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Cumulative cultural evolution (CCE) is a fundamental aspect of human cognition, 
enabling the refinement and transmission of complex skills across generations. 
This study explores the cognitive abilities supporting CCE through a transmission 
chain design using a knot-tying task combined with brain imaging to examine how 
skills are acquired over successive learning and transmission stages. We obtained 
data from two chains of multiple generations of participants. Our results revealed 
generational modifications in knot-tying techniques accompanied by increased 
prefrontal cortex activation in later generations of learners, possibly suggesting 
that loss of information due to imperfect copying fidelity increases cognitive 
demands for working memory. Our study further shows the potential of brain 
imaging as a viable technique for investigating CCE. By applying functional MRI 
to track neural activity during the acquisition of knot-tying skills, we provide a 
novel approach for understanding the cognitive mechanisms that underlie cultural 
knowledge transfer. Further research integrating neuroimaging with behavioral 
studies could help clarify how cognitive and neural processes contribute to the 
accumulation and refinement of cultural knowledge over time.
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1 Introduction

The material artifacts left behind by prehistoric humans open a window into the mental 
and cultural lives of those that came before us (Currie and Killin, 2019). The complexity and 
richness of human culture is believed to be, at least in part, the result of cumulative cultural 
evolution (CCE). CCE is described as a process of repeated cultural transmission, during 
which small changes in behavior can spread between the individuals in a population, and over 
time accumulate in a “ratchet like” manner (Tennie et al., 2009). When these modifications 
have positive consequences for the population they usually stay in place until a newer one is 
introduced (Tomasello et al., 1993). Cultural transmission is, in turn, powered by mechanisms 
of social learning, such as imitation and teaching, which contribute to copying fidelity and the 
accurate reproduction of behaviors (Caldwell et al., 2018). The accumulation of skills and 
knowledge generated by CCE allows younger generations to benefit from the innovations 
made by the generations preceding them, leading to behaviors and artifacts that no single 
individual would have been able to invent on their own (Tennie et al., 2009). CCE is therefore 
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believed to be a major driver for human cognitive evolution (Boyd and 
Richerson, 1996; Tomasello, 1999).

Although social learning is foundational to CCE in general, the 
form of social learning deployed in the successful transmission of 
behavior will vary according to several factors, including task 
complexity, the number of accessible models, and the amount of time 
available for solving a task. For instance, in simple tasks, emulation 
(i.e., focusing on the end product or effect rather than on copying the 
process) may be sufficient to achieve the successful transmission of 
culture (Caldwell and Millen, 2009; Zwirner and Thornton, 2015). 
However, with increasing task complexity, forms of social learning 
that support high-fidelity reproduction, such as imitation and 
teaching, become more beneficial and ultimately necessary for CCE 
to happen (Dean et  al., 2012; Wasielewski, 2014; Zwirner and 
Thornton, 2015). Such differential use of social learning may 
be  because complex artifacts and behaviors tend to be  ‘opaque’ 
(information about how they work or are produced is not easily 
extracted by direct observation), whereas simple ones can be more 
easily ‘reverse-engineered’, allowing individuals to reproduce them 
through different techniques. Therefore, we  would expect the 
development of ever more complex cultural artifacts to increase 
selective pressures for social learning strategies over time (Wasielewski, 
2014). One would also expect populations to improve ways to support 
the social transmission of knowledge and complex skills, such as 
increasing both access to experts as well as opportunities to learn from 
multiple models (Muthukrishna et al., 2014).

The prime means for investigating the cognitive mechanisms 
underlying CCE in the lab are transmission chain studies, in which 
knowledge or skills are repeatedly transferred from one individual to 
the next (Caldwell and Millen, 2008a). In a transmission chain design, 
the first participant of a chain watches a trained model performing a 
behavior, for example building a Lego house, and is instructed to 
recreate it. This participant will then become the model for the next 
in line, and so on, so that every participant in the chain follows the one 
before and models for the one after, each of them representing a new 
‘generation’. Despite their limitations, these types of experiments can 
illuminate whether and in what ways cumulative culture occurs under 
different conditions (e.g., with/without verbal instruction, long/short 
observation times; modeling from naive or expert individuals, etc.) 
and involving different objects or behaviors (e.g., transparent or 
opaque, simple or complex, novel or familiar, etc.) (Muthukrishna 
et  al., 2014; Papa et  al., 2021; Wasielewski, 2014; Zwirner and 
Thornton, 2015).

Another approach to investigating the production, transmission 
and evolution of human culture is offered by the emerging field of 
neuroarchaeology. This is a multidisciplinary field that uses 
neuroscientific methods to help answer archeological questions 
(Salagnon et al., 2020). By having modern humans recreate artifacts 
found in the archeological record, we can in principle identify which 
skills and neural substrates are required for their perception and 
production, and infer when and how some human cognitive abilities 
evolved (Salagnon et al., 2020; Stout et al., 2015). The production of 
stone tools through flint knapping has been widely investigated in 
neuroarchaeology because stone tools are well preserved and plentiful 
in the archeological record, offering a material basis to trace human 
cognitive and cultural evolution (Soffer and Adovasio, 2010; 
Hurcombe, 2014). Flint knapping refers to the action of hitting one 
stone with another stone or hard material to gradually remove flakes 

and shape the stone into a tool. Looking at stone tools from different 
time periods reveals a trend toward increased processing of the raw 
material leading to more complex and symmetrical end products 
(Stout et al., 2008).

Flint knapping is a process that requires a combination of 
perceptual motor coordination and conceptual understanding, and it 
takes years of training to become a proficient knapper (Stout et al., 
2008). The amount of time and effort needed to learn flint knapping 
suggests that the acquisition of this skill is dependent on social 
learning and support (Fragaszy et al., 2013). This was demonstrated 
by Morgan et al. (2015) when testing the effectiveness of different 
forms of social learning in transferring simple flint knapping skills. 
Their study indicated that transmission chains with some form of 
teaching, and especially teaching that included speech, showed 
improved skill acquisition relative to chains that relied on reverse 
engineering. Stout and Hecht (2017) have highlighted how adaptations 
for visuomotor integration laid the evolutionary foundation for the 
high-fidelity social learning involved in CCE. They suggest that 
adaptations and connectivity between the ventral premotor cortex, 
middle temporal visual areas, and parietal areas made humans capable 
of integrating increasingly detailed action information and complex 
goals while observing and imitating others (Stout and Hecht, 2017). 
The intraparietal sulcus (IPS) and the supramarginal gyrus (SMG) are 
some of the functional regions supporting such integrations, and are 
recruited during stone tool-making activities (Stout and Chaminade, 
2007; Stout et al., 2011).

The increase in complexity observed in stone tool technologies 
over evolutionary time is theorized to correlate with the evolution of 
higher-order cognitive functions (e.g., sustained attention, planning, 
working memory) that allow the knapper to follow a planned sequence 
of intentions and actions (Stout et al., 2008). The evolutionary link 
between the production of increasingly complex stone tools and 
higher-order cognitive functions is further supported by brain 
imaging studies showing activation in the left dorsolateral prefrontal 
cortex (DLPFC) during the production of complex stone tools such as 
handaxes, but not simpler stone tools such as choppers and cleavers 
(Stout and Chaminade, 2007; Stout et al., 2008; Putt et al., 2017; Putt 
et al., 2019). The DLPFC is associated with working memory and 
other executive functions related to planning and conducting a 
sequence of goal-directed actions (Fuster, 2001). The differences in 
neural activation indicate an increased demand for effective 
visuomotor coordination and hierarchical action observation in more 
advanced stone toolmaking (Stout and Chaminade, 2007; Stout et al., 
2008; Putt et al., 2017; Putt et al., 2019).

Similar to stone tool production, knot-tying is likely to have 
been an important subsistence skill for prehistoric humans. 
Although direct evidence of knots is a lot less prevalent in the 
archeological record than stone tools, we have indirect evidence that 
knots have been in use for at least 90,000 years (Kuhn and Clark, 
2014; Kaaronen et al., 2024). The biggest indication comes from the 
invention of hafting to make composite tools. Fastening sharp-edged 
knapped stones or points to shafts of wood or bone by means of a 
knotted string allowed for the production of new tools such as 
spears, knives, and axes. Hafting involved a radical departure from 
the reductive process of stone knapping toward an additive and 
hierarchical process that pulls together separate components to form 
a new whole (Barham, 2013). Other possible uses of rope and knots 
include the making of snares and nets to gather food, carrying 
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implements such as baskets, and the creation of fabrics that could 
be  worn, or strung up to give shelter from the elements (Hardy 
et al., 2020).

The emergence of symbolic artifacts marks another milestone in 
human cognitive and cultural evolution. One of the earliest forms of 
symbolic material culture is found in the form of shell beads that 
were strung and knotted together to be used as body ornamentation 
(Vanhaeren et  al., 2013; Bar-Yosef Mayer et  al., 2020). The best-
known example of such artifacts comes from Blombos Cave in 
South  Africa, dating to c. 75,000  years ago (Henshilwood et  al., 
2004). Similar shells, purportedly used as beads, have been found in 
several sites along the present coast of South Africa, North Africa 
and the Levant, with the earliest ones going as far back as 
140–120,000 years ago (Vanhaeren et al., 2006; Sehasseh et al., 2021). 
Even considering the dating uncertainty, the record indicates that by 
100,000 years ago humans had started collecting shells and fastening 
them, likely on knotted strings, to be used as decoration (Vanhaeren 
et al., 2013).

Both knot-tying and the production of string are cognitively 
sophisticated activities that involve a complex chain of operations, 
requiring capacities for planning and working memory, and possibly 
incipient mathematical understanding (Hardy et al., 2020; Gerdes, 
2010; Hurcombe, 2014). In a recent cross-cultural review, Kaaronen 
et al. (2024) found that several types of knots appear recurrently in 
various cultures and geographical locations. They further noticed that 
the use of certain kinds of knots cluster in geographical regions, 
leading to the assumption that knowledge about knots is culturally 
transmitted by social learning. On a global scale, the most common 
knots were the sheet bend (Figure 1C), the square knot (reef knot) 
(Figure 1E), the overhand knot, and the cow hitch. Interestingly, the 
most prevalent knot across cultures was not the simplest one (the 
overhand knot) but the more complex sheet bend knot, perhaps due 
to its efficiency and strength.

As mentioned above, transmission chain studies have become 
standard for studying different aspects of CCE and have proven to 
be  informative about the factors that affect cultural evolutionary 
processes, such as task opacity, access to information, and learning 
mechanisms (Caldwell, 2020). However, it is difficult to pinpoint why/
how these factors lead to different outcomes. Neuroarcheological 
approaches, for their part, have been used to reveal the cognitive 
demands of learning and transmission in the technological domain 
(Stout, 2021). Thus, applying brain imaging during the process of the 
cultural transmission of information and knowledge might help us get 
a better understanding of the mechanisms at play in CCE.

2 The present study

In this study, we  combined functional magnetic resonance 
imaging (fMRI) with a transmission chain paradigm, with the aim to 
deepen our understanding of the underlying mechanisms of 
CCE. We chose the acquisition and transmission of knot-tying skills 
as our experimental task. Unlike stone tool knapping experiments 
which are costly, risky, and time-consuming (Stout et al., 2008), knot-
tying can be learned relatively quickly, involves low-cost materials, is 
amenable to a lab environment, and can be performed in an fMRI 
machine, allowing us to record neural activity throughout the entire 
skill acquisition process. At the same time, knots are assumed to 
be somewhat opaque, so the acquisition of knot-tying skill should rely 
on high-fidelity social learning (Kaaronen et al., 2024). All of this 
made knots a desirable stimulus, while being no less cognitively, 
culturally, or evolutionarily relevant than stone tools as a technology.

The experimental task consisted of learning how to tie five knots. 
While in the MRI scanner, participants were shown step-by-step 
videos of how to tie each knot and practiced physically tying the knot 
themselves. After the imaging session, the participants demonstrated 
the tying of each knot. The demonstration was filmed, and the video 
was used as instruction for the following participant, thereby creating 
a transmission chain of information.

Behavioral transmission chain studies in which participants 
replicate a target artifact have shown that repeated transmission leads 
to changes in said artifact, either through loss of information (Morgan 
et al., 2015), or accumulation of helpful changes (Caldwell and Millen, 
2008b). On that basis, the main research question of this study 
concerned whether the behavioral changes of learning, experience, 
and the repeated transfer of information would be reflected in the 
neural activation patterns of our participants, and if so, whether these 
might aid identifying neural regions involved in the transmission of 
cultural information. To our knowledge, no previous studies have 
looked at neural activity during the process of the repeated 
transmission of skills. We chose fMRI because this method provides 
full brain images. Although it did not allow for direct contact between 
participants, each individual was still embedded in a chain via video 
demonstrations from a previous participant, ensuring some degree of 
social learning.

We formulated three main hypotheses based on the literature on 
transmission chain studies and neural activation patterns during stone 
toolmaking and knot-tying. (i) We expected to find a general effect of 
acquiring the knot-tying skill when contrasted with a motor baseline 
task. Specifically, we expected skill acquisition to be associated with 

FIGURE 1

The five knots participants were tasked with learning: the figure eight knot (A), noose knot (B), sheet bend (C), slip knot (D), and square knot (E).

https://doi.org/10.3389/fpsyg.2025.1545120
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Øhrn et al. 10.3389/fpsyg.2025.1545120

Frontiers in Psychology 04 frontiersin.org

activation of the SPL and IPS, a pattern consistent with previous 
studies on motor sequence learning, and knot-tying specifically (Cross 
et  al., 2017; Mason and Just, 2020; Morgan et  al., 2015). (ii) As a 
consequence of our participants gaining knot-tying experience as they 
went through the experimental tasks, we expected some transfer of 
knowledge to be visible when comparing the first knot the participant 
learned with the last. Because certain elements of the knot-tying 
sequences for the different knots are visually and motorically similar 
(Apšvalka et al., 2018), we expected to see decreased activation in 
DLPFC for the last knot. The reason being that the participants would 
be able to reuse some of the information they acquired in learning the 
previous knots, leading to decreased cognitive demands (Vogt et al., 
2007). If this generalization of knowledge made the acquisition of later 
knots more efficient, we also expected to see a shift in activation from 
the precentral gyrus (PreCG) for the first knots, to the postcentral 
gyrus (PoCG) for the later knots. Increased reliance on sensorimotor 
areas after practice has been shown in the acquisition of simple stone 
toolmaking skills and might indicate a transition from active attention 
to procedural memory (Putt et al., 2019). (iii) Lastly, we hypothesized 
that in the absence of any other selective pressures, the accumulation 
of behavioral changes along the chain would make the information 
presented to later generations of participants easier to replicate, 
compared to what was presented to earlier generations. If this was the 
case, there should be a higher number of incorrectly replicated knots 
in earlier generations than in later ones. Because of this, we expect to 
see a pattern of neural activation similar to that of experience, with 
decreased DLPFC and PreCG activation and increased PoCG 
activation in later generations compared to earlier ones.

3 Methods

3.1 Participants

A total of 24 healthy participants (14 female, 10 male, mean age 
22.4) were recruited for the study via postings on notice boards at the 
campuses of the University of Bergen. Those interested in participating 
in the study filled out an online questionnaire used to determine their 
eligibility to participate and assign them to an experimental group. 
Screening was based on prior experience with knot-tying through 
activities such as boating, climbing, or boy/girl scouts, handedness 
[self-reported and confirmed by a 17-item handedness questionnaire 
(Raczkowski et  al., 1974)], gender, and physical, medical or 
psychological factors that could affect neurological function. Only 
right-handed individuals reporting no in-depth experience with knot-
tying were asked to participate.

Participants were assigned to one of three chains (8 participants 
per chain), based on their gender and handedness as follows: Chain 1 
consisted of right-handed female participants only, Chain 2 consisted 
of right-handed male participants only, and Chain 3 alternated 
between left- and right-handed participants of either gender. Gender 
was kept consistent within Chain 1 and 2 to avoid potential influences 
of own-gender imitation biases (Cracco et  al., 2018; Bussey and 
Bandura, 1984; Losin et al., 2012; Perry and Bussey, 1979; Shutts et al., 
2010). To reduce potential confounding factors associated with 
handedness and brain lateralization during motor observation and 
imitation (Crotti et al., 2022) in this initial stage, the present paper is 
based on the data from Chain 1 (mean age 21.4) and Chain 2 (mean 

age 25.4). Which generation, or position within the chain, a participant 
was assigned to was determined by the order in which they 
participated and was a result of the participants’ availability.

The Regional Committees for Medical and Health Research Ethics 
(REK) in Norway approved the project ahead of participant 
recruitment (#351425). Written informed consent was obtained from 
all participants before the fMRI procedure.

3.2 Materials

3.2.1 Instruments
Functional magnetic resonance images were collected using a 

T2*-weighted echo-planar imaging (EPI) sequence on a 3T GE 
Discovery (MR750) MRI scanner with a 32-channel head coil, located 
in the department of radiology at the Haukeland University Hospital 
in Bergen, Norway.

3.2.2 Stimuli
The experimental stimuli consisted of six 30-s, silent video 

demonstrations: one for each of the five knots and one for the control 
condition. The videos showed the demonstrator’s hands on a plain 
background, shot from a 90°, overhead angle, giving the participants 
a first-person view to facilitate imitative learning (Watanabe et al., 
2013; Uomini and Lawson, 2017). The videos were shot on a Sony A65 
camera approximately 75 cm from the surface of the table. All knots 
were tied three times, and the camera filmed continuously until all 
knots had been tied. The video was cut down to create separate 
videoclips for each knot (in DaVinci Resolve 18.1.17). The videoclips 
used the last repetition of each knot, since the knot-tying usually was 
smoother and less hesitant after having gone through the steps a few 
times. All video clips were zoomed in to eliminate excess space around 
the hands and slightly slowed down to last for the full 30 s.

The knots used in the experiment were obtained from 
Animatedknots.com and classified as basic. Knots that the participants 
were likely to already be familiar with, such as the overhand knot, as 
well as knots requiring supplies other than the rope itself, were 
excluded. The five knots used in the experiment (see Figure 1) were 
the figure eight knot (A), the noose knot (B), the sheet bend (C), the 
slip knot (D), and the square knot (E). For the knots joining two rope-
ends (the sheet bend and the square knot), both ends of a single rope 
were used. Initial piloting of the selected knots confirmed that they 
could be  reliably learned within 2 min or less by knot-naïve 
individuals. In the control task, the demonstrator ran their hands 
along the rope from one end to the other and back again. This 
condition was intended to serve as a contrast to the knot-tying task, 
to isolate the activation associated to learning the steps of tying the 
knots. Several 60 cm pieces of braided, white polyester rope (5 mm) 
were used, both during the experiment and in the video 
demonstrations. Stimuli were presented and synced to functional data 
using NordicAktiva (v1.3.0) (NordicNeuroLab, 2020).

3.3 Procedure

The experiment consisted of two phases: the learning phase and 
the teaching phase. In the learning phase, participants viewed the 
video demonstrations and practiced tying the knots. This took place 
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within the MRI scanner. In the subsequent teaching phase, participants 
demonstrated how to tie the knots they had just learned. The 
demonstrations took place in the lab shortly after completing the first 
phase. After completing both phases of the experiment, participants 
were debriefed and given a 300 NOK gift card as compensation for 
their time.

3.3.1 Learning phase and fMRI
Upon arriving participants were walked through the 

experimental procedure to ensure they understood the task they 
were to perform. While in the MRI scanner, participants were 
guided through the experiment via instructions and videos 
displayed on a screen located near their feet. A set of mirrors 
mounted on the head coil was adjusted for each participant to 
ensure they could see both the screen and their own hands (while 
tying the knots), without needing to adjust their position. 
Participants were also instructed to always keep their elbows resting 
on the MRI table at either side of their body, in order to minimize 
movement during knot-tying.

The scanning session followed a block design with separate runs 
for each of the experimental stimuli (total of six runs). Each run 
consisted of six blocks, meaning that the participant was presented 
with the same knot six times before moving on to the next one. The 
structure of all blocks was identical with fixed timing for stimuli 
presentation. Before the start of each run six ropes were placed across 
the participants’ hips, and they were instructed to take one rope at a 
time to use for knot-tying practice. The blocks started with the 
presentation of the stimulus, where the participants watched a 30-s 
knot-tying video demonstration (observation condition). When the 
video ended, white text on a black background instructed the 
participants to recreate tying the knot they had just watched (practice 
condition). After 30 s, the text on the screen was replaced by a fixation 
cross that signaled the participants to discard the rope and wait for the 
next block to start. This resting period lasted for 15 s. Each run had a 
total duration of 7.5 min, giving the participant 3 min of physical 
practice per knot. The first generation of participants in each chain 
watched video demonstrations recorded by the researchers. From then 
on, the videos shown to each new participant were the recordings of 
the individual immediately prior to them in the chain.

3.3.2 Teaching phase and videotaping
After the fMRI session, participants were led into another room 

to record the video demonstration for the next participant in their 
chain. During the demonstration, participants were seated at a desk 
and instructed to keep their hands in the center of a black mat on the 
table in front of them. This made sure that their hands were in frame 
and there was a good contrast between the background and their 
hands with the rope while tying the knots. Participants were shown 
the video of each knot once before starting their demonstration (the 
same videos as they were shown in the scanner). They were asked to 
tie the knots as if they were showing someone who did not know how 
to tie them. Participants were not asked to verbally explain the knot-
tying process as they were demonstrating, since no sound would 
be included in the final video. They demonstrated each knot three 
times to guarantee there was usable footage. To avoid mislabeling, all 
knots were demonstrated in a fixed order and sorted alphabetically in 
this order: control task, figure eight knot, noose knot, sheet bend, slip 
knot, and square knot. The video camera was recording nonstop from 

first to last trial. The videos were later edited to fit the 30-s time slot in 
the fMRI paradigm.

One participant (generation 3, Chain 2) was excluded during data 
collection due to a lack of understanding of the experimental task, and 
failure to replicate the control condition. Their data was excluded from 
all analyses and no video recordings were produced. Instead, the 
videos made by the previous participant (generation 2, Chain 2) were 
used again in the following generation.

3.4 Behavioral performance assessment

Participant performance was determined by evaluating how well 
each participant’s video demonstrations matched the knot-tying of the 
corresponding video of the participant prior to them in the chain. The 
reason for measuring performance relative to the previous participant 
rather than to the original knots was that we expected the knots to 
be  altered due to the repeated transmission. If compared to the 
original stimuli, one participant making a mistake would lead to all of 
the following participants being marked as having tied the knot 
incorrectly, even if they perfectly replicated the information presented 
to them. Rating the knot-tying relative to the previous participant also 
allowed us to see if the changes that accumulated along the chain 
made the altered knots easier to learn, or if the amount of replication 
mistakes remained constant. Knot-tying performance was given a 
score from 1 to 5 according to the following criteria: 1 = none of the 
knot-tying steps were correct, 2 = less than half of the steps were 
correct, 3 = half or more of the steps were correct, 4 = the knot was 
functionally correct, but the knot-tying process was somewhat altered 
or there was some esthetic deviations in the final knot, 5 = the knot 
was tied exactly as demonstrated. A one-way ANOVA followed by a 
Tukey post-hoc test was performed to check for performance 
differences related to the specific knot, chain, knot order, and gender.

To analyze how the knot-tying process changed along the chain, 
the number of steps was counted for each of the knots for all 
participants. A one-way repeated measures ANOVA was used to 
assess if there was an effect of generation on the number of steps in the 
knot-tying process.

3.5 fMRI data acquisition and processing

Three hundred whole-brain volumes were collected for each of the 
five knots and the control (repetition time (TR) = 1,500 ms, echo time 
(TE) = 33 ms, flip angle = 80°, field of view (FOV) = 230 mm, matrix 
size = 128 × 128, number of slices = 46, slice thickness = 3 mm, inter-
slice gap = 0 mm, voxel size = 1.80 × 1.80 × 3.0 mm3). Additionally, 
high-resolution structural images were acquired using a T1-weighted 
magnetization-prepared rapid gradient echo (MP-RAGE) sequence 
(TR = 2,992.9 ms, TE = 2.82 ms, flip angle = 8°, FOV = 256 mm, 
matrix = 512 × 512, number of slices = 196, slice thickness = 1 mm, 
inter-slice gap = 0 mm).

The first four scans of each run were discarded prior to 
preprocessing to allow for T1 equilibrium effects. Preprocessing and 
statistical analyses were done using SPM12 (Wellcome Trust Centre 
for Neuroimaging, 2020) running on MATLAB version R2021a 
(MathWorks, 2021). During preprocessing, all images were realigned 
to the first scan of the first run and unwarped to correct for motion 
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artifacts and field inhomogeneities. Following this, images were 
coregistered to the T1 image, the T1 image was segmented and 
normalized to the MNI template, and the derived normalization 
parameter was applied to the fMRI scans. Lastly, spatial smoothing 
with a 6 mm (FWHM) Gaussian smoothing kernel was applied to all 
volumes to enhance the signal-to-noise ratio.

A first-level, general linear model analysis was performed 
individually on data from each participant. A standard hemodynamic 
response function was used to model participant responses, with 
onsets aligned to the start of the video demonstration (observation 
condition) and the knot-tying practice (practice condition). The 
cut-off for the high-pass filter was set to 158 s to avoid filtering out 
task-related signals. Separate, whole brain contrast images were 
created for each knot separately, as well as one for all the knots 
combined, contrasting knot-tying with the control. A set of three 
images was produced for each contrast, one isolating the neural 
activity for when the participants were watching the video 
demonstration (observation condition), one isolating the neural 
activity while the participant practiced tying the knot (practice 
condition), and one that combined both the observation and practice 
conditions (combined condition).

Second-level analyses were applied to all participants as one group 
(n = 15), as well as to Chain 1 (all female, n = 8) and Chain 2 (all male, 
n = 7) separately. Three sets of analyses were performed. First, a 
one-sample t-test was used to compare activation during knot-tying 
to the activation during the control task. This was done to evaluate the 
effect of learning the knots. Second, the effect of knot-tying experience 
was evaluated by running a related measures, two-sample t-test 
comparing the single knot contrast images of the first knot the 
participant learned to the last knot they learned. Third, the effect of 
repeated skill transmission was investigated by comparing the first 
three generations of participants from both chains to the last three 
generations again using a related measures, two-sample t-test. All 
analyses used a voxel-wise p value adjustment of 0.001 (uncorrected), 
and a cluster-wise threshold of p = 0.005 (FWE-corrected).

4 Results

4.1 Behavioral outcomes

Figure 2 shows how changes accumulated with generational 
transmission based on performance scores aggregated across 
chains. A one-way ANOVA was performed to check for 
performance differences related to the specific knot, chain, knot 
order, and gender. The results showed a significant difference in 
performance dependent on which knot was being tied (F(4) = 3.589, 
p < 0.05). A Tukey post hoc test revealed that participants 
performed significantly better on the figure eight knot (M = 5.00) 
than the sheet bend (M = 3.73) (p < 0.05). Aside from this, no other 
knots showed significant differences in performance. We also did 
not find any significant interaction effects between knot-tying 
performance and any of the other factors, indicating that 
performance was not affected by participant gender, their position 
within the chain, or the order in which they learned the knots.

There was some variation when it came to the number of steps it 
took to tie the different knots for individual participants. This was due 
both to replication errors and changes in knot-tying technique where 
some steps were combined. The repeated measures one-way ANOVA 
used to assess the effect of generation on the number of steps in the knot-
tying process did not reveal any significant differences. However, when 
we looked at the average amount of knot-tying steps for each generation, 
there seemed to be a trend toward a decrease among the later generations, 
so the lack of statistical significance might be due to the small dataset.

In both chains all but one knot had accumulated at least one error. 
Visual inspection of the knots revealed that replication mistakes made 
along the chain led to an altered overall shape of the knot half of the 
time. For example, the sheet bend originally ties together two rope 
ends, but in both chains a mistake to the knot moved it to the middle 
of the rope. On the other hand, the figure eight knot and the noose 
knot retained the overall shape for the entire chain, even when 
replication mistakes were made along the way.

FIGURE 2

Line graph showing the accumulation of errors made to the individual knots in relation to the original stimuli. Curve-steepness reflects the knot’s 
similarity to that of the previous generation, with a horizontal line indicating a perfect replication of the knot stimuli they were shown.

https://doi.org/10.3389/fpsyg.2025.1545120
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Øhrn et al. 10.3389/fpsyg.2025.1545120

Frontiers in Psychology 07 frontiersin.org

4.2 Functional data

4.2.1 Effect of skill acquisition
To assess the cognitive aspect of learning the knot-tying sequence, 

we compared knot-tying to the control task. No clusters of neural 
activation emerged in the control > knot-tying contrast; therefore, all 
reported results are based on the knot-tying > control contrast.

We identified a total of four clusters that were significantly more 
active during knot-tying compared to the control task for the combined 
condition (Table 1 for details). These clusters were located in the fusiform 
gyrus (FG) bilaterally, the superior parietal lobule (SPL) of the right 
hemisphere, and the IPS of the left hemisphere (see Figure 3A). When 
looking at the chains separately, only the cluster in the right FG survived 
in Chain 1. In Chain 2, only the cluster in the right SPL survived. 
However, a two-sample t-test directly comparing Chain 1 and Chain 2 
did not reveal any significant differences in activation between the two 
chains. The differences in activation between the two chains might 
therefore be due to the small sample size. Panel A of Figure 3 shows the 
location of the clusters for all participants, and each chain separately.

The pattern of activation in the observation condition is fairly 
similar to that of the combined condition (see Table 2 for details). 
We  found significant differences between the knot-tying and the 
control task for all participants in the right FG and bilateral IPS. When 
looking at the chains separately, Chain 2 revealed one cluster in the 
right SPL. The activation associated with the observation condition is 
visualized in Panel B of Figure 3.

In the practice condition, we found significant activation in the 
SPL, and the FG, both in the right hemisphere (see Table 3 for details). 
Panel C of Figure 3 shows where the activation associated with this 
condition was located. This condition did not reveal any significant 
differences in neural activation when looking at the chains separately.

4.2.2 Effect of knot-tying experience
To look at the effect of the gaining knot-tying experience during 

the course of the experiment, a comparison of the first and last knot 
the participants learned was performed. No clusters of neural 

activation reached statistical significance for the first knot > last knot 
contrast. In the last knot > first knot contrast, however, the observation 
condition produced a cluster of neural activation that reached 
statistical significance. This cluster was located in the SPL of the right 
hemisphere (see Table 4 for details). The pattern of neural activation 
of this contrast is visualized in Figure 4.

4.2.3 Effect of repeated skill transmission
To look at the effect of the repeated transmission of knot-tying 

skills, we compared the single knot images of participants in the first 
three generations (six participants) to those that made up the last three 
generations (six participants) of both chains. Only the last 
generations > first generations contrast yielded significant differences 
in neural activation. Figure 5 shows the pattern of activation for (A) 
the combined condition, (B) observation condition, and (C) practice 
condition (see Table  5 for details). The combined and practice 
conditions revealed similar patterns of neural activation, with clusters 
located in the right middle frontal gyrus (MFG), the precentral gyrus 
bilaterally (PreCG), left angular gyrus (AG), right middle temporal 
gyrus (MTG), and left SMG. A cluster in the right AG was unique to 
the combined condition, and the practice condition showed additional 
activation in the right medial superior frontal gyrus (mSFG), the right 
planum temporale (PT), and left middle cingulate gyrus (MCG). The 
pattern of neural activation for the observation condition did however 
differ from this, with only three clusters of significant activation. These 
clusters were located in the right FG and the MFG bilaterally.

5 Discussion

5.1 Acquisition of knot tying skills

Overall, most participants managed to correctly replicate four out 
of the five knot stimuli they were presented with, indicating that the 
task difficulty was not too high, and participants generally managed 
to learn the knots. The highest number of incorrectly replicated knots 

TABLE 1 Areas of increased activity in the knot-tying>control contrast in the combined condition.

Region Cytoarchitectonic area Cluster size t-value z-score x y z

All participants

R fusiform gyrus FG2 108 11.01 5.553 48 −64 −13

L fusiform gyrus FG2 54 5.1761 3.807 −51 −64 −13

R superior parietal 

lobule*

7A 345 7.5352 4.69 21 −67 50

L intraparietal 

sulcus*

hIP6 251 5.8078 4.078 −24 −67 56

Chain 1

R fusiform gyrus FG4 34 8.3882 3.986 45 −55 −16

Chain 2

R superior parietal 

lobule

7P 38 12.85 4.349 18 −70 56

Results of a one sample t-test of the knot-tying > control contrast for the combined condition.
Voxel-wise significance threshold was p < 0.001. Only clusters that survived FWE cluster-correction of p < 0.05 are reported. Coordinates indicate peak voxel location in MNI space.
*Indicates clusters with a significance level of p(FEW) < 0.001.
R, right; L, left.
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for an individual participant was three, and happened for only three 
out of the 15 participants included in this study. To identify the neural 
regions involved in the acquisition of knot-tying skill, we compared 
knot-tying to a control task involving the mere manipulation of a rope. 
We found a distinctive pattern of activation for knot-tying suggesting 
this was likely related to learning the task. The results revealed that 

during the acquisition of knot-tying skills, besides the activation of the 
FG, there was particular activation in clusters covering portions of the 
SPL and IPS in both hemispheres. These findings are in line with 
previous research on learning to knap simple stone tools (Stout and 
Chaminade, 2007; Stout et al., 2011) and knot-tying (Cross et al., 
2017). The FG has been associated with the processing of complex 

FIGURE 3

Areas of neural activity for the knot-tying > control contrast in the (A) combined condition (B) observation condition, and (C) practice condition. Red 
areas show overall activation, green areas show Chain 1 activation, and blue areas show Chain 2 activation.

TABLE 2 Areas of increased activity for the knot-tying > control contrast in the observation condition.

Region Cytoarchitectonic area Cluster size t-value z-score x y z

All participants

R fusiform gyrus FG2 76 6.535 4.356 45 −61 −13

R intraparietal 

sulcus* hIP3 224 6.244 4.249 24 −61 47

L intraparietal 

sulcus* hIP6 105 5.428 3.919 −24 −73 56

Chain 2

R superior parietal 

lobule* 7PC 82 11.935 4.254 39 −46 62

Results of a one sample t-test of the knot-tying > control contrast for the observation condition.
Voxel-wise significance threshold was p < 0.001. Only clusters that survived FWE cluster-correction of p < 0.05 are reported. Coordinates indicate peak voxel location in MNI space.
*Indicates clusters with a significance level of p(FEW) < 0.001.
R, right; L, left.
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visual information (Lorenz et al., 2017). In this context it might have 
contributed to recognizing visual patterns associated with the different 
knots to guide motor learning. The IPS has been implicated in visual 
analysis during object manipulation and tool handling (Stout and 
Chaminade, 2007). The SPL is associated with spatial awareness and 
the coordination of motor actions, which are essential for tasks 
requiring precise manual dexterity (Cross et al., 2017; Stout et al., 
2008). The activation of the SPL then suggests that knowledge of 
objects and actions and the guiding of action in space are relevant 
elements for learning how to tie a knot. Finally, both the SPL and IPS 
have been found to play a role in attention control, particularly in 
focusing and orienting attention (Rueda, 2018), which are key 
processes involved in learning a novel task. This agrees with previous 
interpretations of the human capacity for skill learning and execution 
being more dependent on sensorimotor capabilities, rather than 
executive capabilities (Stout and Chaminade, 2007).

5.2 Effect of gaining experience

The effect of gaining knot-tying experience through the 
course of the experiment was investigated by comparing each 

participant’s last knot to their first. When looking at behavioral 
performance there was no significant differences between knots 
related to the order in which participants learned them. The 
comparison of the functional data revealed a single cluster of 
significant activation in the right SPL extending into the IPS, 
when participants watched the tying of the last knot. This result 
partially coincides with the knot-tying experiment by Cross et al. 
(2017), which showed that observational as well as physical 
experience with tying specific knots was associated with activation 
of the right IPS and the right dorsal premotor cortex. However, the 
same study reported left SPL activation related to physical 
experience specifically, an area which has been previously linked 
to the creation of mental representations (Mason and Just, 2020). 
The fact that our study did not find activation of the left SPL 
despite increased experience may be due to ceiling effects since 
we chose the knots mostly based on them being simple enough to 
be learned in a short amount of time. If this is the case the lack of 
significant activation is likely due to overlap in neural activation 
for both the first and last knot. Alternatively, the short duration of 
our sessions might not have allowed enough time for the 
participants to fully master the observed knots and establish the 
corresponding mental representations. We view this explanation 

TABLE 3 Areas of increased activity for the knot-tying > control contrast in the practice condition.

Region Cytoarchitectonic area Cluster size t-value z-score x y z

All participants

R fusiform gyrus FG2 65 5.951 48 48 −64 −13

R superior parietal 

lobule* 7A 161 6.417 30 30 −70 53

Results of a one sample t-test of the knot-tying > control contrast for the practice condition.
Voxel-wise significance threshold was p < 0.001. Only clusters that survived FWE cluster-correction of p < 0.05 are reported. Coordinates indicate peak voxel location in MNI space.
*Indicates clusters with a significance level of p(FEW) < 0.001.
R, right.

TABLE 4 Areas of increased activity for the last knot > first knot contrast in the observation condition.

Region Cytoarchitectonic area Cluster size t-value z-score x y z

All participants

R superior parietal 

lobule 7A 71 5.207 4.318 33 −55 56

Results of a related measures, two sample t-test of the last knot > first knot contrast for the observation condition.
Voxel-wise significance threshold was p < 0.001. Only clusters that survived FWE cluster-correction of p < 0.05 are reported. Coordinates indicate peak voxel location in MNI space.
R, right.

FIGURE 4

Areas of neural activity for the last knot > first knot contrast in the observation condition.
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as less likely since no statistical difference in knot-tying 
performance was found for knots based on the order they 
were learned.

5.3 Repeated transmission of skill

As we had expected, most of the final knots and the knot-tying 
techniques became different from the original ones. However, the 
degree to which the knots differed from the original varied (see 
Figure 2). Half of the knots where at least one error occurred during 
transmission had their general shape altered. There was also an overall 
trend toward decreasing the number of steps in the knot-tying process 
when comparing the original stimuli to the knots demonstrated by the 
last participant, though this did not reach statistical significance. The 
lack of statistical significance might be due to the low number of steps 
in the original stimuli. Another possible explanation is that the sample 
size was too small.

Changes also occurred in the knots that survived for the entire 
transmission chain. One such example is the noose knot in Chain 1. 
This knot stayed the same in terms of function, but the process of 
tying the knot had been shortened. A possible explanation is that the 
original technique was perceived as difficult and for that reason, each 
generation collectively contributed to its simplification, without 
altering the final product. A simple technique would have been easier 
to learn and pass down to future generations, ultimately becoming 
more time efficient. It is also possible that the alteration resulted from 
the constraints of the experiment, since the participants had to learn 
to tie the knots while lying down in the fMRI scanner, instead of 
sitting as in the demonstration videos. In other words, the 
simplification of the technique may be attributed to coping with the 
movement restrictions of the arms and the head.

Even though most of the final knots were different from the 
original stimuli, at the end of the chain all but one of them were still 
stable knots that retained their shape after being let go of. This might 
indicate that participants were more focused on replicating the steps 

FIGURE 5

Areas of activation for the last generations > first generations contrast in the (A) combined condition, (B) observation condition, and (C) practice 
condition.
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of the knot-tying process, rather than the end product, which is 
similar to what is seen in cultural transmission tasks requiring high 
fidelity copying (e.g., know-how) (Andersson and Tennie, 2023). It 
also indicates that even simple knots are at least somewhat cognitively 
opaque (Wasielewski, 2014), and that the acquisition of knot tying 
skills relies on social learning (Kaaronen et al., 2024).

To evaluate how the accumulation of behavioral changes along the 
transmission chains influences the cognitive demands of skill 
acquisition, we compared the last three generations of participants 
with the first three generations. Our findings revealed distinctive 
clusters of neural activation in a number of frontal, parietal and 
temporal regions among the later generations of participants linked to 
the physical practice of knot-tying. Frontal lobe activation had clusters 
centered in the PreCG bilaterally, covering areas of both primary 
motor and somatosensory cortex, linked to executing voluntary 

movements and action observation and the MFG and mSFG, related 
to executive functions and self-observation. Parietal lobe activation 
was found in the AG and SMG, linked to the translation of visual 
information to motor action and proprioception respectively; 
Temporal lobe activation was found in the right PT, involved with 
object recognition (Nilakantan et al., 2017); and the MTG, associated 
with semantic memory (Xu et al., 2015; Stout et al., 2011). In contrast 
to our expectations the pattern of activation is broadly consistent with 
studies looking at the production of complex stone tools, indicating 
increased cognitive demands for effective visuomotor coordination 
and working memory (Hecht et al., 2015; Putt et al., 2017; Putt et al., 
2019; Stout and Chaminade, 2007; Stout et al., 2008).

Both the MFG and mSFG activation fall within the functional area 
of the DLPFC. Putt et al. (2019) linked increased DLPFC activity to 
the learning of motor task with higher demands for attention and 

TABLE 5 Areas of increased activity for the last generations > first generations contrast in the combined, observation and practice condition.

Region Cytoarchitectonic 
area

Cluster size t-value z-score x y z

Combined

R middle frontal 

gyrus*

IFS4 232 5.906 5.204 39 20 23

R precentral gyrus 3a 73 5.516 4.925 30 −16 41

L precentral gyrus 4a 93 4.569 4.205 −33 −22 65

L supramarginal gyrus PF 105 6.229 5.428 −63 −40 29

R middle temporal 

gyrus

21 66 5.675 5.04 63 −46 −1

R angular gyrus* Pga 458 5.729 5.079 51 −52 50

L angular gyrus Pga 84 5.504 4.916 −36 −67 50

Observation

R middle frontal gyrus 44 98 6.319 5.489 24 17 23

L middle frontal gyrus 44 63 5.737 5.084 −21 23 20

R fusiform gyrus FG1 92 5.835 5.154 30 −70 −4

Practice

R medial superior 

frontal gyrus

9 70 6.172 5.389 9 59 23

R middle frontal 

gyrus*

46 244 5.747 5.092 39 32 35

R precentral gyrus 4 94 4.881 4.449 30 −16 41

L precentral gyrus 4 92 4.771 4.364 −27 −22 59

R planum temporale* 22 540 5.803 5.132 57 −19 5

L middle cingulate 

gyrus*

24, 32 298 4.787 4.376 −12 −28 32

R middle temporal 

gyrus

21 110 5.890 5.193 66 −46 −1

L supramarginal 

gyrus*

40 205 6.667 5.721 −60 −40 26

L angular gyrus 39 123 5.493 4.909 −45 −52 41

Results of a related measures, two sample t-test of the later participant generations > early participant generations contrast for the combined condition, the observation condition, and the 
practice condition.
Voxel-wise significance threshold was p < 0.001. Only clusters that survived FWE cluster-correction of p < 0.05 are reported. Coordinates indicate peak voxel location in MNI space.
*Indicates clusters with a significance level of p(FEW) < 0.001.
R, right; L, left.
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working memory, such as learning to knap complex stone tools. In 
contrast, learning to knap simple stone tools did not involve increased 
DLPFC activation, but rather relied on premotor cortex activation that 
shifted to sensorimotor areas as participants gained experience with 
the flint knapping task. This was explained by participants starting to 
anticipate upcoming actions as they became more familiar with 
knapping and the process was automated. Our finding that the DLPFC 
was significantly more active among the later generations compared 
with the first generations is puzzling. One possible explanation might 
be that the changes in the knots down the chain led to knot-tying 
processes that became less intuitive. A less intuitive process might 
have required more cognitive effort to remember, even with fewer 
steps, compared to the earlier generations which learned the knots 
before they had been altered by transmission.

In agreement with our expectations, the acquisition of knot-tying 
skill yielded activity in the IPS and SPL. However, it additionally 
showed activation in the FG, which relates to the processing of visual 
information and visual recognition. This pattern of activation 
highlights the importance of sensorimotor integration and high-level 
visual functions such as object recognition during observational 
learning and physical practice of a sequential motor task. When 
looking at the effect of knot-tying experience the right SPL was 
significantly more active when participants learned the last knot 
compared to the first knot, but only during observation. This area is 
associated with the processing of tactile information, spatial 
orientation, attention control, and working memory, and might reflect 
increased effort of keeping the information of the different knots 
separate from each other. Finally, the effect of repeated transmission 
was related to increased activation of several frontal, temporal and 
parietal structures. Contrary to our expectations the activation of 
DLPFC during physical knot-tying practice for participants in later 
generations compared to earlier generations indicate an increased 
demand of executive functions. This might be due to the accumulation 
of behavioral changes along the chains making the knot-tying process 
less intuitive.

5.4 Limitations and future directions

Since this is a pilot study with a limited sample size we will not 
draw any definitive conclusions based on its findings. However, there 
are a number of interesting trends we  think deserve further 
investigation. Prior to the study, we  hypothesized that learning, 
experience, and repeated skill transmission would result in behavioral 
outcomes typical for transmission chain studies, and that these 
behavioral outcomes would be accompanied by distinct patterns of 
neural activation. Namely, we  expected the knot-tying process to 
become more efficient and easier to learn. Our results, however, do not 
allow for a straightforward conclusion. As mentioned above, we found 
a trend toward the reduced number of steps in the operation of tying 
a knot along the chains, which can be attributed to efficiency, but it 
could also be interpreted as the loss of cultural information down the 
generations. Also as discussed, the activation of the DLPFC after 
repeated transmission of information may contradict our prediction, 
as it could be interpreted as an increase in cognitive effort.

There are several confounding factors related to the presentation 
of the knot-tying stimuli. Participants were asked to repeat the knots 
numerous times, first in the scanning session, then during the 

demonstration Additionally, participants were asked to demonstrate 
the knots in the second phase in an order that differed from the order 
in which they learned the knots. This coupled with the visual similarity 
between some of the original knot stimuli might have led to confusion 
and difficulty in distinguishing the knots from each other.

Other limiting factors of the present study are related to the use of 
fMRI. Even though this tool is highly conductive for collecting full 
brain images while not exposing participants to harmful radiation, it 
also comes with a range of drawbacks. Particularly for motor action 
studies like ours, the fact that the participant must be laying down in 
the machine limits the types of experiments afforded by this 
technology. Crucially, the use of fMRI severely restrains the 
possibilities for social interaction during learning. Even though 
observational learning is technically a form of social learning 
(Andersson and Tennie, 2023), the closest the participants came to 
social ‘interaction’ during our study was watching the demonstration 
videos. Vulnerability to motion artifacts further constrains the type of 
tasks one can do in the scanner. A promising avenue to explore in 
future research would be  the use of functional near-infrared 
spectroscopy (fNIRS). Using fNIRS for a study like this would greatly 
increase its validity by allowing participants sitting next to each other 
to interact directly, while being less vulnerable to movement artifacts.

The present study also had limited statistical power. Although 
justified by this being an exploratory pilot study, the small sample size 
imposed by the costs and planning constraints of the fMRI scanner 
increases the risk of both type 1 and type 2 errors.

Finally, it is hard to determine whether the accumulated changes 
in the knots were due to random variation or some form of directional 
selection pressure. Participants watched videos of the knots and were 
requested to reproduce them, but the task made no requirements in 
terms of functionality. That is, participants were not given any 
information on the function or purpose of the knots, nor were the 
knots tested for any of this. In real life, the motivation for acquiring 
skills is to apply them in specific situations, so it may be that adding a 
performance task would affect participants’ motivation for high-fidelity 
social learning (Tennie et al., 2009). This is an interesting avenue that 
could be explored in future research. Also, the loss of information 
along the chains would have produced a qualitative difference between 
the information received by participants early in the chain compared 
to those later in the chain. This could be a confounding factor when 
comparing earlier generations with later generations, and subsequent 
studies should look for strategies to counteract this.

To sum up, while the results from this exploratory study are 
promising in regards of combining behavioral studies with 
neuroimaging to deepen our understanding of the underlying 
mechanisms of CCE, its limitations also point to ways in which future 
neurocognitive research in the topic can be improved. To begin with, 
we  recommend that larger sample sizes should be aimed for, and 
mechanisms known to affect CCE, such as task complexity and 
teacher expertise, should be  incorporated as potential influencing 
factors. It will, however, be  theoretically essential to implement 
varying degrees of social interaction between participants.

6 Conclusion

This study was the first to combine the methodologies of 
transmission chain studies and brain imaging to contribute to our 
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understanding of the cognitive mechanisms that support 
CCE. We found this approach to be both viable and useful. Despite the 
discussed limitations, we were able to identify changes in both neural 
activation patterns and behavioral outcomes related to learning, 
experience, and repeated skill transmission of a motor task, which can 
potentially help elucidate how human culture evolves and is 
maintained across generations. Finally, the findings from our study 
corroborate previous research on toolmaking and motor skill 
acquisition that may prove relevant for testing hypotheses about the 
evolution of human cognitive abilities.
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