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Abstract 

Rewards have a profound impact on human motivation, cognition, affect and behavior. The study 

of reward processing and the effects of incentives thus occupies a central place in psychology and 

cognitive neuroscience. A core assumption when comparing groups or individuals is that reward 

types are valued equally. Here we test the validity of this assumption in a sample of 26 adults 23 

children (7-11 years) using both primary (i.e. pleasant taste) and secondary rewards (i.e. money). 

We show that adults value money more than pleasant tastes, while children value them equally, a 

developmental pattern replicated across three distinct tasks including subjective valuation, 

willingness to exert cognitive effort, and the invigorating effects on cognitive control. Our findings 

suggest that money increases in value with age, presumably with experience, and warrant caution 

when interpreting group differences in reward processing, at least in a developmental framework. 

Future work should expand to using incentives that are appropriate to the groups under 

investigation. 
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Introduction 

Humans, like other species, are highly sensitive to rewards 1,2. One primary function of rewards is 

their capacity to energize and motivate actions directed towards achieving specific goals. Rewards 

thus play a pivotal role in shaping human motivation, cognition, affect and behavior, impacting 

processes as diverse as learning, decision making, and cognitive control 3–5. As such, the study of 

reward processing and its influence on behavior occupies a central field of research in psychology 

and cognitive neuroscience. One key assumption in research on reward processing is that the 

subjective value of the studied reward is invariant across individuals or groups of individuals 

studied. This assumption is particularly salient in developmental psychology, where the majority of 

studies assume that the specific incentives are of comparable value to all, and that potential group 

differences are due to differences in the underlying processing systems rather than difference in 

the subjective value assigned to specific rewards (see also 6,7. Here we test whether this 

assumption holds by comparing processing of two reward types (i.e. primary and secondary) 

between groups of children and adults across a range of different experimental paradigms and 

show that it does not. Instead, reward processing and its impact on motivation and cognition for 

each group is strongly reward specific.   

 

The development of reward processing and the effects of rewards on motivation, cognition, affect 

and behavior have been studied and documented extensively, highlighting considerable 

differences between children, adolescents, and adults. This includes age-related changes in 

phenomena as wide-ranging as reward sensitivity 8, risk-taking 9,10, intertemporal choice 11–13, 

prosocial behavior 14–16, model-based decision-making 17, reward exploration 18, and cognitive 

control 19. Such observable developmental differences in behavior are implicitly linked to 

maturational changes in reward-related brain regions. For instance, evidence of changes in 

dopamine receptor (D1R and D2R) density in striatum and prefrontal cortex 20–23, changes in 

resting state connectivity of striatal regions 24, as well as in corticostriatal connectivity from 

childhood into adulthood 25–29. While there is little doubt that reward processing does indeed 

change with age (e.g. 30,31, true effects may have been falsely estimated due to the overwhelming 

use of money as the primary incentive (but for exceptions see Galvan et al., 32–34. Money is a 
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cultural artefact, the value of which is presumably acquired only with experience 35,36, it is highly 

probable that value of money increases with age. Alternatively, the novelty of money might make 

this reward type particularly desirable for younger age groups 37. Irrespective of both accounts, the 

fact that monetary rewards may not be valued stably across development 7, risks an inaccurate 

estimation of genuine developmental trajectories in reward processing. This is especially relevant 

given that the goals humans pursue change as a function of development 38. As a consequence, 

differences in goals being pursued also constrain the types of rewards we value and how 

subjectively valuable we find them to be 7. 

 

Here we directly assess the effects of different reward types by comparing the effects of primary 

(i.e. pleasant tastes) and secondary (i.e. money) rewards on children’s and adults’ 1) explicit 

assignment of subjective value, 2) their willingness to exert cognitive effort, and 3) their allocation 

of cognitive control. We compared primary rewards with secondary rewards, given that preferences 

for pleasant tastes are established prenatally, remain relatively stable through development 39 and 

are arguably less contaminated by the experience-dependent acquisition of value compared to 

secondary rewards 40. Responses to primary rewards are therefore likely to be more informative 

of genuine developmental change in reward processing. We show that compared to pleasant taste, 

adults value money more, that they are more willing to exert cognitive effort for money, and that 

money has a stronger invigorating effect on cognitive control. In contrast, across all three 

paradigms, the two reward types were virtually indistinguishable for children. 
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Results 

 
Figure 1. Study and task description. 

 

Reward-specific valuation changes with development  

To test our main hypothesis, we first assessed whether participants’ subjective valuation of 

different reward types interacted with age (Figure 1a). We found an interaction (Figure 2a) between 

group and reward type (F(1, 91) = 4.96, p = 0.03). Adults preferred secondary (M = 5.15 +- 0.248) 

over primary (M = 4.28 +-0.21) rewards (t25 = 2.78, 95% CI [0.226, 1.52], p = 0.01) whereas children 

did not (M = 4.72 (0.249), M = 4.49 (0.31); (t22 = 0.62, 95% CI [-1.01, 0.55], p = 0.54). The observed 

developmental interaction was not explained by groups differences in their perception of how much 

juice is worth in pounds (t44.27 = 1.12, p = 0.26, Figure 2b), with the interaction remaining significant 

when this information was added as a covariate. Furthermore, the observed developmental 
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interaction remained significant when we investigated further covariates, such as how thirsty 

participants were in the beginning of the experiment (for further controls see Supplementary 

Materials). 

 
Figure 2. Subjective value of reward changes across development.  

 

Developmental changes in the effect of rewards on cognitive effort are reward-

specific  

Next, we investigated whether participants’ differences in reward-specific valuation was reflected 

in their willingness to exert cognitive effort for such rewards (for full task description see Methods 

and Supplementary Materials). We used a novel and age-adapted cognitive effort task where we 

parametrically varied reward size and difficulty level of a cognitively effortful task for both primary 

and secondary rewards and investigated how this modulated participants’ willingness to exert 

cognitive effort (Figure 1b).  

 

We first observed that participants’ discounted the value of rewards as a function of cognitive 

difficulty (Figure 3a), similar to previous work in physical 41, cognitive 42,43 or time 44 discounting. 

To quantify and statistically evaluate the behavioral group differences in Figure 3a, we fit three 

different computational models that have been previously used in the effort and time-discounting 

literature (hyperbolic, exponential, effort-sensitive 1   43–45 and compared the discounting rate 

 
1We used the term effort-sensitive to denote the adaptation of the time-sensitive model to varying 

levels of cognitive effort as opposed to varying levels of time delays. 
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parameter estimates across both groups and conditions (for details on model selection see 

Supplementary Materials). There was a significant interaction between group and reward for the 

discounting rate (k) parameter of the hyperbolic model which measures how strongly rewards are 

discounted as a function of cognitive effort that needs to be exerted to attain them (F(1, 92) = 9.09, 

p < .01, Figure 3b). Adults discounted value more strongly for the primary compared to secondary 

reinforcer (t25 = 2.24, 95% CI [0.004, 0.11], p = 0.03). However, this difference was reversed in 

children who discounted value more strongly for the secondary compared to the primary reinforcer 

(t21 = 6.96, 95% CI [0.08, 0.14], p < 0.001). Finally, adults more strongly discounted value in the 

primary conditions compared to children (t35.642 = 3.9, 95% CI [0.075, 0.24], p = 0.0004). These 

results demonstrate that adults and children had reversed preferences about what they were willing 

to exert cognitive effort for. 

 

As a control, participants were required to rate the experienced cognitive load corresponding to 

individual cognitive difficulty levels they were making choices about in the willingness to work task 

(Figure 1b). To do this, participants were required to solve items of the matrix reasoning subtest at 

each difficulty level at the end of the experiment. Both groups rated more difficult items as 

cognitively more effortful (children: F(3, 79) = 9.97, p < .001; adults: F(3, 91) = 2.9, p = 0.04, Figure 

3c). 
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Figure 3. Reward specific effects on exertion of cognitive effort across development.  

 

Developmental changes in the invigorating effect of rewards on cognitive 

control are reward-specific  

Finally, we looked at reward-specific effects on cognitive control (Figure 1c) and how these might 

interact with development. We modelled participants’ responses on a trial by trial basis using 

generalized linear mixed modelling and hypothesised that the degree to which cognitive control is 

exerted on a go-no-go task will be modulated by reward 19,27,46–48, and that the degree to which it 

is exerted as a function of reward would mirror our results on the previous two tasks. We observed 

a similar interaction as in the other two tasks where adults performed better on go trials when 

rewarded with secondary compared to primary rewards (t25 = 4.73, p < .001), while children’s 

performance was comparable across both reward types (Figure 4a, χ2 = 8.11, p = 0.004; see also 

Supplementary Materials Table S1). Considering we observed similar interactions between group 

and reward type on go trials of the cognitive control task and in the subjective valuation task, we 
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predicted the self-reported subjective value would be correlated with the results from Figure 4a. 

Indeed, we observed that adults’ subjective value of secondary rewards was correlated with 

interindividual differences in the go trials for secondary (r = 0.51, p = 0.008) but not primary rewards 

(r = 0.26, p = 0.19). In children, these correlations had a reversed sign but were not significant for 

either the primary (r =  -22, p = 0.22) or secondary (r = -0.21, p = 0.35) reward. Despite this 

correlation, we observed no correlation with the k-value parameters from the previous task where 

subjects were required to exert cognitive effort (all p > .161). This means our results could not be 

driven simply due to e.g. more attentive subjects having better performance across all the tasks or 

similar related confounds. 

 

Finally, we investigated whether a developmental interaction with reward-type would also be 

observed in no-go trials, requiring participants to inhibit their prepotent response. We observed a 

trending interaction (𝜒2 = 2.91, p = 0.085) mirroring the finding on go-trials (see Supplementary 

Materials Table S3) where adult performance was improved on trials with a secondary relative to 

primary reinforcer, however this was not significant (t25 = 1.89, p = 0.07). That is, adults were 

marginally better at inhibiting the prepotent response for secondary compared to primary 

reinforcers while children performed equally well.   
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Figure 4. Cognitive control is invigorated in a reward-specific way across development. 
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Discussion 

Secondary rewards such as money (or vouchers) are some of the most prominently used 

incentives to study the development of a range of cognitive, motivational, and socio-affective 

functions 11,12,16,17,19,27,42,49–54. Thus, it has been found that compared to adults, children or 

adolescents take greater monetary risks 53,54, are less generous 51, and more impatient 16,52, while 

at the same time being less affected by money in boosting their executive functions 27,49. These 

findings are interpreted on the basis that the incentives used have the same value across 

developmental populations. However this assumption may be highly problematic considering that 

the value with money is presumably highly experience-dependent 36. Here we use both primary 

and secondary rewards (e.g. pleasant tastes and money respectively), to compare whether it is 

the rewarding properties of money or reward processing per se that changes with age. If 

developmental change is generic to reward processing, then we would expect similar findings for 

both reward types. However, across three different experimental paradigms, our findings show that 

money is valued more by adults than by children. This decided preference was present in explicit 

statements, a willingness to work, and the invigoration effects on cognitive control, confirming our 

central hypothesis that rewards are valued differently by children and adults 7. 

 

These findings suggest a revision of current interpretations of developmental change across 

swaths of psychology and cognitive neuroscience and call into question the prevalent use of money 

to study the development of a range of cognitive, motivational, and socio affective functions 

11,12,16,17,19,27,42,49–54. At the very least, these results urge for more concerted efforts to design 

experimental paradigms that employ genuinely developmentally appropriate stimuli. Furthermore, 

they imply the development of reward processing in similar tasks 55 may have been misrepresented 

due to differences in subjective value. Note, while, our study does not provide a parsimonious 

explanation for previous findings, it highlights the necessity of cautiously interpreting 

developmental patterns when using money, whatever these may be. 

 

What mechanism might drive the observable preference of money in adults? We assume this might 

be experience considering the prevalence of different rewards changes through development, and 
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this is especially true for money compared to pleasant tastes. For example, adults work for money 

and consider it to be the main medium through which other goods can be attained, where this may 

not necessarily be true in children. This crucial difference between both groups is related to the 

notion that the type of goals children pursue in their daily life is likely a key factor dictating what 

kind of rewards children perceive as valuable compared to adults 7,38. More formally, these results 

can be directly tied to reinforcement learning theory 2 which predicts money would acquire value 

throughout childhood and adolescence into adulthood as we learn that acquiring money is 

predictive of rewarding outcomes (e.g. being able to purchase ice-cream or a house), while no 

such learning necessarily occurs with juice. This is corroborated to a certain degree by previous 

work showing adolescents aged 12 and above already are invigorated by money when it comes to 

exertion of physical effort 56.  

 

Our results suggest rewards used to study the differences in reward processing between children 

and adults need to be better operationalized and developed more adequately. One way of 

achieving this is to consider what is ecologically relevant to the niche either adults or children 

inhabit. For example, children pursue different goals to adults (e.g. children do not work to attain 

money with which to pay rent, bills, etc.). Therefore, a more careful design of developmentally 

appropriate incentives in developmental research will enable a more precise study of the effect of 

rewards on cognition across development, as considered in 30,31. It is worth noting there are clear 

and genuine changes taking place in reward processing across development, as evidenced by a 

developing reward circuitry from childhood to adulthood 25,26,29. However, the extent of these 

developmental differences can only be meaningfully gaged if we take into account that behavioral 

and neural responses to incentives will be reward-specific. Here we argue that behavioral changes 

particularly linked to reward needs to be understood within the ecology of the developing individual 

57. 

 

In conclusion, our results show processing of rewards across development is reward specific when 

it comes to subjective value, willingness to control, and the invigorating effect rewards have on 

cognitive control. Our results question the prevalent use of monetary incentives to study 
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developmental changes in reward processing. We argue for a more thoughtful and careful 

operationalisation of incentives that are more relevant to the studied samples.  
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Methods 

Participants 

Twenty-six adults (13 male, age = 24.61 years, range = 18.7 - 35.3 years) were recruited though 

university listings. Twenty-three children (14 male, age = 9.4 years, range = 7.1 - 10.85 years) from 

schools in the Greater London area. One child was excluded from all analyses due to failing to 

provide most responses. Participants were pre-screened for juice-related allergies. Ethical 

approval for this study was obtained from our university’s research ethics committee in compliance 

with national regulations, project ID number: 12271/003. 

 

Procedure 

Adults were required to avoid drinking any fluids for 4 hours before the experiment to ensure 

adequate thirst levels 58,59. This was not done for the children participants due to ethical reasons, 

however we did control for thirst levels by asking participants at the beginning of the experiment 

how thirsty they are to be able to investigate whether thirst levels account for their subjective 

valuation (see Supplementary Materials). At the end of the experiment we also collected data 

indicating when was the last time they had consumed any liquids. The experiment was divided in 

three sections. 

 

First, we collected information about participants’ preferences for different juices flavours (e.g. 

pineapple, apple, orange), which they could select for the main experiment. We additionally 

gathered information on their preferences about the go-no-go stimuli which would be presented to 

them during the cognitive control task (fish stimuli) by asking how much they like them on a scale 

of 1-6. Finally, this was also repeated for their thirst and tiredness levels. Furthermore, we 

administered the matrix reasoning subtest of the Wechsler Abbreviated Scale of Intelligence II. 

This test was administered because it is standardized, meaning the perception of cognitive 

difficulty in the willingness to work task could be compared across all participants in a robust and 

statistically meaningful way. 
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Next, participants performed three tasks under two reward type conditions (juice and money). 

These tasks measured explicit valuation of rewards, willingness to work for different rewards, and 

cognitive control. Task sequence and reward type were counterbalanced across participants. Each 

participant received automated on-screen instructions throughout these tasks and an experimenter 

was present to ensure the instructions were understood equally across participants. Before doing 

these tasks, participants were introduced to both reward types. Both groups were told primary 

rewards would involve receiving varying amounts of their favourite juice. For secondary rewards, 

adults were told their rewards would be translated into pounds after the experiment, while children 

were told they would be receiving monetary points they would later be able to exchange for 

possible rewards ranging in attractiveness. These rewards were not shown to them to ensure that 

differences across participants in how much they liked them would not influence their motivation. 

For both groups, the visual stimuli they saw related to rewards were identical.  

 

After the three main tasks, participants were required to make choices on trials probing their 

willingness to work for rewards. They were also required to answer additional questions and 

questionnaires which we used to control for confounds. These involved a need for cognition scale, 

answering about their perceived worth of 20 ml of juice in pounds, and a control task estimating 

the cognitive effort participants reported when solving items of specific difficulty levels from the 

Wechsler Abbreviated Scale of Intelligence II. 

 

Tasks 

Explicit valuation: In this task participants were shown either a picture of a juice carton indicating 

primary reward or a pound coin indicating secondary reward. Crucially, children were told that the 

pound coin corresponds to the points they will be able to earn and exchange for a reward and not 

actual money. Participants were asked to provide answers to three questions on a scale from 1 

(least) to 6 (most): “How pleasant do you find this reward? How much would you like to receive 

this reward? How happy would you feel right now about this reward?” These questions were 

modelled on previous work in the field 60.   
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Willingness to work: We developed a novel task for measuring willingness to work modelled on 

previous work studying temporal 61 and cognitive discounting of value 42,62. Participants were 

required to make binary yes/no choices whether they were willing to exert varying levels of 

cognitive effort (4 levels) to obtain a reward varying in size (6 levels) and type (primary, secondary 

reward). The trial combinations were repeated three times in pseudorandom order for a total of 

144 trials with an additional 4 trials as familiarization in the beginning of the task. Participants’ 

decisions were not timed and the stimuli remained on the screen until they made their choice. They 

received a prompt after 2 seconds to make a choice. During the instruction phase they were 

explicitly told what the individual difficulty levels corresponded in terms of their experience when 

they were solving items on the matrix reasoning subtest from the first section. 

 

A critical component of the willingness to work task was that subjective experience of effort for the 

four difficulty levels they were making choices about is as comparable as possible across 

participants and within each age group. We approximated this by grounding the subjective 

experience of difficulty for the willingness to work task in the matrix reasoning subtest. The 

advantage of doing this is that the matrix reasoning subtest is standardized on a large population 

and individual differences in performance can be measured in t-score distances within each group. 

As a result, differences in “easiest”, “easy”, “medium”, “hard” were measured in t-score distances 

that were constant across participants based on their performance.  

 

All participants confirmed they understood the distinction between the four difficulty levels and 

could recall from their experience individual items from the matrix reasoning subtest that would 

correspond to those difficulty levels. The task instruction was to decide whether they were willing 

to exert a certain amount of cognitive effort for a given reward level. From all choices, two choices 

(one for each reward type) would be randomly selected towards the end of the experiment. If a trial 

where they pressed “no” would be selected, they would forfeit any chance to obtain additional 

rewards  If a trial where they pressed “yes” would be selected, they would get the reward if they 

would provide a correct answer to it. If they would provide an incorrect answer, there was still a 

low probability (20%) that they would obtain the reward. This low probability was added to optimally 
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incentivise participants to choose “yes” even on more difficult trials (see Supplementary materials 

for a more detailed explanation).  

 

To ensure participants perceived the different difficulty levels as cognitively more effortful, they 

were subject to a control task.  Participants saw stimuli denoting the upcoming difficulty level 

(easiest, easy, medium, hard) followed by an item from the matrix reasoning subtest of that 

difficulty level, titrated to their individual performance on that subtest. They were given unlimited 

time to solve the individual items and after each answer they were required to provide answers on 

the NASA Task Load Index 63. We used the cognitive load question as an indicator of exerted 

cognitive effort. Importantly, while we used this control task to explicitly monitor whether more 

difficult items from the matrix reasoning subtest corresponded to more exerted cognitive effort, 

participants actually never saw the mapping between difficulty level and item during the willingness 

to work task described above. This was done to keep their experience of individual difficulty levels 

uncontaminated by the control task. That is, the control task was only used for validating that 

participants are able to distinguish their exerted cognitive effort across the difficulty levels of the 

matrix reasoning subtest.  

 

Cognitive control: We used a standard go-no-go task as used previously (Brydges et al., 2013; 

Bunge. et al., 2002) with an instruction procedure that was modelled after 58. Participants were 

required to press “f” or “k” depending on the direction of a visual stimulus in the shape of a fish (left 

– f, right – k) or omit an answer depending on the color (red - omit response on 33% trials, blue - 

press on 66% trials). The task was structured as a combination of a flanker task with only congruent 

trials and a go-no-go task.  In total, there were three main factors: reward (primary, secondary), 

difficulty (easy, difficult), and reward size (low, high). Each response was followed by an outcome 

that depended on the reward type condition and reward size condition. For secondary rewards, 

adults would see an increment in pounds for correct responses (2 pence for low, 6 pence for high 

reward size) while children would correspondingly see the same but were explicitly instructed these 

were points that would be later exchanged for a reward of a particular size, as described in the 

procedure. For primary rewards, we used a gustatory stimulation device that was connected to the 
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go-no-go task. On trials with a correct response, participants would receive a squirt of juice that 

depended on the reward size (0.02ml for low and 0.06ml for high reward size). Notably, the visual 

stimuli used for high and low reward size differed for from the visual stimulus indicating reinforcer 

type. However, we believe this difference is unlikely to account for the observed results. 

Participants initially had a period of 10 trials for familiarization and establishing their reaction times 

that were then used as baseline for how much time they had to provide a response on easy and 

difficult trials. On each trial they initially saw the condition combination (difficulty and reward size). 

Then the stimulus was presented for 300 ms. Across the easy and hard conditions, they had 400 

and 200 ms cut-offs to provide a response, respectively. The mean reaction time was continuously 

updated by computing the reaction time for the last ten trials for each condition on a rolling basis. 

This ensured differences across adults or children in loss of motivation or tiredness could not 

explain differences in performance on this task. After their response, they would see the feedback 

for 1000 ms. Randomized trial sequences were generated for each participant and in total there 

were approximately 550 trials per participant, with 30 trials on average per individual condition.  

 

Analysis 

Explicit valuation: we used a general linear model to investigate whether there was a group by 

reward type interaction on participants’ subjective value. The subjective value was the average of 

answers participants gave in this task. We used counterbalancing order as a nuisance regressor 

to control for the order in which this question occurred (e.g. for some participants it occurred after 

they had already performed the cognitive control task and knew how well they performed with a 

particular reward type). We additionally ran a control model where we added further nuisance 

regressors with questions related to thirst (how strongly they desire, crave, and how thirsty they 

are) and perceived monetary worth of juice, as mentioned in the supplementary materials.  

 

Willingness to work: We fitted three different discounting models previously used in the literature; 

see e.g. 45,61 - using hierarchical Bayesian model fitting in JAGS ( Ahn et al., 2017). These models 

were (hyperbolic): 
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𝑆𝑉 =  
𝑅

1 + 𝑘𝑇
 

 

Where SV denotes subjective value, R denote reward, k denotes the discounting rate, T denotes 

the cognitive difficulty of a trial. Cognitive difficulty was measured in t-scores as individual items 

were titrated such that, across participants any pair of differences (easy to medium or medium to 

high) had a constant t-score difference for a population of normative participants. The further two 

models were the exponential (top) and effort sensitivity (bottom) model: 

 

𝑆𝑉 =  𝑅𝑒−𝑘𝑇 

 

𝑆𝑉 =  𝑅𝑒−𝑟𝑡𝑠
 

 

Where r is the effort discounting parameter, and s is the effort sensitivity parameter. We estimated 

the winning model using leave one out criterion (LOOIC, 67) and used the maximum a posteriori 

estimates of the parameter distribution to test for a group by reward type interaction in the 

parameter estimates using GLMs.  

 

We further used a GLM to test for a main effect of difficulty in both groups in the control task while 

controlling for the items they were presented with in the control task. This was done to establish 

that the individual difficulty levels we used in the willingness to work task were actually perceived 

as requiring more cognitive effort by participants. Namely, the actual mapping between difficulty 

and item was never shown to participants explicitly prior to this control task. Therefore,  their 

responses on the willingness to work task were uncontaminated by their mapping to individual 

items on the matrix reasoning subtest and required an explicit control test.  

 

Cognitive control: We used linear mixed effects modelling to investigate our hypothesis that a 

group by reward type interaction would predict participants’ probability of providing a correct 

response on the go-no-go task. We investigated this in two separate models, one fitted on go trials 
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and the other fitted on no-go trials to distinguish between being able to provide a correct response 

by initiating an action and being able to provide a “correct” response by being able to inhibit a 

prepotent response. In the results, we report participant level model coefficients from the winning 

model. In the supplementary results, we show the full results of the winning models in individual 

tables. 
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Figure legends 

Figure 1. Study and task description. The study consisted of one main session with three 

main tasks. a) An explicit valuation task (top panel) to establish the subjective value of both 

reward types. b)  A willingness to work  task (middle panel) to measure the willingness to exert 

cognitive effort as a function of reward type where reward size (6 levels) and cognitive difficulty 

(4 levels) were parametrically varied. c) A cognitive control task (bottom panel) to measure 

the invigorating effect of reward type on cognitive control. In this task, participants were 

rewarded on a trial by trial basis for correct responses either by observing an increase in their 

cumulative rewards for secondary rewards or by receiving small squirts of juice using a 

custom-built gustometer for correct responses, as commonly done in rodent or non-human 

primate research. In addition to reward type, reward size (2 levels), and difficulty (2 levels) 

were used in this task.  

 

Figure 2. Subjective value of reward changes across development. Individual dots depict 

participants, the dot plot represents the group mean with whiskers representing 95% 

bootstrapped confidence intervals. The green dotted line represents the grand mean across 

groups and conditions.  a) Subjective valuation of reward types in both groups. b) Perceived 

worth of juice in log (pence) across both groups. 
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Figure 3. Reward specific effects on exertion of cognitive effort across development. a) 

Average probability of accepting an offer in the cognitive effort task across cognitive difficulty 

levels, reward sizes and reward types for both groups. b) Discounting rate (k-parameter) from 

the hyperbolic model across both groups and conditions. c)  Estimated cognitive load from the 

Nasa Task Load Index for individual difficulty levels of the control task. 

 

Figure 4. Cognitive control is invigorated in a reward-specific way across development. 

a) Participant’s model coefficients from linear mixed model for both groups and reward types. 

b) Correlation between participants’ model coefficients and self-reported subjective value for 

each reinforcer. C) Participant’s model coefficients from the linear mixed model for both groups 

and reward types on no-go trials. 
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Supplementary Materials 

Group characteristics 

Throughout the experiment, we asked participants a series of control questions that would enable 

us to rule out confounds driving the observed differences reported in the manuscript. 

 

We tested whether differences in subjective value could have arisen because adults or children 

were more thirsty, whether they wanted to drink juice more, and/or whether they craved it more 

compared to the other group. We controlled for these by adapting questions from previous work 

68. We observed adults reported being more thirsty (Madults = 68.96 (3.01), Mchildren = 31.41 (5.56), 

t32.43 = 5.87, 95% CI [24.52, 50.58], p = < .001), wanted to drink more (Madults = 60.92 (3.85), Mchildren 

= 38.46 (3.85), t37.44 = 3.22, 95% CI [8.35, 36.58], p = 0.002), and craved juice more (Madults = 57.61 

(4.38), Mchildren = 32.14 (5.04), t42.87 = 3.72, 95% CI [11.66, 39.29], p = 0.0005) compared to 

children. This was expected as adults were told not to drink 4h before the experiment while children 

were not, and therefore also reported more time had passed since they last consumed any liquid 

(t45.89 = 3.99, p < .001). However, it is unlikely this difference would have an impact on the observed 

results, as the expectation would have been an opposite pattern to what we found. That is, if this 

had been a strong determinant of behavior, adults would prefer juice over money compared to 

children, which was not the case for any of the tasks measured.  

 

Willingness to work (WtW) model selection results 

The three fitted models (hyperbolic, exponential, time-sensitive) were compared using the leave-

one-out-criterion (LOOIC) 67 (Figure S1) which showed that across both the primary and secondary 

reinforcer condition, the effort-sensitive model fit both adults and children best. We formally 

compared per-participant model fits to investigate whether this model was consistently better 

across both groups in both the primary and secondary reinforcer condition.  

We observed that the effort-sensitive model did not significantly better explain participants’ 

behavior either in the primary (adults: t25 = 0.31, p = 0.76, children: t21 = 1.88, p = 0.07) or 

secondary (adults: t25 = 0.05, p = 0.96, children: t21 = 1.78, p = 0.09) condition in terms of the 

LOOIC values compared to a hyperbolic discounting model.  
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Because we had no apriori hypothesis which model would fit participants best, we presented the 

hyperbolic model in the main text as it provides a more parsimonious explanation with one 

parameter compared to the effort-sensitive model with two parameters. However, we analysed the 

effort-sensitive model as well to see whether our results are model-specific or more general.  

 

This analysis replicated our main findings when we compared the two parameters (discount rate, 

effort sensitivity) of the effort-sensitive model. The discount rate (r) measures how strongly rewards 

are discounted as a function of cognitive effort that needs to be exerted to attain them. While the 

effort sensitivity (s) measures how discrete participants’ discounting of more difficult compared to 

easier trials is. We found interactions between group and reward for both parameters (F(1, 92) = 

8.01, p = 0.006, F(1, 92) = 15981.7, p < .001). Adults discounted secondary compared to primary 

rewards less (t25 = 3.88 95% CI [0.02, 0.04], p = 0.0006). However, this difference was reversed 

in children who discounted secondary rewards more compared to primary rewards (t21 = 2.22 95% 

CI [-0.026, -0.001], p = 0.041). We also observed adults discounted the value of primary rewards 

more steeply compared to children (t31.21 = 3.22 95% CI [0.01, 0.06], p = 0.003). 
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Figure S1. Leave one out criterion values for all three model types in both groups across condition. Lower 
values mean better model fit.  

 

Having established that our main finding holds for the effort-sensitive model, we then examined 

the quality of the parameter fits of the hyperbolic model by visually investigating trace plots of 

posterior distributions and the 𝑅̂ convergence scores, which indicated that across both conditions 

and groups all parameters converged (cognitive discounting parameter  𝑅̂ range [0.99, 1.004]) 

Values close to 1 indicate good convergence. 

 

WtW supplementary task explanation  

A critical component of the willingness to work task which minimized possible confounding 

explanations was in the instructions. Participants were instructed they had a low chance of 

attaining a reward on any trial on which they would choose “yes”  This was done because the 

expected value for trials with the highest difficulty was by definition near zero, as the probability of 

providing a correct answer would be at chance level, i.e. 

𝐸𝑉 = 𝑅𝑃𝑐ℎ𝑎𝑛𝑐𝑒 

Where 𝐸𝑉  is the expected value, 𝑅  is the reward on a trial, and 𝑃𝑐ℎ𝑎𝑛𝑐𝑒  is the probability of 

providing the correct answer by chance. Therefore, they were instructed a low probability of 

receiving a reward, independent of their performance, existed. This meant the main reason why 

participants would decide not to choose “yes” would have been if they were not willing to exert 

cognitive effort for the task. Namely, a higher than chance level existed for obtaining a reward 

independent of their performance:  

𝐸𝑉 =  𝑅(𝑃𝑐ℎ𝑎𝑛𝑐𝑒 + 𝑃𝑙𝑜𝑤) 

Where 𝑃𝑙𝑜𝑤 is the low probability from the instructions given to participants.  

 

WtW control results 

We compared both groups on the need for cognition scale because we wanted to ensure that one 

group would not be inherently more willing to exert cognitive effort because they would find the 

exertion of cognitive effort rewarding in itself 69. We found no difference between both groups on 
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the need for cognition scale (Madults = 3.56, Mchildren = 3.35, t44.423 = 1.23, 95% CI [-0.14, 0.58], p = 

0.23). 

 

Cognitive control supplementary results 

We examined whether the effects observed on participants’ probability of providing correct 

responses would also be observed in log reaction times using linear mixed models, but did not 

observe an interaction between group and reward (p = 0.15). However, we did find a main effect 

for both group (F = 4.82, p = 0.028) and reward (F = 17.69, p < .001 (see Supplementary Materials 

Table S2). 
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Table 1: Results of generalized linear mixed modelling of participants’ probability to provide a 

correct answer on go trials 

Fixed Effects Odds Ratios CI z-value  p 

(Intercept) 5.91 4.86 – 7.19 17.74 <0.001 

Group 0.54 0.41 – 0.72 -4.23 <0.001 

Reinforcer 1.34 1.14 – 1.58 3.56 <0.001 

Group * Reinforcer 0.73 0.59 – 0.91 -2.85 0.004 

Random Effects 

σ2 3.29 

τ00 participant 0.29 

τ11 Participant direction bias  0.32 

τ11 Participant Trial effect 0.03 

ρ01 -0.58 

 -0.07 

ICC 0.08 

N sub_id 48 

Observations 17127 

Marginal R2 / Conditional R2 0.042 / 0.119 
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Table S2: Results of linear mixed modelling of participants’ log reaction times on go trials  

Fixed Effects Estimates CI t-value  p 

(Intercept) 5.92 5.86 – 5.98 199.52 <0.001 

Group 0.10 0.01 – 0.18 2.20 0.033 

Reinforcer -0.05 -0.07 – -0.03 -4.21 <0.001 

Group * Reinforcer -0.03 -0.06 – 0.01 -1.44 0.158 

Random Effects 

σ2 0.03 

τ00 Participant 0.03 

τ11 Participant direction bias 0.00 

τ11 Participant Reinforcer effect 0.00 

τ11 Participant Trial effect 0.00 

ρ01 -0.38 
 

-0.49 

 -0.07 

ICC 0.41 

N Participant 48 

Observations 17127 

Marginal R2 / Conditional R2 0.046 / 0.437 
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Table S3: Results of generalized linear mixed modelling of participants’ probability of correctly 

withholding the prepotent response on no-go trials 

Fixed Effects Odds Ratios CI Statistic p 

(Intercept) 9.88 6.08 – 16.04 9.25 <0.001 

Group 0.23 0.12 – 0.45 -4.26 <0.001 

Reinforcer 1.41 1.04 – 1.90 2.21 0.027 

Group * Reinforcer 0.71 0.48 – 1.05 -1.71 0.087 

Random Effects 

σ2 3.29 

τ00 Participant 1.86 

τ11 Participant Trial effect 0.25 

ρ01 Participant -0.65 

ICC 0.36 

N Participant 48 

Observations 6957 

Marginal R2 / Conditional R2 0.117 / 0.436 
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Table S4: Results of generalized linear mixed modelling of participants’ probability to provide a 

correct response on go trials  

Fixed Effects Odds Ratios CI z-value p 

(Intercept) 15.04 11.84 – 19.10 22.22 <0.001 

Group 0.38 0.27 – 0.53 -5.72 <0.001 

Reward size 1.00 0.81 – 1.25 0.03 0.973 

Difficulty 0.28 0.23 – 0.33 -13.63 <0.001 

Group * Reward size 1.10 0.83 – 1.46 0.66 0.509 

Group * Difficulty  1.31 1.03 – 1.68 2.20 0.028 

Reward * Difficulty   1.00 0.77 – 1.30 0.02 0.984 

Group * Reward size * 
Difficulty  

0.78 0.55 – 1.10 -1.41 0.158 

Random Effects 

σ2 3.29 

τ00 Participant 0.33 

τ11 Participant Direction bias 0.36 

τ11 Participant Trial effect 0.04 

ρ01 -0.57 

 0.10 

ICC 0.09 

N Participant 48 

Observations 17127 

Marginal R2 / Conditional R2 0.131 / 0.210 

 

 

 

 

 

 

 

 

 



36 
 

Table S5: Results of linear mixed modelling of participants’ probability to correctly withhold a 

response on no-go trials 

Fixed Effects Odds Ratios CI z-value p 

(Intercept) 9.26 5.75 – 14.89 9.17 <0.001 

Group 0.21 0.11 – 0.40 -4.70 <0.001 

Reward size 1.34 1.01 – 1.78 2.02 0.043 

Difficulty 1.32 0.94 – 1.84 1.63 0.104 

Group * Reward size 0.90 0.63 – 1.29 -0.56 0.576 

Group * Difficulty  0.93 0.62 – 1.40 -0.34 0.734 

Reward * Difficulty   0.81 0.54 – 1.21 -1.02 0.307 

Group * Reward size * 
Difficulty  

1.00 0.60 – 1.67 -0.01 0.993 

Random Effects 

σ2 3.29 

τ00 Participant 1.61 

τ11 Participant Difficulty effect 0.09 

τ11 Participant Trial effect 0.28 

ρ01 0.69 

 -0.62 

ICC 0.37 

N Participant 48 

Observations 6957 

Marginal R2 / Conditional R2 0.118 / 0.442 

 

 

 

 

 


