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Abstract
Traffic noise was tested as a stress factor in an open-field study of urban and
non-urban populations of two species belonging to the genus Apodemus: the
striped field mouse and the yellow-necked mouse. The striped field mouse has
inhabited green areas in cities for years, whereas the yellow-necked mouse was
first observed in such areas relatively recently. Behavioral reactions to noise in
the urban population of striped field mice were the same as the reactions observed in the non-urban population of the species. As for the yellow-necked
mouse, behavior in response to noise in the non-urban population differed
from that observed in the urban population. We see such differences as being
related to the fact that striped field mice, which have inhabited urban areas for
many generations, form a stable population in urban areas, and specific individuals are adapted to urban conditions. Yellow-necked mice, in turn, form
no stable urban population and the individuals found in cities are most probably migrants, not adapted to urban conditions, which is the reason why their
reaction to noise differs from the typical response.
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1. Introduction
Present-day cities are inhabited by a wide array of animal species. Characterized
by milder climate conditions than non-urban environments, cities are warmer
than the surrounding areas and have smaller diurnal and seasonal temperature
variations [1]. Cities are also places where many species find rich sources of
anthropogenic foods [2]. Consequently, breeding seasons may be extended as a
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result of their earlier onset and longer duration [3]. However, taking advantage
of what cities have to offer also necessitates coping with inconveniences typical
of urban areas. Urban patches inhabited by animals are often small in size, fragmented, and separated by barriers that limit migration possibilities [4]. Human
proximity and activity, even if not dangerous as such, may be perceived by animals as threatening [5]. Traffic noise, which is a typical characteristic of cities,
acts as a powerful disturbance factor [6]. Characterized by constant high intensity, such noise is present throughout the daytime and often also during the
night. Noise with such parameters is believed to act as a major stress factor [7].
The typical reaction to such factors involves a stress response: the activation of
the hypothalamic-pituitary-adrenal axis (HPA axis), which results in the release
of glucocorticoids into the blood. The peripheral effects of these hormones involve increasing the efficiency of the organism as well as preparing it to cope
with greater load and defend itself against actual or predicted threats. In addition to peripheral effects, glucocorticoids also affect the central nervous system
through glucocorticoid receptors present in different regions of the brain [8].
Such actions have significance for regulation and consolidation, affect memory
processes, modulate emotional responses, and influence decision-making and
behavior control processes [9]. These effects are crucial for adequate reaction to
a specific stress factor, depending on the context and memories of earlier experiences [10]. Consequently, stress may affect animal behavior. In addition, exposure to a stress factor that is new or occurs in a new situation may induce a
different effect than exposure to one that occurs repeatedly in the life of an animal. Prolonged, constant exposure to stress factors may lead to the exhaustion of
the body’s resources, in addition to substantially impairing fear control functions.
The striped field mouse (Apodemus agrarius) is found in most of the green
areas in Warsaw, Poland. Its presence in Warsaw was first recorded in the nineteenth century [11]. In the early twentieth century, the striped field mouse was
described as a species often found in the city [12]. In the latter half of the twentieth century, it became the dominating rodent species found in parks [13] [14]
[15], with numerous local populations being found in the present-day area of the
city [16] [17]. The striped field mouse mainly inhabits fields, meadows, and
wastelands, but it is also found in forests and other areas. The species moves
predominantly on the surface of the ground and may be active both during the
day and at night. They seek refuge in underground burrows, which they often
excavate themselves [18].
Another species of the Apodemus genus found in the green areas in Warsaw
is the yellow-necked mouse (Apodemus flavicollis). It was first recorded less
than 20 years ago and is less frequently found [19] [20]. In nature, the typical
habitats of the species are forests. Yellow-necked mice actively utilize both the
floor and the canopy of forests: they are excellent climbers, so they can be found
even in tree crowns. They are active predominantly at night and seek refuge in
burrows, often also in tree hollows, crevices, and bird nesting boxes [18].
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Both striped field mice and yellow-necked mice can be currently found in
green areas in cities, where they are exposed to the same stimuli. Making efficient use of the resources available in the environment appears to necessitate
developing the ability to cope with such stimuli. The yellow-necked mouse is a
specialist species that is linked to forest habitats and has a relatively short urban
colonization history. The striped field mouse, in turn, is a generalist that can inhabit many different environments. It is competitively weaker than the yellownecked mouse yet has a substantially longer city colonization history. Studies of
these two species may help find answers to questions concerning their ability to
cope with stress factors in urban habitats.
The purpose of this paper is to examine the impact of traffic noise, as a typical
stress factor in the urban environment, on the behavior of small rodents that inhabit green areas in cities. The open field test was therefore used to compare
changes in the behavior of individuals from urban and non-urban populations in
two species belonging to the genus Apodemus that differed in terms of their city
colonization history and ecological relationship.

2. Material and Methods
2.1. Animals
The tests were conducted on adult individuals of the striped field mouse (Apo-

demus agrarius) and the yellow-necked mouse (Apodemus flavicollis) species.
Animals from the urban environment were trapped in a city park in downtown
Warsaw. Animals from the natural environment were live-trapped in areas located around 22 km away from the city center. There were created four groups
of animals (Table 1). Pregnant and lactating females as well as sexually immature individuals were excluded from the tests. It was the reason of lowered size of
the A. flavicollis group of urban environment, particularly in examined area
number of individuals of this species was small at this time. All the procedures
were planned in such a way as to allow the animals to be released at the trapping
sites within 14 days of the trappings and minimize their contact with humans.
The captured animals were taken to the laboratory at least seven days before
the beginning of tests. They were housed individually in standard cages for rodents and given ad libitum access to food and water. All the cages were fitted
with PVC (polivinyl chloride) tubes around 20 cm long and 4 cm in diameter,
which served as shelters for the mice and were later used to transport them
Table 1. Arrangement of experimental groups, and group size.
Groups
(1)

(2)

(3)

A. agrarius

Species

(4)

A. flavicollis

Environment

Urban

Non-urban

Urban

Non-urban

Group size

13

13

6

13
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between the cage and the test arena [21]. The animals were kept in a room with a
13:11 photoperiod natural for the season of the year (mid-September). The personnel were kept to minimum in order not to disturb the animals.
After the completion of the tests, all animals were released at the trapping
sites.

2.2. The Open Field Test
The tests were conducted in a white arena of a rectangular shape (1 × 1 m) that
was 1 m high. A speaker was positioned outside of the arena, 20 cm away from
the middle of one of its walls. The arena was illuminated with 920 nm infrared
light. The arena was surrounded by a thick curtain. A digital camera (model:
GV-BX1300-3V) operating at infrared wavelengths was mounted centrally above
the open field to record the behavior of the animals. The computer used for video recording and the operators were located in a neighboring room.
The tests were carried out between 9 p.m. and 3 a.m. in order to adjust the
procedure to the diurnal activity of the test animals. All procedures involving the
presence of animals were conducted under dim red light. Before a mouse was
placed inside, the arena was cleaned, washed with ethanol, and dried in order to
eliminate potential traces of animals previously tested.
All mice were tested individually and only once. Each animal was carried to
the arena in the PVC tube from its home cage and placed in the center of the
open field. A test lasted a total of 15 minutes and consisted of three five-minute
parts. In the first and third part, the camera only recorded the behavior of the
animals. In the second part, the sound of traffic noise was additionally played
from a specially prepared recording: the level of the sound increased from the
background level to around 60 dB for a period of three minutes and then stayed
at this level. At the end of the second part, the sound of an ambulance siren was
played for around 5 seconds, ultimately reaching the level of 90 dB (Figure 1).
The volume of the speaker was set prior to the beginning of the tests using a microphone and software for recording animal vocalization and remained unchanged throughout the tests. No vocalizations were recorded during the tests.
The background sound level, when no recording was being played, did not exceed 20 dB.
After the completion of the test, the tube from the home cage was placed inside the arena and used to transport the animal back to the cage.

Figure 1. Experiment design. BNS (before noise stimulation) and ANS (after noise stimulation) are parts compared during analysis.
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2.3. Analysis of the Results of the Open Field Test
The recordings were analyzed using the EthoVision software based on such parameters as distance moved, average velocity, the time of motion, movement
status, and the time spent in the specific sectors of the arena. In addition, the recordings were analyzed in terms of the time spent on grooming, leaning on the
wall, rearing, and digging as well as the number of jumps.
Statistical analyses for both species were conducted separately. The results
recorded before and after noise stimulation were compared for animals from
urban and non-urban populations. A non-parametric Kruskal-Wallis test was
conducted. When significant differences were discovered, it was followed by a
post-hoc test according to Conover with Holm’s adjustment for multiple comparisons. All the analyses were conducted using the R software [22] and the
PMCMR (Pairwise Multiple Comparisons of Mean Rank) library [23].

2.4. Tests of Glucocorticoid Levels
Fecal corticosterone levels were measured for all the test animals before and after
the open field test. Fecal samples were collected 24 hours before and 8 hours after the test. The animals were placed in cages with steel grid floor with a piece of
blotting paper placed underneath. All the feces excreted within two hours were
collected and frozen for further analyses.
Corticosterone levels were measured using the enzyme immunoassay kit
“Corticosterone EIA,” produced by Cayman Chemical (Catalog No. 500651).
Extraction and measurements were conducted according to the manufacturer’s
instructions for the measurement of corticosterone levels in rodent feces.
The results obtained in this way were subjected to a logarithmic transformation and a two-way analysis of variance. The factors were: the timing of sample
collection (before and after the test) and the population. The analyses were conducted independently for both species.

3. Results
The results are presented for those for which statistically significant differences
were found between the phases of the test—for the parameters related to the
movement status of the animals, the time of grooming behavior, and the time
the animals spent leaning on the walls of the arena.
Time spent on locomotor activity decreased significantly following exposure
to noise in the group of both urban and non-urban individuals of A. agrarius.
For A. flavicollis, in turn, the reaction was only observed in the group of nonurban animals (Figure 2(a)). Similarly, the average velocity and the distance
moved were significantly smaller after noise stimulation in urban and non-urban
groups of A. agrarius. In the groups of A. flavicollis, the change was statistically
significant only in the group of non-urban mice (Figure 2(b) and Figure 2(c)).
The duration of fast movements did not change between the compared periods and remained low in both groups of A. agrarius and A. flavicollis. Nevertheless, a decrease in slow movements and an increase in the periods of freezing
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(a)

(b)

(c)

Figure 2. Parameters of locomotor activity. Results are presented as medians, boxes and
whiskers represents quartiles, black dots indicates outliers. Statistical significance marked
as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. BNS—before nise stimulation, ANS—after
noise stimulation.

behavior before noise stimulation were observed among individuals from the A.

agrarius species both from the urban environment and from the non-urban environment. In A. flavicollis, a similar change was observed only among individuals from the non-urban environment (Figure 3).
All groups were characterized by the shortest duration of fast movements,
which differed significantly from the duration of slow movements and freezing
behavior. In the groups of A. agrarius from the urban environment and A. flavi-

collis from the non-urban environment before noise stimulation, the duration of
slow movements was significantly longer than the duration of freezing behavior.
After noise stimulation, however, the proportion was reversed, with freezing behavior lasting significantly longer than slow movements. In the group of A. agra-

rius from the non-urban environment before noise stimulation, the duration of
slow movements was significantly longer than the duration of freezing behavior,
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Figure 3. Indicators of movement status. Indications are the same as on the Figure 2.

whereas no significant differences between these two parameters were observed
after noise stimulation. In the group of A. flavicollis from the urban environment, the duration of freezing behavior and the duration of slow movements did
not differ significantly both in the group before noise stimulation and in the one
after noise stimulation.
The duration of grooming episodes increased significantly between the phases
of the test in the groups of A. flavicollis from urban and non-urban environments (Figure 4(a)). The time spent leaning on the walls decreased significantly
between test phases in the groups of A. agrarius from the urban population and
A. flavicollis from the non-urban population (Figure 4(b)).
Comparisons were made between the groups of individuals from urban and
non-urban populations for the groups before and after noise stimulation, independently for both species. Individuals from the non-urban population of A.
agrarius spent significantly more time on locomotor activity following noise
stimulation compared to the corresponding group of individuals from the urban
population. Also, the total duration of slow movements was significantly longer
after noise stimulation among A. agrarius from the non-urban population compared to the corresponding group from the urban population. Aside from these
two differences, no other significant differences were observed in that comparison.
Jumping and digging were observed in both species of the studied rodents
from both populations. These behaviors varied greatly in intensity between specific individuals: some mice showed no behavior of this type during the tests,
whereas the behavior of other individuals was characterized by a high level of
intensity of jumping and digging. For this reason, the distribution of these parameters was very broad and no statistically significant differences could be reported. In total, the mice from the A. agrarius species made 159 jumps, compared with 486 jumps observed among A. flavicollis. The cumulative time spent
on digging was 26 minutes and 3 seconds for A. agrarius and 6 minutes and 10
seconds for A. flavicollis.
No significant differences were observed in other parameters tested in the
study, so for the sake of clarity they are not presented in this paper.
61

A. Pieniążek et al.

(a)

(b)

Figure 4. Parameters of behavior. Indications are the same as on the Figure 2.

Analysis of corticosterone levels lead to the conclusion that none of the tested
factors had a significant impact on A. agrarius. As for A. flavicollis, one significant factor was the type of the population: the mice from urban populations had
higher corticosterone levels compared to the animals from non-urban populations (Figure 5).

4. Discussion
The striped field mouse (A. agrarius) has inhabited green areas in cities for
around a century, and currently forms stable populations in cities [12] [13] [15].
However, the same cannot be said of A. flavicollis, and it may be presumed that
individuals found in urban areas have migrated there from non-urban environments. The results we obtained appear to confirm this hypothesis.
Parameters of locomotor activity decreased over time in most of the groups
during the tests, which is typical behavior among rodents. Once placed inside
the arena, the animals initially engage in intensive exploration of the surroundings. Over time, they get to know the arena better and explore it less intensively,
which is explained by the process of habituation [24] [25] [26] [27]. This can be
observed for such parameters as motion, average velocity, and distance. The absence of significant changes in the intensity of locomotor activity between the
test phases among A. flavicollis from the urban population and the absence of
significant differences compared to corresponding groups from the non-urban
population could be attributed to greater diversity in the intensity of the parameters under study, which manifests itself in the broader distribution of results
in these groups.
Leaning on the walls of the arena is one of the components of exploration, often referred to as vertical exploratory activity [28]. A decrease in the time spent
on such behavior, just like lower locomotion parameters, could be attributed to
the gradual exploration of the new environment, which leads to habituation.
Grooming behavior in rodents primarily serves the purpose of body care. In
behavioral tests, grooming is linked to fear and, despite numerous ambiguities
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Figure 5. Plot of corticosterone concentraction in fecal samples for signifficant factor—
population. Indications are the same as on the Figure 2.

and interpretation difficulties [29], it is believed to be a reliable indicator of
stress [30] [31] [32]. Although increased time spent on grooming in urban and
non-urban populations of A. flavicollis in response to noise could be interpreted
as reaction to the stress factor, the fact that no change could be observed in either population of A. agrarius cannot be interpreted as the absence of stress. Instead, attention should be focused on broad distributions, which proves that the
tested mice form a highly diverse group.
Freezing is commonly believed to be a typical example of fear behavior: the
mechanism is well-known and directly related to the activation of the HPA axis
[9] [32] [33]. The reversal of the proportion of the duration of fast movements to
the duration of freezing behavior as a result of noise indicates increased fear levels. Such a situation was observed in the urban and non-urban groups of A.

agrarius and the non-urban population of A. flavicollis. Among individuals from
the species A. flavicollis, in turn, the duration of freezing remained the same in
both phases of the tests and was the same as the duration of slow movements.
The result could be interpreted as indicating that the level of fear was the same
in both phases of the experiment. Since no significant differences were observed
compared to corresponding groups of A. flavicollis from the non-urban environment, it is impossible to say with certainty whether the level of fear in the
urban population was high from the outset or the animals did not react to strong
noise.
When analyzing the results, we can notice that the nature of significant
changes followed a similar pattern for most of the parameters under study in
three of the groups of mice belonging to the genus Apodemus, whereas the urban population of A. flavicollis showed certain distinctive characteristics. Parameters that reflect locomotor activity indicate that the three aforementioned
groups exhibit locomotor habituation typical of the open field test, which cannot
be observed for the urban population of A. flavicollis. Similarly, this is the only
group that exhibited no increase in freezing behavior following noise stimula63
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tion.
Individuals from non-urban groups were trapped in their natural habitats, so
the results obtained in these groups can be treated as natural reactions to the
stress factor. Similar changes observed in the urban population of A. agrarius
compared to the non-urban individuals from the same species support the conclusion that individuals from the urban population do not differ from those
from the natural population in terms of behavior and react to the stress factor in
a way that is typical of the species.
A comparison of the results obtained in the urban population and the
non-urban group of A. flavicollis provides a different picture, supporting the
conclusion that the stress factor reaction among animals from the urban population differs from the reaction that is typical of the species. Such differences can
be attributed to the increased activity of the HPA axis, as confirmed by the measurements of the level of the principal hormone of this axis, corticosterone. Corticosterone levels were significantly higher in the animals from the urban population of A. flavicollis as compared to the non-urban population. In addition, increased time spent on grooming in response to the stress factor observed in A.

flavicollis, compared to the absence of this reaction in A. agrarius, may suggest
greater reactivity to stress in the former species. As mentioned earlier, the activation of the HPA axis, which manifests itself in elevated corticosterone levels,
affects behavior, allowing the animal to find an optimal reaction to a stressor.
Such influence may be individual in its nature, i.e. different for every animal,
which could increase the variance of the observed parameters.
The results obtained in behavioral tests confirm the findings of earlier studies,
which support the conclusion that the species forms a stable population in the
urban areas under study. Throughout their lives, individuals from these populations are exposed to stress factors typical of cities, which may have reduced their
reactivity to such stimuli.
The results obtained for A. flavicollis, however, could be explained by the hypothesis that the studied urban individuals do not come from a stable population
that inhabits these areas on a permanent basis and may have migrated from
places characterized by a lower intensity of stress factors. Higher noise levels or
human proximity in urban areas may be the reason behind the elevated levels of
corticosterone and less homogenous behavioral reactions observed for at least
some of the parameters under study. Such conclusions are consistent with the
current findings of population studies, which show that the urban populations of

A. agrarius are in very good condition and certain indicators are better than
those observed in the non-urban population under study. Meanwhile, individuals from the urban population of A. flavicollis are in much worse condition and
it cannot be said that they form a stable urban population [34]. Similarly, genetic
tests recently conducted among the same populations show that the urban populations of A. agrarius showed a high level of genetic differentiation and were
strongly isolated, while gene flow from non-urban populations was not large
[16] [17]. As for the urban populations of A. flavicollis, it was demonstrated that
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they included individuals that have migrated from different directions [20].
Different sensitivities to stress factors may have significant consequences for
the potential to inhabit urban environments. Prolonged increased activity of the
HPA axis may cause chronic stress, which may significantly impair the functioning of animals, including by reducing their reproductive capacity. In consequence, this may reduce reproductive success and winter survival, which means
reduced chances of forming a stable population. It would be very interesting to
test whether these species differ in their sensitivity to stress factors in natural
populations. A species that is less sensitive to stress stimuli would stand a better
chance of adapting to urban conditions. The results concerning grooming behavior could potentially indicate that A. agrarius is such a species.
It is also clear that sensitivity to stress factors may change when an animal is
frequently exposed to such stimuli. Recent studies conducted on laboratory rats
show that animals exposed repeatedly to stress factors show reduction in the response of the HPA axis. It was demonstrated that this change exhibited no characteristics typical of habituation, but it was suggested that it might involve
learning processes [35].
A. flavicollis are naturally found in forests, where they actively utilize both the
floor and canopy layers of vegetation and can easily climb shrubs and trees [18].
For that reason, both horizontal and vertical exploration is a typical way of examining the surroundings among individuals from this species. In turn, A. agrarius usually inhabits fields and meadows and moves chiefly on the surface of the
ground [18]. This is why it is possible to conclude that the results concerning
wall-leaning behavior for non-urban groups in both species reveal elements of
exploration typical of these species. For A. agrarius from the urban populations,
increased vertical exploration may be attributed to adaptation to the urban environment. As a result of the presence of numerous small barriers created by
humans in cities (such as fences and curbs), the animals needed to extend this
component of exploration in order to make use of the environment more effectively.
Open field tests are usually carried out on laboratory rodents; the few tests
conducted on wild species are done with laboratory-born animals or animals
maintained in laboratory conditions for extended periods of time [21] [36] [37].
Such animals are accustomed to being in relatively small cages. After they are
placed into the test arena, their behavior is largely linked to novelty exploration.
The animals in the present experiment were taken directly from the natural environment and underwent testing after a short period of acclimation. The arena
used for the tests, although larger than those typically used in tests on small rodents, was many times smaller than the home range of the test rodents. After
they were placed into the test arena, this was probably why they quickly explored
the area and then attempted to escape. The studied species inhabit different environments, so they also seek refuge and attempt to escape in different ways,
which was reflected in their behavior. The behavior of A. agrarius was dominated by digging, whereas A. flavicollis made significantly more jumps.
It should be emphasized, that current study was carried out on selected popu65
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lations of examined species. Their history of dwelling urban areas could not be
representative for the whole species. Also observed differences in the distribution of behavioral parameters could be explained both by species-specific traits
and urban inhabitation time-related factors. Further studies are necessary for a
full understanding of observed phenomena.

5. Conclusion
In behavioral terms, the urban population of Apodemus agarius did not differ
from the population that inhabited the environment natural for this species.
This may indicate adaptation to higher levels of stress factors characteristic of cities. In the second species under study, namely Apodemus flavicollis, individuals
from the urban population showed a different pattern of reactions in the tests
compared to the population from the natural environment. In addition, those
mice exhibited a higher level of stress, as demonstrated by higher corticosterone
levels. This may attest to difficulties in adapting to urban conditions and explain
the lack of stable urban populations.
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