ecol. Evol. 2023, 11, 980387. [CrossRef]

Harris, B.A ; Stevens, D.R., II; Mathis, K.A. The effect of urbanization and temperature on thermal tolerance, foraging performance,
and competition in cavity-dwelling ants. Ecol. Evol. 2024, 14, €10923. [CrossRef] [PubMed]

Kotze, D.J.; Lowe, E.C.; Maclvor, ].S.; Ossola, A.; Norton, B.A.; Hochuli, D.F.; Mata, L.; Moretti, M.; Gagné, S.A.; Handa, L.T,;
et al. Urban forest invertebrates: How they shape and respond to the urban environment. Urban Ecosyst. 2022, 25, 1589-1609.
[CrossRef]

Caspi, T; Johnson, J.R.; Lambert, M.R.; Schell, C.J.; Sih, A. Behavioral plasticity can facilitate evolution in urban environments.
Trends Ecol. Evol. 2022, 37, 1092-1103. [CrossRef]

Harrison, L.M.; Noble, D.W.A.; Jennions, M.D. A meta-analysis of sex differences in animal personality: No evidence for the
greater male variability hypothesis. Biol. Rev. 2022, 97, 679-707. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/insects17040356


https://doi.org/10.1016/S0065-3454(08)60010-8
https://doi.org/10.1111/j.1469-185X.2009.00101.x
https://www.ncbi.nlm.nih.gov/pubmed/19922534
https://doi.org/10.1111/j.1461-0248.2004.00618.x
https://doi.org/10.1098/rstb.2010.0215
https://doi.org/10.1146/annurev-ecolsys-102220-011451
https://doi.org/10.1071/WR14104
https://doi.org/10.1093/beheco/arv201
https://doi.org/10.1038/s41598-020-69998-6
https://doi.org/10.1111/gcb.15304
https://www.ncbi.nlm.nih.gov/pubmed/32767603
https://doi.org/10.1002/ece3.9658
https://doi.org/10.1016/j.anbehav.2023.02.004
https://doi.org/10.1007/s00265-017-2353-x
https://doi.org/10.3389/fevo.2023.980387
https://doi.org/10.1002/ece3.10923
https://www.ncbi.nlm.nih.gov/pubmed/38384820
https://doi.org/10.1007/s11252-022-01240-9
https://doi.org/10.1016/j.tree.2022.08.002
https://doi.org/10.1111/brv.12818
https://doi.org/10.3390/insects17040356

	Introduction 
	Materials and Methods 
	Study Area and Sampling Design 
	Study Species 
	Behavioral Assays 
	Statistical Analyses 

	Results 
	Discussion 
	Limitations of the Dataset 
	Behavior Repeatability and Time Interval Between Trials 
	Animal Personality 
	Urbanization and Behavior 
	Sex-Dependent Behavior 

	Conclusions 
	References

