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Bows and arrows, houses and kayaks are just a few examples 
of the highly optimized tools that humans have produced 
and used to colonize new environments1,2. Because there is 
much evidence that humans’ cognitive abilities are unparal-
leled3,4, many believe that such technologies resulted from our 
superior causal reasoning abilities5–7. However, others have 
stressed that the high dimensionality of human technologies 
makes them very difficult to understand causally8. Instead, 
they argue that optimized technologies emerge through the 
retention of small improvements across generations without 
requiring understanding of how these technologies work1,9. 
Here we show that a physical artefact becomes progres-
sively optimized across generations of social learners in the 
absence of explicit causal understanding. Moreover, we find 
that the transmission of causal models across generations 
has no noticeable effect on the pace of cultural evolution. 
The reason is that participants do not spontaneously create 
multidimensional causal theories but, instead, mainly pro-
duce simplistic models related to a salient dimension. Finally, 
we show that the transmission of these inaccurate theories 
constrains learners’ exploration and has downstream effects 
on their understanding. These results indicate that complex 
technologies need not result from enhanced causal reasoning 
but, instead, can emerge from the accumulation of improve-
ments made across generations.

According to the cognitive niche hypothesis, natural selection 
enhanced our ancestors’ ability to think creatively, plan and engage 
in causal reasoning about their environment5,6, and these enhance-
ments enabled the production of more efficient technologies that 
powered human expansion10,11. Our remarkable reasoning abilities 
certainly contribute to the development of sophisticated technolo-
gies12. Yet, others have stressed that even in traditional societ-
ies human technology is often too complex to be the product of 
human ingenuity alone8,9. Constructing a well-designed bow, for 
example, requires solving a difficult multidimensional optimiza-
tion problem13. The cultural niche hypothesis suggests that com-
plex technologies such as bows result from the accumulation of 
many, mostly small, often poorly understood improvements made 
across generations linked by cultural transmission1,9,14. Over time, 
the selective retention of improvements gives rise to highly opti-
mized solutions in the absence of explicit understanding about how 
these solutions work.

To test the hypothesis that the selective retention of beneficial 
changes over generations can produce cultural adaptations with-
out individual understanding, we asked successive ‘cultural gen-
erations’ of participants (French university students) to optimize a 

physical system, and measured participants’ understanding of how 
the device worked at each generation. The physical system was a 
wheel that travelled down a 1-m-long inclined track. The wheel 
had four radial spokes, and one weight could be moved along each 
spoke (Fig. 1a–d). Participants were organized into chains of five 
individuals. Each participant had five trials to minimize the time 
it took for the wheel to reach the end of the track. All participants 
(except those in the first generation) were provided with the last two 
configurations and associated scores of the previous participant in 
their chain to simulate overlapping generations. Participants were 
informed that their last two trials would be transmitted to the next 
participant in the chain, and that their reward depended both on 
their own performance and on the performance of the next partici-
pant in the chain. We collected data from 14 chains of 5 participants 
in this ‘configurations’ treatment.

The wheel system we used in this experiment suits our purpose 
for several reasons. First, it is unfamiliar (cognitive studies show that 
western students have poor understanding of wheel dynamics15), so 
participants cannot rely on acquired knowledge to solve the task. 
Second, the performance of the wheel depends solely on the laws 
of physics, and not on arbitrary principles that could compromise 
the ecological validity of our results. Finally, although the physics of 
the system is by no means trivial, the optimization problem is low-
dimensional, which provides a conservative test of our hypotheses, 
compared with the many-dimensional problem of optimizing, for 
example, the performance of a bow13.

The time required for the wheel to cover the track depends on 
just two variables: its moment of inertia and the position of its centre 
of mass (see Methods). This allowed us to rigorously measure par-
ticipants’ causal understanding of the system after they completed 
their five trials (Fig. 1e). Participants’ understanding was evaluated 
by presenting them with pairs of wheels that differed in their config-
urations, and asking them to predict which wheel would reach the 
bottom of the rails first. A participant who understands the effects 
of varying the moment of inertia should predict that a wheel with 
four weights close to the axis would cover the track quicker than a 
wheel with four weights farther from the axis (Fig. 1a,b). Similarly, a 
participant who understands the effect of varying the position of the 
wheel’s centre of mass should make correct predictions about the 
configurations displayed in Fig. 1c,d. The test comprised ten pairs of 
wheels: five in which wheels varied in their moment of inertia and 
five in which wheels varied in the position of their centre of mass.

The cultural niche hypothesis predicts that the speed of 
the wheel will increase with generations, while participants’  
understanding of the system will not improve over generations 
(pre-registered hypothesis 1).
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The results confirmed these predictions. The average wheel 
speed (calculated as 1 m/descent time) increased across gen-
erations (generation 95% confidence interval (CI): 1.58 to 9.02; 
mean = 5.37 m h−1; Fig. 2a) while participants’ understanding did 
not (generation 95% CI: −0.34 to 0.25; mean = −0.04; Fig. 2b). The 
average wheel speed produced by first-generation participants on 
their last trial was 123.6 m h−1 (95% highest posterior density inter-
val (HPDI): 117.3 to 130.6) and their understanding score was 4.60 
(95% HPDI: 3.83 to 5.53). After 5 generations, the average wheel 
speed increased to 145.7 m h−1 (95% HPDI: 138.5 to 152.4) while 
participants’ understanding remained the same (95% HPDI: 3.65 
to 5.39; mean = 4.47). Given that the maximum possible speed 
was about 154 m h−1, these results indicate an optimization of 71% 
after only 4 cultural generations. This confirms that the retention 
of improvements over generations produces highly optimized solu-
tions and need not depend on the emergence of more accurate 
causal models.

To further investigate the relationship between cultural evolu-
tion and individual understanding, we ran a second ‘configura-
tions + theory’ treatment with another 14 chains of 5 participants, 
in which participants could also formulate an explicit written theory 
about the physical system and transmit it to the next participant 
in the chain. The cultural transmission of explicit causal theories 
might affect both the optimization and the understanding of the 
physical system (pre-registered hypothesis 2). One possibility is that 
theory transmission increases both individual understanding and 
wheel performance. For example, participants who have a correct 
representation of the wheel dynamics might enhance others’ perfor-
mance by helping them notice the effects of varying specific param-
eters. However, the effects of theory transmission depend on the 
probability that participants generate useful theories. If participants 
produce incorrect theories, theory transmission would prevent 
individuals from noticing relevant parameters and detrimentally 
affect their performance. Inheriting a theory can also constrain par-
ticipants’ exploration behaviour (pre-registered hypothesis 3). For 
example, cognitive scientists have shown that children who are told 
the function of a toy engage in more limited exploration and are less 
likely to discover alternative functions than children ignorant of the 
toy’s function16 (see also ref. 17). In our experiment, theory transmis-
sion might shape the exploration of parameter space and have nega-
tive downstream effects on participants’ performance.

The results show that the average wheel speed increased at a 
similar rate in the ‘configurations + theory’ treatment as it did in 
the ‘configurations’ treatment (treatment: 95% CI: −10.76 to 18.13; 
mean = 3.52 m h−1; generation × treatment: 95% CI: −7.07 to 2.52; 
mean = −2.23 m h−1; Fig. 2a) and that participants’ understanding 
again barely changed across generations, although participants 
in the very last generation had a slightly better understanding 
when they had inherited a theory (treatment: 95% CI: −2.54 to 
0.31; mean = −1.14; generation × treatment: 95% CI: 0.03 to 0.81; 
mean = 0.44; Fig. 2b). Thus, these analyses do not provide substan-
tial support for the idea that the transmission of explicit causal theo-
ries affects wheel optimization and individual understanding.

Exploratory analyses, however, reveal striking differences 
between treatments in participants’ exploration behaviour 
(Supplementary Fig. 1). To investigate the effect of theory trans-
mission, participants’ theories were coded according to whether 
they contained information related to the moment of inertia, the 
position of the wheel’s centre of mass, both or neither. Of the 56 
participants who inherited a theory (all participants in the ‘configu-
rations + theory’ treatment except first-generation participants), 15 
inherited an inertia-related theory, 17 inherited a centre-of-mass-
related theory, 6 inherited a full theory and 18 inherited diverse, 
irrelevant theories. Participants who inherited an inertia theory 
mainly produced compact and balanced wheels (that is, with a low 
moment of inertia; Fig. 3b,f). In contrast, participants who inher-
ited a centre-of-mass theory produced unbalanced wheels with 
their top and right weights at extreme positions (that is, with better 
initial acceleration; Fig. 3c,g). The few participants who inherited a 
full theory produced compact and asymmetrical wheels (Fig. 3d,h). 
For comparison purposes, participants in the ‘configurations’ treat-
ment (who did not inherit any theory) generated a greater range of 
wheels, although their centre of mass tended to be concentrated in 
the upper-right quadrant (Fig. 3a,e).

Furthermore, inherited theories strongly affected participants’ 
understanding of the wheel system. Participants who did not inherit 
any theory (‘configurations’ treatment) scored similarly (and better 
than chance) on questions about inertia and questions about centre 
of mass (Fig. 3i). In comparison, participants who inherited an iner-
tia- or centre-of-mass-related theory showed skewed understanding 
patterns. Inheriting an inertia-related theory increased their under-
standing of inertia, but decreased their understanding of centre of 
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Fig. 1 | Experimental task and design. a, Illustration of the physical system used in the experiment. The wheel had four radial spokes, and one weight 
could be moved along each spoke. The time it took for the wheel to cover the track was determined by its moment of inertia and the position of its centre 
of mass. a,b, The moment of inertia depends on how mass is distributed around the axis. The wheel in a has a smaller moment of inertia and spins faster 
than the wheel in b. c,d, Asymmetrical wheels do not have their centre of mass on the axis of rotation, which can give wheels better initial acceleration. 
The wheel in c covers the distance faster than the wheel in d due to the higher initial position of its centre of mass. e, Participants were organized into 
chains of five individuals and had five trials each to improve their wheel. All participants (except those in the first generation) were provided with the last 
two configurations (shaded grey) and associated scores of the previous participant in the chain (‘configurations’ treatment). Participants’ understanding 
was evaluated after they completed their five trials by asking them to predict which of two wheels would cover the distance faster (for example, a versus b, 
or c versus d).
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mass. Symmetrically, inheriting a centre-of-mass-related theory 
increased their understanding of centre of mass, but decreased their 
understanding about inertia. One explanation for this pattern is that 
inheriting a unidimensional theory makes individuals focus on the 
effect of one parameter while blinding them to the effects of others. 
However, participants’ understanding may also result from different 
exploration patterns. For instance, participants who received an iner-
tia-related theory mainly produced balanced wheels (Fig. 3f), which 
could have prevented them from observing the effect of varying the 
position of the wheel’s centre of mass. To test this mechanism, we 
grouped participants who did not inherit any theory (that is, from the 
‘configurations’ treatment) into three categories: those who produced 
various types of wheels; those who only produced balanced wheels; 
and those who only produced unbalanced wheels. Participants who 
produced various types of wheels scored similarly on questions about 
inertia and centre of mass. However, participants who only produced 
balanced wheels showed better understanding of inertia than centre of 
mass, and participants who only produced unbalanced wheels showed 
better understanding of centre of mass than inertia (Supplementary 
Fig. 2). These results suggest that the understanding patterns observed 
in participants who received unidimensional theories are probably the 
result of the canalizing effect of theory transmission on exploration. 
Note that in the present case, this canalizing effect is performance-
neutral: with our two-dimensional problem, better understanding of 
one dimension and worse understanding of another dimension sim-
ply compensate each other. However, for a many-dimensional prob-
lem, better understanding of one dimension is unlikely to compensate 
for worse understanding of all of the others.

As predicted by the cultural niche hypothesis9, our experi-
ment shows that highly optimized technologies can emerge from 
the accumulation of many improvements made across generations 
linked by cultural transmission, without the need for an accurate 
causal understanding of the system. Most participants actually pro-
duced incorrect or incomplete theories despite the relative simplic-
ity of the physical system. These results are consistent with the view 
that individuals do not spontaneously create multidimensional rep-
resentations of object motion15. Instead they mainly produce uni-
dimensional models related to a specifically salient dimension18. 
Although examples of evidence of individuals’ erroneous theories of 
motion are sometimes considered as experimental artefacts result-
ing from impoverished stimuli (such as using pictures to describe 
dynamical events19), our results show that incomplete representa-
tions commonly emerge even when individuals directly observe and 
modify an actual physical object. As a consequence, the transmis-
sion of explicit theories across generations did not help participants 
produce more efficient wheels: inheriting a theory mostly con-
strained participants’ exploration, and prevented them from notic-
ing the effects of relevant variables outside the theory they received.

It is worth noting that despite exhibiting poor understanding of the 
experimental physical system, participants did not randomly explore 
the parameter space. For example, in both treatments, wheels were 
much more likely to have their centre of mass at the centre of the wheel, 
or in the upper-right quadrant. This indicates that participants had 
appropriate intuitions about how to maximize acceleration, and sam-
pled the parameter space fairly efficiently in that regard. Our ability to 
restrict exploration to potentially useful portions of the design space 
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certainly accelerated cultural evolution in our experiment. A greater 
focus on the determinants of biased exploration would be a fruitful 
area for further work. Here, we cannot tell whether participants’ intu-
itions resulted from an implicit physics engine, past experience with 
analogous objects or Western formal education (although physics or 
engineering background had no effect on participants’ understanding 
scores; Supplementary Fig. 3). Future cross-cultural work involving 
non-WEIRD participants (that is, not coming from Western, edu-
cated, industrialized, rich, and democratic societies) should tell us 

whether this selective exploration is culturally constructed or shared 
across populations20. In any case, our experiment indicates that one 
should be cautious when interpreting complex archaeological materi-
als as evidence for sophisticated cognitive abilities (such as reason-
ing, problem solving or planning), since these abilities are not the sole 
driver of technological sophistication1,9. Understanding technological 
change demands a focus on individual cognition5,6, but also requires 
us to give attention to factors affecting the pace of cultural accumula-
tion, such as cultural transmission dynamics and demography21–29.
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Methods
Participants. In total, 140 participants took part in the study (70 women and 
70 men). Participants were randomly selected from a database managed by the 
Catholic University of Lille and recruited by email from various universities in 
Lille, France. The subjects ranged in age from 18–38 years (mean = 20.5 years; 
s.d. = 3.4 years). Participants received €3 for participating and an additional amount 
ranging from €0–26 depending on their own performance and the performance of 
the next participant in their chain (see below).

Ethics statement. The study was carried out in accordance with the ethical 
standards of the 1964 Declaration of Helsinki and the guidelines of the British 
Psychological Society’s Code of Human Research Ethics. All methods were 
approved by the University of Exeter Biosciences Research Ethics Committee 
(2018/2310) and the Catholic University of Lille Research Ethics Committee (2018-
01-31-E). All participants provided written, informed consent before taking part in 
the experiment.

Experimental apparatus. Dynamics of the wheel. The performance of the wheel 
depends on two variables: its moment of inertia and the position of its centre of 
mass. The wheel’s moment of inertia depends on how mass is distributed around its 
axis of rotation. Wheels with a smaller moment of inertia (that is, wheels that have 
their weights closer to the axis) require less torque to increase angular momentum 
and spin faster (movies are available at https://osf.io/afwmr/). Asymmetrical wheels 
do not have their centre of mass on the axis of rotation, which can give wheels 
better initial acceleration. When the centre of mass of the wheel is in the wheel’s 
upper-right quadrant, more energy is converted into angular kinetic energy so 
that the wheel will benefit from higher increases in angular momentum. Note that 
the same would occur with a centre of mass in the upper left quadrant. There, the 
wheel would rotate in the wrong direction and would go up on the rails (the kinetic 
energy would be converted into potential energy).

In our experiment, both the wheel’s moment of inertia and the position of 
its centre of mass had to be taken into account to reach the best performance. 
A higher centre of mass can produce better acceleration but it will increase the 
wheel’s moment of inertia and so there was a tradeoff between maximizing 
acceleration and minimizing inertia (Supplementary Fig. 4). Acceleration could be 
optimized in two different ways. One is keeping all weights close to the axis except 
the top one. The other is moving both the top and right weights away from the 
axis. This latter strategy can give the wheel better initial acceleration because the 
right weight has more leverage than the top weight to set the wheel in motion at its 
initial position (the top weight initially applies a vertical force on the axis, which 
does not affect the wheel’s angular momentum). However, the right weight will 
only fall from half the height of the top weight (assuming both weights are equally 
far from the axis), so less energy will eventually be converted into kinetic energy.

Building of the wheel. The wheel was built around a tube clamp designed to form 
a 90° angle between a 28 mm tube (which passed through the clamp) and 4 other 
28 mm tubes (with 90° angles between contiguous tubes; Fig. 1 and Supplementary 
Fig. 5a). The axis of the wheel was composed of a 10.5-cm-long bored-through 
wooden pole and an 8 mm threaded steel rod in its centre. The threaded steel rod 
protruded approximately 4 cm past the end of the wooden pole at each side and 
was covered with pieces of 3 cm rubber tube to prevent the wheel from sliding on 
the rails. Flat washers were positioned on either side of the pieces of rubber tube 
to guide the wheel along the rails and limit potential friction. Two nuts held the 
materials in position. Two 500 g weight plates were positioned along the axis of the 
wheel (one on each side of the clamp) to reduce the wheel’s moment of inertia and 
limit the occurrence of motionless or back-spinning configurations. Two barbell 
clamp collar clips were used to lock the weight plates in position (Supplementary 
Fig. 5b). Four 28 mm wooden poles formed the spokes of the wheel and were 41 cm 
long from the centre of the wheel. Pieces of red tape were positioned every 28 mm 
along the spokes to signal 12 discrete weights’ potential positions (the closest 
position to the axis was 6.5 cm from the centre of the wheel). Four barbell clamp 
collar clips were used as weights. Each was weighted with flat washers, screws and 
nuts (Supplementary Fig. 5c). The weight of a collar clip was about 100 g.

Building of the rails. Rails were built from 2-long plated steel slotted angles (20 mm 
wide). A steel and aluminium structure held the rails at an incline of 14°. Two 
push-button switches (made from computer mice) were located 92 cm apart on the 
rails and connected to a computer program (Supplementary Fig. 5b). Two arrows 
indicated the positions of the switches (starting/ending points; Supplementary  
Fig. 5a). A mechanical lever maintained the wheel motionless, with two of its 
spokes parallel to the ground at its starting position.

Procedure. The experiment took place in an experimental room at the Laboratory 
for Experimental Anthropology at the Catholic University of Lille. For each session 
(around 20 min long), a single individual was recruited and sat at a computer that 
was placed parallel to and at 2 from the experimental apparatus. Participants were 
randomly assigned to one condition of the experiment and one sex-segregated 
chain. Before starting the experiment, participants were asked to complete a consent 
form and were asked their age. At the end of the experiment, participants indicated 

whether they had an academic background in physics or engineering. Participants 
entered and left the room by two different doors to prevent any form of direct 
interaction between them. Participants came back to the laboratory a few days after 
the experiment to receive payment (once their final payoff was known; see below).

Experimental design. Building phase. Each participant had 5 trials to minimize 
the time it took the wheel to cover about 1 on an inclined track. Weights could 
be placed on one of 12 discrete positions along 4 spokes, which created a space 
of 20,736 unique configurations. Participants chose their configurations through 
a computer program using four sliders (Supplementary Fig. 6). Once the 
configuration was confirmed by the participant, the experimenter positioned the 
weights on the physical wheel accordingly (the computer screen was projected onto 
a wall to the right of the participant to allow the experimenter to see the chosen 
configuration without interacting with the participant; Supplementary Fig. 5a). The 
wheel was then positioned on the rails and held motionless by a mechanical system 
before being released. Once released, the time it took the wheel to descend the 
track was automatically recorded by the computer program. The wheel’s average 
speed and associated payoff was then automatically displayed on the participant’s 
screen. Participants could consult their two last configurations between any trials. 
They had as much time as they needed to consult these configurations and choose 
their next one. After three trials, participants were reminded that their last two 
configurations will be transmitted to the next participant in the chain. After five 
trials, the program automatically switched to the test phase.

Testing phase. After completing the task, participants were told that they would be 
presented with pairs of wheels and that they must guess which one of two wheels 
would cover the rails faster. They were also told that one of their answers will be 
randomly selected at the end of the test and that €5 will be added to their gain if 
that answer is correct. For each pair, participants could submit 3 possible answers: 
‘wheel 1’, ‘wheel 2’ or ‘no difference’. Participants could take as much time as 
needed before submitting their answer. Once an answer was submitted, another 
pair of wheels was displayed until participants compared ten pairs of wheels. In five 
pairs, wheels varied in their moment of inertia. In the other five, wheels varied in 
the position of their centre of mass (Supplementary Fig. 7). Participants were not 
told whether their guesses were correct. All participants were exposed to the same 
ten pairs of wheels in the same order.

Experimental treatments. Two treatments were run. In each treatment, participants 
were part of 14 chains, each containing 5 individuals (exclusively males or exclusively 
females). No statistical methods were used to pre-determine sample sizes, but our 
sample sizes (that is, number of independent chains) were larger than those reported 
in previous publications30,31. All participants except those in the first generation were 
provided with social information. In the ‘configurations’ treatment (n = 70), the last 
two configurations and associated scores of the previous participant in the chain 
were provided to the next participant in the chain. In the ‘configurations + theory’ 
treatment (n = 70), participants additionally received the previous participant’s 
theory about the physical system. Participants were asked to write their theory after 
the test phase was completed. Participants could not transmit information about the 
performance of a specific configuration, to prevent individuals from extending the 
number of transmitted configurations compared with the ‘configurations’ treatment. 
Theories had to be less than 340 characters long and always started with ‘The wheel 
covers the distance faster when…’. Social information was available all along the 
building phase and could be consulted between any trials in both treatments. The 
organization of experimental conditions was randomized. Data collection was not 
performed blind to the conditions of the experiments.

Pre-experiment information. The instructions could be read on a computer screen. 
They stated that the participants’ task was to position four weights on a wheel to 
minimize the time it takes the wheel to cover an inclined track (Supplementary 
Methods). Participants were informed that they had five trials to do this and that 
their payoff would be determined by the performance of each of their wheels. 
Participants were told that they were part of a chain, so that the task was a 
collective one (despite being alone in the experimental room). They were informed 
that their last two configurations would be transmitted to the next participant in 
the chain, and all participants except those in the first generation were also told 
that they were going to be provided with the last two configurations of the previous 
participant in the chain. In the ‘configurations + theory’ treatment, participants 
were also informed that they could write/receive a theory. Finally, participants were 
told that their final gain would be determined by their own performance and the 
performance of the next participant in the chain. Participants did not know the 
length of the chain, nor the speed of the best possible wheel.

Participants’ payoff. The following equation determined the payoff of each wheel:

−  − ∕  − × +[1 ((MaxSpeed RecordedSpeed) (MaxSpeed MinSpeed))] 3 Bonus

where MaxSpeed = 160 and MinSpeed = 96. RecordedSpeed was the recorded 
average speed of the wheel. Bonus took the value 0.2 for wheels that descended, and 
0 otherwise.
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Participants’ final payoff corresponded to the sum of the payoff of each of 
their wheels plus the payoff of the next participant’s first two wheels plus €5 if they 
correctly answered the randomly selected test. Final participants in chains had 
their last two payoffs doubled (although they were not aware of this as they did not 
know that the chain was about to end).

Theory coding. Five individuals blind to the research question were explained the 
dynamics of the wheel (that is, the respective role of inertia and centre of mass in the 
performance of the wheel) and were asked to code participants’ theories according 
to whether they contain accurate information related to moment of inertia and/or 
centre of mass. A theory contained information related to the moment of inertia 
when it said that the wheel goes faster when its weights are close to the axis (for 
example, ‘The wheel covers the track faster when its weights are balanced and close 
to the axis.’). A theory contained information related to centre of mass when it said 
that the wheel goes faster when its centre of mass is in the upper-right quadrant 
(for example, ‘The wheel covers the track faster when its top and right weights are 
farther from the axis than its bottom and left weights.’). A few theories contained 
information about both principles (for example, ‘The wheel covers the track faster 
when its weights are balanced and close to the axis. Furthermore, the wheel has a 
better initial acceleration when the top and right weights are slightly farther away 
from the axis.’). Cohen’s kappa coefficients reveal almost perfect agreement between 
raters (0.81 for inertia and 0.85 for centre of mass).

Statistical analyses and model outputs. We ran a series of Bayesian multilevel 
models in R32. Models were fitted using map2stan in the rethinking package33, and 
95% credible intervals were used to make inferences.

Analysis 1. Pre-registered analysis 1 investigated the average speed of wheels across 
generations in the configurations treatment. Wheels that did not go down were 
attributed a speed of 0. Data were restricted to participants’ last two trials to limit 
the occurrence of wheels that did not descend in the dataset. We fitted a linear 
model with ‘speed’ as the outcome variable, ‘trial’ and ‘generation’ as predictor 
variables and ‘player’s identity’ and ‘chain’s identity’ as random effects (see 
Supplementary Table 1 for the model output).

Analysis 2. Pre-registered analysis 2 investigated understanding across generations 
in the configurations treatment. We fitted a linear model with ‘score’ as the 
outcome variable, ‘generation’ as a predictor variable and ‘chain’s identity’ as a 
random effect (see Supplementary Table 2 for model output).

Analysis 3. Pre-registered analysis 3 compared the average speed of wheels across 
generations between treatments. Wheels that did not go down were attributed 
a speed of 0. Data were restricted to participants’ last two trials to limit the 
occurrence of wheels that did not descend in the dataset. We fitted a linear model 
with ‘speed’ as the outcome variable, ‘trial’, ‘generation’, ‘treatment’, ‘trial:treatment’ 
and ‘generation:treatment’ as predictor variables, and ‘player’s identity’ and ‘chain’s 
identity’ as random effects (see Supplementary Table 3 for model output). For 
this model, the chains were inefficient and the effective number of samples for 
one parameter was low (see Supplementary Table 3). The robustness of the model 
estimates was checked by running additional models (see Supplementary Results). 
Additional models with more efficient sampling confirmed the reported results 
(Supplementary Tables 4 and 5 and Supplementary Fig. 8).

Analysis 4. Pre-registered analysis 4 compared understanding across generations 
between treatments. We fitted a linear model with ‘score’ as the outcome variable, 
‘generation’, ‘treatment’ and ‘generation:treatment’ as predictor variables and ‘chain’s 
identity’ as a random effect (see Supplementary Table 6 for the model output).

Deviation from pre-registered analyses. In pre-registered analysis 4, the outcome 
variable was ‘score’ and each participant was associated with two values in the 
dataset: one score for inertia and the other for centre of mass. Compared with the 
analysis we ran, the pre-registered model included ‘physical principle’ and ‘physical 
principle:treatment’ as predictor variables, and ‘player’s identity’ as a random effect. 
However, analyses revealed that understanding scores about inertia and centre of 
mass were negatively correlated (Supplementary Fig. 9 and Supplementary Table 7)  
and some individuals better understood inertia than centre of mass while others 
better understood centre of mass than inertia (Fig. 3i and Supplementary Fig. 2). 
As a result, the pre-registered model did not converge so we ran our analysis on 
aggregated score and removed the terms associated with the variable ‘physical 
principle’ in the reported model.

Data analyses were not performed blind to the conditions of the experiments. 
No data points were excluded from the analyses.

Pre-registration. The study was pre-registered (https://osf.io/ge7cs). Pre-
registration of the study design, hypotheses and analysis plan took place before any 
data were collected.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability
Codes used in this paper are available at https://osf.io/afwmr/.

Data availability
The data that support the findings of this study are available at https://osf.io/
afwmr/.
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Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) State the source of each cell line used.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
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Palaeontology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.
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where they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new 
dates are provided.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals 
were caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if 
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Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or 
guidance was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics French University Student

Recruitment Participants were randomly selected from a database managed by the Catholic University of Lille and recruited by email from 
various universities in Lille, France

Ethics oversight University of Exeter Biosciences Research Ethics Committee (2018/2310)  and Catholic University of Lille Research Ethics 
Committee (2018-01-31-E)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

ChIP-seq
Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
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Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of 
reads and whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone 
name, and lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and 
index files used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold 
enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a 
community repository, provide accession details.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging
Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types 
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first 
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte 
Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial 
correlation, mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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