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1  |  INTRODUC TION

Olfactory cues are important and reliable cues used by animals, both 
as repellent and as attractant (Li & Liberles, 2015). For example, 
small mammals avoid predator odours (e.g. Calder & Gorman, 1991), 
and mice use odour cues of the opposite sex to find and choose 
partners (e.g. Kavaliers & Colwell, 1995; Nyby et al., 1985). Although 
the information transmitted by olfactory cues can be universal for a 
species, the behavioural response may differ depending on the state 
or functional group of an individual. While predator cues should be 
avoided by all individuals, the information provided by conspecific 

odour may lead to changes in behaviour depending on the motiva-
tion of the receiver. Wild mice, for example, are attracted to con-
specific, same- sex odours in autumn to form wintering aggregations, 
but repelled in spring when competing for mates (Simeonovska- 
Nikolova, 2007). Thus, the social and seasonal context can shape an 
individual's interest in conspecific odour as well as its behavioural 
response towards such cues.

The use of olfactory cues for social communication is well 
known in rodents (Schultz & Tapp, 1973). Bank voles (Myodes 
glareolus), for example, increase foraging activity when conspe-
cific scent is present (Verplancke et al., 2010). Generally, olfaction 
plays an important role during mate choice (Ferkin, 2018), off-
spring rearing (e.g. Moore, 1981) and development (Alberts, 1976) 
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Abstract
Social organisation in species with fluctuating population sizes can change with den-
sity. Therefore, information on (future) density obtained during early life stages may 
be associated with social behaviour. Olfactory cues may carry important social in-
formation. We investigated whether early life experience of different experimental 
densities was subsequently associated with differences in attraction to adult conspe-
cific odours. We used common voles (Microtus arvalis), a rodent species undergoing 
extreme density fluctuations. We found that individuals originating from high experi-
mental density populations kept in large outdoor enclosures invested more time in 
inspecting conspecific olfactory cues than individuals from low- density populations. 
Generally, voles from both treatments spent more time with the olfactory cues than 
expected by chance and did not differ in their latency to approach the odour samples. 
Our findings indicate either that early experience affects odour sensitivity or that 
animals evaluate the social information contained in conspecific odours differently, 
depending on their early life experience of conspecific density.
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in rodents. The social rearing environment has a strong impact on 
the processing of olfactory information (Sanchez- Andrade and 
Kendrick, 2009. The frequency of social interactions increases 
with population density in some rodents, including meadow 
voles, Microtus pennsylvanicus (Reich & Tamarin, 1980). High 
social density can enhance physiological stress due to deple-
tion of resources, competition and higher predation risk (Creel 
et al., 2013; but see Parrish & Edelstein- Keshet, 1999). Thus, 
behaviour of individuals and interactions with conspecifics 
may depend on the population density they live in. For exam-
ple, female striped mice (Rhabdomys pumilio) reduce their home 
range with increasing number of female neighbours (Schoepf 
et al., 2015). Furthermore, higher population density in fluctu-
ating rodent populations may lead to higher infanticide in bank 
voles (Korpela et al., 2011), lower probability of pregnancy failure 
(Eccard et al., 2017) and a change from mostly monogamous to 
mostly polygynous mating systems (Lucia et al., 2008; Schradin 
& Pillay, 2005; Streatfeild et al., 2011). Thus, density may be 
the most important factor influencing the social environment of 
small rodents (Korpela et al., 2011). Information gathering from 
conspecific density (and potentially also identity of conspecifics 
and relatedness) may be pivotal for the expression of social be-
haviour towards conspecifics. More specifically, density experi-
enced during pre-  and postnatal development is known to prime 
adult behavioural strategies (Eccard & Rödel, 2011; Sachser & 
Kaiser, 1996; Sachser et al., 2020).

Here, we ask whether social density conditions experienced in 
early life influence how individuals gather information from con-
specific odours as adults. We used females of the common vole 
(Microtus arvalis) as a study system, as these short- lived, iteroparous 
rodents undergo typical annual and interannual variations in popula-
tion dynamics (Frank, 1957; Boyce & Boyce, 1988a). Densities during 
these fluctuations vary strongly, and densities from about 24 per 
ha in winter to 2000 individuals per ha in summer were reported 
(Boyce & Boyce, 1988a, Jacob et al., 2013). During winter, when 
overall density populations are low, common voles live in clusters 
of isolated groups of mixed sex and ages (Chełkowska, 1978. During 
summer, females live in groups of 2– 6 individuals that share large 
burrows (Boyce & Boyce, 1988b) and even visit each other when 
breeding solitarily (Liesenjohann et al., 2013). For this, burrows are 
connected by a network surface runways (Pelikán, 1982. Females 
use urine to mark their territory (Dobly, 2005), but do not use their 
own scent markings for remembering the path back to their burrow 
(Dobly, 2001). Thus, scent marks mainly contain information for con-
specifics on identity and number of conspecifics producing the scent 
mark, and voles might be attracted to the odour of conspecifics to 
associate in shared burrows.

The social system and seasonal fluctuation in population density 
leads to two predictions considering the reaction of voles to conspe-
cific odour cues:

• Individuals born in high density will be more sociable than voles 
born under low density conditions and may therefore exhibit a 

stronger attraction to conspecific odour to obtain information. 
On the one hand, high density may result in higher competition 
for food, shelter and mates, which may result in animals born in 
such conditions investing more time in gaining information about 
conspecifics. Alternatively, since many rodent species are promis-
cuous in high densities, odour cues may provide information on 
mating partners or opportunities.

• Individuals born under low density will show a stronger attrac-
tion to conspecific odours of unknown individuals, since they 
need to associate in small breeding groups or pairs. Alternatively, 
individuals born in high social densities may avoid odours of 
unknown conspecifics since they already experience social ex-
change and may avoid competitors. In order to assess the influ-
ence of density per se on the behaviour of voles to conspecific 
olfactory cues, we experimentally manipulated population den-
sities at the same season. We then collected pups from both high 
and low population densities and tested their reaction as adults 
to conspecific odour.

2  |  METHODS

2.1  |  Individuals and housing

We caught 36 adult common voles in spring 2019 around 
Potsdam, Germany, serving as the parental generation in the 
density treatments. For individual identification, each animal was 
injected with a passive integrated transponder tag (PIT; Trovan 
ID- 100, 2.12 mm × 11.5 mm, 0.1 g). After capture, we transferred 
the parental generation into 8 grassland outdoor enclosures with 
a size of 15 × 15 m, surrounded by galvanised metal walls ex-
tending 1 m below and 0.5 above the ground. The experimental 
facility was protected from ground predators with an electrical 
veterinary fence and from avian predators with a mesh net cover-
ing the experimental fields. Four live traps (Ugglan Special No. 2, 
Grahnab, Sweden) were permanently installed in each enclosure 
to ease recapture.

Two enclosures were stocked with 10 males and 10 females (890 
voles per hectare) from different capture sites to ensure unrelated-
ness, while 6 enclosures were stocked with one male– female pair 
(89 voles per ha). The expression of these treatments as density per 
hectare may not capture the essence of the treatment: Mobility of 
common vole allows them to reach each part of the enclosure (Jakob 
& Hempel, 2003; Briner et al., 2005) and interact with every individ-
ual in the enclosure. Thus, individuals may experience contacts to 
other individuals, not density per se. In the high contact treatment, 
each parental individual potentially experienced contacts with 19 
different individuals (55 potential dyads), while in the low contract 
treatment, there was only one potential contact.

Parental males were removed from the enclosures after 20 
days to prevent breeding with the focal offspring. Thus, treat-
ments differed by contacts and relatedness: in the high- density 
treatments, females and their offspring experienced contacts to 
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other families, while in the low- density females, all contacts were 
restricted within a family (mother and siblings). After another 
20 days, parental females and their weaned offspring were re-
moved from the enclosures by live trapping. Offspring, the test 
animals, had experienced close contact with their nestling sib-
lings and their mothers, but in the high contact treatments po-
tentially had contacts to other adult females and other juveniles 
since vole females can nest communally (Boyce & Boyce, 1988b), 
can visit each other's nests (Boyce & Boyce, 1988b; Liesenjohann 
et al., 2013) or may meet at their first days of leaving the nest and 
experiencing the environment.

As enclosures were limited, we performed this outdoor breeding 
experiments in two rounds. In July 2019, we run one high- density 
enclosure and 5 low- density enclosure, while in September 2019, we 
repeated the procedure by mixing up the distribution of parental an-
imals and densities in the enclosures, ending up with one additional 
high- density enclosure and 5 low- density enclosures. Parental ani-
mals that have previously been put into high- density treatments were 
used for low- density enclosures in the second round and vice versa.

After capture, offspring were housed individually in standard mak-
rolon cages (Ehret GmbH, Germany, Type III: 42 cm × 27 cm × 16 cm) 
equipped with wooden bedding, hay for food and nest building, and a 
paper roll. Conventional food pellets and water were provided ad libi-
tum. Housing rooms had natural light conditions and an ambient tem-
perature ranging from 12°C to 24°C. Offspring were tested for their 
reaction to conspecific odour at the age of 4 months, that is as adults.

2.2  |  Experimental set- up

We observed reactions of voles to odour of unknown conspecifics 
using a semi- transparent plastic box (45 × 22 × 22 cm) which was 
visually divided into six compartments, including the starting zone, 
a neutral zone in the centre and the odour zone (Figure 1). The box's 
ground was covered with wooden shavings, and a tablespoon of 
bedding including urine and faeces from three same- sex, unknown 
individuals (from different enclosures than the test subject) placed in 
one of the box corners, the odour zone. Immediately after prepara-
tion of the box with the sample, the test individual was then placed 
under a cover at the corner opposite of this odour sample. After one 
minute of acclimatisation, the cover was carefully removed to start 
the test. The behaviour of each test subject was recorded with a 
camera (Logitech®WebCam, Software Version 12.10.1113.0000) at-
tached vertically above the arena and controlled from an adjacent 
room in order not to disturb the animal. From the videos, we noted 
the latency of the test subject to enter the neutral centre, the la-
tency to enter the odour zone and the total amount of time spent 
with the odour. After a total of six minutes, the test was stopped, the 
individual removed and placed back in its home cage, and the test 
set- up was cleaned with alcohol.

In total, we tested 12 (5 males and 7 females) from high and 26 
(9 males and 17 females) from low- density populations three months 
after capture (December).

2.3  |  Statistical analyses

First, we tested whether the voles spend more time in the com-
partment with the odour sample than by chance (60 s) using a one- 
sample Wilcoxon signed- rank test. We then tested for differences 
in the latency to approach the odour and the total time spent in the 
odour zone between voles born in high-  and low- density popula-
tions using a mixed- effect model with enclosure as random factor 
to account dependencies within enclosures (e.g. sibling effects, 
dominance hierarchies). Density, sex and latency to enter the centre 
zone were potentially explanatory factors. Males and females may 
differ in their motivation to investigate conspecific odour, while the 
latency to enter the centre zone may affect the detectability of the 
odour sample. Latency to enter the odour zone was square- root- 
transformed in order to meet normal distribution.

2.4  |  Ethical note

Animals were housed and bred in the enclosures and indoor facili-
ties of the University of Potsdam according to permit 3854- 1- 132 
by the City Council (Stadtverwaltung Potsdam). Behavioural ob-
servations were conducted under the permits 2347- A- 16- 2- 2018 
and 2347- 42- 2017 by the County Brandenburg (Landesamt für 
Verbraucherschutz und Gesundheit) We minimised stress experi-
enced by the animals through maintaining regular trapping intervals 
(8 h), short transport times (enclosures and holding facilities were 
<1 km apart), and through minimising their handling (test animals 
were transferred from their cages into the test arena, and back, in a 
tube). Offspring were removed from the enclosures at the age 20+ 

F I G U R E  1  Experimental set- up. The focal animal (F) was placed 
in a box, with the olfactory sample (S) consisting of bedding from 
cages of three unknown same- sex conspecifics being placed in the 
opposite corner. Latency to enter the centre zone (C), latency to 
enter the compartment with the sample and amount of time spent 
with the sample were measured
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days, which is after weaning and at a subadult age where dispersal 
can occur.

3  |  RESULTS

All animals examined spent more time in the compartment with 
the odour sample than expected by chance (V = 616.5; p < .001). 
Latency to enter the centre and the odour zone were positively cor-
related (X² = 53.90; p < .001), with no differences between males 
and females (X² = 0.58; p = .25) or between individuals from high or 
low population densities (X² = 0.32; p = .57; Figure 2).

Males and individuals that entered the centre earlier spent more 
time in the odour zone (sex: X² = 7.12; p = .008; latency to enter 
centre: X² = 5.90; p = .015). When including both parameters into 
the mixed model, voles from high- density populations spent more 
time investigating the odour of conspecifics than individuals from 
low- density populations (X² = 7.11; p = .008; Figure 3).

4  |  DISCUSSION

In this study, common voles were generally attracted rather than 
repelled by conspecific odours. Individuals from both high and low 
social density populations spent more time close to the odour sam-
ples than expected by chance. This may be explained either by the 
general interest of common voles in odours or by an attraction of 
common voles to conspecifics and their cues. As the experimental 
animals have been kept individually for three months before start-
ing the test, they might have been seeking company the presence 
of conspecifics (see Tokumaru et al., 2015). An alternative in which 

voles were attracted to potential mating opportunities (Eccard 
et al., 2018) may be discarded because only same- sex odours were 
provided.

In line with these results, there was no difference in the latency 
to enter the area with bedding from conspecifics between individu-
als raised under high-  and low- density populations. Thus, the moti-
vation to approach and invest the odour appeared independent from 
the social environment an individual grew up in. However, voles from 
high population densities spent more time investigating the odours 
than individuals from low- density populations. These results remain 
relatively more consistent with our first hypothesis, which predicts 
this difference as a response to the early social environment experi-
enced. The social environment under high- density populations was 
probably more complex than under low population density, meaning 
that individuals encountered conspecifics more often than in low- 
density populations. The social environment an individual grows up 
in may shape behaviour later in life (e.g. Kaiser et al., 2015 for cavies; 
Eccard & Rödel, 2011 for European rabbits), and social information 
may thus vary in value between animals with different social expe-
riences in early life. Alternatively, social experience may affect on-
togenetic development in reactivity to social cues, as observed in 
locusts (Despland, 2001, Ochieng′ and Hansson, 1999, a possibility 
that needs to be investigated during follow- up experiments.

Alternatively, voles from high population densities may invest 
substantially more time inspecting conspecific odour than average. 
As individuals in high population densities face increased compe-
tition for food, shelter and mates, spending more time in gaining 
information from conspecific olfactory cues may have important 
fitness consequences. Indeed, scents from urine can inform individ-
uals about the competitive ability of conspecifics (through its activ-
ity level or its weight; Dobly, 2005). As female common voles scent 
mark their territory, information gained from such urine marks may 
modify individual behaviour leading to a reduced home range in the 
presence of same- sex conspecifics (Dobly, 2005). We found that 
males spend more time with the odour samples than females, which 
may reflect the generally higher intrasexual competition among 
males than among females (Bateman, 1948).

Our second hypothesis predicted that individuals from low- 
density populations, which are usually experienced in winter, could 
be attracted to conspecifics since in nature aggregations are formed 
during winter. Since both high and low population densities were 
experimentally created in summer, there was no seasonal need for 
voles from low densities to aggregate. Our results showed that if 
population densities are low in summer, which can be the case in 
multiannual density fluctuations, common voles are not more at-
tracted to conspecific odours than voles from high population den-
sity. Therefore, season itself (temperature or photoperiod) rather 
than population density may represent a cue for voles to form social 
aggregations in winter (Nelson et al., 1990).

Growing up in a specific population density may predict the 
subsequent social environment of a short- lived animal, as revealed 
in Octodon degus (Ebensperger et al., 2021). Thereby, cues de-
tected by the mother can shape the behavioural phenotype of the 

F I G U R E  2  Latency (s) to enter odour zone: There was no 
difference between animals from high- density (N = 12) or low- 
density (N = 26) populations (p = .57)
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offspring, both prenatally and through maternal behaviour (Sachser 
et al., 2018). Thus, early experience may form the basis of hormonal, 
neurological and behavioural patterns later in life and individuals 
primed for a life in a complex social environment may be more vari-
able in behaviour (Kemme et al., 2007; Sachser et al., 2018, 2020).

Individually consistent behaviour across time and context, re-
ferred to as behavioural type or personality, is well known in the 
common vole (Herde & Eccard, 2013; Lantova et al., 2011). While 
classic personality traits such as boldness, activity and exploration 
directly affect survival and overall fitness (Smith & Blumstein, 2008), 
social behaviour is a lesser- known personality trait, which can have 
fitness consequences. For example, social and asocial lizards (Lacerta 
vivipara) display different fitness outcomes in populations of differ-
ent densities (Cote et al., 2008). Asocial animals survived better in 
low- density populations, while social females reproduced better. 
Spatiotemporal variation in environmental conditions might thus be 
the process underlying the maintenance of these personality traits 
within a population. While it is known that vole personality changes 
with season (Gracceva et al., 2014), it is yet to be determine whether 
these changes are mediated by density or by other environmental 
cues. It has previously been found that animal personality differed 
between bank voles from naturally high and low population density 
(Korpela et al., 2011). Here, we have shown that the behaviour to-
wards conspecific scents was associated with the individuals’ social 
experience early in life, indicating that the value of social informa-
tion or the individual's sensitivity to odours may have been affected 
by early experience. Subsequent experiments are needed to disen-
tangle the proximate mechanisms of odour attraction and ultimate 
value of information gathering for cohorts with different early expe-
rience in animals with fluctuating density populations.
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