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Abstract

Cognitive control supports adaptive behavior through stability and flexibility, with executive 

flexibility typically assessed through task-switching paradigms. However, while executive flexibility is 

a well-studied construct, it is unclear whether it relies on the same mechanisms as semantic flexibility 

– the ability to switch between meanings based on context. An ideal approach to arbitrate this debate 

is to compare their developmental patterns, a method hampered by the fact that semantic flexibility’s 

development remains largely uncharted. Here, 4- to 10-year-old children performed parallel task-

switching paradigms: a classic visuospatial paradigm assessing executive flexibility and a novel 

semantic task assessing semantic flexibility by requiring them to alternate between semantic 

judgments about whether meaningful concepts were living vs. non-living or moving vs. non-moving. 

Results revealed a strong correlation between executive and semantic switch costs, suggesting shared 

control mechanisms, alongside domain-specific differences and age-related modulations influenced 

by semantic distance, revealing a growing interplay between semantic knowledge and control as 

children's conceptual systems mature. These findings provide novel insights into the maturation of 

cognitive control components in childhood, highlighting the interplay between domain-general 

executive processes and semantic control mechanisms in flexible cognition.

Keywords: Cognitive Control, Semantic Flexibility, Task-Switching Paradigms, Executive Flexibility, 

Controlled Semantic Cognition
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Introduction

To effectively navigate a constantly changing environment, we rely on cognitive control – a family  

of top-down mechanisms that organize thoughts and actions to align with our goals1. According to the 

cognitive stability-flexibility framework2, a first fundamental component of cognitive control is 

cognitive stability, which contributes to maintaining focus on a relevant "task set" (the rules for a task)2 

while shielding it from distraction, as typically assessed by conflict paradigms such as the Stroop 

task3,4. While crucial, stability alone is insufficient. Our dynamic world often requires cognitive 

flexibility, a complementary component to rapidly switch between task sets as demands change5. 

Thus, the crucial role of cognitive control is to balance stability and flexibility to effectively achieve our 

goals. For instance, while driving, we must maintain the stable goal of following a route, yet be able 

to flexibly react to an unexpected road closure by quickly planning a new one. Given its central role in 

adaptive cognition, flexibility is extensively investigated using task-switching paradigms6,7, whereby 

participants alternate between two (or more) tasks. The performance difference between "Switch" 

trials (where the task changes) and "Repeat" trials (where the task remains the same) is known as the 

(local) ‘switch cost’. This cost serves as a key behavioral measure of flexibility, with smaller switch 

costs indicating greater efficiency in shifting between tasks.

While the task-switching paradigm provides a robust method for measuring cognitive flexibility, 

many versions typically rely on stimuli that lack real-world meaning, such as simple geometric shapes 

or digits7. While this approach offers experimental control, it reduces ecological validity, as it does not 

fully capture how we flexibly manipulate meaningful information in everyday life. In natural settings, 

we frequently need to adapt our use of semantic knowledge based on the current demands. For 

example, we may be required to shift from the meaning of the word 'jam' referring to a fruit preserve 

to its alternative meaning referring to a traffic obstruction. This ability requires a form of cognitive 

control known as semantic control8–10, which flexibly prioritizes some of a concept’s features or 

meanings while actively suppressing others that are irrelevant to the current goal.

The concept of semantic control being distinct from domain-general cognitive control (hereafter 

called executive control) is a central tenet of the Controlled Semantic Cognition (CSC) framework10. 

This framework posits that semantic control is “a set of executive control processes that regulate the 

activation and deployment of semantic knowledge. These allow flexible, context- and task-appropriate 

responses by ensuring that only relevant aspects of semantic representations are used to direct 

thought and behavior.”11 (p. 259). Context-appropriate responding refers to selecting the meaning 

that is relevant given the surrounding situation, whereas task-appropriate responding refers to 

selecting the feature required by the current task rule. For example, when viewing an image of a car, 

contextual cues or prior thoughts may make its ability to move particularly salient. However, if the 
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task at hand requires judging whether the object is living or non-living, task-appropriate responding 

requires selecting “non-living” while ignoring the contextually highlighted feature. In many situations 

these demands align, but when they diverge, cognitive control is required to prioritize task-relevant 

over contextually salient information. 

A dilemma exists, however, regarding the independence of executive and semantic control 

systems. While semantic control is supported by specific brain regions (such as the left posterior 

middle temporal gyrus and the inferior frontal gyrus)12,13, neuroimaging evidence also shows partial 

overlap with the multiple-demand network that underpins executive control, a set of frontoparietal 

regions consistently recruited across a wide range of cognitively demanding tasks and thought to 

support domain-general control processes14. The distinction primarily originates from research on 

patients with semantic aphasia, who show deficits in using conceptual knowledge despite intact 

semantic representations15–17. However, these patients also exhibit deficits in executive control, 

challenging the assumption that the two mechanisms are entirely independent15–17. Further evidence 

from neuropsychological and behavioral studies suggests that semantic control relies on mechanisms 

that partially overlap with, but are not identical to, domain-general executive control18. 

Recent work has further emphasized the interplay between domain-general and domain-specific 

control processes in shaping flexible cognition19,20. To better untangle this relationship, it is crucial to 

consider that much like its executive counterpart, semantic control comprises components of both 

stability (maintaining focus on relevant meanings) and flexibility (shifting between meanings as the 

context demands). To date, however, research exploring the link between the two mechanisms has 

primarily focused on the stability dimension21, whereas the interplay between executive flexibility and 

semantic flexibility remains largely under-explored. An exception is our recent work with healthy 

adults, which showed a moderate-to-strong correlation between switch costs in executive and 

semantic tasks, suggesting shared underlying mechanisms22. 

Studying developmental patterns in executive and semantic control from childhood offers a unique 

window into the architecture of cognitive control, allowing researchers to determine whether the 

observed associations in adulthood reflect shared developmental origins or later functional 

convergence. This developmental perspective moves beyond correlational evidence in adults, 

providing insight into how these mechanisms emerge and interact over time. Given that the link 

between the two control systems is particularly under-explored for the flexibility component, in both 

adults22 and children, charting the developmental course of both executive and semantic flexibility is 

a critical step forward.

In children, executive flexibility is a core component of cognitive control that is crucial for school 

readiness and later academic success23. Its developmental trajectory is not a simple, linear 
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improvement. Although the behavioral ability to switch between tasks matures relatively early, 

showing significant gains between ages 7 and 11 and reaching adult-like performance around age 12, 

the underlying neural systems supporting this skill undergo a far more prolonged and complex 

maturation into adolescence24. Neuroimaging research has sought to pinpoint the specific brain 

regions that drive this maturation. One influential line of evidence proposes that the sub-processes of 

task switching are supported by distinct prefrontal regions that mature at different rates25. This model 

suggests the (pre-)supplementary motor area, a medial frontal region critical for suppressing the 

previous task set, shows an adult-like activation pattern by early adolescence. In contrast, the 

ventrolateral prefrontal cortex, a lateral region essential for retrieving and maintaining the current 

task rule, continues to show immature activation patterns throughout the teenage years25. However, 

this region-specific dissociation is debated. An alternative, network-based perspective suggests that 

even young children recruit a broad frontoparietal “multiple-demand network” that is spatially similar 

to the one used by adults26. From this viewpoint, development is characterized not by different regions 

coming online at different times, but by a process of network-wide refinement, where activation 

becomes more efficient and neurally selective with age and improving ability27. In summary, while 

there is a clear consensus that the neural substrates of executive flexibility undergo a prolonged, non-

linear development, the literature presents an active debate. It remains unresolved whether this 

maturation is best described by the staggered development of specific prefrontal regions handling 

distinct sub-processes, or by the holistic refinement of a pre-existing, domain-general cognitive 

control network.

Research28,29, has also explored the development of semantic flexibility using stimuli with semantic 

content. Studies have shown that between the ages of 3 and 6, children improve in switching between 

verbal rules for sorting cards and in flexibly using changing semantic cues to infer the meanings of new 

words28,29,. For example, preschoolers can learn to switch between sorting objects by a perceptual 

feature like shape and a more semantic feature like function28. Similarly, word-learning tasks have 

demonstrated that 4- to 6-year-olds can flexibly use different verbal cues to decide whether a new 

word refers to an object's shape, material, or another part, a skill that is less developed in 3-year-

olds28. Verbal fluency tasks, which measure how many words a child can generate from a specific 

semantic category, have also been used as an indicator of semantic flexibility, with performance 

improving with age30–33. These paradigms, while providing valuable insights, often differ from the trial-

by-trial cued task-switching methodology typically used to measure executive flexibility. This 

methodological divergence makes it difficult to determine whether observed improvements are 

driven by the same underlying control mechanisms isolated by classic switch-cost designs. The 

development of semantic flexibility is further complicated by its interaction with other cognitive 
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domains. For instance, a child’s growing ability to flexibly use concepts likely reflects the combined 

contributions of both executive control and the acquisition of domain-specific semantic knowledge34.

Despite this existing body of work, a significant gap remains. No experimental study has explicitly 

investigated the development of semantic flexibility in children using a cued, trial-by-trial task-

switching paradigm, nor has one directly compared it to domain-general executive flexibility using a 

parallel design. This methodological gap leaves a fundamental developmental question unanswered: 

are semantic and executive flexibility distinct processes that mature independently, or do they rely on 

a shared cognitive process that follows a common developmental timeline? Addressing this question 

has broader theoretical implications, as it informs our understanding of how domain-general and 

domain-specific control mechanisms interact during development to produce the mature forms 

observed in adulthood.

To address this question, the present study investigates the developmental patterns of both 

executive and semantic flexibility. Importantly, because the present study is cross-sectional, the 

observed age-related differences cannot be interpreted as direct evidence of within-individual 

developmental change. Longitudinal designs will be necessary to confirm the developmental 

trajectories suggested by these findings. As previously validated with adult participants22, we 

employed a task-switching methodology with two parallel paradigms: a classical visuospatial task with 

minimal semantic content to measure executive flexibility, and a novel task requiring semantic 

judgments about pictures of meaningful concepts to measure semantic flexibility. Our study has two 

primary aims. First, we aim to elucidate the relationship between these two core cognitive abilities 

across development, assessing their developmental interplay. By directly comparing performance on 

these parallel tasks, we can provide crucial evidence as to whether they are supported by distinct or 

shared control mechanisms. Second, we aim to gain a deeper understanding of semantic flexibility 

itself, characterizing its unique developmental features. We will examine how its development is 

modulated by semantic distance between consecutive concepts, a factor intrinsic to the organization 

of semantic information. 

Methods

In line with the journal’s guidelines for transparency and openness, this section details the sample 

size determination, all criteria for data and participant inclusion/exclusion, and all experimental 

manipulations and measures. Exclusion criteria were established a priori, before the start of data 

analysis. While the study was not preregistered, we provide full access to the research materials. The 

anonymized raw data, materials and codes for the experimental task and analyses are publicly 

available in our project repository on the Open Science Framework (OSF) platform at 

https://osf.io/zr4dn/overview for reuse by other researchers.
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Participants 

A total of 655 children participated in the first session of a larger two-session study, which included 

the experimental paradigms reported here. From these, we then excluded 37 participants (see Data 

analysis). The final experimental sample included in the analyses consisted of 618 children (290 

females, 328 males, see Table 1) aged between 3 years and 10 months and 10 years and 10 months. 

Within this sample, 531 children provided valid data for both the executive and semantic tasks and 

were thus included in the analyses comparing executive and semantic flexibility, while 76 children 

provided valid data for the executive task only, and 11 for the semantic task only.

Table 1. Distribution of the full recruited sample by grade level and gender.

Grade F M Total
Preschool 47 69 116
1^ grade 35 42 77
2^ grade 76 75 151
3^ grade 62 65 127
4^ grade 51 55 106
5^ grade 19 22 41
Total 290 328 618

Notes: F, females; M, Males

Participants were recruited from several preschools and primary schools in the Northern part of 

Italy, within the province of Padova. All children were Italian speakers with typical development, as 

reported by their parents, no history of neurological, neurodevelopmental, or learning disorders, nor 

any uncorrected sensory impairments (vision or hearing). Written informed consent was obtained 

from the parents or legal guardians of all participants, and verbal assent was obtained from each child. 

The study was conducted in accordance with the ethical standards of the 2013 Declaration of Helsinki 

for human studies of the World Medical Association and received approval from the Ethical 

Committee for the Psychological Research of the University of Padova (protocol number: 5272).

General procedure

Participants performed two versions of a two-choice cued task-switching paradigm: an executive 

and a semantic version. While targeting different domains, both paradigms were designed with an 

identical structure. The task-switching paradigms were part of a broader experimental battery 

administered within a larger project. The present study focuses specifically on the executive and 

semantic flexibility measures, so additional data collected in the same session, not directly relevant to 

the current research questions, will be reported in separate publications.  The task-switching 

paradigms were both administered during the first of two experimental sessions. To avoid participants 

by task order interactions, the order of presentation of the two task-switching paradigms was kept 
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fixed, with all participants performing the executive one before the semantic one. Furthermore, the 

sequence of trials within each paradigm was also fixed, ensuring all children completed the same trial 

list.

The experiment was administered using the online version of Labvanced35, displayed in full-screen 

mode on tablets with a 1280 x 800 pixel resolution (landscape orientation). Data collection took place 

in a quiet room within the children’s schools. In each session, the battery of tasks was administered 

collectively to the entire class, with each child working on an individual tablet under the supervision 

of a team of at least three experimenters. Children responded by tapping on one of two designated 

response areas on the left or right side of the tablet screen (see details below).

The procedure for each domain (executive and semantic) followed a structured sequence. Before 

each task-switching paradigm, participants first completed two single-task blocks (20 trials each). In 

these blocks, they performed two discrimination tasks in isolation. These blocks were designed to 

assess baseline visuospatial and semantic abilities of each child. While the results from these single-

task blocks are not reported directly, performance metrics derived from them were used as predictors 

in our main analyses to control for baseline abilities and obtain more precise estimates of the 

experimental effects of interest. Once the two single-task blocks were completed, the task-switching 

was administered in a single, continuous block of 48 trials. Specifically, the two simple discrimination 

tasks were mixed, and participants had to perform the relevant one based on a trial-by-trial visual cue 

(see below).

To ensure sustained engagement from our young participants, a gamified approach was adopted 

throughout the procedure. Each experimental block (executive and semantic single-task and task-

switching ones) was preceded by an instructional and training procedure. The lead experimenter 

(always the same, the author GV) provided standardized instructions to the entire group, adapting the 

language to the age of the class and using visual aids (slides). To capture the children’s attention and 

enhance compliance and motivation, the instructions were framed within a short, engaging narrative. 

This was followed by several practical examples where the experimenter collectively guided the 

children, asking different children to indicate the correct response to ensure the rules were fully 

understood. After the group instructions, each child completed a brief, individual training phase (4 

trials for the single-task blocks, 6 trials for the task-switching blocks) with immediate, visually intuitive 

on-screen feedback (a happy face for correct answers; a sad face for incorrect/slow responses). During 

the experimental blocks, motivational images (e.g., a superhero character) were displayed every eight 

trials to maintain focus and compliance. Finally, both paradigms used child-friendly stimuli, as detailed 

in the following sections.
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Each task-switching paradigm took approximately 15–20 min to complete, including the group 

instructions, individual training phases, breaks, and the experimental blocks. Specifically, the 

experimental phase itself was brief (max. 10 min: 2 min for each single-task block and 6 min for the 

task-switching block). Importantly, the actual duration was participant-dependent because the stimuli 

were presented until a response was made.

Executive Task-Switching

To assess executive flexibility, we adapted a classic color/shape task-switching paradigm36, 

implementing a gamified version with child-friendly stimuli. The task required children to sort stimuli 

representing cartoon aliens based on one of two visuo-spatial features: their color (red, RGB: 192, 0, 

0; or blue, RGB: 0, 112, 192) or the shape of their head (squared or rounded) (see Figure 1). Across all 

stimuli, the body and facial elements were held constant. To promote the use of abstract rules and 

enhance comparability with the semantic paradigm, four unique variations of each stimulus were 

created. These variations were generated by combining two internal color-fill patterns (zigzag vs. 

striped) and two head contours (e.g., square vs. rectangle for the squared-head aliens; circular vs. oval 

for the rounded-head aliens). 

The target stimuli (180 x 255 pixels) were presented at the center of the screen. The experiment 

was presented on a background depicting a lunar landscape with two extraterrestrial houses, one on 

the left and one on the right side of the screen, which served as the response areas. Crucially, signs 

outside each house indicated the correct feature-response mapping. The sign on the left house 

displayed a red paintbrush and a black square, while the sign on the right house showed a blue 

paintbrush and a black circle (see Figure 1). The color task therefore required children to sort the alien 

by color, tapping the left house for red and the right house for blue aliens. The shape task required 

them to sort it by the shape of its head, tapping the left house for squared-head aliens and the right 

house for rounded-head aliens. Therefore, the employed stimuli were bivalent, that is, they afforded 

both a color and a shape judgment, requiring children to flexibly select the relevant stimulus feature 

based on the currently relevant task, which was signaled by a visual task cue (255 x 106 pixels) 

presented at the top-center of the screen: an image of two paintbrushes for the color task or two 

geometric shapes for the shape task (see Figure 1). Moreover, we used only the two stimulus types 

that were task-incongruent: the red alien with the rounded head, requiring a left response for the 

color task but a right response for the shape task, and the blue alien with the squared head, requiring 

a right response for the color task but a left response for the shape task. This was critical to maximize 

flexibility demands through cross-task interference, while ensuring that correct responses on Switch 

trials required an actual task-set shift. 
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Figure 1. Task-switching experimental paradigms. Top panel: Executive task-switching. Children 

judged whether a cartoon alien was red/blue (color task) or had a squared/rounded head (shape task), 

based on a visual cue (paintbrushes for the color task; shapes for the shape task). Responses were 

made by tapping on one of two extraterrestrial houses, which had signs displaying the feature-

response mapping (left house: red and squared; right house: blue and rounded). Bottom panel: 

Semantic task-switching. Children judged whether an image referred to a living/non-living or 

moving/non-moving concept, based on a visual cue (a child/robot for the living/non-living task; a 

stationary/spinning star for the moving/non-moving task). Responses were made by tapping on one 

of two areas displaying the concept-response mapping (left area: living and moving; right area: non-

living and non-moving). For both paradigms, three example trials are shown. The second trial is a 

Switch trial, where children were required to switch from the task performed in the previous trial to 

the other task (e.g., from discriminating alien’s color to discriminating alien’s head shape, or from 

classifying the concept as living/non-living to classifying it as moving/non-moving). The third trial is a 

Repeat trial, where children kept performing the same task as in the previous trial (e.g., discriminating 

the alien’s head shape or classifying the concept as moving/non-moving). 

The entire procedure was framed within a narrative where children had to help the lost aliens 

return to the correct house. They were told that to select the correct house first they had to follow a 

clue (paintbrushes or shapes). Each trial began with the presentation of the lunar landscape for 1000 
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ms. The task cue then appeared for 750 ms, after which the target alien appeared in the center while 

the cue remained visible. Both the cue and stimulus stayed on screen until a response was made or 

for a maximum of 5000 ms. Trials could either be Repeat (same task as the previous trial) or Switch 

trials (different task) (see Figure 1). 

The executive task-switching paradigm consisted of a single block of 48 experimental trials, 

preceded by one buffer trial. Repeat and Switch trials were interspersed and equally probable (50% 

switch probability). The trial sequence was pseudorandomized to prevent immediate repetitions of 

the exact same stimulus image and to avoid more than four consecutive repetitions of the same task 

or response.

Semantic Task-Switching

Semantic flexibility was assessed using a semantic task-switching paradigm adapted for children 

from a version previously validated with adults22. While maintaining the same underlying structure as 

the executive task, this paradigm used stimuli with semantic meaning (instead of visuo-spatial 

information) to tax flexible control within the semantic domain, requiring participants to flexibly 

switch between different meaning aspects of a concept37. Children were required to categorize 

cartoon images based on one of two conceptual dimensions: whether the object depicted was living 

or non-living, or whether it was capable of moving or non-moving.

The target stimuli were colorful, child-friendly cartoon images (255 x 255 pixels) presented at the 

center of the screen (see Figure 1). These images depicted concepts belonging to two categories, 

Plants (living and non-moving concepts) or Vehicles (non-living and moving concepts). These 

categories were selected to include concepts that are highly familiar to young children and typically 

acquired early in development, and that are frequent in everyday language. In addition, during the 

training phase, we ensured that all participants correctly recognized the stimuli and understood the 

task requirements before proceeding to the experimental trials.

Four exemplars were selected for each category (Plants: tree, sunflower, cactus, potted plant; 

Vehicles: bicycle, tractor, boat, helicopter). Each image was created ex-novo to be engaging and 

colorful, and all shared a consistent visual style.  As in the executive task-switching paradigm, the 

selected categories made target stimuli bivalent and task-incongruent (i.e., stimuli that both tasks can 

be performed on and that required different responses based on the task cue). 

The experiment was presented on a rainbow-themed background with two response areas on the 

left and right. Each response area displayed images representing the possible conceptual features. The 

left area showed both a cartoon child (representing living concepts) and a spinning star (representing 

moving concepts). The right area showed both a cartoon robot (representing non-living concepts) and 

a stationary star (representing non-moving concepts). Therefore, for the living/non-living task, 
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children had to tap the left area for living images (i.e., Plants) and the right area for not-living images 

(i.e., Vehicles), while for the moving/non-moving task, they had to tap the left area for moving images 

(i.e., Vehicles) and the right area for non-moving images (i.e., Plants)  (see Figure 1). The task to be 

performed was signaled by a cue stimulus (300 x 160 pixels) presented at the top-center of the screen. 

The cue for the living/non-living task was an image showing both the child and the robot side-by-side, 

while the cue for the moving/non-moving task showed the two stars. The narrative instructed the 

children to sort the pictures based on the specific cue they saw on each trial.

All other methodological details, including trial timing and the pseudo-randomization of the 48-

trial sequence, were kept identical to the executive task-switching paradigm.

Data analysis

Statistical analyses were performed using R (https://www.r-project.org/, version 4.4.138) on 

inverse-transformed RTs (iRTs), computed as 1000/RTs. This transformation was used to mitigate the 

heavy right skewness common in RT distributions and normalize their residuals. Crucially, iRTs serve 

as a measure of processing speed or performance, where higher values correspond to better 

performance (i.e., faster responses, interpreted as responses-per-second). We chose this 

transformation as our primary approach because it provided the most stable model convergence and 

the best alignment of residuals with the normality assumption, compared to LMM performed on log-

transformed RTs and on raw RTs, as well as to GLMM performed on raw RTs using the gamma 

distribution (see Figure S1 in the online supplementary materials at https://osf.io/zr4dn/files/m24pj 

for residual diagnostic plots). It is important here to note that these alternative analyses replicated 

our primary findings, including the critical interactions, demonstrating the robustness of our results 

across different analytical strategies (see Tables S1-3 in the online supplementary materials at 

https://osf.io/zr4dn/files/m24pj).

Thirty-seven participants (5.65% of the recruited participants) were excluded from the analyses 

because they did not complete the two single-task and the two task-switching blocks or showed poor 

compliance/performance (i.e., failed to provide a response in more than 80% of trials, provided the 

same response in more than 90% of trials, and/or provided the incorrect response in more than 90% 

of trials).

Practice trials and the first trial of each block were excluded from analyses. We then excluded 

experimental trials with incorrect responses (n = 10472, 18.98% of trials), missed responses (n = 3058, 

5.54% of trials) and anticipations (i.e., trials with RTs < 150 ms, n =  79, 0.14% of trials), which were 

both considered as errors, as well as trials with extreme iRTs in the preceding trial (i.e., those with an 

absolute z-scored iRT > 3; n = 195, 0.035 % of trials). 
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To address both our aims, we used linear mixed-effects model (LMM) analyses39. This analytical 

approach accounts for the hierarchical structure of our data, where observations are nested within 

individual participants and experimental stimuli. Unlike traditional ANOVA, LMMs allow us to 

simultaneously model both subject-specific and stimulus-specific variance (random effects), thereby 

increasing the generalizability of our findings. Furthermore, LMMs are robust to the unbalanced 

nature of datasets often encountered in developmental studies, such as missing trials or varying 

response counts across participants, providing more accurate and unbiased estimates of the 

developmental trajectories under investigation.

Aim 1 - Executive vs Semantic Flexibility 

First, to compare the effects of executive and semantic flexibility on behavioral performance and 

their interplay across development, we performed a within-subject analysis testing an a-priori defined 

model (M_EvsS_iRT) on the performance data (iRT) from both the executive and semantic paradigms. 

The model's Wilkinson-notation formula was: iRT ~ iRTpre + Trial*Age + postERR*Age + 

Dom*Cond*Age + Dom*Cond*PerfBase + (Dom*Cond|SS) + (1|Stim).  

Control variables. The fixed part of the model included several confounding predictors: i) a 

continuous predictor for the iRT of the preceding trial (iRTpre) to account for temporal dependency in 

iRTs40; ii) a continuous predictor for trial number (Trial) to account for time-on-task effects (e.g., 

learning and/or fatigue); iii) a dichotomous predictor for an error in the preceding trial (postERR) to 

account for post-error slowing41. The latter two predictors were tested in interaction with Age to 

capture any age-related modulation of these effects.

Fixed effects. To test how executive-semantic flexibility interplay modulated the switch cost across 

development, we included predictors for Domain (Dom: Executive vs. Semantic), Condition (Cond: 

Repeat vs. Switch) and the continuous predictor for Age, modeling them in a three-way interaction 

(Dom*Cond*Age). We focused on this trial-by-trial ‘local’ switch cost –  the performance difference 

between Switch and Repeat trials  – because it provides a purer index of task-set reconfiguration, 

which is the core mechanism of cognitive flexibility. Conversely, we avoided the so-called ‘global’ 

switch cost (the performance difference between mixed and single-task blocks), as this measure is 

often confounded by sustained task-set maintenance and block-level monitoring demands, which do 

not reflect the capacity for flexible shifting. However, to control for how the Dom*Cond interaction 

was modulated by children's baseline abilities, we also included the three-way interaction between 

Dom, Cond and baseline performance (PerfBase), where PerfBase is a continuous predictor 

representing each participant's mean iRT in executive and semantic domain in single-task blocks, that 

is, when no flexibility was required. 
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Random effects. To rigorously account for individual variability and avoid anti-conservative 

estimates, we employed a maximal random-effects structure justified by the data. The random effect 

structure included a by-participant (SS) random intercept for overall performance differences, as well 

as by-participant random slopes for Domain, Condition, and their interaction, allowing us to account 

for individual differences in domain sensitivity and switch costs. A by-stimulus (Stim) random intercept 

was also included to account for variability attributable to specific stimuli. Random slopes for trial-

level covariates (e.g., preceding iRT, trial order) were omitted to ensure model convergence and 

prevent overparameterization. 

Variable coding. To facilitate model convergence and interpretation, the continuous confounding 

predictors (Trial and iRTpre) were centered and scaled (from -.5 to .5) and z-scored, respectively, at 

the participant level. The categorical predictor postErr was factor-coded (0 = after correct, 1 = after 

error), with the 0 acting as the reference level. Age was z-scored across the entire sample and PerfBase 

by-domain. The predictors of interest, Dom and Cond, were treated as continuous numerical variables 

and centered around zero (-0.5 for Executive/Repeat, 0.5 for Semantic/Switch), so that the estimated 

main effects and interactions refer to the average across conditions. 

Outliers. Finally, after fitting the initial model, we examined the residuals to check for the presence 

of extreme outliers and re-fitted a trimmed version, excluding data points with absolute standardized 

residuals greater than 3.

For the trimmed model, we reported the estimated coefficients (b), standard error (SE), t and p 

values for each fixed effect. Satterthwaite's approximation of degrees of freedom was used to 

calculate p-values and to derive effect size estimates (dS) for the experimental effects of interest, 

which were also calculated using Westfall’s approach (dW)42. We additionally calculated the 

conditional R2 values using the MuMIn package43. An alpha level of .05 was set as the cut-off for 

statistical significance.

Switch cost correlation. Then, to directly compare executive and semantic flexibility effects on 

performance and further assess their commonalities independent of developmental maturation and 

general processing speed, we correlated the individual executive and semantic switch costs. These 

costs were calculated using the participants' Best Linear Unbiased Predictors (BLUPs) extracted from 

the LMM. Because the LMM explicitly modeled age and baseline performance as fixed effects 

interacting with task conditions, the extracted BLUPs inherently represent individual task-specific 

abilities adjusted for age and baseline speed. We computed both Pearson’s r and Spearman’s ρ  

correlation coefficients between these age-adjusted individual switch costs using the package 

pcor.test44. 
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Aim 2 - Semantic Flexibility 

Our second aim was to characterize the development of semantic flexibility by examining how it is 

modulated by the organization of semantic information. To this end, we conducted a focused analysis 

on iRT during the semantic paradigm alone. We tested an a priori defined model (M_Sem_iRT) based 

on our theoretical assumptions and previous findings22. The model's Wilkinson-notation formula was: 

iRT ~ iRTpre + Trial*Age + postERR*Age + Cond*Age + Cond*PerfBase + Age*SemDist + (1|SS) + 

(1|Stim). 

Control variables. As in the previous model (M_EvsS_iRT), we included confounding predictors 

(iRTpre, Trial*Age, postERR*Age) and two key interactions: Cond*Age, to test how age modulates the 

semantic switch cost, and Cond*PerfBase, to assess the role of baseline abilities. 

Fixed Effects. Crucially, building on our previous evidence showing that the representational 

distance between concepts influences performance17,22,45,46, we also included a continuous predictor 

for semantic distance (SemDist). SemDist reflects the cosine distance between the concepts of the 

current and previous stimulus (trial n vs. n–1), derived from fastText, a distributional semantic model 

trained on Italian corpora47–49. Our previous results revealed that when stimuli change on every trial 

(like in our paradigm), participants are required to flexibly navigate through the semantic space. When 

stimuli are semantically more distant from each other, they require greater flexibility – a mechanism 

we termed stimulus-level flexibility because it operates regardless of the task condition. Therefore, 

we tested SemDist in interaction with Age to explore whether this stimulus-level flexibility changes 

across development.

However, in addition to this stimulus-level effect, semantic distance might also modulate the 

degree of the type of flexibility required to switch between tasks, reflected in the switch cost. 

Therefore, to test whether SemDist modulates the semantic switch cost and whether this modulation 

changes with age, we specified a second, more complex model (M_SemFull_iRT), which added a three-

way interaction (Cond*Age*SemDist). The formula was: iRT ~ iRTpre + Trial*Age + postERR*Age + 

Cond*Age + Cond*PerfBase + Cond*Age*SemDist + (1|SS) + (1|Stim). We then formally compared the 

fit of M_Sem_iRT and M_SemFull_iRT using a log-likelihood ratio test to determine if the inclusion of 

this critical interaction was statistically justified. For this analysis, the SemDist predictor was centered, 

and the rest of the model fitting procedure was identical to that described above.

Random effects. The random effect structure included a by-participant (SS) random intercept to 

account for individual differences in overall performance, and a by-stimulus (Stim) random intercept 

to account for variability attributable to specific stimuli. The inclusion of the Cond random slope at the 

participant level led to convergency issues.
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Sensitivity Analysis on Accuracy 

To control for possible speed-accuracy trade-offs, the analyses detailed above were also performed 

on accuracy as the dependent variable, but in this case using a generalized LMM (with the binomial 

family) and considering the mean accuracy in the two single-task blocks for the PerfBase predictor. 

Therefore, the M_EvsS_Acc model compared the effects of executive and semantic flexibility on 

children’s accuracy and their interplay across development, while the M_SemFull_Acc model assessed 

SemDist modulations of the semantic flexibility. It is worth noting that we attempted to fit the same 

maximal random-effects structure to our binary accuracy data but, due to the inherent complexity of 

generalized LMMs (which involve non-linear link functions), these models failed to converge. Given 

these computational limitations, we maintained a more parsimonious random-effects structure for 

accuracy analyses, only including the by-participants and by-stimulus random intercepts. Moreover, 

in these analyses, Satterthwaite's approach could not be used to compute the effect sizes because this 

method is not applicable to generalized mixed models; therefore, effect sizes were only computed 

following Westfall’s (2014) approach36.

Power Analysis

The sample size was determined based on the aims of the larger study that included, among others, 

the two task-switching paradigms described here. We recruited as many participants as possible based 

on the availability of resources and access to local schools. Nonetheless, we performed a sensitivity 

power analyses using the method introduced by Westfall and colleagues36 for a fully-crossed linear 

mixed-effects model, conservatively assuming participant and stimulus intercepts and residual 

variance partitioning coefficients of .2, .1, and .7, respectively42. The variance partitioning coefficients 

for the participant and stimulus slopes and the participant-by-stimulus intercept were set to 0 because 

those effects were not included in the models we tested. This power analysis revealed that a sample 

size of 618 participants and 16 stimuli was large enough to detect a very small effect size (Cohen’s d = 

.036) with a power of .80. It should be noted, however, that this approach is not adequate for complex 

mixed effect models like the one used in this work42,50, but it nonetheless provides a useful estimation 

of the so-called minimal statistically detectable effect for our study (i.e., the lower bound of the range 

of effect sizes that can be detected51). Indeed, to the best of our knowledge, to date there are no 

accepted analytical approaches to accurately compute statistical power for such models. 

Results 

Aim 1 - Executive vs. Semantic Flexibility

The first analysis compared the behavioral effects of executive and semantic flexibility and 

explored their interplay across development. The conditional R2 of the trimmed LMM model 
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(M_EvsS_iRT) provided a good fit to the data (Conditional R² = .38), with 0.66% of observations 

removed as extreme outliers (>3 absolute standardized residuals). 

All confounding predictors modulated participants’ performance (iRT) significantly (see Table 2 for 

full model details).

Table 2 - Results of the LMM model assessing the domain-dependent switch effects on iRTs 

 Estimate SE df t p dS dW

(Intercept) 0.5954 0.0057 84.7 104.67 < .0001 11.38 2.33

iRT preceding trial 0.0410 0.0011 40439.2 37.12 < .0001 0.18 0.18

Trial 0.0141 0.0040 11583.7 3.53 .0004 0.03 0.07

Age 0.0066 0.0057 857.0 1.16 .2448 0.04 0.03

Post-error -0.0483 0.0028 38769.2 -17.17 < .0001 -0.09 -0.24

Domain 0.0194 0.0085 28.3 2.28 .0306 0.43 0.10

Condition -0.0627 0.0025 773.4 -25.43 < .0001 -0.91 -0.83

Baseline Performance 0.0777 0.0051 1078.8 15.09 < .0001 0.46 0.94

Trial:Age -0.0120 0.0036 39598.3 -3.35 .0008 -0.02 -0.12

Age:Post-error -0.0386 0.0029 31135.0 -13.53 < .0001 -0.08 -0.30

Domain:Condition 0.0367 0.0044 9150.4 8.29 < .0001 0.09 0.26

Age:Domain 0.0048 0.0072 572.1 0.66 .5076 0.03 0.03

Age:Condition -0.0151 0.0032 785.5 -4.75 < .0001 -0.17 -0.10

Domain:Baseline Performance -0.0277 0.0074 583.9 -3.75 .0002 -0.16 -0.16

Condition:Baseline Performance -0.0115 0.0030 889.9 -3.83 .0001 -0.13 -0.07

Age:Domain:Condition -0.0098 0.0058 9492.5 -1.70 .0884 -0.02 -0.06
Domain:Condition:Baseline 
Performance 0.0112 0.0056 6911.7 1.99 .0468 0.02 0.07

Notes: SE, standard error; df, degrees of freedom computed with the Satterthwaite’s approximation; 

dS, effect size estimates calculated with Satterthwaite's approach; dW, effect size estimates calculated 

with Westfall’s approach.

The analyses revealed various significant effects. Specifically, performance (iRT) improved 

significantly with higher baseline performance. Crucially, there was a main effect of Condition, 

confirming the presence of a significant switch cost, with better performance on Repeat trials 

compared to Switch trials. Moreover, the Age*Condition interaction was significant, indicating that 

performance improved with age more steeply for Repeat trials than for Switch trials (Fig. 2).
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Figure 2. Results of the LMM on iRTs, Age by Condition interaction. The plot shows the behavioral 

performance (iRTs) corresponding to the marginal effects estimated by the linear mixed model as a 

function of Age (x-axis) and Condition (Repeat, green vs Switch, fuchsia lines). Shaded regions indicate 

the 95% confidence interval.

We also found a significant interaction between Domain and the baseline performance (PerfBase), 

showing that the greater the baseline performance the greater the performance in task-switching, 

especially in the executive domain. The Condition*PerfBase interaction was also significant, showing 

that the performance benefit of having higher baseline abilities was more pronounced for Repeat trials 

than for Switch trials.

Especially relevant to our research question was the Domain*Condition interaction, which was 

significant, revealing that the magnitude of the switch cost was significantly larger in the executive 

domain compared to the semantic domain (Fig. 3). 
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Figure 3. Results of the LMM on iRTs, Domain by Condition interaction. The plot shows the behavioral 

performance (iRTs) corresponding to the marginal effects estimated by the linear mixed model as a 

function of Condition (x-axis) and Domain (Executive, blue vs Semantic, red lines). Shaded regions 

indicate the 95% confidence interval.

Finally, the three-way Age*Domain*Condition interaction was not significant, whereas the p-

values for the Domain*Condition*PerfBase interaction was just below .05 (and it is not significant in 

the analysis on accuracy, see below), thus it will not be discussed further.

To further probe the relationship between the two forms of flexibility, we correlated the individual 

switch cost effects estimated by the LMM model. Despite the difference in magnitude, the executive 

and semantic switch costs were strongly and positively correlated (Pearson's r = .810, t(529) = 31.727, 

p < .00; Spearman's ρ = .812, t(529) = 31.973, p < .0001; see Figure 4).
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Figure 4. Correlation between the switch costs in the two Domains. The figure shows the correlation 

between participants’ switch costs in the Semantic (y-axis) and Executive (x-axis) Domains. 

The analysis on the children’s accuracy substantially confirmed the results reported above, except 

for the Dom*PerfBase interactions, whose statistical significance was not confirmed (see Table 3).

Table 3 - Results of the LMM model assessing the domain-dependent switch effects on accuracy 

Estimate SE z p dW

(Intercept) 1.4475 0.0362 40.01 < .0001 3.34

iRT preceding trial -0.0319 0.0114 -2.81 .0050 -0.07

Trial 0.0095 0.0435 0.22 .8281 0.02

Age 0.6157 0.0302 20.39 < .0001 1.42

Post-error -0.4922 0.0259 -19.02 < .0001 -1.14

Domain -0.2955 0.0468 -6.31 < .0001 -0.68

Condition -0.4960 0.0240 -20.65 < .0001 -1.15

Baseline Performance 0.0949 0.0170 5.59 < .0001 0.22

Trial:Age -0.0506 0.0362 -1.40 .1624 -0.12

Age:Post-error -0.1857 0.0234 -7.94 < .0001 -0.43

Domain:Condition 0.3339 0.0475 7.03 < .0001 0.77

Age:Domain 0.0208 0.0256 0.81 .4162 0.05

Age:Condition -0.1634 0.0234 -6.99 < .0001 -0.38

Domain:Baseline Performance 0.0385 0.0295 1.31 .1918 0.09

Condition:Baseline Performance -0.0416 0.0209 -1.98 .0472 -0.10

Age:Domain:Condition 0.0238 0.0465 0.51 .6091 0.06
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Domain:Condition:Baseline 
Performance 0.0091 0.0419 0.22 .8285 0.02

Notes: SE, standard error; dW, effect size estimates calculated with Westfall’s approach.

Aim 2 - Semantic Flexibility

Our second analysis aimed to characterize the development of semantic flexibility. As the log-

likelihood ratio test confirmed that the model including the three-way interaction (M_SemFull_iRT) 

provided a significantly better fit to the data, we report the results from this more complex model (see 

Table 4).

First, the analysis confirmed a significant effect of Condition, indicating a robust switch cost within 

the semantic domain. We also found a significant effect of Semantic Distance, revealing that 

performance worsened as the semantic distance between consecutive stimuli increased.

Crucially, we found a significant three-way Age*Condition*Semantic Distance interaction. This 

interaction revealed that the performance worsening associated with greater semantic distance was 

more pronounced on Repeat trials, and that this effect became stronger with age (Figure 5). In older 

children especially, this resulted in a notable cost for repeating a task when they had to switch towards 

more semantically distant stimuli.

Table 4 - Results of the LMM model assessing semantic switch effect on iRTs 

Estimate SE df t p dS dW

(Intercept) 0.6192 0.0081 39 76.92 < .0001 12.26 2.71

iRT preceding trial 0.0325 0.0017 18570 19.63 < .0001 0.14 0.14

Trial 0.0402 0.0060 5441 6.75 < .0001 0.09 0.18

Age -0.0019 0.0079 924 -0.25 .8051 -0.01 -0.01

Post-error -0.0344 0.0040 18700 -8.57 < .0001 -0.06 -0.15

Condition -0.0602 0.0081 12360 -7.45 < .0001 -0.07 -0.26

Baseline Performance 0.0856 0.0066 510 13.00 < .0001 0.58 0.37

Semantic Distance -0.0784 0.0173 12090 -4.54 < .0001 -0.04 -0.34

Trial:Age -0.0082 0.0055 18330 -1.50 .1350 -0.01 -0.04

Age:Post error -0.0342 0.0042 18810 -8.22 < .0001 -0.06 -0.15

Age:Condition -0.0459 0.0086 18330 -5.36 < .0001 -0.04 -0.20

Condition:Baseline Performance -0.0056 0.0039 18310 -1.42 .1544 -0.01 -0.02

Condition:Semantic Distance 0.0824 0.0339 13200 2.43 .0151 0.02 0.36

Age:Semantic Distance -0.0174 0.0173 18320 -1.01 .3149 -0.01 -0.08

Age:Condition:Semantic Distance 0.1346 0.0344 18330 3.91 .0001 0.03 0.59
Notes: SE, standard error; df, degrees of freedom computed with the Satterthwaite’s approximation; 

dS, effect size estimates calculated with Satterthwaite's approach; dW, effect size estimates calculated 

with Westfall’s approach.
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Figure 5. Results of the LMM on the semantic paradigm, three-way interaction between Age, 

Condition and Semantic Distance. The plot shows the behavioral performance (iRTs) corresponding 

to the marginal effects estimated by the linear mixed model as a function of Semantic Distance (x-

axis), Condition (Repeat, green vs Switch, fuchsia lines), and Age (z-scored, left and right panels, 

corresponding to 4 years, 5 months and 10 years, 10 months, respectively). Shaded regions indicate 

the 95% confidence interval.

The analysis on children’s accuracy largely mirrored the iRT results. Although the main effect of 

Semantic Distance was not significant (see Table 5), the key three-way interaction between Age, 

Condition, and Semantic Distance remained significant (see Table 5).

Table 5 - Results of the LMM model assessing semantic switch effect on accuracy 

Estimate SE z p dW

(Intercept) 1.3769 0.0598 23.02 < .0001 1.92

iRT preceding trial 0.0013 0.0172 0.08 .9391 < 0.01

Trial 0.0669 0.0618 1.08 .2793 0.09

Age 0.5874 0.0547 10.75 < .0001 0.82

Post-error -0.3967 0.0368 -10.79 < .0001 -0.55

Condition -0.4775 0.0831 -5.75 < .0001 -0.67

Baseline Performance 0.3134 0.0370 8.48 < .0001 0.44

Semantic Distance -0.2366 0.1765 -1.34 .1800 -0.33

Trial:Age -0.0804 0.0539 -1.49 .1359 -0.11

Age:Post-error -0.1785 0.0344 -5.18 < .0001 -0.25

Age:Condition -0.4177 0.0794 -5.26 < .0001 -0.58

Condition:Baseline Performance -0.0413 0.0301 -1.37 .1698 -0.06

Condition:Semantic Distance 0.7035 0.3477 2.02 .0431 0.98

Age:Semantic Distance -0.1509 0.1666 -0.91 .3650 -0.21
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Age:Condition:Semantic Distance 1.2505 0.3309 3.78 .0002 1.74
Notes: SE, standard error; dW, effect size estimates calculated with Westfall’s approach.

Discussion

This study investigated the developmental patterns of executive and semantic flexibility in children 

using parallel versions of a cued task-switching paradigm to address a fundamental question raised in 

the adult cognitive control literature: whether these two forms of flexibility rely on distinct or shared 

mechanisms. By charting these abilities throughout childhood, we sought to determine if they follow 

distinct or shared developmental patterns. Our findings reveal a complex picture, characterized by 

evidence consistent with a strong shared component that is nonetheless modulated by domain-

specific factors. These results provide a developmental perspective on executive and semantic control 

highlighting the intricate nature of cognitive development. 

Our first key finding demonstrates a strong correlation between switch costs in the executive and 

semantic domains, consistent with the idea of shared control mechanisms. This result is consistent 

with findings in healthy adults22, which show a similar moderate-to-strong correlation. Finding this 

strong association in children suggests the link between these abilities is a fundamental aspect of 

development, not just a mature state. This aligns with theoretical models which argue that a core set 

of executive functions drive flexible behavior52,53. The mental act of switching tasks also taxes working 

memory to maintain task sets and apply the relevant one, and inhibitory control to stop applying the 

old one. In essence, both our paradigms relied on this same underlying cognitive machinery for 

switching. Therefore, a child's developmental level in operating this machinery would naturally lead 

to similar performance across both domains, explaining the strong correlation.

While the correlation suggests a shared component, our findings are consistent with the 

asynchronous and multi-faceted nature of cognitive control development highlighted in our 

introduction24,52,54. The significant Age by Condition interaction revealed that performance on Repeat 

trials improved more steeply with age than on Switch trials. This pattern points to a growing functional 

dissociation between more automatized task execution and effortful cognitive control. As children 

age, they become increasingly efficient at maintaining and executing an active task-set, leading to 

dramatic performance gains on Repeat trials. However, this emerging task automatization introduces 

a greater degree of task inertia. A more consolidated cognitive system, while more efficient, naturally 

offers more resistance to flexibility. Consequently, the process of switching to a newly relevant task-

set necessarily requires a costly control intervention to override this emerging automaticity and 

implement a new goal-directed action. While this flexibility ability also matures, its developmental 

gains observed on Switch trials are intrinsically less pronounced than those afforded by the powerful 

process of task automatization on Repeat trials. Our results, therefore, suggest that a key 
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developmental achievement in this age range is the ability to form and execute efficient cognitive 

routines, which in turn makes the relative cost of volitionally breaking those routines – the switch cost 

– more apparent.

Our results of a significant Domain by Condition interaction also challenge a purely domain-general 

account by revealing domain-specific modulations. The larger switch cost in the executive domain 

than in the semantic domain is consistent both with findings with adults22 and developmental research 

showing that switching between highly interdependent perceptual dimensions (like color and shape) 

is particularly difficult for young children28, 54. As discussed in our introduction, prior studies have 

shown children successfully switching between perceptual rules (shape) and semantic ones 

(function)28. Our finding extends this, suggesting that a switch between two competing perceptual 

rules may be uniquely demanding. 

Our most novel contribution is the finding of a three-way interaction between Age, Condition, and 

Semantic Distance, that speaks directly to the CSC framework10 and our second aim of characterizing 

semantic flexibility itself. The finding that older children showed a performance cost for larger 

semantic distance on Repeat trials, but not on Switch trials, is consistent with the interplay between 

the semantic "hub" (the knowledge store where conceptual distance is represented) and the "control" 

system10. This pattern is consistent with the possibility that semantic representations become more 

structured with age, thus becoming increasingly similar to adult-like representations22, although 

alternative explanations cannot be ruled out.  It is important to note that semantic distance was 

computed using distributional semantic models (fastText), which capture both taxonomic and 

thematic relationships based on patterns of language use. However, these dimensions were not 

independently manipulated in the present study. 

In addition, although our analyses focused on semantic distance as a continuous measure of 

stimulus-level variability, perceptual differences between stimuli may also have contributed to 

performance, particularly given that both tasks involved visual processing. In the executive task, 

perceptual variation was partially controlled by manipulating a set of discrete, task-irrelevant visual 

features (i.e., internal patterns and head proportions). While this ensured that the physical stimulus 

varied across trials even within task-set repetitions, these features are discrete and limited in 

complexity, preventing the derivation of a continuous 'perceptual distance' metric comparable to our 

semantic distance measure. Consequently, while we controlled for basic stimulus repetition, we 

cannot exclude that more complex perceptual similarities might contribute to performance. Future 

research could systematically manipulate perceptual similarity to better disentangle the contribution 

of perceptual versus conceptual factors to cognitive flexibility.

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Moreover, although the stimuli were selected to be highly familiar and early-acquired, we did not 

explicitly control for variables such as age of acquisition or lexical frequency. These factors may 

influence semantic processing across development and could have contributed to the observed 

effects. Future research should aim to disentangle the role of different types of semantic relations and 

lexical properties in shaping semantic flexibility. 

However, caution is warranted when inferring properties of semantic representations solely from 

behavioral response time data. As highlighted by the “maps and vehicles” problem55, observed 

performance patterns may reflect not only the structure of the underlying semantic space (“the map”), 

but also the processes used to navigate it (“the vehicle”). In this framework, age-related differences 

in the effect of semantic distance could arise from changes in control processes, search strategies, or 

processing efficiency, rather than from changes in representational structure per se. Indeed, previous 

work has shown that controlled semantic retrieval is shaped by both representational and executive 

factors56,57. Therefore, while our findings are compatible with the hypothesis of increasing semantic 

organization, they should be interpreted with caution, as they do not allow us to disentangle 

representational from process-based accounts.

As such,  even when repeating the same task, traversing this space requires a form of flexibility to 

navigate through the stimuli in the semantic space (see stimulus-level flexibility)22. The masking of this 

effect on switch trials is what the CSC model would predict: the resource-intensive process of 

reconfiguring the entire control network leaves fewer resources for finer-grained, representation-

level modulations. This echoes the broader theme that developmental trajectories are often not linear 

but are marked by increasing complexity and dynamics. Of course, this interpretation must be 

tempered by the possibility of a statistical floor effect. Performance on switch trials is already under 

such high load that our behavioral measures may lack the sensitivity to detect a more subtle, 

additional cost from semantic distance. Yet, this finding is consistent with the idea raised by research 

on early  conceptual development28: understanding the development of flexibility requires 

understanding the development of the knowledge it controls28.

The potential confounds discussed above represent the most significant limitations of our study. 

We must explicitly state that while our model controlled for baseline performance, the larger 

executive switch cost could stem from differences in switch-specific task difficulty or rule type. Future 

work must aim to equate the interference demands between paradigms to isolate the specific effects 

of information content. Importantly, the present study adopts a cross-sectional design, and therefore 

the observed age-related differences reflect group-level comparisons rather than within-individual 

developmental change. Future longitudinal studies will be necessary to directly track how executive 

and semantic flexibility evolve within individuals across development.
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Finally, while our behavioral data are informative, their greatest value may be in generating 

specific, testable hypotheses for future neuroimaging research. The strong behavioral correlation 

between switch costs is consistent with the hypothesis of a shared neural basis, which should be 

mirrored by correlated activation in the domain-general multiple-demand network that supports a 

wide range of effortful cognitive tasks14. Correspondingly, the unique variance in semantic task 

performance, particularly the modulation by semantic distance, is consistent with the possibility of a 

distinct neural basis uniquely explained by activity in semantic-specific control regions, such as the left 

inferior frontal gyrus and posterior middle temporal gyrus, consistent with the CSC framework8,10. 

However, we must remain cautious regarding the interpretation of the shared variance. Given the 

strong structural similarity between our two experimental paradigms, this strong behavioral 

correlation could also be driven by the maturation of a more general ability to consciously represent 

and apply paired-rule structure and stimulus-response mappings, regardless of their content54. A child 

who has mastered this fundamental logical operation will succeed at both tasks, while a child who has 

not will struggle, creating a strong correlation driven by general rule-use ability and mapping efficiency 

rather than a specific switch mechanism. While our data point towards a shared foundation, its precise 

nature –  whether a specific flexibility mechanism or a more general rule-use capacity  – remains an 

open question.

In conclusion, by employing the cued, trial-by-trial methodology, this study offers the first direct 

comparison of the group-level developmental patterns of executive and semantic flexibility. Our 

findings are consistent with a model where a shared cognitive foundation underpins both abilities, as 

observed in adult findings22, but where performance may be shaped by distinct developmental 

timelines for its subcomponents and modulated by domain-specific factors. These findings highlight 

that a complete understanding of adaptive behavior requires focusing on the dynamic interplay 

between maturing general control processes and specialized knowledge systems.
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