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Introduction

Animals compete with conspecifics for limited resources 
such as food, mating partners, and territory and the out-
come of this competition has consequences for survival 
and reproductive success. Therefore, individual variation in 
competitiveness, i.e. the ability to access limited resources, 
will contribute to fitness (e.g. Nicholson 1954; Maynard 
Smith and Parker 1976; Łomnicki 2008). Behavioral traits 
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Abstract
Animals compete for limited resources such as food, mating partners, and territory. The outcome of this intraspecific 
competition should be determined by individual variation in behavioral traits, such as aggressiveness and dominance sta-
tus. Consistent among-individual differences in behavior likely contribute to competitiveness and predispose individuals 
to acquire specific dominance ranks during parts of their adult life. Nevertheless, how dominance rank is correlated with 
animal personality traits remains largely unclear. In a first step towards better understanding these functional links, we 
studied trait integration into behavioral syndromes, using 26 captive male bank voles (Myodes glareolus). We repeatedly 
assessed boldness in an emergence test, exploration in an open-field test, aggressiveness in staged dyadic encounters, and 
the among-individual correlations between these behaviors. We further related these personality traits to dominance rank, 
from quantifying urine marking value (UMV), as marking in bank voles is related to dominance rank. We found repeat-
able variations in boldness, exploration, aggressiveness, and UMV, which were correlated at the among-individual level. 
Aggressiveness tended to be negatively correlated with body condition, a proxy for fitness. Thus, key personality traits 
and social rank are functionally integrated into a behavioral syndrome of intraspecific competitiveness. By joining social 
and non-social aspects of personality, our findings contribute to the ecological validation of personality traits and suggest 
how they contribute to higher-order component traits, such as dominance which directly affect fitness components.

Significance statement
The outcome of intraspecific competition is a key determinant of fitness. Consistent among-individual variation in behav-
ior is expected to contribute to competitiveness and predispose individuals to acquire dominance ranks in a given environ-
mental and social context. Yet, studies assessing links between animal personality and dominance rank, are contradictory 
and often assess trait integration at the phenotypic level. By repeatedly assessing individual variation in behavior and 
urine marking patterns under controlled conditions in male bank voles, we find positive among-individual correlations 
between boldness, exploration, aggressiveness, and urine marking value, an indicator of dominance rank in voles. Thus, 
key personality traits are functionally integrated with social rank, forming a behavioral syndrome of competitiveness. This 
trait integration can help explain how personality traits affect fitness components and personality-dependent space use, and 
help better understand how and why behavioral syndromes evolve within and affect animal societies.
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contribute to an individual’s competitiveness and the impor-
tance of specific traits may differ among forms of compe-
tition. Under interference or contest competition, resource 
use is reduced as a result of antagonistic interactions among 
competitors, and traits that increase an individual’s potential 
to monopolize resources should be selected for. In contrast, 
under scramble competition, resources are reduced through 
exploitation, and traits that increase the ability to locate and 
access resources should be advantageous (Nicholson 1954).

Dominance ranks are typically described as long-lasting 
positions within groups (Kaufmann 1983) and are also 
assigned to short-term winners of dyadic contests (Drews 
1993). They are associated with asymmetric aggression and 
priority access to resources or reproduction and are ubiq-
uitous and important aspects of social structure mediating 
social interactions (Rowell 1974; Kaufmann 1983; see Tib-
betts et al. 2022 for a review). Dominance rank is assessed 
by opponents and bystanders in repeated direct agonistic 
interactions, via signals of fighting ability, e.g. weapons, 
scent markings, and badges, or eavesdropping (Rohwer 
1977; Clutton-Brock 1982; Kaufmann 1983; Rozenfeld et 
al. 1987; Rozenfeld and Rasmont 1991; Drews 1993; Hurd 
and Enquist 2001; Johnstone 2001; van Staaden et al. 2011; 
Rat et al. 2015). An individual’s dominance rank determines 
its access to safety, food, and reproduction, with higher-rank-
ing individuals limiting the access of lower-ranking ones to 
good quality territories according to the ideal despotic dis-
tribution (Fretwell 1972; Rowell 1974). Dominance rank is 
associated with a wide range of physiological (Creel 2001) 
and behavioral traits and states (Colléter and Brown 2011; 
Majolo et al. 2012), and can affect fitness components such 
as reproductive success, longevity, and offspring survival 
(Kaufmann 1983; Majolo et al. 2012). Traits facilitating the 
acquisition of higher dominance ranks are often heritable 
(bank voles: Horne and Ylönen 1996; deer mice: Dewsbury 
1990; house mice: Fang et al. 2016). Consistent among-
individual differences in behavior, i.e. animal personality 
(Gosling 2001), likely contribute to competitiveness and 
predispose individuals to acquire specific dominance ranks 
in a given environmental and social context. Specifically, 
the personality trait aggressiveness, i.e. an individual’s 
agonistic reaction towards conspecifics often assessed in 
social or non-social contexts (Réale et al. 2007), ought to 
define an individual’s competitiveness under intraspecific 
interference competition and should be related to the domi-
nance rank an individual can obtain in social hierarchies. 
Aggressiveness is usually assessed in mirror image stimu-
lus tests (Réale et al. 2007; Wilson et al. 2011), playback 
experiments (Scales et al. 2011), via social network analysis 
(Panaccio et al. 2021), and via staged encounters with direct 
contact (Verbeek et al. 1996; Guerra and Pollack 2010; 
Wilson et al. 2011). Although dominance rank previously 

has been found to associate with various personality traits, 
these relationships, particularly between aggressiveness 
and dominance, remain contradicting and under-examined 
(Dingemanse and de Goede 2004; Colléter and Brown 
2011; Wilson et al. 2013; Duckworth 2014; Seyfarth et al. 
2014; Rudin et al. 2017). Whereas some studies show that 
dominance correlates with exploration, activity, risk-taking, 
neophilia and aggressiveness (Dingemanse and de Goede 
2004; Colléter and Brown 2011; David et al. 2011; Riebli et 
al. 2011; Wilson et al. 2013; Favati et al. 2014), others find 
no relationships (Korpela et al. 2011; Devost et al. 2016) 
or that dominance can erode behavioral syndromes (Rudin 
et al. 2017). Additionally, despite the necessity of disentan-
gling within- and between-individual correlation to evaluate 
behavioral syndromes at the correct level (Dingemanse et 
al. 2012; Brommer 2013; Brommer and Class 2017), some 
previous results are based on estimates of raw phenotypic 
correlations (e.g. Verbeek et al. 1996; Colléter and Brown 
2011; Korpela et al. 2011).

Behavioral syndromes, i.e. suites of correlated behaviors 
consistent over time and context, (Sih et al. 2004) can be 
adaptive if ecological or social conditions favor combina-
tions of traits (Wilson 1998; Bell 2004). Across taxa, bold-
ness (i.e. an individual’s reaction to any risky non-novel 
situation; Réale et al. 2007) is often positively associated 
with aggressiveness at the among-individual level (Ding-
emanse et al. 2007; Sih and Bell 2008). An individual may 
only bear the cost of higher boldness (i.e. reduced survival) 
if it is more competitive (i.e. aggressive) at the same time. In 
three-spined stickelbacks (Gasterosteus aculeatus) aggres-
siveness and boldness have been found to positively align 
under predation risk, i.e. when there is a cost to boldness 
(Bell and Sih 2007). Boldness also commonly positively 
correlates with exploration and activity (Wilson and Godin 
2009; Mazue et al. 2015; Dammhahn et al. 2022). If bolder 
individuals are more aggressive, active, and explorative, 
they might be more competitive and occupy larger and/or 
higher quality territories (e.g. Webster et al. 2009; Ward-Fear 
et al. 2018; Schirmer et al. 2019) and thus locate and access 
food faster (Dammhahn and Almeling 2012) and may have 
better access to mates (see Schuett et al. 2010 for an over-
view). Variations in spatiotemporal selection regimes, such 
as resource abundance, population densities, and predation 
pressure, could explain why these behavioral variations 
are maintained in populations (Mangel and Stamps 2001; 
Sih et al. 2004; Mouchet et al. 2021). Correlations between 
boldness and other personality traits are likely due to shared 
underlying mechanisms such as genetic correlations or 
physiological constraints (Sih et al. 2004). Such shared 
proximate mechanisms can constrain responses to selection 
and create trade-offs across different selection regimes, pro-
ducing sub-optimal behavior (Sih et al. 2004). Therefore, 
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knowing how behavioral traits are correlated becomes 
essential to explaining variations in behavior under different 
environmental and social contexts (e.g. resource abundance, 
predation risk, and population density) and determining 
broader effects on behavior, ecological interactions and fit-
ness. We are now starting to better understand the ecological 
relevance of personality traits (Réale et al. 2007; e.g. mam-
mals: Schirmer et al. 2020; birds: Dingemanse et al. 2003; 
fish: Webster et al. 2009; invertebrates: Santostefano et al. 
2016), but whether and how they affect social interactions 
is still much less resolved (Gartland et al. 2022). In a first 
step towards better understanding these functional links, we 
aimed to study trait integration into behavioral syndromes 
related to among-individual differences in competitive-
ness. By examining correlations between personality traits 
and how they associate with social dominance, we aim to 
resolve the structure of behavioral syndromes across social 
and non-social traits. Better understanding such trait inte-
gration will help us illuminate higher-order composite traits, 
such as competitiveness, which directly affect fitness com-
ponents (Réale et al. 2007). Embedding animal personality 
into social status may further help integrating the function 
and evolution of behavioral syndromes into our understand-
ing of animal societies (Gartland et al. 2022).

As study species we used a small rodent, the bank vole 
(Myodes glareolus, family Cricetidae). In this solitary living 
species, females mate promiscuously and males compete 
for access to estrous females (Gipps 1985). Females defend 
exclusive territories against other females, whereas male 
home ranges are overlapping with several females and males 
(Bujalska 1985). Males form stable dominance hierarchies 
(Viitala 1977) and dominance-related traits are heritable 
(Horne and Ylönen 1996). Under experimental conditions, 
most offspring are sired by dominant males (Klemme et al. 
2006) with offspring from dominant males being heavier 
than offspring from subordinates (Horne 1998). Bolder 
individuals of both sexes occupy larger and more exclu-
sive home ranges under natural conditions (Schirmer et 
al. 2019). Under interspecific competition, breeding males 
reduce space use (Eccard et al. 2011). Competition in bank 
voles is not experienced equally among individuals in a 
population (e.g. Eccard and Ylönen 2003), with shy ani-
mals experiencing more intraspecific competition than bold 
conspecifics (Schirmer et al. 2020). Personality also pre-
dicts microhabitat use in this species, with bolder and more 
active individuals foraging in risky physical environments 
(Mazza et al. 2019; Dammhahn et al. 2022). The social con-
text might, however, affect the strength and direction of this 
relationship (Schirmer et al. 2019) but this remains to be 
investigated.

In this study, we test the hypotheses that animals exhibit 
among-individual correlations (1) between boldness, 

activity/exploration, and aggressiveness, as well as (2) 
cross context of competitive behavior, aggressiveness and 
dominance-related behavior. We predict positive pairwise 
among-individual correlations between boldness, activity/
exploration, aggressiveness, and dominance-related behav-
ior. Additionally, we test the hypothesis that aggressiveness 
(a behavior for competitiveness) is positively correlated 
with body condition, a proxy for fitness (Jakob et al. 1996; 
Stevenson and Woods 2006; Peig and Green 2009).

Materials and methods

Study animals

We conducted this study on captive animals from July-Feb-
ruary of 2021 and 2022 in the animal facilities of the Ani-
mal Ecology Group in Potsdam (Germany). Study animals 
were male bank voles (Myodes glareolus) captured from 
the wild in a small forest patch near Potsdam (Germany, 
52°24’14.0"N 13°00’32.6"E) (n = 20) or born in captivity 
(n = 6) as F1 of wild-caught parents. Prior to the experi-
ments, all animals spent 3 to 5 months in the laboratory and 
were sexually mature. Because males fight in direct encoun-
ters (Gipps 1985), they were kept individually. Voles were 
housed in standard polycarbonate cages (type III and type 
IV) provided with wood shavings and hay as bedding, card-
board rolls as shelter, and a running disk for enrichment. 
Water and food pellets (Ssniff, NM, V 1244-0) were avail-
able ad libitum. Bedding was changed at least every two to 
three weeks. Light duration and humidity largely reflected 
natural conditions and temperature was regulated between 
14 and 25 °C.

Personality assessment

Emergence test and open-field test

We tested 26 males twice (inter-test interval: 3 to 10 days; 
median: 5 days, interquartile range: 4 to 6 days) in two 
established behavioral tests to quantify among-individual 
differences in activity, exploration, and boldness (Mazza et 
al. 2019; Schirmer et al. 2019). A circular arena (100  cm 
diameter surrounded by 35  cm high walls) with a white 
floor connected with an opaque tube (11 × 30  cm) with a 
sliding door was used in both tests. By drawing on the floor, 
the arena was visually divided into a circular middle area 
(70 cm in diameter) where the vole was fully exposed and 
a border area (15 cm wide) by the wall, representing a safer 
area. Each area was additionally visually divided into eight 
sections.
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immediately before testing. We placed one male in each 
compartment of the arena for one minute of habituation 
with the divider down (no direct visual and olfactory con-
tact). The arena was then moved to the test room and left for 
another five minutes of habituation without visual contact. 
The observer then raised the sliding door from the neighbor-
ing room and the voles were left to have visual, acoustic, 
and olfactory contact for 30 min. We chose a 30-minute test 
duration because in pilot observations of previously estab-
lished SDE for urine markings most voles moved during the 
first 30 min (FE personal observation).

Attack is the rapid approach of an opponent, resulting in 
a fight or a chase (Rozenfeld et al. 1987). Since a majority 
of direct interactions between mature male bank voles are 
agonistic (ca. 68% of close encounter SDEs end in fight-
ing, Gipps 1984), and because we prohibit direct interac-
tions, we interpret approaches to the barrier (i.e. the closest 
an individual can get to its opponent) as attacks. Contrast-
ingly, departures and time spent in Zone 3 (far away from 
the opponent) likely represent fleeing behavior. From the 
videos one observer (FE) quantified movements of the focal 
vole between the three zones of the arena, where move-
ments towards the divider and the opponent vole were 
defined as ‘approaches’ (Fig. SI1.A1-A4 in online resource 
1) and movements away from the divider and the opponent 
as ‘departures’ (Fig. SI1.D1-D4 in online resource 1). We 
quantified approaches and departures by counting crossings 
of the focal vole between zones with the whole body exclud-
ing the tail. For each movement between the zones, we addi-
tionally specified if the vole moved to or from the side of 
the arena in which the opponent vole was located (left or 
right of the vertical middle), i.e. if the vole crossed from one 
side over the arena, over the midline, to the other side of 
the arena with its full body (excluding the tail). For each of 
these crossings, we also noted down the zone position of the 
opponent vole. Furthermore, we quantified the time spent 
with its whole body (excluding the tail) in the section clos-
est to the divider (‘zone one seeker’) and time spent in this 
section while the opponent also occupies zone one in his 
compartment (‘opponent seeker’). If a vole spent the whole 
test immobile with the majority of its body in zone one, 
we also considered that as time spent in zone one. Because 
most of these crossing variables were zero-inflated we com-
bined variables into fewer variables explaining departures 
and approaches to opponent. These variables include four 
variables of number of approaches, four variables of num-
ber of departures, and one variable for all crossings (‘tot-
cross’). The four approach variables were: A1) number of 
approaches to zone one (closest to the divider) disregarding 
opponent position, A2) number of approaches to opponent 
(to zone one when the opponent is on the same side and 
approaches to the same side as the opponent within zone 

We quantified boldness-related behaviors via an emer-
gence test. The individual was placed in the tube for one 
minute of habituation, after which the door to the arena 
was opened by pulling a string from the neighboring room. 
Based on direct observation (or via video analysis), one 
observer (FE) measured two behavioral variables: the time 
to emerge with the head including ears (latency head) and 
the latency to emerge with the full body excluding the tail 
(latency body).

We quantified activity- and exploration-related behaviors 
via open-field tests. In this test, individuals were placed in 
an inverted beaker at the edge of the arena and left to habitu-
ate for one minute. Thereafter the beaker was gently lifted 
with a rope from the neighboring room and the individual 
was observed for 10 min. We recorded the activity (running, 
jumping, scanning, grooming) instantaneously every 10 s, 
latency to enter the center part of the arena with the full 
body excluding the tail (latency center), number of cross-
ings of the full body excluding the tail into the center part 
(crossings), and the number of different sections entered 
with its full body excluding the tail (sections).

Staged dyadic encounters (SDE)

To measure among-individual variation in behavior towards 
a conspecific, we ran staged dyadic encounters (SDE) 
between various dyads formed by the 26 male bank voles. 
Staged dyadic encounters are commonly used to assess 
aggressive behavior in bank voles where dominance hier-
archies are established through fighting and chasing and 
maintained by olfactory signals (Rozenfeld et al. 1987). A 
total of 26 took part in three SDE (inter-test interval: 1 to 
17 days; median: 7 days, interquartile range: 5 to 10 days) 
against three different opponents, except for one male for 
which only two encounters (with two different opponents) 
could be performed. To create dyads, we matched individu-
als of similar weight allowing a maximal weight difference 
of 6 g (corresponding to ≤ 25% of the body mass; median 
and inter-quartile ranges: 1.5 g (6%), 0.6 to 2.7 g (3 to 11%).

SDEs were performed in a rectangle box 
(56.5 × 36.5 × 59.5  cm) divided by a plastic wall into two 
similar-sized compartments (27 × 36.5 × 59.5  cm). The 
dividing wall had a wire grid and a sliding door at the bot-
tom to allow visual, acoustic, and olfactory contact between 
the two compartments after the sliding door was pulled up 
(see Fig. SI1 in online resource 1). We did not allow the 
voles to physically interact to avoid injuries. To simplify 
the video analysis of the placement of voles in the arena, 
we divided the area into three equally big zones (with zone 
one closest to the divider, zone two in the middle, and zone 
three furthest away from the divider) with lines on a paper 
placed at the bottom of the arena. Animals were weighed 

1 3

   98   Page 4 of 15



Behavioral Ecology and Sociobiology           (2024) 78:98 

of squares marked with urine markings of any style, subor-
dinate or dominant urine marking patterns, divided by the 
total number of squares. Because individuals marking with 
lines typical for dominant status cover a larger surface area 
(i.e. more squares) than individuals marking with blots typi-
cal for subordinate status, we used the original quantitative 
variable of the proportion of squares marked. Consequently, 
we keep variation in the trait and avoid reducing the trait to 
a factor variable of dominant versus subordinate.

All tests were conducted in separate testing rooms out-
side of the animal housing rooms. The emergence, open-
field, and SDE were conducted in similar environmental and 
light conditions as the housing rooms. The UMV assess-
ment was conducted under dark light conditions. Because 
bank voles, like other microtine species, have a polyphasic 
activity rhythm (Halle and Stenseth 2000), animals were 
tested between the hours of 8:00 and 18:00 when found 
active. Due to difficulties in finding both individuals in a 
dyad active at the same time, animals were tested in the 
SDE and UMV whether or not they were found active in the 
cage before the time of the test. Animals were not tested on 
days when cages were cleaned. After each behavioral test 
(emergence, open-field, SDE, UMV assessment), the ani-
mal was transferred back to its home cage, and the test are-
nas were cleaned with ethanol. Animals were transferred to 
and from test setups in the opaque beakers used in the emer-
gence and open-field test. Each vole was exposed to any of 
the setups only once per day. The emergence and open-field 
tests were conducted two to four months before the SDE 
and UMV assessment. The lower sample size of the UMV 
assessment and the lack of three repeats for one male in the 
SDE was caused by two males dying before these tests were 
conducted, probably of old age (exact age of wild-caught 
individuals was unknown).

Body condition

At the end of the SDE, one observer (FE) measured the head 
width (mm) of all animals and calculated body condition 
using the scaled body mass index suggested by Peig and 
Green (2009). This index was calculated as the mass (g) of 
an individual standardized to the mean head width (mm) as 
a measure of body size of all individuals in the population 
retaining the population-specific allometric relationship in 
grams.

Statistical analyses

To analyze among-individual correlations between behav-
iors expressed in the different tests we first estimated repeat-
ability of all behavioral variables. Because the time spent 
in zone one in the SDE was bimodal, we first transformed 

one), A3) number of approaches to zone one only when the 
opponent also is in zone one, A4) number of approaches to 
opponent (to zone one when the opponent is in the same side 
of zone one and approaches within zone one to the side the 
opponent vole is located in zone one). The four departure 
variables are the opposite movement (i.e. from zone one 
or opponent) to the above-described approach movements 
(from here on referred to as ‘D1’, ‘D2’, ‘D3’, ‘D4’). See 
Fig. SI2 in online resource 1 for a visual demonstration on 
how the variables were combined and online resource 2 for 
a video demonstration.

No observer was present in the room of the setup dur-
ing the emergence test, open-field, and SDE. All tests 
were recorded using cameras (ABUS, Mini Dome Camera 
HDCC35560) and analyzed single-blinded to the vole iden-
tity after tests had been conducted.

Urine marking value

Dominance-subordinate relationships established through 
direct agonistic interactions (fighting and chasing) relate 
to urine-marking behavior in bank voles (Rozenfeld et al. 
1987). Urine-marking behavior distinctly differs between 
dominant and subordinate male bank voles. Whereas sub-
ordinate males stop marking and only deposit large concen-
trated spots of urine in the presence of a dominant male, 
dominant males cover large areas with fine traces of squig-
gly-shaped markings (Rozenfeld et al. 1987; Rozenfeld and 
Rasmont 1991; Horne and Ylönen 1996). Assessing domi-
nance status from these markings is a reliable method and 
has the advantage of avoiding injuries from direct encoun-
ters (Horne and Ylönen 1996). In addition to the SDE 
described above, we ran a series of repeated paired trials 
(inter-test interval: range 1 to 65 days; median: 15 days, 
interquartile range: 5 to 23 days) to assess urine marking 
behavior of 24 males. Males were tested in the same dyads 
as in the behavioral SDE test. This setup consisted of two 
boxes (27.5 × 40 × 19  cm) attached side by side without a 
floor. The joint walls were perforated with small holes 
(ca. 0.5  cm diameter) to allow olfactory but only limited 
visual contact between the voles in each box. Filter paper 
was placed under the boxes to capture urine markings. We 
placed dyads in the setup, and left them to interact for two 
hours. Using UV light, we evaluated the filter paper from 
each vole by dividing it into 5 cm x 5 cm squares (35 in 
total) and counted how many of these squares were marked 
with a few large blots of marking (typical for subordinate 
status) or with many squiggly lines (typical for dominant 
status); this classification is based on Klemme et al. (2006). 
An individual only marks typical for subordinate status or 
dominant status, not both types. We calculated a urine mark-
ing value (UMV) expressed as the proportion of the number 
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Third, to estimate the fixed effects we ran univariate lin-
ear mixed effect models (for Gaussian distribution) using 
the lmer function from the lme4 package (Bates et al. 2015) 
or generalized mixed effect models (for Poisson and Bino-
mial distribution) using the glmmTMB function from the 
glmmTMB package (Brooks et al. 2017) for each response 
variable with individual identity as a random effect. We 
evaluated the effect of controlling for test occasion (i.e. first, 
second or third time tested) on all response variables, and 
for body condition on the composite variable from the SDE. 
Due to the large percentage of animals (38%) that did not 
move in the SDE, we additionally ran a GLMM on a bino-
mial variable of ‘aggressiveness’, and an LMM on a subset 
of data with only individuals that move as well as control-
ling for zero-inflation to further assess this relationship.

Lastly, to investigate among-individual correlations 
between pairs of variables we ran bivariate mixed mod-
els (BMMs), using the ‘mcmcglmm’ function from the 
MCMCglmm package (Hadfield 2010; following proce-
dures described in Dingemanse and Dochtermann 2013 and 
Houslay and Wilson 2017). We ran six BMMs to evaluate 
pair-wise correlations between two composite variables 
obtained from the PCAs, crossings, and UMVs. All mod-
els included individual identity as a random effect and 
variable-specific fixed effects (test occasion for crossings 
and body condition and test occasion for component from 
SDE). We decided against running one single multivariate 
mixed effects model with all response variables because our 
sample size restricted power for such a complex model and 
because fitting the model with response variables of dif-
ferent error distributions often causes convergence issues. 
To retain all data in the SDE, we used the observations of 
both individuals in a dyad as independent observations. This 
approach allowed us to follow 3R principles of reduction of 
animals used for experimental research (Russell and Burch 
1959), but the data of two individuals in one SDE is not 
independent. Therefore, we initially controlled for the oppo-
nent’s behavior in the SDE test by adding opponent identity 
as a random effect in the models to account for this non-
independence. Simple univariate mixed models showed no 
effect of opponent identity on behavior in the SDE (models 
with and without opponent identity had dAIC < 2 for both 
aggressiveness and UMV, random effect had LRT = 1.204, 
df = 1, p-value = 0.272 for aggressiveness, and LRT = 0.123, 
df = 1, p-value = 0.726 for UMV). Therefore, and because 
each individual was tested against several opponents, we 
did accept some non-independence in our data set. Never-
theless, non-random assignments of partners and limited 
number of pairing will result in conflation of indirect and 
direct effect and inflate repeatability estimates. We fixed the 
within-individual variance to 0 because we did not estimate 
all variables at the same time. Since we did not have much 

it into a binomial variable using the function “cutoff” from 
the package “cutoff” (Choisy 2015). We log-transformed 
variables (all approaches, departures, and total crossings 
from the SDE as well as latency to emerge head and body 
from the emergence test) to allow running linear models (H. 
Schielzeth, personal communication) and arcsine square 
root transformed the proportion spent active in the open-field 
test and proportion of squares with urine marking (UMV). 
We estimated repeatability using the rpt function from the 
package rptR (Nakagawa and Schielzeth 2013; Stoffel et al. 
2017), using 1000 simulations to estimate confidence inter-
vals and 1000 permutations to estimate p-values. Because 
Schielzeth et al. (2020) found Gaussian repeatability mod-
els to be robust to non-gaussian data, we used Gaussian 
family distribution for variables from the SDE which were 
zero-inflated, despite not all variables meeting the require-
ments of a Gaussian distribution. To confirm the robustness, 
we additionally ran the repeatability with the distribution 
reflecting the data, see Table SI1, which yielded qualita-
tively similar results.

Second, we reduced repeatable variables in separate 
principal component analyses (PCA) for each test (emer-
gence, open-field, and SDE) with oblimin rotation for the 
open-field test and SDE. PCA assumptions were checked 
by inspecting the correlation matrix, Bartlett test, and Kai-
ser-Mayer-Olkin (KMO) criterion (Field et al. 2012). We 
included two variables for the PCA of the emergence test, 
three variables in the PCA for the open-field test, and two 
variables in the PCA of the SDE (Table SI2). Because both 
behavioral variables had the same loading on the first com-
ponent of the PCA on the emergence test data, we used the 
one original variable (latency body) in subsequent bivariate 
mixed models (BMMs). Similarly, two behavioral variables 
loaded strongly on the first component of the PCA on the 
open-field test data. Because one of these behavioral vari-
ables (crossings) fulfilled the assumption of normality of 
residuals, we used the original values for crossings in the 
subsequent bivariate mixed models. We only included com-
ponents from the PCA with Eigenvalues > 1 in subsequent 
bivariate mixed models (BMMs) and therefore excluded a 
second component representing activity from the PCA on 
the open-field test. We included repeated measurements per 
individual in the PCA. This approach violates the PCA’s 
assumption of independent data (Budaev 2010) but is a 
common procedure in behavioral syndrome studies to retain 
repeated measures of composite variables for subsequent 
analyses. Due to small sample size limitations, we decided 
against structural equation modeling proposed by Araya-
Ajoy and Dingemanse (2014). Since our samples are bal-
anced, with two or three (depending on analysis) measures 
per individual, we assume that PCA procedures should be 
robust against some non-independence of data points.
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assignment were repeatable over time (all R > 0.3, Table 
SI1). Variables from the emergence test were reduced to one 
meaningful component (Eigenvalue 1.8, loadings = 0.95), 
interpreted as boldness, which explained 90% of the vari-
ance. Variables from the open-field tests were reduced to 
one meaningful component (Eigenvalue = 2.49, loadings: 
0.89 for crossings, 1 for latency center), interpreted as explo-
ration, explaining 58% of the variance. In the SDE, total 
crossings between all sections (‘totcross’) and crossings 
into zone one when the opponent is in zone one (‘A3’) were 
included in the PCA (Table SI2 in online resource 1) and 
one meaningful component was extracted, explaining 81% 
of the variance (Eigenvalue = 1.63, both loadings = 0.9). It 
represented approaches towards a conspecific and activity 
in the presence of a conspecific. Since a majority of direct 
interactions between mature male bank voles are agonistic 
(ca. 68% of close encounter SDEs end in fighting, Gipps 
1984), we interpreted this component as “aggressiveness”. 
Boldness, exploration, aggressiveness, and UMV were 
repeatable over time calculated from the bivariate mixed 
model variance components (Fig. 1, Table SI3).

Among-individual correlations

There was strong support for positive among-individual 
correlations between boldness and exploration and between 
boldness and aggressiveness, hence bolder individuals were 
more explorative and aggressive (Fig.  2, Table SI3). Fur-
ther, there was strong support for positive among-individual 
correlations between exploration and aggressiveness and 
between exploration and UMV, hence more explorative 
individuals were also more aggressive and had higher UMV 
(Fig. 2, Table SI3). A positive correlation between boldness 
and UMV was moderately supported (Fig.  2, Table SI3). 
Lastly, we found strong support for positive among-indi-
vidual correlation between aggressiveness and UMV, thus 

information on the relationships between variables in the 
model, we ran all models with different priors as suggested 
by Hadfield 2010 (three informative, one non-informative 
priors). Model results were robust against different priors 
(results not shown). The reported model results are based on 
a weak prior (V = diag(2), nu = 1.002, i.e. inverse gamma). 
We used 250,000 iterations, a thinning interval of 100, and a 
burn-in of 50,000. Finally, using the posterior distributions 
from the bivariate mixed models, we calculated repeatabil-
ity for each dependent variable, pairwise among-individual 
correlations, and their credibility intervals based on Houslay 
and Wilson (2017).

In line with the ‘language of evidence’ (Muff et al. 2022) 
and following Dingemanse et al. (2020) we interpreted an 
effect as “strongly supported” when zero was not included 
in the 95% CIs, “moderately supported” when the point 
estimate was skewed away from zero whilst the 95% CIs 
overlapped zero and strong support for the absence of an 
effect when estimates were centered at zero. All analyses 
were carried out in R, Version 4.3.1 (R Core Team 2023).

Results

A total of 94% of the animals emerged from the emergence 
test and all animals exhibited some activity in the open-
field test. A total of 38% of the animals did not move in the 
SDE and 13% did not leave any urine markings in the UMV 
assessment. Animals ranged between 16.9 and 36.0 g in the 
scaled body mass index (i.e. body condition) with a mean 
of 24.4 g.

Among-individual variation

Both emergence test variables, most open-field variables, 
six variables from the SDE, and urine markings from UMV 

Fig. 1  Repeatability of behavioral indices obtained from 24–26 cap-
tive male bank voles. Composite behavioral variables and urine mark-
ing value, obtained from repeated behavioral tests (boldness: emer-
gence test; exploration: open-field test; aggressiveness: staged dyadic 
encounters, urine marking value (UMV): paired trial for assessing urine 

markings), were repeatable over time. Shown are the mean estimates 
of repeatability (dot) and their 95% credible intervals (lines). Inter-test 
interval: boldness and exploration: median: 5 days, interquartile range: 
4 to 6 days; aggressiveness: median: 7 days, interquartile range: 5 to 10 
days; UMV: median: 15 days, interquartile range: 5 to 23 days
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that showed aggressiveness, more aggressive animals had 
lower body condition (model controlling for zero inflation, 
intercept = 1.614, β = -0.072, z = -2.19, p = 0.029; model on 
data without non-aggressive individuals, intercept = 2.527, 
β = -0.088, df = 21.01, t = -2.42, p = 0.025). If the individual 
with the extreme body condition (35 g) is removed, the rela-
tionship disappears for all models except the model without 
non-aggressive individuals (see Table SI5 in online resource 
1).

Discussion

By repeatedly assessing individual behavior in four differ-
ent assays under laboratory settings we found consistent 
among-individual variations in three out of five described 
personality traits, boldness, exploration, and aggressiveness 
(Réale et al. 2007), as well as in urine marking value as 
an indicator for dominance status, an important social phe-
notype in bank voles, henceforth referred to as dominance-
related behavior (Rozenfeld et al. 1987; Horne and Ylönen 
1996). In line with previous findings across many taxa, a 
majority of these traits were correlated at an among-indi-
vidual level, forming behavioral syndromes (Dingemanse et 
al. 2012). Aggressiveness, exploration, and boldness were 
positively correlated with dominance-related behaviors, 
suggesting that these behaviors contribute to individual 
variation in competitiveness. Under ad libitum food avail-
ability in laboratory conditions, more aggressive individuals 
had lower body condition than less aggressive conspecif-
ics suggesting that among-individual variation in behavior 
associated with behaviors for competitiveness might affect 
fitness components.

more aggressive individuals had higher UMV (Fig. 2, Table 
SI3).

Body condition

Animals with better body condition scored lower in 
aggressiveness (df = 26.71, t = -2.10, p = 0.045, marginal 
R2 = 0.14, conditional R2 = 0.46, y = 1.61–0.07x, Fig.  3). 
Body condition did not differ among non-aggressive ver-
sus aggressive animals (binomial model, intercept = 2.851, 
β = -0.104, z = -1.48, p = 0.139). Among the individuals 

Fig. 3  Relationship between body condition (as scaled body mass 
index) and the composite behavioral variable ‘aggressiveness’ from 
linear mixed model without controlling for zero values. For illustration 
purposes, the mean aggressiveness and body condition per individual 
is shown. The transparent grey area represents the 95% confidence 
interval. The linear mixed model has the equation y = 1.61–0.07x and 
a marginal and conditional R2 of 0.136 and 0.463 respectively. Note 
that this relationship disappears if the individual with body condi-
tion > 35 g is excluded

 

Fig. 2  Among-individual correlations between composite behavioral 
variables of 24–26 captive male bank voles, quantified in emergence 
test (boldness), open-field test (exploration), staged dyadic encounters 
(aggressiveness), and assessment for urine markings (urine marking 

value, i.e. UMV) estimated from bivariate Bayesian mixed effects 
models. Shown are mean estimates (dots), 95% credibility intervals 
(black lines) and 89% credibility intervals (grey lines). Abbreviations: 
w/ indicating ‘with’
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2014). Consequently, latency to enter and number of cross-
ings into the center section may also reflect boldness. The 
among-individual correlation we found between exploration 
and boldness may thus instead reflect an among-individual 
correlation between two aspects of boldness. However, the 
literature is ambiguous and a correct interpretation remains 
to be determined (Walsh and Cummins 1976; Perals et al. 
2017). Future studies are needed to validate the interpreta-
tion of use of the center section.

A competitiveness syndrome?

Interestingly, we additionally found consistent individual 
differences in urine marking behavior across repeated inter-
actions with different opponents. Voles with higher domi-
nance related behavior were more aggressive, explorative, 
and tentatively also bolder (but see discussion on moder-
ate correlations below) than conspecifics scoring lower on 
dominance related behavior. The positive among-individ-
ual correlation between dominance related behavior and 
aggressiveness suggests that SDE measures aggressiveness 
as an indicator of competitiveness rather than an indicator 
of defensive aggressiveness. Consequently, in line with our 
predictions, we found both among-individual correlations 
between classical personality traits, and traits indicative for 
competitiveness in social interactions. We interpret this trait 
integration as indicating a “competitiveness syndrome” (see 
also below). Joining social and non-social aspects of per-
sonality, this finding contributes to the ecological validation 
of personality traits (sensu Réale et al. 2007) and suggests 
how they contribute to higher-order component traits, such 
as dominance (Réale et al. 2007), which directly affect fit-
ness components. Dominance rank is substantially related 
to an individual’s competitive ability and impacts individu-
als’ access to resources such as food, mating partners, and 
territory (Rowell 1974). Whether certain personality traits 
predispose individuals to acquire higher dominance ranks 
is often unclear, but commonly assumed to be affected by 
aggressiveness, an important trait for defending and usurp-
ing resources (Huntingford and Turner 1987). Some studies 
have found that bolder, more explorative, active, and aggres-
sive individuals are dominant over shy, less explorative, 
active, and aggressive conspecific (Dingemanse and de 
Goede 2004; McGhee and Travis 2010; Colléter and Brown 
2011; David et al. 2011; Riebli et al. 2011; but see Korpela 
et al. 2011; Devost et al. 2016). Our findings are in contrast 
to a previous study on bank voles, which could not detect 
associations between dominance-related traits, infanticide, 
novelty seeking, and extroversion at the raw phenotypic 
level (Korpela et al. 2011). Here we applied the statistical 
definition of Dingemanse et al. (2012) for behavioral syn-
dromes and excluded other sources of within-individual 

Personality traits form behavioral syndromes

As predicted, repeated behavioral tests of bank voles 
revealed consistent among-individual differences in bold-
ness, exploration, and aggressiveness. As confirmed by 
ecological validation (e.g. risk-taking under perceived pre-
dation risk, microhabitat characteristics, home range size: 
Schirmer et al. 2019; Dammhahn et al. 2022), we interpret 
latencies to emerge as boldness. In line with previous stud-
ies on small mammals (e.g. Herde and Eccard 2013; Mon-
tiglio et al. 2014; Schirmer et al. 2019) and as suggested 
by associated variation in movement behavior and informa-
tion gathering (MD, unpublished), we interpret behaviors 
expressed in the open-field as exploration. We interpret 
patterns of approach-depart behaviors expressed in SDE as 
indicative of aggressiveness in contrast to some other stud-
ies on different taxa (e.g. Freitas et al. 2008; Schoepf and 
Schradin 2012; Begall et al. 2022), which used similar test 
set-ups to quantify sociability, i.e. non-aggressive reactions 
to conspecifics (Réale et al. 2007). In bank voles, females 
are territorial and males directly compete for females 
(Gipps 1985). When placed in direct contact with an oppo-
nent male under laboratory conditions, males are known to 
approach each other and directly fight each other even in 
the absence of females (Gipps 1984). Therefore, we assume 
that approaches represent aggressiveness, rather than socia-
bility. Since the chosen set-up prohibits direct contacts 
between opponents we could not verify whether approaches 
would lead to attacks (i.e. rapid approaches of opponent 
resulting in fights or chases (Rozenfeld et al. 1987). Future 
studies should cross-validate behaviors shown in SDE and 
direct encounters. Positive among-individual correlations 
between boldness, activity, exploration, and aggressiveness 
have previously been found in many species (Verbeek et al. 
1996; Dingemanse et al. 2007; Sih and Bell 2008; Wilson 
and Godin 2009; Mazue et al. 2015; Koenig and Ousterhout 
2018) and among-individual correlations between activ-
ity and boldness have already been reported in bank voles 
(Dammhahn et al. 2022). Here, in line with our predictions, 
we found that bolder bank voles are more explorative and 
aggressive than shyer individuals. This finding supports that 
personality traits are organized into behavioral syndromes, 
likely due to shared underlying proximate mechanisms in 
the form of genetic correlations, environmental experiences 
or neuroendocrine and other physiological mechanisms (Sih 
et al. 2004).

Noteworthy, because thigmotaxis (i.e. the avoidance of 
open spaces) is a common anxiety/fear reaction in small 
mammals (Treit and Fundytus 1988), proportion of time 
spent in the center section of the open-field test is sometimes 
interpreted as boldness rather than exploration (e.g. Treit 
and Fundytus 1988; Choleris et al. 2001; Gracceva et al. 
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for example, a syndrome of boldness and aggressiveness 
predicts fledgling success likely due to more competitive, 
bold, and aggressive individuals being able to secure higher 
quality resources and breeding territory (Tamin et al. 2023). 
Moreover, there seems to be no trade-off between scramble 
(traits that increase ability to locate and access resources; 
boldness and exploration) and contest (traits that increase 
resource monopolization; aggressiveness and dominance) 
competition, with bolder, more explorative aggressive, and 
dominant individuals having an advantage in both. Alterna-
tively, the among-individual trait integration could reflect 
an overall stress in response to being subjected to a new 
situation in all test setups. Yet, how stress relates to domi-
nance rank and animal personalities is less clear (Tamashiro 
et al. 2005; Łopuch and Matuła 2008; Koolhaas et al. 2010; 
Montiglio et al. 2012; Ferrari et al. 2013). Thus, properly 
evaluating stress response during these standardized behav-
ioral assays needs further research. If, indeed, no trade-off 
exists, how and why is this syndrome maintained in the 
population? Variation in fitness peaks with spatiotemporal 
selection regimes and life-history trade-offs are commonly 
proposed to maintain behavioral variation (Mangel and 
Stamps 2001; Sih et al. 2004; Mouchet et al. 2021). In bank 
voles, fluctuating density-dependent selection might explain 
the maintenance of variation. Fluctuations in density is a key 
aspect of small mammal ecology associated with changes in 
reproductive rates, mortality, dispersal, gene frequency and 
behavior (Krebs and Myers 1974). When population den-
sity and, thus, competition is high, a competitive type (i.e. 
individuals that are more bold, explorative, aggressive, and 
dominant) should be favored. Indeed, recent empirical evi-
dence suggests that when vole population densities are high, 
individuals with better stress-coping mechanisms have 
higher survival probability (Brehm and Mortelliti 2024). On 
the other hand, when population density and, thus, compe-
tition is low, predation pressure is often elevated because 
the predator peak density tends to lag behind prey density 
(Lotka 1925). Under such environmental conditions of 
low competition but elevated predation pressure, individu-
als that are shy, less explorative, less aggressive and less 
dominant might have an advantage (see results on common 
voles: Gracceva et al. 2014) or the behavioral syndrome 
might break down. Given that population density fluctua-
tions accompanied by fluctuations in predation pressure are 
a key feature of small mammal natural history (Krebs and 
Myers 1974), small mammals provide an ideal system to 
test adaptive syndrome structure fluctuations under natural 
conditions in the future.

It is noteworthy that there was only moderate support 
for bolder individuals expressing higher dominance-related 
behavior than shy conspecifics. The lack of strong sup-
port, in concert with the strong support for correlations 

variation (e.g., correlated errors or confounds). However, 
additional differences between this study and the one by 
Korpela et al. (2011), e.g. different test setups and statisti-
cal analyses, may also contribute to the different outcomes. 
Here, we find strong evidence for an integration of explo-
ration, boldness, aggressiveness and dominance-related 
behavior, a “competitiveness syndrome”, at the among-
individual level (i.e. the level selection can act upon). This 
apparent contrast between studies corroborates arguments 
presented elsewhere (e.g. in Dingemanse et al. 2012; Ding-
emanse and Dochtermann 2013) that we cannot always play 
the “individual gambit” and assume phenotypic correlations 
representing underlying between-individual correlations 
(Brommer 2013).

Recent work has pointed out that among-individual 
variation in spatial and social behavior are tightly linked 
with the spatial (e.g. landscape of fear) and social (e.g. 
population density and competition) environment (Wolf 
and Weissing 2012; Webber et al. 2023). Indeed, previous 
research points out the environmental and social context 
can have implications on personality-dependent spatial 
behavior such as space use and dispersal by affecting the 
strength and direction of correlations (Dingemanse et al. 
2003; Boyer et al. 2010; Cote et al. 2010; Aguillon and 
Duckworth 2015; Schirmer et al. 2019; Wauters et al. 2021; 
Stiegler et al. 2022). How boldness relates to other aspects 
of ecology, such as risk-taking and space use, is already well 
established (Schirmer et al. 2019, 2020; Dammhahn et al. 
2022). Our results on trait integration into a competitive-
ness syndrome additionally help explain previous findings 
and suggest that bolder animals occupy larger home ranges 
because they are also more explorative, and more exclusive 
home ranges because they are also more aggressive and 
dominant (Schirmer et al. 2019). Aggressive individuals 
could displace less aggressive conspecifics (Christian 1970; 
Schradin and Lamprecht 2002), similar to the idea of ideal 
despotic distribution where dominant individuals constrain 
the habitat selection of subordinate ones by displacing sub-
ordinates from high-quality patches (Fretwell 1972). Our 
results support this mechanism and additionally suggest that 
bolder and more explorative individuals could constrain the 
habitat use of shy and less explorative individuals due to 
their higher competitiveness. Testing whether and how this 
among-individual variation in the “competitiveness syn-
drome” also helps explaining individual variation in niche 
choice (Trappes et al. 2022) and realized individual niches 
(Takola and Schielzeth 2022) will be fascinating areas of 
future research.

This competitiveness syndrome indicates that both 
scramble (for resources and mates) and contest (for mates) 
competition is important for intraspecific competition in our 
study system. In collared flycatchers (Ficedula albicollis), 
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and body condition needs further investigation, preferably 
under field conditions. Additionally, the validation for body 
condition as a fitness proxy remains to be done.

Conclusions

Most personality traits and dominance-related behaviors are 
functionally integrated into a competitiveness syndrome in 
male bank voles. Individual differences in competitiveness 
likely result in differential access to resources and survival. 
Thus, trait integration might explain how variation in bold-
ness, exploration and aggressiveness translate into fitness 
differences via intraspecific competitive interactions. More-
over, personality-dependent space use, shown in several 
studies (e.g. Dingemanse et al. 2003; Aguillon and Duck-
worth 2015; Schirmer et al. 2020; Dammhahn et al. 2022), 
might also result from individual variation in competitive-
ness affecting movement and habitat choices of other indi-
viduals. Further, integrating animal personality with social 
status may contribute to the ecological validation of person-
ality traits (sensu Réale et al. 2007) and help to better under-
stand how and why behavioral syndromes evolve within 
and affect animal societies (Gartland et al. 2022).
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between boldness, exploration, and aggressiveness, might 
on the other hand suggest an indirect correlation between 
boldness and UMV (but see discussion on the interpreta-
tion of crossings as boldness instead of exploration) and that 
associations between behavioral traits might be more com-
plex than previously thought. Previous research has shown 
that behavioral syndromes can break down under certain 
environmental contexts (Bell and Sih 2007; Scales et al. 
2011). For example, in three-spined sticklebacks a behav-
ioral syndrome between boldness and aggressiveness was 
only found under predation risk, when there was a cost to 
boldness (Bell and Sih 2007). This raises the question under 
which contexts this particular behavioral syndrome exists, 
and what proximate mechanism underlies these behavioral 
correlations. Yet, even under artificial lab conditions, we 
found strong or moderate support for positive correlations 
between all behavioral variables. Additional research should 
test for associations between boldness and UMV in the wild 
and under different social and environmental contexts.

Potential fitness consequences of among-individual 
variation in aggressiveness

Body size or condition can contribute to competitiveness. 
Counter to what we expected, aggressiveness did not posi-
tively correlate with body condition, a commonly used fitness 
proxy (Jakob et al. 1996; Stevenson and Woods 2006; Peig 
and Green 2009). As such, body condition does not seem to 
contribute to behavioral traits of competitiveness under lab 
conditions. Instead, under laboratory conditions, aggressive 
individuals appeared to have a lower body condition than 
less aggressive conspecifics. Individuals in better physical 
condition could be either more or less risk-taking, i.e. bold, 
according to two contrasting hypotheses (1) the ‘asset pro-
tection principle’ predicts that individuals in better condi-
tion have higher future reproductive potential and are thus 
more risk averse (Clark 1994), and (2) the ‘state-dependent 
safety’ hypothesis predicts that individuals in high condi-
tions are more likely to survive and benefit from risky situ-
ation and, thus, make seemingly riskier choices (McElreath 
et al. 2007). Other components of the behavioral syndrome 
including boldness could similarly be correlated with physi-
cal condition. A meta-analysis of the association between 
risk-taking and physical condition demonstrates that lower 
condition individuals on average show about 26% greater 
tendency of risk-taking (Moran et al. 2021), i.e. support-
ing the asset protection principle. Because more aggressive 
individuals were more risk-taking in our study, the asset 
protection principle might explain why more aggressive 
bank vole had lower body condition. Nevertheless, when 
we exclude the individual above 35 g the relationship dis-
appears. Therefore, the correlation between aggressiveness 
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