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Animals often face challenges that require them to come up with solutions to novel 
problems or to find new solutions to existing ones; i.e. they need to innovate. However, 
not all individuals in a population are equally likely to solve novel problems, and it 
is unclear which individual characteristics make a successful innovator. Theoretical 
frameworks suggest the importance of intrinsic (e.g. individual characteristics) and 
extrinsic (e.g. study condition) factors on problem-solving performance. Such frame-
works have been empirically tested in model, highly neophobic species, leaving the 
generality of these processes unclear. We examined whether behavioural traits such as 
exploration and risk-taking are linked to problem-solving behaviour, using two repli-
cated populations (n = 121) of wild house mice Mus musculus domesticus living under 
semi-natural conditions. There, we presented a battery of four problem-solving setups 
that individuals could access voluntarily, and we tested the mice for risk-taking and 
exploration. Furthermore, after acclimatising to cages, we tested a subset (n = 50) of 
the same individuals in controlled conditions, to validate the cross-context stability 
of cognitive performance and potential influences of behaviours. We placed single 
individuals overnight in arenas containing another four novel problem-solving setups. 
Contrasting most existing literature, we found no direct effects of behavioural type on 
the likelihood to problem-solve in either condition. However, there was an indirect 
effect, with shyer individuals visiting the problems more, which improved their likeli-
hood of solving them. Additionally, mice were more likely to solve alone, and indi-
viduals were not consistent across conditions. Our findings suggest that exploration 
and risk-taking do not affect the ability to problem-solve across different conditions, 
but impact the non-cognitive steps that lead to the final performance. Also, individu-
als did not perform consistently across conditions, questioning the ecological validity 
of measures taken under controlled, artificial conditions when they do not reflect the 
animals’ natural experience.
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Introduction

In the wild, animals often live under challenging and fast-
changing conditions, and can greatly improve their survival 
and fitness by adjusting their behaviour to match the demands 
of their environment. The ability to selectively modify behav-
iours in response to changing conditions, also known as 
behavioural flexibility, can help them overcome challenges in 
foraging, attracting mates, or avoiding predators (Wright et al. 
2010). These behavioural adjustments can often arise much 
more quickly than phenotypic changes in morphology, physi-
ology or adjustments mediated by transgenerational effects. 
An important aspect of behavioural flexibility is innova-
tion, which is the ability to solve novel problems or come up 
with novel solutions to old problems (Kummer and Goodall 
1985, Laland and Reader 1999, Reader and Laland 2003, 
Ramsey et al. 2007, Amici et al. 2019). Innovative behaviours 
allow animals to exploit new resources, occupy new ecologi-
cal niches, and even defend themselves against novel preda-
tors (Amici et al. 2019). Innovation has also been proposed to 
have an impact on macroevolution (Nicolakakis et al. 2003, 
Ramsey  et  al. 2007), either by accelerating speciation and 
diversification (Sol 2003) or by shielding species from envi-
ronmental change e.g. through innovative niche construction 
or by rapid-response mechanisms (‘plastic rescue’, Day et al. 
2003, Ramsey et al. 2007, Fox et al. 2019).

A large variety of innovative behaviours have been 
recorded in the wild, from the famous example of British tits 
opening milk bottles (Fisher 1949) to the Australian cocka-
toos Cacatua galerita opening household bins (Klump et al. 
2021) and even engaging in a possible problem-solving arms 
race with humans (Klump et al. 2022). Other than observ-
ing innovations in the wild, researchers often use problems 
that the animals need to solve to obtain a reward, and solv-
ing these problems requires them to innovate (Morand-
Ferron et al. 2011, Overington et al. 2011, Benson-Amram 
and Holekamp 2012).

A current focus in behavioural ecology and evolution 
is to understand why some individuals of the same species 
solve novel problems while others do not. Novel situations 
come with inherent risk–reward tradeoffs, which led to the 
formulation of hypotheses that link animal personality (con-
sistent individual differences in behaviour across contexts and 
time; Réale et al. 2007, Stamps and Groothuis 2010, Kaiser 
and Müller 2021), to differences in problem-solving ability 
(Reader and Laland 2003, Carere and Locurto 2011, Sih and 
Del Giudice 2012, Griffin et al. 2015). Theory suggests that 
behavioural traits that enhance how individuals encounter, 
approach, explore, or sample their surroundings such as high 
levels of neophilia, exploration or boldness – are associated 
with increased problem-solving abilities (Reader and Laland 
2003). For example, in many species, explorative or bold 
individuals have repeatedly been found to be better problem-
solvers (Greenberg 2003, Reader and Laland 2003, Griffin 
and Guez 2014, Amici et al. 2019).

It is not always clear, however, whether these differences 
appear because bold and explorative animals have superior 

problem-solving capacities or simply because they acquire and 
process information differently. Sih and Del Giudice (2012) 
proposed a theoretical framework under which individuals 
with certain behavioural types (e.g. bold, explorative) may 
appear better at a cognitive task because they encounter such 
tasks more often, and this could be irrespective of their cogni-
tive abilities. Indeed, high boldness or exploration rates may 
have an indirect effect on problem-solving, such as improving 
participation and motivation (van Horik and Madden 2016, 
Van Horik et al. 2017). In contrast, neophobic (i.e. fearful 
of novelty) individuals are less likely to interact with novel 
problems in their environment, therefore limiting their prob-
ability to solve them (Tebbich et al. 2016). In fact, innova-
tions themselves can arise from simple trial-and-error, and it 
is clear that individuals who get more opportunities to find, 
approach and interact with problem-solving tasks would 
have higher success in solving them (Seed and Byrne 2010, 
Thornton and Samson 2012, Amici et al. 2019).

Additionally, social context can both improve the prob-
lem-solving performance of individuals through social learn-
ing or hinder it due to competition for access to (novel) 
resources created from e.g. high densities or dominance hier-
archies (Rowell et al. 2021). Social learning, on the one hand, 
can help animals solve problems by copying skilled demon-
strators (Aplin et al. 2013). Social competition, on the other 
hand, can affect which individuals are more likely to have 
the possibility to problem-solve. Two opposing evolutionary 
hypotheses on innovation predict which individuals are likely 
to be problem-solvers: the ‘excess of energy’ (EE) hypothesis 
(Kummer and Goodall 1985) and the ‘bad competitor’ (BC) 
hypothesis (Laland and Reader 1999, Reader and Laland 
2003, reviewed by Amici et al. 2019). According to the EE 
hypothesis, individuals with superior competitive abilities or 
social status (usually due to their better body condition or 
health status) should have more energy and time to devote 
to innovation, and thus perform better. Indeed, dominant 
individuals perform better than subordinates in some spe-
cies (European starlings Sturnus vulgaris, Boogert et al. 2006, 
coyotes Canis latrans, Young  et  al. 2019), or the presence 
of dominant individuals reduces the performance of subor-
dinates (spotted hyaenas Crocuta crocuta, Drea and Carter 
2009). However, subordinates are sometimes better problem-
solvers (i.e. meerkats Suricata suricata, Thornton and Samson 
2012), supporting the BC hypothesis that predicts that their 
lower competitive ability makes them more likely to seek 
alternative resources through innovations.

To understand how individual characteristics, potentially 
in interaction with social dynamics cause within-population 
variation in problem-solving, it is paramount to clarify how 
personality influences problem-solving ability and perfor-
mance. Two major gaps currently hinder our understanding 
of the impact of personality on problem-solving, namely 1) 
the ecological validity of experimental findings on captive 
animals, and how these translate to the wild (Amici  et  al. 
2019) and 2) the current strong focus on certain taxa exhib-
iting specific characteristics (i.e. boldness, neophobia; see 
Griffin and Guez 2014).
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Concerning the first gap, it is currently unclear whether 
problem-solving in nature is actually reflected in testing indi-
viduals under controlled laboratory conditions, in which 
animals are often kept in non-stimulating or even deprived 
conditions (Tomasello and Call 2011, Amici  et  al. 2019). 
These experimental conditions can have a significant effect 
on the results reported; e.g. whether the test condition itself 
imposes stress on the animals or not (Delacoux and Guenther 
2023). Only a handful of studies have compared problem-
solving under natural versus captive conditions (Webster 
and Lefebvre 2001, Benson-Amram et al. 2013) and, to our 
knowledge, none have done so using the same individuals in 
both conditions, despite this being identified as a method-
ological omission (Carere and Locurto 2011). Individuals in 
captive conditions have been shown to innovate more than 
their wild conspecifics (Reader and Laland 2003, Benson-
Amram and Holekamp 2012, Amici  et  al. 2019), but a 
within-individual study design might allow us to test for 
the translatability of results between conditions. We believe 
that linking these two conditions is essential to improve the 
ecological validity of the studies of problem-solving in wild 
animals.

Concerning the second gap, a large body of literature 
focuses on birds, a taxon with well-known problem-solving 
abilities, which is mostly neophobic (Greenberg and Mettke-
Hofmann 2001, Greenberg 2003, O’Hara  et  al. 2017). 
However, studying other, more neophilic taxa, may let us 
gain a more complete insight into how different behavioural 
traits interact with the risk–reward tradeoffs that are inher-
ent to solving novel problems. As shown by the few studies 
on mammals, bold and friendly guinea pigs Cavia porcellus 
were better problem-solvers (Guenther and Brust 2017) and, 
similarly, bolder spotted hyenas Crocuta crocuta were more 
likely to innovate (Benson-Amram and Holekamp 2012). 
Bridging this taxonomic gap is paramount to draw generaliz-
able conclusions, as in many cases the results can be species- 
and context-specific (Boogert  et  al. 2018, Dougherty and 
Guillette 2018).

An ideal taxon to fill both aforementioned gaps should 
be known to innovate and exhibit stable individual differ-
ences in risk-taking. Multiple species of rodents have been 
shown to innovate both in the wild and in the laboratory, and 
they are also known to have behavioural traits that are easy 
to measure using standardised tests with validated ecological 
relevance (Krebs et al. 2019). Wild house mice Mus musculus 
domesticus, group-living rodents, are especially well-suited to 
study in this context (Vrbanec et al. 2021) and can be stud-
ied thoroughly in artificial semi-natural enclosures with high 
ecological validity, as human structures like farm buildings 
are their natural habitat (König et al. 2012).

In the present study, we investigated how risk-taking 
behavioural traits in a potentially threatening situation mea-
sured as exploration of an unknown area and time spent away 
from protection, interact with the problem-solving success 
of wild house mice Mus musculus domesticus across two dif-
ferent conditions. We used individuals living freely in large, 
semi-natural enclosures, and tested their performance in a 

battery of voluntary problem-solving tasks presented directly 
in the enclosures. Then, after a period of being housed singly 
or in small, same-sex groups in cages, we tested them again 
for problem-solving under controlled conditions. By test-
ing individuals in both conditions, we aimed to investigate 
whether the behavioural traits of exploration and risk-taking 
affect problem-solving across different conditions, as well as 
how the conditions themselves impact the problem-solving 
performance of wild house mice.

We predicted that risk-taking propensity influences the 
performance of individuals similarly across conditions. 
Specifically, higher exploration and risk-taking should 
improve problem-solving performance, as these traits affect 
different non-cognitive components of problem-solving 
(e.g. the likelihood of encountering a problem, motivation, 
and persistence). Additionally, the social environment is an 
important component of all behaviours of a group-living spe-
cies such as the house mouse. As such, individuals living in 
large groups might have less time to devote to problem-solv-
ing when compared to individuals who are alone. Therefore, 
we expect problem-solving performance to be lower in the 
semi-natural enclosures compared to controlled conditions in 
which individuals can interact with the test setups alone and 
undisturbed.

Methods

Animals

We set up two replicated semi-natural enclosures (20 m2 
each) by releasing adult wild house mice (n = 35 individu-
als in the first enclosure, 20 females and 15 males, n = 34 
individuals in the second enclosure, 20 females and 14 males, 
all aged 50–100 days). These founders of the colonies were 
descendants of wild-caught individuals from the Cologne/
Bonn region, Germany. Each enclosure contained woodchip 
bedding, nesting material (cotton rolls, toilet paper) and 
thirteen nest boxes where mice were free to build nests and 
breed (see the Supporting information for a picture and a 
schematic representation of the enclosures). Equally distrib-
uted in each enclosure, we placed nine feeding stations where 
mice could access food (Altromin 1324, Germany) and water 
ad libitum. Temperature and light–dark cycle varied natu-
rally but light was supplemented between 8 a.m. and 5 p.m., 
and underfloor heating prevented temperatures below 10°C. 
Enclosures were covered by a roof, inaccessible to preda-
tors and generally designed to resemble the natural condi-
tions under which house mice would establish a colony, like 
for example a barn (König et al. 2012). These semi-natural 
enclosures are an established system for wild house mouse 
colonies, leading to close-to-natural population development 
and social- and genetic structure, allowing mice to exhibit 
their natural behaviours (estimated carrying capacity of 140 
individuals per enclosure, for more details on the enclo-
sures see Prabh et al. 2023 and the Supporting information 
therein). During monthly monitorings, all mice were caught, 
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weighed, and new individuals (W > 10 g) were fitted with 
RFID transponders (ISO Transponders, PlanetID) for indi-
vidual identification.

After being kept under semi-natural conditions for six 
months, when the founding generation was 7–10 months 
old, we moved all individuals (for all sample sizes see Table 1) 
from the enclosures into Macrolon Type III cages (L × W × 
H: 382 × 220 × 150 mm) for the second part of the experi-
ment (described in section ‘Arenas’). Adult males were housed 
individually to prevent them from fighting, while juvenile 
males and females were housed in pairs/triads based on the 
location they were found, according to standard cage housing 
practices. The cages were lined with woodchip bedding and 
contained a shelter, nesting material and a running wheel for 
enrichment. The mice were kept in the same light-dark and 
temperature conditions as before, with ad libitum access to 
food and water.

Behavioural traits assay

Behavioural traits such as exploration and risk-taking are con-
sidered to favour innovative problem-solving, and to mea-
sure them we opted for the standardised and well-established 
Open field test. In this test, the focal animal can explore a 
novel, bright and open area (Gould et al. 2009, Perals et al. 
2017). This test was originally developed to study rodents’ 
responses to challenging and potentially dangerous situations 
(Hall and Ballachey 1932), as they exhibit thigmotaxis, i.e. 
avoiding open areas and preferring to stay in close contact 
with the walls of the apparatus. In mice, measurements in 
the Open field test have been well validated in laboratory 
strains, but also linked with ecological parameters for wild-
caught individuals. For example, the distance covered by the 
animal in a set amount of time reflects its exploratory tenden-
cies in larger and more complex semi-natural environments 
(Krackow 2003, Krebs et al. 2019), while the time spent in 
the centre reflects its risk-taking strategy (i.e. more risk-prone 
animals would spend more time in the central open area, 
while more risk-averse animals would spend more time close 
to the walls; Krebs et al. 2019).

Mice were filmed for five minutes while exploring a square 
(W 60 cm × L 60 cm × H 80 cm) Open field. A previ-
ous study using the same wild house mouse system has pro-
vided ecological validation of the measured behavioural traits 
(Krebs et al. 2019); as such, we used 1) the distance covered 
as a measure of exploratory tendencies and 2) the time spent 
in the central zone of the Open field as a measure of risk-
taking strategy. Mice were caught opportunistically directly 
from the semi-natural enclosures using unbaited live traps. 
Care was taken to minimise the time each mouse spent in the 
trap to avoid unnecessary stress and any other adverse con-
sequences (e.g. starvation, dehydration, endangering depen-
dent offspring), therefore traps were checked often and no 
individual was trapped or out of the enclosure for more than 
30 min. Trapping began at least 1 h after sunset and lasted for 
multiple hours. Each individual was tested twice, one month 
apart, to assess the repeatability of the measurements. The 
Open field arena was cleaned with disinfectant (35% propa-
nol, 25% ethanol; neoform Rapid, Germany) between tests.

Problem-solving tests

Semi-natural enclosures

One month after the mice had been introduced to the semi-
natural enclosures, we started to test for problem-solving by 
presenting four consecutive problem-solving setups that the 
mice could voluntarily access and solve. Each setup was pre-
sented for five nights (following a regime of two consecutive 
testing nights, then a break of five nights to boost motivation, 
then three more nights of testing), and there was a minimum 
two-week gap between setups (for a graphical representa-
tion of the testing timeline see the Supporting information). 
Overall, the setups were present in the enclosures for 40 h.

For each setup that was presented, five testing boxes were 
placed in predefined locations in each enclosure in the empty 
space between the nest boxes to minimise the chances that 
a box would be inside a mouse’s territory, and therefore 
mice not belonging to the family would be denied access 
(Supporting information). The floor of the testing boxes was 

Table 1. Sample sizes of individuals that participated in different parts of the experiment. Each group represents a subset of the group shown 
above in the table. DS1-5 indicate the datasets that these groups create, some of which were used in the following analyses. *Seven indi-
viduals were born late into the problem-solving experiment and four individuals died early into the experiment. As such, they are not 
included in the n = 101 individuals that were examined for problem-solving in the enclosures. They were used, however, to calculate repeat-
abilities because they still represent part of the phenotyped population (bringing the sample size for these analyses to n = 121).

Description n

All individuals (DS1) 193
All individuals that lived in the semi-natural enclosures for the duration of the experiment ​
Problem-solving in the enclosures (DS2) 121
Individuals who could be tracked for at least half the time of the problem-solving experiment ​
Open field (DS3) 101*
Individuals that were tested in the Open field ​
Repeated Open field (DS4)   61
Individuals that were tested twice in the Open field ​
Arenas (DS5)   50
Individuals that were tested in the Arenas ​
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covered with bedding from the location they were placed, in 
order to keep the olfactory cues of the environment consis-
tent. The testing boxes had a single entrance, which was fitted 
with an RFID antenna (EuroID, Netherlands) to record the 
mice that entered/exited the box, and all activity was filmed 
from the top (Panasonic HC-V 180, for the camera view 
Fig. 1.2).

The boxes were placed in the enclosures in the evening 
(at least 1 h after sunset) for 2 h and all activity was video 
recorded under red light. Trapping for behavioural testing 
was not performed on the same nights in which problem-
solving was tested. The boxes including the setups were 
removed from the enclosures after the end of the two hours. 
To aid with video analysis, the readings from each antenna 
were synchronised and embedded in the corresponding video 
in the form of subtitles. As such, during video analysis, the 
observer could easily identify each mouse in real-time.

The four test setups (previously used for small rodents; 
Mazza and Guenther 2021, including wild house mice; 
Vrbanec et al. 2021) were presented in the following order: 
1) omnidirectional slider, 2) inverted cup, 3) one-directional 
slider and 4) petri-dish (Fig. 1.1). All setups required a sim-
ple movement to be solved, requiring minimal force that 
all mice, regardless of age, size or physical strength could 
solve. To solve setup 1), the mice could push, pull, or slide 
the metal lid in any direction, while to solve setup 3) they 
could do the same but only towards one direction. To solve 
setup 2), the mice could push, pull or lift the semi-trans-
parent cup while the base remained stable, while setup 4) 
could be solved by lifting the lid of the petri dish. All setup 

solutions could arise both from insightful attempts as well as 
trial-and-error.

Setups were baited with a dried mealworm (one Tenebrio 
molitor larva). The mealworms were a novel food source at 
the start of the experiment to increase the interest of the 
mice, that display neophilic tendencies towards food sources. 
All individuals could voluntarily access the testing boxes 
and setups. Videos were analysed using BORIS (Friard and 
Gamba 2016). We recorded the identities of individuals that 
(a) investigated the entrance of the testing box, (b) entered 
the testing box, (c) interacted with the setup, and (d) solved 
the setup. For (b) and (c) we considered only the instances 
where the full body of the mouse, including all four paws, 
reached the corresponding location. As numerous individu-
als were born in the enclosures, we included the generation 
(founders or born in the enclosures) in the subsequent analy-
ses. Additionally, we obtained the number of times that each 
individual was detected by any of the antennas at the entrance 
of the problem-solving boxes for each round of testing.

Moreover, to estimate how potential social effects affect 
problem-solving performance, we examined the number 
of mice present inside the problem-solving boxes during 
recorded solving events (n = 87), and during a random sam-
ple of unsuccessful attempts (n = 100). In the events where 
when multiple mice were present in the box, we ranked their 
interactions as negative (aggressive interactions such as chas-
ing), neutral (merely being present together, no socio-posi-
tive or aggressive interactions), or positive (mutual interest 
in the setup and/or preceding of allogrooming and similar 
behaviours).

Figure 1. Presentation of the problem-solving setups in the semi-natural enclosures (top) and arenas (bottom). (1) The four problem-solving 
setups used in the semi-natural enclosures: (i) omnidirectional slider, (ii) inverted cup, (iii) one-directional slider and (iv) petri-dish. (2) The 
camera view of the problem-solving box with setup and RFID antenna. (3) The four problem-solving setups and two controls used in the 
arenas: (I) flip-tube, (II) barred-door, (III) trap-door, (IV) lift platform, (C1) open petri dish and (C2) tube with bedding. (4) The camera 
view of the arena, with the cage in and all the setups on opposite sides. In (1) and (3), the problem-solving setups are shown in their open 
(solved) configuration on the left and their closed (unsolved) configuration on the right.
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Arenas
After one month of habituation to being housed in cages, 
we performed another round of problem-solving tests, in 
which each mouse participated individually. To understand 
the impact of risk-taking and exploration on problem-solv-
ing, we selected the 16 highest and lowest-ranking indi-
viduals in each of the two behavioural measurements from 
the Open field (using the average time in the centre and 
distance covered). As a few individuals belonged simultane-
ously in two of the above groups (e.g. in the group with the 
highest time in the centre and in the group with the highest 
distance covered), we ended up with n = 50 individuals to 
test. Before testing, all individuals received mealworms to 
ensure that they were familiar with this food reward even if 
they had not encountered them in the semi-natural enclo-
sures already.

Mice were placed overnight (3 p.m. – 8 a.m.; 17 hours 
total) in a type III cage with openings on both wide sides 
that contained a handful of bedding from their home cage. 
The cage was located on one side of a round arena (⌀ 120 
cm); on the other side we placed four novel problem-solving 
setups (i.e. problems the animals could not know from the 
semi-natural enclosures): 1) trap-door, 2) lift platform, 3) 
barred-door and 4) flip-tube, as well as two controls: (C1) 
tube with bedding and (C2) open petri dish (Fig. 1.3). 
These setups were the same or slight alterations of setups 
previously used to measure problem-solving in rodents 
(Mazza and Guenther 2021, Vrbanec  et  al. 2021) and all 
posed the same level of difficulty as the setups used in the 
semi-natural enclosures, requiring minimal force and a sim-
ple movement to solve. To solve setup 1), the mice could 
lift the plastic door upwards, and to solve setup 3) the mice 
could pull the plastic door upwards. Both setups could be 
solved by rotating the whole structure so the reward would 
drop out. Setup 2) could be solved by lifting the plastic plat-
form upwards, while setup 4) could be solved by pulling the 
tube downwards. Problem-solving setups were baited with 
a familiar reward (half a T. molitor larva) as well as an unfa-
miliar reward (a similarly sized piece of dried mango). One 
control was baited with the familiar reward (C1) and one 
with the unfamiliar (C2). The novel food reward served as 
an additional driver of novelty for the new testing condi-
tions. All setups were arranged about 5 cm from the walls of 
the arena in a semi-circular fashion, with the controls always 
at the two edges and the problem-solving setups randomly 
in between. Between the setups, we placed semi-transparent 
red igloos to serve as shelters for the mice (Fig. 1.4). Food 
and water were available ad libitum from the lid of the cage, 
accessible even if a mouse did not exit the cage the entire 
night.

We video recorded all activity for the first 3 h after the 
mice were placed in the cages in the arenas, and also whether 
the problems had been solved or the controls eaten the next 
morning. During video analysis using BORIS, we recorded 
whether an individual (a) exited the cage, and (b) interacted 
with a setup.

Statistical analyses

All statistical analyses were performed in R ver. 4.2.0 (www.r-
project.org).

Repeatability analysis
Repeatability for the behavioural measurements (n = 61 
with repeated measurements, n = 51 with a single measure-
ment) was tested with the rptR::rpt function (Nakagawa and 
Schielzeth 2010, Stoffel et al. 2017), adding the trial num-
ber as a fixed and the individual ID as a random effect. For 
the time spent in the centre, the values were square-root 
transformed to reach normality. We assessed the correlation 
between the two behavioural traits using the repeated mea-
sures correlation package ‘rmcorr’ (Bakdash and Marusich 
2017). As they were not correlated (r = 0.06, df = 60, p = 0.67, 
95% CI = [−0.19, 0.30]), we used both as predictors in the 
following models. To test if the individuals visited the four 
setups in the semi-natural enclosures with similar frequency, 
we ran a repeatability analysis with the number of reads from 
the antennas at the entrance of the problem-solving box for 
each setup as the response variable (square-rooted), the type 
of setup as a fixed and the individual as a random effect. The 
response variable assumed a normal distribution.

To test if the likelihood to solve was repeatable across the 
four setups presented in the semi-natural enclosures, we ran a 
binomial mixed model with the setup type as a fixed and the 
individual as a random effect. This analysis was performed 
only using individuals who interacted with at least one setup, 
and using only one measurement per individual per type of 
setup. As a result, repeated solutions of the same setup did not 
contribute to this assessment. Overdispersion was checked 
using the ‘DHARMa’ package (Hartig and Lohse 2022), 
Additionally, we ran another binomial repeatability analy-
sis with the likelihood to solve a problem in each condition 
(semi-natural versus arena) as a response variable, the testing 
condition as a fixed and the individual as a random effect. 
All repeatability analyses were run using 1000 bootstraps and 
1000 permutations, and as such we report the p-values esti-
mated from likelihood ratio tests [LRT] and permutations.

Problem-solving in the semi-natural enclosures
We run two models to understand the relationships between 
problem-solving performance, the number of visits in the 
problem-solving boxes and the behavioural traits mea-
sured in the Open field. The first model (model 1) was a 
generalised linear mixed model with a binomial distribu-
tion, the likelihood to solve each of the setups i-iv as the 
response variable, and included as fixed effects the distance 
(in meters), and the time in the centre (in seconds, square-
rooted) in the first trial of the Open field, the generation 
(founding generation or born in the enclosures), the sex, the 
type of setup as well as the number of reads from the anten-
nas at the entrance of the problem-solving box (square-
rooted) for each setup. The individual ID was specified as a 
random effect, nested within the identity of the mother of 
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each individual to account for relatedness. If an individual 
solved a setup at least once, then it was characterised as a 
solver for that setup type; as such, repeated solutions of the 
same setup did not contribute to this measurement. The sec-
ond model (model 2) was a similarly structured linear mixed 
model with the reads (square rooted) as the response vari-
able, and all the above fixed and random effects (except the 
reads themselves). Both models were run in the subset DS3 
(Table 1) of individuals, with n = 101 and their results are 
presented in Table 3.

Finally, we used binomial proportion tests to examine 
potential differences in the social context of unsuccessful 
solving attempts versus successful events, as well as the pro-
portion of positive versus negative social interactions in the 
cases where multiple mice were present.

Problem-solving in the arenas
First, we examined whether the individuals were equally 
likely to eat both the familiar and novel control, by perform-
ing a proportion test with the number of animals that ate 
each control. Then we built three models to understand the 
relationship between the measured behavioural traits and 
problem-solving performance in the arenas, using the subset 
DS4 (Table 2) of n = 50 individuals.

Initially, we examined whether the extreme performers 
(16 high- and 16 low-performers for each behavioural trait) 
in the distance covered and the time in the centre of the 
Open field differed in their likelihood to solve problems in 
the arenas. For this, we built two generalised linear models 
(one for animals selected based on exploration; model SM1, 
and one for animals selected on time in the centre, model 
SM2), assuming a binomial distribution. The likelihood to 
solve was our response variable, the grouping based on the 
performance in the Open field (high or low exploration, time 
in centre respectively), the sex, and generation as explana-
tory variables. The output of these models is reported in the 
Supporting information.

In addition, we ran a generalised linear model with a 
binomial distribution (model 3), with the likelihood to solve 
(solvers or non-solvers) as the response variable, the actual 
performance in the first trial of the Open field, i.e. the dis-
tance (in meters) and the time in the centre (in seconds, 
square-rooted), the generation (founding generation or born 
in the enclosures) and the sex as fixed effects, using all the 
individuals that participated in the arenas. The output of this 
model is presented in Table 3.

Comparison of performance under the two conditions
We used Wilcoxon tests to detect differences in the prob-
lem-solving performance (number of problems solved) of 
males and females in each of the two conditions (Supporting 
information). This test was selected due to the heavily zero-
inflated distribution of values (cf. Supporting information 
for more details). We also performed proportion tests to 
compare the number of individuals that visited, interacted 
and solved the problem-solving setups in each of the two 
conditions.

Results

Repeatability

We found significant repeatability estimates for both mea-
surements of the Open field test (distance covered: R = 0.35, 
SE = 0.11, p[LRT] = 0.002, p[permutation] = 0.003; time spent in the 
centre: R = 0.2, SE = 0.12, p[LRT] = 0.04, p[permutation] = 0.07). 
Despite the marginal permutation p-values in the time spent 
in the centre, we used the variable for further analyses. The 
distance covered decreased in the second trial (β = −7.42, 
SE = ±1.34, p<0.001), whereas no such effect was found for 
the time in the centre (β = 0.1, SE = ±0.23, p = 0.68).

Semi-natural enclosures
Overall, n = 121 individuals could potentially participate 
in the experiment; of those, n = 113 (93.4%) visited the 
problem-solving boxes, n = 106 (87.6%) interacted with 
a setup at least once, and n = 26 (21.4%) solved at least 
one problem (mean ± SE: 3.88 ± 1.3 problems; Fig. 2a). 
Individuals were consistent in their frequency to visit 
across the four setups (R = 0.33, SE = ±0.06, p[LRT] < 
0.001, p[permutation] = 0.001). Individual solving performance 
exhibited low, but significant repeatability among setups 
(R = 0.137, SE = 0.178, p[LRT] = 0.002, p[permutation] = 0.01). 
The results of model 1 revealed that neither behavioural 
trait (distance covered or time in the centre of the Open 
field) had an effect on whether an individual would be 
a problem solver, and this was the case with generation 
(founding or born in the enclosures) or sex. However, 
individuals that visited the problem-solving boxes were 
more likely to solve them (see Fig. 3a and for the detailed 
results of this model, see Table 3 – model 1). Shyer indi-
viduals (lower time in the centre of the Open field) visited 

Table 2. Social context of successful and unsuccessful problem-solving attempts, by recording the number of cases where multiple individu-
als were present inside the problem-solving box while a mouse was either unsuccessfully attempting or successfully solving a setup. 
Successful attempts represent all solving events recorded in the semi-natural enclosures, while unsuccessful attempts were randomly sam-
pled through all setups in both enclosures.

​ No. of observations

No. of observations  
where multiple  

individuals were present
No. of negative  

social interactions
No. of neutral  

social interactions
No. of positive  

social interactions

Unsuccessful attempts 100 
(randomly selected)

12 (12%) 3 (3%) 7 (7%) 2 (2%)

Successful attempts   87   6 (7%) 4 (5%) 2 (2%) 0 (0%)
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the problem-solving boxes more (Fig. 3b). Younger mice 
also visited the problems more, and so did females. There 
was no effect of the distance in the Open field (for the 
detailed results of this model see Table 3 – model 2).

When examining the social context of successful (n = 87) ver-
sus unsuccessful (n = 100, randomly sampled) solving attempts, 
the attempting/solving mice were predominantly alone in the 
box, in both cases (81/87 solving events; 93% and 88/100 

Figure 2. Barplot representing the number of individuals who successfully completed each step of solving a problem, with the seminatural 
enclosures on the left and the arenas on the right. The bars represent, from left to right: Individuals that participated in each phase of the 
experiment (‘All’), individuals that visited the test box in the seminatural enclosures or exited the cage into the arenas (‘Visited’), individuals 
that interacted with at least one problem (‘Interacted with problem’) and individuals that solved at least one problem (‘Solved’).

Figure 3. ( a) Differences in the number of reads from the RFID antennas (square-rooted) between solvers (n = 26) and non-solvers (n = 93). 
(b) Linear regression between the time in the centre (n = 61) in the Open field and the reads from the RFID antennas in the problem-
solving boxes (both variables are squarerooted). Shading represents 95% confidence intervals in both plots.
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attempts; 88%). Even when multiple mice were present in the 
box, it was usually pairs (17/18 cases, in one case there were three 
mice in the box), and their interactions were mostly either neu-
tral (merely being present together, no socio-positive or aggres-
sive interactions, 9/18 cases), or negative (aggressive interactions, 
mostly chasing, 7/18 cases), with a few being positive (mutual 
interest in the setup and/or preceding of allogrooming and simi-
lar behaviours, 2/18 cases). Binomial proportion tests revealed 
that the rates at which mice are alone when attempting but fail-
ing is not significantly different than when they solve success-
fully (χ2 = 0.87, df = 1, p = 0.35), and the proportion of negative 
social interactions is not significantly different than the propor-
tion of positive social interactions (χ2 = 2.37, df = 1, p = 0.12). 
For a detailed report of the social context and types of interac-
tions see Table 2.

Arenas
In the arenas, n = 50 individuals could participate in the 
experiment and, of those, all exited the cage and interacted 
with at least one setup, and n = 30 (60%) solved at least one 
problem (average number of problems solved ± SE: 1.93 
± 0.2; Fig. 2b). Similar proportions of individuals ate the 
familiar (86%) and unfamiliar (74%) controls (χ2

(1) = 1.56, 
p = 0.21). We found that the likelihood to solve in the arenas 
was not affected by either behavioural trait, generation or sex 
(for the detailed results of this model see Table 3 – model 3).

Comparing the two conditions
Overall, n = 17 (34%) individuals did not solve any problem 
in either condition, n = 22 (44%) individuals solved a problem 
in only one of the two conditions (three individuals only in 
the enclosures, 19 individuals only in the arenas), and n = 11 
(22%) individuals solved at least one problem in both condi-
tions. Performance in one condition did not predict the per-
formance in the other (R = 0.22, SE = 0.18, p[LRT] = 0.08, 
p[permutation] = 0.04). In the seminatural enclosures, a 
Wilcoxon’s rank sum test showed no difference in the number 
of problems solved by either sex (Wilcoxon’s rank sum test, 
W = 1825.5, p = 0.99). However, males in the arenas solved 
more problems than females (W = 389, p = 0.001, males: 
mean = 1.94, SE = ±0.38; females: mean = 0.79, SE = ±0.16).

Discussion

In the current study, we examined the performance of indi-
vidual wild house mice in two conditions: first, free-living 
in large social groups in seminatural enclosures that closely 
approximate the conditions in the wild; and later in a con-
trolled experiment, similar to how wild animals are com-
monly tested in captivity.

No direct impact of behavioural type on problem-
solving, but there is an effect on steps towards 
problem-solving

Our results revealed that the behavioural traits exploration and 
risk-taking strategy are not directly linked to problem-solving 

performance in wild house mice, regardless of the condition 
in which the mice were tested. However, when examining 
the steps preceding eventual solving, shyer individuals had 
improved chances of encountering the setups.

Boldness tended to affect the steps that led to the pos-
sibility of solving a setup, if not of finding the solution in 
itself. In the semi-natural enclosures, shyer individuals were 
visiting the setups more often, i.e. they were more likely to 
get recorded at the entrance of the problem-solving boxes. 
This finding contradicts the prediction that bolder and faster-
exploring animals are more likely to encounter novel stimuli 
(Sih and Del Giudice 2012); in our case, we showed that it 
is the shyer individuals that are overall more likely to visit an 
‘out of the ordinary’ stimulus, even when it has – presumably 
- lost its novelty. However, our results are in line with the ‘bad 
competitor’ hypothesis (Laland and Reader 1999, Reader 
and Laland 2003). In mice, bold versus shy mice have been 
shown to use different strategies to resolve agonistic encoun-
ters (Benus  et  al. 1992, Koolhaas  et  al. 2010). While bold 
males engage in aggressive interactions easily and frequently, 
shy males are more flexible and resort to aggressive behav-
iour only when absolutely necessary (Koolhaas et al. 2010). 
Thus, shy individuals might spend more time investigating 
low-competition resources.

We saw that shy individuals consistently visited the prob-
lem-solving boxes every time they were presented to them, 
making them more likely to reach the first step towards solv-
ing a problem, i.e. encountering the problem itself. Under 
the notion that problem-solving does not (solely) depend on 
the cognitive or motor abilities of the animal (van Horik and 
Madden 2016, Van Horik et al. 2017, Rowell et al. 2021), 
having more chances to approach and interact with a problem 
could lead to a successful solution. Our findings indicated 
the specific influence that individual variation might have 
on problem-solving: specific behavioural traits can influence 
which animals come across opportunities, but then it is other 
factors (i.e. cognitive ability, persistence, motor skills, time 
availability, perceived risk or even just chance) that eventually 
determine whether an individual successfully problem-solves. 
Furthermore, the behavioural traits we measured showed 
moderate repeatability, indicating consistent individual, i.e. 
personality differences in making use of problem-solving 
opportunities.

Consistent with our results that do not show a direct link 
between exploration and problem-solving success, other 
studies reported a similar lack of this hypothesised link 
(Benson-Amram  et  al. 2013, Guenther and Brust 2017, 
Amici et al. 2019, Rowell et al. 2021). For example, in two 
species of mouse lemurs Microcebus spp., exploration did not 
affect their problem-solving performance (Henke-von der 
Malsburg and Fichtel 2018). Similarly, in chimango caracaras 
Milvago caracara, object exploration did not affect problem-
solving performance in both adult and juvenile individuals 
(Biondi et al. 2010). Our results add to this body of evidence 
that exploration is not ubiquitously correlated with problem-
solving performance.

In neophilic species like house mice, the potential risks of 
novel opportunities associated with problem-solving might not 
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have the same connotation as they have for neophobic species. 
In birds, for example, responses to novelty correlate with per-
formance in novel foraging tasks (Webster and Lefebvre 2001, 
Reader 2003, Biondi et al. 2010). In a meta-analysis, Griffin 
and Guez (2014) found that, in multiple bird species, neopho-
bia affects whether animals would interact with a novel situa-
tion. Additionally, another meta-analysis by Amici et al. (2019) 
that examined studies (mostly on birds) showed that neophilia 
and exploration had positive effects on innovation. On the one 
hand, different behavioural traits might affect innovation in 
neophobic and neophilic species. On the other hand, even if 
the same behavioural traits impact innovation in all species, 
measuring them clearly in neophobic species might be diffi-
cult as their aversion to novelty would dominate any encounter 
with a novel situation or problem. As such, by testing neophilic 
species whose risk avoidance does not impede any aspect of 
problem-solving, we can get valuable insights into the role of 
the other behavioural traits on the emergence and evolution of 
problem-solving (Amici et al. 2019).

In a complex socioecological context, such as the semi-
natural enclosures of our experiment, each individual can only 
allocate a certain amount of time and effort to interacting with 
the problems we present. In the arenas, however, many of these 
constraints are lifted and the problem-solving opportunities are 
easily accessible to all individuals. By comparing how individu-
als performed across the two conditions, we can get a better 
understanding of the specific impact of the testing condition 
on the problem-solving measurements that we observe.

Different conditions cause differences in problem-
solving: potential reasons and implications on how 
we measure problem-solving

Our findings revealed that the likelihood to solve problems 
was higher in the controlled conditions. When tested alone in 
the arenas, more individuals solved problems when compared 
to the semi-natural enclosures. Additionally, most individu-
als did not perform consistently across the two conditions, 
indicating that different conditions might not affect the per-
formance of individuals in the same way.

Testing animals in large, socially complex groups can be 
very different from testing them alone. On the one hand, 
the possible anxiety stemming from isolation could inter-
fere with the cognitive processes, or setups could fail to elicit 
interest in the subject in absence of conspecifics providing 
stimulus enhancement (Avarguès-Weber and Chittka 2014, 
Brandão  et  al. 2015, Lambert and Guillette 2021) On the 
other, individuals in groups can be distracted or compete 
with others (Benson-Amram  et  al. 2013), which has been 
hypothesised as a reason causing worse observed performance 
in problem-solving tests (Boere 2001, Krasheninnikova and 
Schneider 2014). Testing individuals alone for brief periods 
of time offers greater control and can provide better insight 
into the abilities of each individual, while also removing con-
founding effects from external stimuli (Amici et al. 2019).

Our results show the importance of testing the same animals 
in multiple conditions, as we saw that the problem-solving 

performance of our mice was different in each of the two 
conditions. In the controlled experiment, 60% of individu-
als (30/50) solved at least one problem, which is similar to 
previous results in the same species (Vrbanec et al. 2021). In 
the semi-natural enclosures, however, we see a large contrast 
with 21.4% of individuals (26/121) successfully solving at 
least one setup. Our results are aligned with previous find-
ings where captive individuals tested alone are more success-
ful problem-solvers than wild individuals, typically tested in 
larger social groups. For example, more than 70% of captive 
and isolated spotted hyenas Crocuta crocuta were able to solve 
a problem-solving task at least once – a stark difference from 
the 14.5% of wild individuals (Benson-Amram et al. 2013). 
Captive hyenas also showed higher persistence. The presence 
of conspecifics has been hypothesised to distract the focal 
animal, thus reducing their performance in problem-solving 
tasks. On the one hand, wild common marmosets Callithrix 
jacchus made more errors in a problem-solving task due to 
distractions from conspecifics (Halsey  et  al. 2006), but on 
the other hand, there was no such effect in a study on range-
winged amazons Amazona amazonica (Krasheninnikova and 
Schneider 2014). Thus, simply the presence of conspecifics 
may not necessarily explain these differences in problem-
solving performance across the two conditions. In our case, 
we found that mice mostly attempted and solved problems 
alone, with conspecifics being very rarely present for those 
attempts. This highlights both the absence of direct competi-
tion (i.e. some individuals being actively excluded from the 
problem-solving boxes) but also the absence of opportunities 
for social learning through imitation to occur.

The two conditions that we focused on represent different 
experimental designs that subject the individuals to different 
challenges, and understanding these challenges might help 
us reveal why both individual and overall performance vary 
starkly between the two. The semi-natural enclosures offer 
a varied, dense socioecological environment where the mice 
live complex lives. While these conditions were not harsh, as 
food was available ad libitum and nesting opportunities were 
plentiful, individuals would still compete for space, potential 
mates, and defend their territories and offspring (König et al. 
2012). All these factors distract the individuals from the task 
we expect them to perform, simply because they need to allo-
cate the majority of their time performing these other func-
tions (Kummer and Goodall 1985). The ‘excess of energy’ 
hypothesis (Kummer and Goodall 1985) suggests that indi-
viduals would solve more problems when they have more 
time and energy to devote to innovation. Indeed, in the 
controlled conditions, all individuals were alone for many 
hours, and there were virtually no external stimuli outside 
the problem-solving setups, so they could allocate all their 
time and energy into solving the problems. This is potentially 
one of the factors that allowed more individuals to problem-
solve when tested in the arenas. Also, as we tested the same 
individuals in both conditions, there were no differences in 
their intrinsic abilities or affinity with the setups (i.e. higher 
familiarity with man-made objects for captive individuals, see 
van de Waal and Bshary 2011, Benson-Amram et al. 2013). 
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Therefore, as the experimental conditions cause this differ-
ence in performance, our findings can help distinguish the 
specific areas that testing in isolation/controlled conditions 
versus in a complex social group in (semi-)natural conditions 
really examines (Tomasello and Call 2011, Amici et al. 2019).

Each individual’s performance in one condition is not cor-
related to their performance in the other condition with only 
56% of individuals being equally likely to solve successfully 
in both conditions. A characteristic example is the case of the 
most prolific solver in the semi-natural enclosures; this indi-
vidual successfully solved 34 problems while in the enclosures 
– almost nine times more than the average solver. However, 
the same individual solved only two of the four problems 
available in the arena. In contrast, multiple individuals that 
solved no problems in the enclosures eventually solved mul-
tiple problems while in the arenas. It becomes evident that, 
for most individuals, the conclusions drawn would have been 
starkly different had we investigated them under only one of 
the two conditions.

Our findings point towards the conclusion that different 
conditions allow us to measure different aspects of problem-
solving. Studying individuals in controlled conditions (e.g. in 
the laboratory, socially isolated) allows us to determine whether 
an individual can solve problems (i.e. we measure their prob-
lem-solving ability). Studying individuals in uncontrolled 
conditions (e.g. in the wild or in semi-natural enclosures) 
allows us to observe whether an individual will problem-solve 
(i.e. we measure their problem-solving propensity).

To ultimately understand the evolutionary importance of 
problem-solving and its effects on individuals, it is important 
to additionally examine its fitness consequences. Problem-
solving may help individuals achieve higher fitness either 
through direct benefits (accessing higher quality, quantity or 
novel food) or indirect (mate choice preference of solvers over 
non-solvers, high social status of solvers), and understanding 
if and how this happens is paramount to further our under-
standing of the evolution of problem-solving.

Conclusions

This study provides evidence that behavioural traits may 
influence problem-solving performance in wild house mice 
in an indirect way, affecting non-cognitive aspects of innova-
tion, such as improving an individual’s chances to discover 
these problems in their natural environment. In different 
conditions, however, each individual performed differently 
and non-consistently, revealing that researchers should be 
careful when transferring findings from the laboratory to the 
wild and vice versa. We suggest that inter-individual differ-
ences should be taken into account in a species-specific man-
ner, as well as examining the ecological validity of the setting 
that problem-solving is observed.
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