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Adaptation to recent outcomes
attenuates the lasting effect

of initial experience on risky
decisions

Andrea Kébor '™, Zséfia Kardos%!, Adam Takacs?, Noémi Eltet6*, Karolina Janacsek®®’7,
Eszter Toth-Faber®%?8, Valéria Csépe’® & Dezso Nemeth® 510>

Both primarily and recently encountered information have been shown to influence experience-
based risky decision making. The primacy effect predicts that initial experience will influence later
choices even if outcome probabilities change and reward is ultimately more or less sparse than
primarily experienced. However, it has not been investigated whether extended initial experience
would induce a more profound primacy effect upon risky choices than brief experience. Therefore, the
present study tested in two experiments whether young adults adjusted their risk-taking behavior

in the Balloon Analogue Risk Task after an unsignaled and unexpected change point. The change
point separated early “good luck” or “bad luck” trials from subsequent ones. While mostly positive
(more reward) or mostly negative (no reward) events characterized the early trials, subsequent trials
were unbiased. In Experiment 1, the change point occurred after one-sixth or one-third of the trials
(brief vs. extended experience) without intermittence, whereas in Experiment 2, it occurred between
separate task phases. In Experiment 1, if negative events characterized the early trials, after the
change point, risk-taking behavior increased as compared with the early trials. Conversely, if positive
events characterized the early trials, risk-taking behavior decreased after the change point. Although
the adjustment of risk-taking behavior occurred due to integrating recent experiences, the impact

of initial experience was simultaneously observed. The length of initial experience did not reliably
influence the adjustment of behavior. In Experiment 2, participants became more prone to take risks
as the task progressed, indicating that the impact of initial experience could be overcome. Altogether,
we suggest that initial beliefs about outcome probabilities can be updated by recent experiences to
adapt to the continuously changing decision environment.

Decision making is supported by generating predictions about the probability of upcoming events. Many of these
predictions are guided by inferences based on prior experiences with a similar situation or early experiences
with the current situation. Considering risky choices, if we learned that regulations were moderate and had the
repeated experience that driving beyond the speed limit did not end in negative consequences, we would be
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more likely to continue this behavior. However, in the case of stricter regulations, this habitual choice behavior
becomes disadvantageous and should be overcome. Adaptation to the newly encountered regulations is probably
gradual but takes an unknown amount of time, depending on several factors. Accordingly, this study employs
an experience-based risky decision-making paradigm to investigate whether initial experience or the combina-
tion of initial and recent experiences had stronger impact on risk-taking behavior after an unsignaled change
in outcome probabilities.

When decisions are made under uncertainty, such as in the present study, the probability distribution of the
possible outcomes is unknown'~. The probability distribution can be approximated via repeated sampling and
inference; therefore, these decisions are based on experience instead of description®”. Decisions made under
uncertainty differ from those made under explicit risk. In the latter case, although outcomes are unknown,
outcome probabilities are described a priori and known by the individuals. Consequently, these two types of
decisions differ in their underlying processes, as well. For instance, decisions under uncertainty are less depend-
ent on executive functions and involve the use of heuristics or somatic markers (for review, see*). In day-to-day
life, we make decisions mostly from experience in uncertain situations.

It has long been investigated how and under which conditions belief updating about outcome probabilities
occurs in various decision-making situations (cf.®). For instance, the temporal order of information seems to
play a considerable role when decisions are uncertain and based on experience®. According to the anchoring and
adjustment heuristic, initial beliefs based on limited observations serve as a reference point that is adjusted as
information accumulates. The initial anchor’s effect is probably long-lasting since adjustments are usually insuf-
ficient and biased toward the initial values’. Meanwhile, the complexity of the task, the amount of new evidence,
and the response mode (responding after integrating each piece of evidence or after the presentation of all pieces
of evidence) have been shown to influence the effect of information order®. Thus, there are conditions under
which primacy, recency, or no order effects, respectively, are more likely to occur.

Evidence from studies targeting or modeling real-life risky situations supports the combination of both
primacy and recency effects. Based on survey data, it was shown that those who had experienced great mac-
roeconomic shocks became financially more risk averse in their later lives; for instance, they were less likely to
participate in the stock market'®. Although recent experiences received more weight than more distant ones,
the impact of experiences that had happened even years earlier remained significant. This so-called depression
baby hypothesis has also been tested with simulated experimental stock market experiments where participants
hypothetically invested in safe (cash deposit account) and risky (stock index fund) options!’. These experiments
manipulated whether participants learned from experience (played the investment game) or from symbolic
description (only studied graphs of the initial period) and whether the data included or excluded initial mac-
roeconomic crisis (negative shock) or boom (positive shock). Depending on the valence of the initial shock,
participants who learned from experience took less or more risks than those who learned from description
(c£.5'%). Importantly, the most recent experience also played a role in participants’ investment behavior that was
reactive to local fluctuations in stock prices, irrespective of experimental manipulations.

Other studies of sequential decision making indicate the prominence of recency effect'. Due to the continu-
ous tracking of the recent outcomes, in nonstationary stochastic environments, individuals accurately estimated
the underlying probabilities and quickly updated their estimates if there was a change in these probabilities'*-1¢.
The prominent impact of recently observed outcomes was also demonstrated for the sequential sampling of
gambles and their valuation'”'8,

The studies described so far suggest that individuals could successfully use recently observed evidence to
adapt to the changing environment (cf.'®). However, fast adaptation to initial payoff probabilities followed by only
slow adaptation to changes in these probabilities was also found, especially if the history summarizing previous
outcomes was explicitly provided to participants®*?!. In addition, as demonstrated in a hypothetical stock market
game, the initially established decision strategy was retained even though it became no longer optimal®. A hint
about the change, monetary incentives, or transfer to another task with the same deep structure but different
surface could not adequately support the update of this original decision strategy. Therefore, depending on the
decision situation, belief updating could also be difficult or completely missing.

Among tasks requiring sequential decisions, the Balloon Analogue Risk Task (BART') has been a widely used
laboratory measure because its structure and appearance mimic naturalistic risk taking?*~?°. This task requires
sequential decisions on risk in the form of inflating virtual balloons on a screen. Participants are told that each
balloon pump is associated with either a balloon inflation or a balloon burst. While balloon inflations are followed
by reward (increasing score), balloon bursts are followed by no reward (loss of score accumulated on the given
balloon). However, the outcome of each successive pump (inflation vs. burst) and the probability distribution
determining the outcome are unknown to participants. As the task progresses, participants could learn about the
payoff structure in a trial-and-error manner to maximize the total reward. Thus, the BART measures decision
making under uncertainty and experience-based risk, at least during the early trials'~*?’.

To our knowledge, two studies investigated whether beliefs about outcome probabilities are updated if these
probabilities change considerably after a certain balloon in the BART. The study of Koscielniak et al.? showed
that initial good luck and bad luck modulated subsequent adaptation. After the unlucky series (bursts on the first
three balloons after three, four, and one pumps, irrespective of the participant’s choice), the number of balloon
inflations gradually increased in the following phases of the task. After the lucky series (bursts on the first three
balloons after 25, 27, and 28 pumps), their number was higher only in the first phase following manipulation
and decreased in the middle and final phases. However, the number of balloon inflations remained different
between the bad luck and good luck conditions in every phase. The study of Bonini et al.?’ used five early losses
(bursts at the first, second, third, second, and first pumps) in a modified BART and contrasted the observed bal-
loon inflations with that of an original BART. Healthy control participants showed a lower number of balloon
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inflations across the remaining balloons of the modified BART as compared with the original BART. As the task
progressed, they increased the number of balloon inflations, and this increase was steeper in the modified BART.

In sum, although early negative events in the BART decreased overall risk taking (i.e., fewer balloon infla-
tions), experience with more balloons still increased it gradually'®!!. Nevertheless, previous studies manipulated
only the very first trials by using extremely high or low balloon tolerances. Therefore, it has not been systemati-
cally tested whether longer initial experience might result in more persistent primacy effect and weaker sub-
sequent adaptation to the changed payoft structure than shorter experience, in line with the existing accounts
(cf.31020),

Accordingly, the present study investigated how different lengths of initial experience influenced risk-taking
behavior during sequential sampling of outcome probabilities without signaling the change in the payoff struc-
ture. In Experiment 1, the first five (short manipulation) or ten (long manipulation) balloons of the task con-
sisting of 30 balloons were manipulated to induce negative or positive initial experience. While the results of
Experiment 1 suggested that different lengths of both negative and positive initial experiences could be overcome
to a limited extent, two questions remained unanswered. First, because the underlying payoftf structure changed
at different times across the long and short experimental conditions, participants encountered a slightly different
series of unbiased balloons after the manipulated phase. Therefore, the potential to change risk taking on the
unbiased balloons was differently constrained across the length conditions. Second, without baseline experience
(i.e., a reference level), whether lucky and unlucky experiences indeed led to more and less risk taking was not
measured directly (cf.*°). To address these issues, in Experiment 2, the manipulated phase was separated from
the subsequent phase. The payoff structure of the subsequent phase that was used to quantify the update of risk-
taking behavior was identical across the experimental conditions. The manipulated phase included baseline,
positive, or negative experience, respectively. The length of initial experience was not manipulated, as it did not
reliably modulate the change in risk taking in Experiment 1.

Although several hypotheses follow from previous literature, the analyses conducted in this study were explor-
atory. The following hypotheses were formulated after data collection. In Experiment 1, if initial experience were
long, its profound and constraining effect on risk-taking behavior could be hypothesized (i.e., more/less balloon
inflations after positive/negative experience, cf.*!"). In contrast, a more limited primacy effect could be expected
if initial experience were short. In the latter case, initial and more recent experiences would be combined, which
yields similar risk-taking behavior later in the task, irrespective of the valence of initial experience®. In Experi-
ment 2, it could be hypothesized that the effect of initial experience would be carried over to the subsequent task
phase®?*. Since the separate manipulated phase of Experiment 2 consisted of the same number of balloons as the
long condition of Experiment 1, similar results were expected to be found. Having been aware of the results of
Experiment 1, after positive and negative experience in the initial phase, the presence of the primacy effect was
hypothesized, which could be, at least partially, overcome (i.e., balloon inflations would be overall less/more after
negative/positive experience but could increase/decrease as the task progresses). After the baseline experience, a
relatively constant risk-taking behavior was expected that would be similar between the initial and subsequent
task phases. In addition, it was also expected that negative experience would be more different from baseline
than positive experience in terms of balloon inflations (cf.?*).

Experiment 1. InExperiment 1, usinga modified BART, we manipulated the first five or ten balloons out of
the 30 balloons. We created lucky and unlucky runs of trials by providing the possibility to inflate the balloons to
a larger size (lucky condition) or to experience frequent balloon bursts even after relatively few balloon pumps
(unlucky condition). We crossed these conditions with the length of the initial experience (long condition: ten
balloons vs. short condition: five balloons) to check whether the length of exposure to lucky or unlucky events
differently influenced subsequent risk-taking behavior. These manipulations were based on the assumption that
participants tended to gain some experience with the task in terms of action-outcome mapping (i.e., they tended
to inflate the balloons instead of being risk averse>*), which would have enabled them to experience lucky and
unlucky runs of events.

Method
Participants. Eighty healthy young adults took part in Experiment 1, 20 in each experimental condition. As
we used a between-subjects design, one participant performed only one experimental condition. This contrasts
with previous studies testing the effect of initial experience or framing in the BART*?%**%_ Although between-
subjects designs involve known disadvantages (e.g., individual variability across experimental groups), they limit
carryover effects that might originate from the complex experimental manipulation used here (i.e., luck and
length). While the above-mentioned previous studies could not provide directly applicable effect size measures
for the current between-subjects design, based on their findings, an f(U) effect size of at least 0.25 could be
expected for the adjustment of the initial luck effect (i.e., interaction between task phase and condition). Accord-
ing to a power analysis with G*Power software (version 3.1.9.4%7), with an alpha level of 0.05 and a desired power
level of 0.85, the required total sample size would be at least 60 participants. Therefore, our sample of 80 partici-
pants was sufficiently large to detect differences in the adjustment of risk-taking behavior across the conditions.
Participants were students from different universities in Budapest and young adult volunteers. All partici-
pants had normal or corrected-to-normal vision and none of them reported a history of any neurological and/
or psychiatric condition. All of them provided written informed consent before enrollment. The experiment was
approved by the United Ethical Review Committee for Research in Psychology (EPKEB) in Hungary and by the
research ethics committee of E6tvds Lorand University, Budapest, Hungary; and it was conducted in accord-
ance with the Declaration of Helsinki. As all participants were volunteers, they were not compensated for their
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Explorative

Experiment | study Experiment 1 Experiment 2
Unlucky

- Luckylong | Lucky short | Unlucky long | short Lucky Unlucky Baseline
Condition - M(SD) M(SD) M(SD) M(SD) M(SD) M(SD) M(SD)
n 156 20 20 20 20 30 30 30
Gender
[Male/female] 26/130 11/9 9/11 11/9 5/15 16/14 14/16 18/12
Age [years] | 21.4 (3.9) 224 (1.6) 21.0 (1.1) 222(1.3) 21.8 (1.3) 21.5 (1.6) 21.6 (1.6) 21.1 (1.4)
][3;‘;:]‘10“ 14.6 (2.1) 155 (1.3) 14.2 (0.9) 15.0 (1.1) 152 (0.9) 14.8 (1.4) 14.9 (1.4) 14.8 (1.6)
Mean
adjusted 8.3(2.3) 8.7 (1.7) 9.3(1.3) 5.7 (0.9) 6.5(0.9) 8.1(2.4) 7.1(1.4) 7.9 (2.4)
pumps
Number of
balloon bursts| 124 4D 113 (5.3) 142 (4.3) 10.1 (3.2) 9.8(2.2) 12.1 (4.5) 9.5(3.2) 11.0 (4.3)
Total score 711.7 (256.4) | 797.2 (146.4) | 758.6 (127.1) | 405.1 (83.3) |517.0(91.3) 651.1 (153.0) | 624.0 (153.8) | 644.6 (142.9)

Table 1. Descriptive data of demographic variables and BART performance in Experiments 1-2 and in an
explorative study presented in the Supplementary Material. In Experiment 1, BART variables were calculated
for the whole task (30 balloons), which included the initial phase with experimental manipulation (biased
balloon characteristics). In Experiment 2, BART variables were calculated for the subsequent phase (30
unbiased balloons).

participation. Descriptive characteristics of participants randomly assigned to the four different experimental
conditions in Experiment 1 are presented in Table 1.

Stimuli, design, and procedure. The appearance of the BART was the same as described in previous
studies””***!. This version of the task was written in Presentation (version 18.1, Neurobehavioral Systems).
According to the instructions, participants were asked to achieve as high score as possible by inflating empty
virtual balloons on the screen. They were also told that they were free to pump as much as they felt like, however,
the balloon might burst. After each successful pump, the accumulated score on a given balloon (temporary
bank) simultaneously increased with the size of the balloon. Instead of further pumping the balloon, participants
could have finished the actual balloon trial and collected the accumulated score, which was transferred to a
virtual permanent bank. Two response keys on a keyboard were selected either to pump the balloon or to finish
the trial. There were two possible outcomes as results of a pump: The size of the balloon together with the score
inside increased (positive feedback) or the balloon burst (negative feedback). The balloon burst ended the actual
trial, and the accumulated score on that balloon were lost, but this negative event did not decrease the score in
the permanent bank.

One point was added to the temporary bank for the first successful pump, two for the second (i.e., the accu-
mulated score for a given balloon was 3), three for the third (i.e., the accumulated score was 6), and so on. Five
information chunks persistently appeared on the screen during the task: (1) the accumulated score for a given
balloon in the middle of the balloon, (2) the label “Total score” representing the score in the permanent bank, (3)
the label “Last balloon” representing the score collected from the previous balloon, (4) the response key option
for pumping the balloon, and (5) the other response key option for collecting the accumulated score. After col-
lecting the accumulated score and ending the balloon trial, a separate screen indicated the gained score. The
feedback screen, indicating either the gained score or a balloon burst, was followed by the presentation of a new
empty (small-sized) balloon denoting the beginning of the next trial.

Although the surface structure of the present task was consistent with the original version®* and with those
described in our previous studies?”*!, the deep structure was modified. In the former versions, each successive
pump not only increases the chance to gain more reward but also the probability of balloon burst and the accu-
mulated reward to be lost. Therefore, the optimal choice is to inflate the balloon until a certain size, after that,
further pumps are disadvantageous®. This way, as Schonberg et al.>* pointed out, “increased risk is confounded
with varying expected values” (p. 17) in the BART. In the present modified version, the probability of a balloon
burst was zero until a certain threshold (maximum number of successful pumps) but it was one for the next
pump (for a similar design, see*?). Although this design does not allow us to quantify how participants handle
the dynamic change of burst probabilities within each balloon (across pumps), the risk level increases with each
successive pump. Particularly, participants must consider the possibility to gain even more reward (the added
points increase with each pump, see above) or to lose the already accumulated reward*>**.

Due to these modifications, the effect of positive and negative feedback and the sense of luckiness might
become more emphasized, as balloon bursts could be experienced at various balloon sizes (see below). In all
conditions, participants were not informed about the structure of the task and the change from the initial phase
to the remaining phase in the maximum number of successful pumps. With repeated balloon inflations, they had
the opportunity to experience the payoff structure. Therefore, as the original version, even this task measured
decision making under uncertainty and decisions from experience*®. We should nevertheless note that as the
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structure of the task considerably differed from that of the original BART, caution is needed when the current
results are compared to those with the original task version.

Participants had to inflate 30 balloons in the task. We chose specific values for the maximum number of suc-
cessful pumps on each of the 30 balloons. The maximum number of successful pumps (balloon tolerance) means
that if a participant inflated the given balloon one pump further, the balloon burst. The maximum number of
successful pumps for each balloon in each condition is presented in Table 2. These values were fixed across
participants but differed across conditions.

Regarding the initial balloons, in the lucky long condition, the maximum number of successful pumps for
each of the first ten balloons was determined by a fixed variation of 12 and 15. In the lucky short condition, the
maximum number of successful pumps for each of the first five balloons was 15 (same for all five initial bal-
loons). In the unlucky long condition, for each of the first ten balloons, this was a fixed variation of four and five.
In the unlucky short condition, for each of the first five balloons, this was five (same for all five initial balloons).

We also determined the maximum number of successful pumps for each balloon in the remaining 20 or 25
balloons (after initial balloons): These were identical to one another between the equal-length conditions (i.e.,
lucky vs. unlucky long conditions and lucky vs. unlucky short conditions, see Table 2) and across participants,
as indicated above. The fixed series of values were a random sequence of integers generated from a uniform dis-
tribution between three and 15 in Matlab 8.5 (MathWorks Inc.). We had chosen this interval between minimum
and maximum values to ensure that the remainder of the experiment was different from the initial phase and
balloons could be, on average, inflated up to a “medium” size.

There was no significant difference in the mean of the maximum number of successful pumps—calculated for
the whole task—between the lucky long (M =10.66, SD =3.44) and lucky short (M =10.03, SD=3.47) conditions
(p=.412) and between the unlucky long (M =7.60, SD = 3.28) and unlucky short (M =8.36, SD=3.05) conditions
(p=.309). Hence, the length of the initial phase did not change the overall potential of risk taking. Lucky long
and unlucky long conditions differed significantly (p <.001) in the mean of the maximum number of successful
pumps, so did lucky short and unlucky short conditions (p=.023).

To test whether participants used any task-solving strategies and gained awareness about the regularities
underlying the BART, a short verbal interview with two questions was administered by the experimenters imme-
diately after finishing the task. We asked participants (1) how they solved the task, how they tried to achieve
as high score as possible; and (2) whether they have noticed any regularity in the sequence of balloon bursts.
The experimenters were not blind to the research question or condition of each participant. The sixth author
(E.T-E who was not blind to the research question or condition either) rated participants’ answers for the follow-
ing aspects: (1) mentioning change between task phases, (2) mentioning any systematic task-solving approach
throughout the task, irrespective of its adaptiveness, (3) mentioning beliefs reflecting the so-called gambler’s
fallacy, (4) and mentioning beliefs in the presence of lucky/unlucky series. Independent raters were not involved.
Altogether, the interviews were not conducted and evaluated according to a standardized protocol. Therefore,
the related results cannot provide accurate insights into task-solving strategies, because of which these results
are not reported here.

Data analyses. To evaluate the effect of initial experience on risk-taking behavior, we performed linear
mixed-effects analyses on the number of pumps on each balloon that did not burst as the dependent variable.
This adjusted pump number is a conventionally used index in the BART literature?#?##4¢_ Although accumulat-
ing evidence indicates that risk-taking propensity or risk preferences measured by self-report questionnaires
and by behavioral measures are poorly correlated'>*>*, in line with the BART literature, we considered the
adjusted pump number as a measure of risk taking (cf.*®). The advantage of using linear mixed-effects models
is that they could account for the nonindependence of observations nested within participants (i.e., balloon
pumps are repeated measures observations within participants). In addition, the dependent variable (number of
pumps) does not have to be aggregated at the level of participants, which could yield less unexplained variance
and higher statistical power.

To determine more clearly how long the effect of initial experience would persist, each balloon was assigned
to a five-balloon-long time bin of the task. Although dividing the task into five-balloon-long bins might seem
arbitrary, it is in accordance with the length of each manipulation (equal to the short ones, half of the long ones).
We found easier to interpret the results based on bin-wise analyses that has also been frequent in the BART lit-
erature (e.g.>**). Therefore, further linear mixed-effects analyses were performed on the number of pumps on
balloons that did not burst while considering the balloons’ bin-wise assignment. Importantly, to account for the
effect of time bin, no aggregation of the dependent variable (number of pumps) was needed at the level of bins.

The balloon-wise and bin-wise linear mixed-effects analyses were performed on the number of pumps on
remaining (unbiased) balloons that did not burst in the equal-length conditions. Thus, separate models were fit
to the data of the long-manipulation conditions (lucky and unlucky long) and that of the short-manipulation
conditions (lucky and unlucky short). In the long-manipulation conditions, the remaining phase of the task
consisted of 20 balloons or four bins, in the short-manipulation conditions, the remaining phase consisted of
25 balloons or five bins. The tolerances of the remaining balloons were the same across the equal-length condi-
tions, but these values were shifted across the different-length conditions. (Particularly, tolerance values were
the same between Balloons 11-30 in the long conditions and Balloons 6-25 in the short conditions, see Table 2).
Therefore, the possibility to inflate a balloon during the remaining phase was differently constrained across the
conditions, which warranted the separate analyses of the temporal change in risk-taking behavior after the end
of initial manipulation. In addition to these analyses, a linear mixed-effects model including all experimental
factors was also fit to the entire task with 30 (manipulated and unbiased) balloons. Note that the bin-wise version
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Experiment 1 Experiment 2

Bin Balloon Lucky long Lucky short Unlucky long Unlucky short Lucky Unlucky Baseline
1 15 5 14
2 15 5 8

12 4 13

Initial 1
4 12 4 8
5 15 5 19
Mean 13.8 4.6 12.4

No separate initial phase

6 15 5 2
7 15 5 5
8 12 4 14

Initial 2
9 15 5 19
10 12 4 4
Mean 13.8 4.6 8.8
1 15 15 5 5 7 7 7
2 15 15 5 5 9 9 9
3 12 15 4 5 2 2 2

! 4 12 15 4 5 19 19 19
5 15 15 5 5 5 5 5
Mean 13.8 15 4.6 5 84 8.4 8.4
6 15 8 5 8 4 4 4
7 15 8 5 8 8 8 8
8 12 12 4 12 5 5 5

? 9 15 13 5 13 10 10 10
10 12 5 4 5 8 8 8
Mean 13.8 9.2 4.6 9.2 7 7 7
11 8 9 8 9 18 18 18
12 8 8 8 8 18 18 18
13 12 11 12 11 3 3 3

} 14 13 12 13 12 15 15 15
15 5 12 5 12 7 7 7
Mean 9.2 104 9.2 10.4 12.2 12.2 12.2
16 9 6 9 6 9 9 9
17 8 11 8 11 11 11 11
18 11 11 11 11 18 18 18

! 19 12 5 12 5 9 9 9
20 12 4 12 4 19 19 19
Mean 104 7.4 104 7.4 13.2 13.2 13.2
21 6 9 6 9 7 7 7
22 11 15 11 15 14 14 14
23 11 7 11 7 13 13 13

> 24 5 10 5 10 11 11 11
25 4 6 4 6 14 14 14
Mean 7.4 9.4 7.4 9.4 11.8 11.8 11.8
26 9 12 9 12 13 13 13
27 15 6 15 6 5 5 5
28 7 8 7 8 4 4 4

¢ 29 10 11 10 11 19 19 19
30 6 7 6 7 5 5 5
Mean 9.4 8.8 9.4 8.8 9.2 9.2 9.2

Table 2. Maximum number of successful pumps (balloon tolerance) for each balloon in each condition in
Experiments 1-2. Values presented in the table were the same across participants. Initial phases during which
we controlled for lucky, unlucky, or baseline experience are boldfaced. In Experiment 1, the initial phase was
part of the main task including altogether 30 balloons; in Experiment 2, the initial phase included ten separate
balloons that were followed by the subsequent phase with 30 balloons. Horizontal lines denote separate time
bins, each consisting of five consecutive balloons. Experiment 1 consisted of six bins; Experiment 2 consisted
of altogether eight bins, two bins in the initial phase and six bins in the subsequent phase. Numbers in the
column labelled as “Bin” denote the sequential numbers of time bins; those in the column labelled as “Balloon’

>

denote the sequential numbers of balloons. Maximum number of successful pumps means that if a participant

inflated the given balloon one pump further, the balloon burst (i.e., balloon tolerance). Mean tolerance values
are provided below each bin in italics. Note that the remainder sequence of balloons was the same between

lucky long and unlucky long conditions, and between lucky short and unlucky short conditions in Experiment
1. In addition, the first 20 balloons in the remainder sequence of all conditions were the same in Experiment 1.
In Experiment 2, the subsequent phase was the same across all conditions.
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of this model is presented only in Supplementary Table S1. The latter analysis aimed to test the potential effect
of length manipulation on pumping behavior and its adjustment.

All analyses were performed using the Imer function implemented in the Ime4 package™ of R*!. The p-values
for fixed effects were computed using Satterthwaite’s degrees of freedom method with the ImerTest package™.
The schematic structures of the five linear models are summarized below with the dependent variable on the left
side of the “~” symbol and the predictor variables on the right side:

Model 1 Number of pumps on remaining balloons that did not burst in the long-manipulation condi-
tions ~ Luck, Balloon, Luck * Balloon + (1 |participant).

Model 2 Number of pumps on remaining balloons that did not burst in the long-manipulation condi-
tions ~ Luck, Bin, Luck * Bin + (1|participant) (Bin with 4 levels).

Model 3 Number of pumps on remaining balloons that did not burst in the short-manipulation condi-
tions ~ Luck, Balloon, Luck * Balloon + (1|participant).

Model 4 Number of pumps on remaining balloons that did not burst in the short-manipulation condi-
tions ~ Luck, Bin, Luck * Bin + (1|participant) (Bin with 5 levels).

Model 5 Number of pumps on all balloons that did not burst ~ Luck, Length, Balloon, Luck * Length,
Luck * Balloon, Length * Balloon, Luck * Length * Balloon + (1 | participant).

The factors Luck (lucky vs. unlucky), Length (long vs. short), Balloon or Bin, and their two-way and three-
way interactions were entered as fixed effects into the models. The Luck, Length, and Bin factors were treated
as categorical predictors and Balloon as a continuous predictor. Participants were modeled as random effects
(random intercepts). As we used the treatment contrast, the reference level of a given factor served as the baseline
to estimate the other levels. These were lucky, long, Bin2 (Model 4), and Bin3 (Model 2). The models were fit with
restricted maximum likelihood parameter estimates (REML). Pairwise comparisons were performed by the glht
function® (p values were adjusted with single-step method).

Results

To ease meta-analytic work, Table 1 shows overall performance on the different versions of the BART presented
in this paper measured by classical indices such as the mean adjusted number of pumps, the number of balloon
bursts, and the total score that is the sum of reward (points) in the end of the task. In the results section below,
the “number of pumps” or “pump number” refers to the number of pumps on balloons that did not burst. Only
those effects are detailed from the balloon-wise and bin-wise analyses that are relevant regarding the hypotheses.
The summary of all effects included in the linear mixed-effects models is presented in Table 3. Since the treatment
contrast provides inferential tests of simple effects and simple interactions (except for the highest-order effects),
these terms are used below, if relevant.

Risk-taking behavior in the lucky long and unlucky long conditions (Model 1 & Model 2).  After
long initial manipulation had ended, unlucky experience yielded lower number of pumps on the remaining bal-
loons than lucky experience (significant simple eftect of Luck, p= —4.29, SE=0.81, #(151.71) = —5.33, p<.001).
However, as the task progressed, while the number of pumps increased on the remaining balloons in the unlucky
long condition, it decreased in the lucky long condition (significant Luck * Balloon interaction, f =0.12, SE=0.03,
£(468.51) =4.00, p <.001; see Fig. 1a,c). More specifically, as compared with the first Bin after initial manipulation
(i.e., Bin3), a significant decrease in the lucky long versus unlucky long difference (Luck effect) was evidenced
from Bin4 until the end of the task (all fs>1.89, SEs<0.51, ts>3.71, ps<.001, see Table 3). A contrast matrix
was set up that defined the comparison of Luck effect across the levels of Bin. Pairwise tests showed that the Luck
effect did not change further across Bind-Bin6 (| zs | <1.46, ps>.310).

Risk-taking behaviorinthe lucky short and unlucky short conditions (Model 3 & Model 4).  After
short initial manipulation had ended, unlucky experience yielded lower number of pumps on the remaining bal-
loons than lucky experience (significant simple effect of Luck, B= —3.52, SE=0.47, t(157.37)= - 7.49, p<.001).
Meanwhile, the number of pumps increased on the remaining balloons in the unlucky short condition and
decreased in the lucky short condition (significant Luck * Balloon interaction, f=0.08, SE=0.02, #(557.14) =3.98,
P <.001; see Fig. 1b,c). Particularly, as compared with the first Bin after initial manipulation (i.e., Bin2), a signifi-
cant decrease in the lucky short vs. unlucky short difference (Luck effect) appeared in Bin3 and was present until
the end of the task (all Bs>1.12, SEs<0.50, ts>2.75, ps<.006, see Table 3). Pairwise tests showed that this Luck
effect did not change further across Bin3-Bin6 ( | zs [DS 1.73, ps=.304).

Interim summary. Due to both long and short initial manipulations, the number of pumps was consistently
lower in unlucky than in lucky conditions across the remaining balloons of the task. Meanwhile, this difference
decreased in the second half of the task after experiencing approximately five unbiased balloons following initial
manipulation. While participants in the unlucky condition increased pumping, those in the lucky condition
slightly decreased this behavior in the remainder of the task, indicating the adjustment of behavior to recent
experience. Although it seems that participants in all conditions adjusted their behavior in an opposite manner
as a function of luck, it was not clear from these analyses whether the effect of long or short initial experience
was more pronounced. This was tested below with Model 5.

Risk-taking behavior across all conditions and balloons (Model 5). When all conditions and bal-
loons (manipulated and unbiased) were considered together, in line with the results above, consistently lower
pump number in the unlucky than in the lucky condition was found (significant simple effect of Luck, f = —5.46,
SE=0.45, 1(149.45)= -12.01, p<.001). The simple effect of Length was not significant, p=0.42, SE=0.44,
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Fixed effects Estimate ‘ SE ‘ df ‘ t-value ‘ p-value
Model 1

(Intercept) 9.03 0.62 194.48 14.57 <.001
Luck -4.29 0.81 151.71 -5.33 | <.001
Balloon -0.05 0.02 469.43 -2.04 |.042
Luck * Balloon 0.12 0.03 468.51 4.00 | <.001
Random effects Variance | SD

[Participants] (Intercept) 2.52 1.59

Model 2

(Intercept) 8.73 0.45 61.49 19.37 | <.001
Luck -3.61 0.61 51.24 -5.95 | <.001
Bin 4 -0.82 0.34 463.57 -2.38 |.018
Bin 5 -0.36 0.40 465.21 -0.90 |.370
Bin 6 -1.19 0.35 465.33 -3.38 |.001
Luck * Bin 4 2.60 0.43 462.90 6.02 | <.001
Luck * Bin 5 1.89 0.51 463.95 3.71 | <.001
Luck * Bin 6 2.15 0.45 464.17 4.79 | <.001
Random effects Variance | SD

[Participants] (Intercept) 2.58 1.61

Model 3

(Intercept) 9.78 0.36 207.41 26.89 | <.001
Luck -3.52 0.47 157.37 -7.49 | <.001
Balloon -0.05 0.02 558.59 -3.22 |.001
Luck * Balloon 0.08 0.02 | 557.14 3.98 | <001
Random effects Variance | SD

[Participants] (Intercept) 0.84 0.91

Model 4

(Intercept) 9.39 0.33 155.17 28.44 | <.001
Luck -3.30 0.43 113.57 -7.75 | <.001
Bin 3 -0.12 0.32 549.99 -0.36 |.717
Bin 4 —-0.63 0.40 552.63 -157 |.117
Bin 5 -0.73 0.35 547.99 -2.10 |.036
Bin 6 -1.14 0.35 554.64 -3.28 |.001
Luck * Bin 3 1.12 0.40 548.64 2.75 | .006
Luck * Bin 4 1.76 0.50 550.40 3.51 | <.001
Luck * Bin 5 1.31 0.43 547.59 3.02 |.003
Luck * Bin 6 1.80 0.43 552.32 4.16 | <.001
Random effects Variance | SD

[Participants] (Intercept) 0.83 0.91

Model 5

(Intercept) 9.64 0.31 125.94 31.29 <.001
Luck —-5.46 0.46 149.45 | -12.01 | <.001
Length 0.42 0.44 133.84 095 |.345
Balloon -0.08 0.01 | 1421.39 -6.86 | <.001
Luck * Length 1.03 0.64 147.59 1.60 |.112
Luck * Balloon 0.17 0.02 | 1416.61 10.31 | <.001
Length * Balloon 0.02 0.02 | 1416.66 1.06 |.291
Luck * Length * Balloon | -0.05 0.02 |1415.53 | -2.32 |.020
Random effects Variance | SD

[Participants] (Intercept) 1.26 1.12

Table 3. Summary of linear mixed-effects models on the number of pumps that did not burst in Experiment
1. Dependent variable in all models: Number of pumps on each balloon that did not burst. Model 1 and Model
2 were fit to the remaining balloons of the long-manipulation conditions, Model 3 and Model 4 were fit to the
remaining balloons of the short-manipulation conditions; Model 5 was fit to all balloons of all conditions. For
a more detailed description of each model, see main text. With the treatment contrast, the reference level of a
given factor was used to estimate the other levels. These were lucky, long, Bin 2 (Model 4), and Bin 3 (Model 2).
Significant effects are in bold. SE: standard error; SD: standard deviation.
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Figure 1. Results of Experiment 1. The numbers of pumps on balloons that did not burst are presented in each
time bin in the long manipulation (a) and short manipulation (b) conditions, respectively. Vertical dotted lines
indicate that (lucky or unlucky) initial manipulation ended after the second (long manipulation) or the first
(short manipulation) time bin. Each time bin consists of five consecutive balloons. Figure part (c) shows the
numbers of pumps on balloons that did not burst across all conditions and balloons. Shaded areas represent 95%
confidence intervals for means, depicted with continuous lines. Points denote individual data points in all figure
parts. Figures were created using the ggplot2 package®.
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(133.84) =0.95, p=.345 (but see the bin-wise model in Supplementary Table S1). As shown by the significant
Luck * Length * Balloon interaction, p= —0.05, SE=0.02, #(1415.53) =-2.32, p=.020, although the number of
pumps increased in the unlucky condition and decreased in the lucky condition (significant simple interaction
of Luck * Balloon), this change differed between the long and short conditions (see Fig. 1¢).

Based on the bin-wise analysis summarized in Supplementary Table S1 and the visual inspection of Fig. 1c,
this significant three-way interaction indicated the local effectiveness of initial manipulation and not the length
of initial experience modulating behavior adjustment. Particularly, the lucky vs. unlucky difference was smaller
in the short than in the long manipulation conditions in Bin2 and Bin3 than at the beginning of the task. This
was due to short manipulation had ended by Bin2 and the lucky versus unlucky difference started to decrease
(see the steeply increasing pump number in the unlucky short condition). More importantly, during the second
half of the task (Bin4, Bin5, and Bin6 as compared with Bin1), no difference appeared between the short and long
conditions in how the lucky versus unlucky difference changed as the task progressed. Therefore, experiencing
unlucky balloons either for longer or shorter duration yielded similar pump number after the integration of
recent experiences. Altogether, these modeling results with all experimental factors considered not only cor-
roborated previous results (Model 1-4) but also revealed that behavior adjustment in the second half of the task
was comparable between the length manipulation conditions.

Discussion

In Experiment 1, we showed that initial experience influenced subsequent risk-taking behavior. Unlucky com-
pared with lucky initial experience led to overall lower risk taking. More importantly, approximately five bal-
loons after the change in structure, participants with both lucky and unlucky experience started to update their
behavior: The number of pumps increased following unlucky experience, while it decreased following lucky
experience in the remainder of the task. The pattern of change was comparable between long and short manipu-
lation conditions. This is partially in contrast to the expectation that a persistent risk-averse behavior would be
present after a long series of unlucky events (i.e., primacy effect). Namely, albeit unlucky participants converged
to a more risk-averse behavior in both length manipulation conditions, behavior adjustment was still observed
due to combining the outcomes of more recent balloon pumps with initial experience.

In Experiment 1, the number of balloons and their tolerance in the remaining phase of the task differed
across conditions, which could have influenced how recent outcomes were evaluated and used in updating.
Furthermore, one cannot tell whether lucky and unlucky experiences were more positive or more negative than
a baseline experience. Experiment 2 aimed to address these shortcomings. Since the length of initial experience
did not modulate behavior adjustment, length was not manipulated in Experiment 2. Without length manipu-
lation, it was also ensured that all participants encounter the same number of balloons. Therefore, any change
in risk-taking behavior would be due to the valence of initial experience and not merely a longer horizon for
post-manipulation updating.

Experiment 2. In Experiment 2, we manipulated a separate initial phase with ten balloons that preceded
a subsequent phase with 30 balloons. This design enabled us to analyze risk-taking behavior on the exact same
sequence of 30 balloons across all conditions in the subsequent phase. In the initial phase, we used three condi-
tions: baseline, lucky, and unlucky. With the use of the baseline condition, we could compare with a reference
level whether individuals are more prone to take risks due to lucky initial experience and less prone to take risks
due to unlucky initial experience.

Method

Participants. Ninety young adults took part in Experiment 2, 30 in each experimental condition (between-
subjects design). None of them participated in Experiment 1. According to a similar power analysis (G*Power
software, version 3.1.9.4%) as in relation to Experiment 1, the required total sample size would be at least 63
participants. Thus, our sample of 90 participants was sufficiently large to detect differences in the adjustment of
risk-taking behavior across the conditions.

Participants were students from different universities in Budapest and young adult volunteers. All partici-
pants had normal or corrected-to-normal vision and none of them reported a history of any neurological and/
or psychiatric condition. All of them provided written informed consent before enrollment. The experiment was
approved by the United Ethical Review Committee for Research in Psychology (EPKEB) in Hungary and by the
research ethics committee of E6tvos Lordnd University, Budapest, Hungary; and it was conducted in accord-
ance with the Declaration of Helsinki. As all participants were volunteers, they were not compensated for their
participation. Descriptive characteristics of participants randomly assigned to the three different conditions are
presented in Table 1.

Stimuli, design, and procedure. The appearance of the task was the same as in Experiment 1. Partici-
pants had to inflate altogether 40 balloons in this task. The first ten balloons belonged to the initial phase; the
remaining 30 balloons belonged to the subsequent phase. Similar to Experiment 1, we chose specific values for
the maximum number of successful pumps on each of the 40 balloons. The maximum pump values for each bal-
loon in both phases, separately for each condition, are presented in Table 2.

Regarding the initial phase, in the lucky condition, we used the same fixed series of values as in the lucky long
condition of Experiment 1 (either 12 or 15 pumps). Similarly, in the unlucky condition, we used the same fixed
series of values as in the unlucky long condition of Experiment 1 (either four or five pumps). For the baseline
condition, we generated a random sequence of ten integers from a uniform distribution between two and 19,
as balloon burst was enabled only after the third pump, and the maximum number of successful pumps was 19
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in those versions that were used in our previous studies (e.g.?’). Again, this series of baseline pump values was
fixed and the same across participants. The mean of the maximum number of successful pumps—calculated for
the initial phase—significantly differed across the three conditions, F(2, 18) =17.55, p=.002. It was significantly
lower in the unlucky than in the baseline and lucky conditions (unlucky: M=4.60, SD=0.52, baseline: M =10.60,
SD=6.08, lucky: M=13.80, SD=1.55; unlucky vs. baseline: p=.012, unlucky vs. lucky: p <.001); but it was not
significantly higher in the lucky than in the baseline condition (p=.131).

Regarding the 30 balloons of the subsequent phase, the fixed series of values were identical across the different
conditions and across participants (see Table 2). These values were, again, generated from a uniform distribution
between two and 19. Since the subsequent phase was the same but the initial phase was different, the mean of the
maximum number of successful pumps—calculated for the initial and the subsequent phases together (whole
task)—significantly differed across the three conditions, F(2, 78)=7.72, p=.001 (unlucky: M =8.88, SD=5.26,
baseline: M=10.38, SD=5.47, lucky: M=11.18, SD=4.92). However, the mean of the maximum number of
successful pumps over the course of the whole task was not significantly higher in the lucky than in the baseline
condition (lucky vs. baseline: p =.127; unlucky vs. baseline: p =.020; unlucky vs. lucky: p=.001).

Participants were told that they were going to have ten balloon trials in the initial phase of the task and then
30 balloon trials in the subsequent phase. The starting score was zero in both phases, about which participants
were also informed. Importantly, no information was provided about the change in the payoff structure. The
short interview as described in Experiment 1 was also administered after the task but was not analyzed in depth.

Data analyses. We followed the same approach as in Experiment 1. We performed linear mixed-effects
analyses on the number of pumps on each balloon that did not burst as the dependent variable. Again, each bal-
loon was assigned to a five-balloon-long time bin of the task. First, to check the effectiveness of initial manipu-
lation, two models (balloon-wise and bin-wise) were fit to the data of the initial phase. Second, to evaluate the
effect of initial experience on subsequent risk-taking behavior, two models were fit to the data of the subsequent
phase.

The initial phase consisted of ten balloons or two bins; the subsequent phase consisted of 30 balloons or
six bins. The factors Condition (baseline, lucky, unlucky), Balloon or Bin, and their two-way interactions were
entered as fixed effects into the models. The Condition and Bin factors were treated as categorical predictors and
Balloon as a continuous predictor. Participants were modeled as random effects (random intercepts). With the
treatment contrast, the reference level of a given factor (i.e., baseline, Binl) was used to estimate the other levels.
The four linear models are summarized below with the dependent variable on the left side of the “~” symbol
and the predictor variables on the right side:

Model 1 Number of pumps on balloons that did not burst in the initial phase ~ Condition, Balloon, Condition
* Balloon + (1|participant).

Model 2 Number of pumps on balloons that did not burst in the initial phase ~ Condition, Bin, Condition *
Bin + (1|participant) (Bin with 2 levels).

Model 3 Number of pumps on balloons that did not burst in the subsequent phase ~ Condition, Balloon,
Condition * Balloon + (1|participant).

Model 4 Number of pumps on balloons that did not burst in the subsequent phase ~ Condition, Bin, Condition
* Bin + (1|participant) (Bin with 6 levels).

Results

The “number of pumps” or “pump number” below refers to the number of pumps on balloons that did not
burst. Only those effects are detailed from the balloon-wise and bin-wise analyses that are relevant regarding
the hypotheses. The summary of all effects included in the linear mixed-effects models is presented in Table 4.

Risk-taking behavior in the initial task phase (Model 1 & Model 2). Unlucky initial experience
yielded significantly lower pump number on balloons of the initial phase than baseline experience (= —1.96,
SE=0.53, t(169.20) = —3.67, p <.001). Lucky initial experience yielded significantly higher pump number than
baseline experience only in the bin-wise model, p=1.01, SE=0.46, #(96.90) =2.19, p=.031, and not in the bal-
loon-wise one. However, participants in the lucky condition showed increased pump number relative to the
baseline condition with later balloons, especially in Bin2 (significant Condition * Balloon and Condition * Bin
interactions, p=3.25, SE=0.34, #(523.45) =9.50, p <.001, see also Table 4 and Fig. 2a). Overall, initial manipula-
tion seemed to be effective, as lucky and unlucky conditions differed from the baseline in the expected directions.

Risk-taking behavior in the subsequent task phase (Model 3 & Model 4).  Unlucky initial experi-
ence yielded significantly lower pump number on balloons of the subsequent phase than baseline experience
(B=-1.48, SE=0.55, (102.5) = —2.70, p=.008). Meanwhile, the effect of lucky experience did not reliably differ
from that of the baseline experience during the subsequent phase (p=0.08, SE=0.56, #(108.9)=0.14, p=.889).
Participants in all conditions increased pumping as the task progressed (simple effect of Balloon, p=0.11,
SE=0.01, #(1621) =12.01, p <.001; see Fig. 2b,c). As compared with Bin1, this increase was significant from Bin3
until the end of the task (all fs>0.57, SEs<0.30, ts>2.14, ps<.033). Though, further change was not observed
in the second half of the task, except between Bin4 and Bin5 (z=2.81, p=0.044; Bin4 vs. Bin6: z=1.49, p=.628,
Bin5 vs. Bin6: z= —0.80, p=.959).

The increasing pump number with further balloons differed between the unlucky and baseline conditions,
B=0.06, SE=0.01, t(1621) =4.55, p<.001, but it did not between lucky and baseline conditions, B=0.01, SE=0.01,
#(1621) =0.60, p=.549. This Condition * Balloon interaction was corroborated by the bin-wise analysis, indicating
significantly increased pump numbers in the unlucky condition in all time bins relative to Binl (all fs>0.76,
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Fixed effects Estimate ‘ SE ‘ df ‘ t-value ‘ p-value
Model 1

(Intercept) 5.97 0.37 153.47 16.23 <.001
Lucky -0.39 0.52 146.21 | -0.75 454
Unlucky -1.96 0.53 169.20 | -3.67 <.001
Balloon 0.13 0.04 522.23 3.45 .001
Lucky * Balloon 0.54 0.05 523.04 | 10.33 <.001
Unlucky * Balloon -0.09 0.06 525.66 | -151 131
Random effects Variance | SD

[Participants] (Intercept) 2.63 1.62

Model 2

(Intercept) 6.59 0.33 98.98 20.25 <.001
Lucky 1.01 0.46 96.90 2.19 .031
Unlucky -2.51 0.47 107.45 | -5.34 <.001
Bin 2 0.04 0.26 522.47 0.14 .885
Lucky * Bin 2 3.25 0.34 523.45 9.50 <.001
Unlucky * Bin 2 0.35 0.36 524.71 0.97 332
Random effects Variance | SD

[Participants] (Intercept) 2.51 1.58

Model 3

(Intercept) 6.01 0.39 106.60 15.33 <.001
Lucky 0.08 0.56 108.90 0.14 .889
Unlucky -1.48 0.55 102.50 | -2.70 .008
Balloon 0.11 0.01 |1621.00 | 12.01 <.001
Lucky * Balloon 0.01 0.01 | 1621.00 0.60 .549
Unlucky * Balloon 0.06 0.01 |1621.00 4.55 <.001
Random effects Variance | SD

[Participants] (Intercept) | 3.76 1.94

Model 4

(Intercept) 6.92 0.41 125.62 17.04 <.001
Lucky -0.01 0.58 134.67 | -0.02 985
Unlucky -1.66 0.56 116.33 | -2.95 .004
Bin 2 -0.78 0.27 |1609.25 | -2.87 .004
Bin 3 0.57 0.26 |1608.18 2.14 .033
Bin 4 1.37 0.25 | 1608.82 5.42 <.001
Bin 5 1.99 0.26 | 1609.18 7.75 <001
Bin 6 1.77 0.30 | 1608.76 5.90 <.001
Lucky * Bin 2 -0.16 0.40 |1609.67 |-0.40 .688
Unlucky * Bin 2 1.05 0.36 | 1608.60 2.90 004
Lucky * Bin 3 0.68 0.39 | 1608.42 1.72 .086
Unlucky * Bin 3 0.76 0.35 | 1607.90 2.14 .032
Lucky * Bin 4 0.57 0.38 | 1608.82 1.50 133
Unlucky * Bin 4 1.34 0.34 | 1608.33 3.96 <.001
Lucky * Bin 5 0.13 0.38 | 1609.80 0.33 743
Unlucky * Bin 5 1.52 0.35 | 1608.70 4.36 <.001
Lucky * Bin 6 0.16 0.43 | 1608.68 0.36 .720
Unlucky * Bin 6 1.87 0.41 | 1608.38 4.55 <.001
Random effects Variance | SD

[Participants] (Intercept) 3.72 1.93

Table 4. Summary of linear mixed-effects models on the number of pumps that did not burst in Experiment
2. Dependent variable in all models: Number of pumps on each balloon that did not burst. Model 1 and Model
2 were fit to the balloons of the initial phase, Model 3 and Model 4 were fit to the balloons of the subsequent
phase. For a more detailed description of each model, see main text. With the treatment contrast, the reference
level of a given factor was used to estimate the other levels. These were baseline condition and Bin 1. Significant
effects are in bold. SE: standard error; SD: standard deviation.

Scientific Reports|  (2021) 11:10132 | https://doi.org/10.1038/s41598-021-89456-1 nature portfolio



www.nature.com/scientificreports/

SEs<0.41, ts>2.14, ps<.032; see Fig. 2b). At the same time, pairwise tests showed that across the levels of Bin,
this relative increase in the unlucky condition did not change further ( | zs | <2.79, ps2.063). Relative to Bin1, the
unlucky vs. baseline difference was larger than the lucky vs. baseline difference in Bin2, Bin5, and Biné, indicating
a steeper increase in the unlucky than in the baseline or lucky conditions (zs>3.20, ps<.017).

Overall, after completing approximately ten balloons of the subsequent phase, participants started to increase
their pumping behavior that became consistent in the second half of the task. While this increase was similar in
the baseline and lucky conditions, it was steeper in the unlucky condition, as those participants showed lower
pump number in the first half of the task because of initial manipulation.

Discussion
Experiment 2 involved not only lucky and unlucky conditions but also a baseline condition; and the initial phase
with experimental manipulation was separated from the subsequent phase where the adjustment of risk-taking
behavior was measured. Based on previous literature and the findings of Experiment 1, a primacy effect with a
later behavioral shift was expected, meaning that lucky initial experience would have been related to decreased
risk taking and unlucky initial experience would have been related to increased risk taking on unbiased balloons.
However, partially different results were revealed: Risk taking gradually increased in the subsequent phase due to
adaptation to the changed structure, irrespective of the valence of initial experience. Importantly, the direction
of this change in risk-taking behavior contrasts with the behavioral change of the lucky conditions in Experi-
ment 1, and mostly characterizes the second half of the task. The origin of this unexpected finding is discussed
in detail in the section entitled as Methodological issues constraining interpretation (see General Discussion).
As participants in the unlucky condition started the subsequent phase with lower pump number due to
initially negative experiences, they increased pumping more than other participants. The modulating effect of
initial experience was no longer observed in the second half of the task, as the number of pumps became similar
across conditions. Results confirmed the expectation following from a previous study* that the overall effect of
negative experience would be more different from baseline than the effect of positive experience. However, the
behavioral pattern of the lucky condition was comparable to that of the baseline condition in the subsequent
phase. Characteristics of the payoff structure could account for this finding, which is discussed in the General
Discussion (see Methodological issues constraining interpretation section). Still, some indication was found in
the initial phase that positive experience yielded higher risk taking than baseline experience.

General discussion

Summary of findings. This study examined how initial experience with outcome probabilities influenced
later risk-taking behavior in an experience-based risky decision-making task. To this end, we inserted an unsig-
naled and unexpected change point in the payoff structure of the BART, before and after which outcome prob-
abilities considerably differed. The change point occurred after one-sixth or one-third of trials in the first experi-
ment, and between the initial and subsequent phases in the second experiment. Importantly, the task structure
after the change point was unbiased and comparable across experimental conditions, only the relative valence of
events differed as a function of previous experience. Although our study was mostly exploratory, several results
contradicted the hypotheses based on previous literature. Particularly, both experiments suggested that partici-
pants in all conditions adjusted their risk-taking behavior to the changed payoft structure of the task; however,
the impact of initial experience was simultaneously observed, especially in the first experiment.

Results of the first experiment showed that initially experiencing negative events led to consistently decreased
risk-taking behavior. However, even if initial experience indicated that more cautious behavior was advanta-
geous, risk taking increased after the change in structure. Similarly, if initial experience indicated that high risk
could be taken, risk taking decreased after the change. The length of initial experience did not reliably influence
the pattern of behavioral change. Results of the second experiment further highlighted that the impact of initial
negative experience could be overcome by integrating recent experiences. Participants in all conditions gradu-
ally increased their risk taking as the task progressed. Risk-taking behavior after positive initial experience was
adjusted to an extent to match behavior after baseline initial experience. This was not the case after negative initial
experience: Risk taking remained lower than after baseline initial experience, but it was also adjusted yielding
similar behavior across the conditions later in the task.

Adjustment of risk-taking behavior in the BART. One of our central questions is whether the length
of manipulation influences the update of initial beliefs about outcome probabilities. According to the follow-up
of the three-way interaction of initial luck, length, and balloon, the length of positive or negative experience
does not considerably influence behavior adjustment after manipulation. We found overall higher number of
pumps with short than long manipulation only in the bin-wise model (see Supplementary Table S1) and not in
the balloon-wise one. Thus, the effect of length is detectable on a larger but not on a finer time scale. However,
this result is not directly related to how risk-taking behavior is adjusted in a changed environment.

Irrespective of length manipulation, results of the first experiment are mostly in line with the findings of
Koscielniak et al.”® and Bonini et al.”’, indicating not only primacy but also recency effects in the BART. In
contrast, the study of Yau et al.** did not find evidence for change in risk taking when the original BART was
followed by a rigged BART with 50% probability of balloon burst. In that study, however, an automatic response
version of the task™ was used, which lacks the experience of a dynamic inflation process, and decisions might
be more explicitly verbalized.

The adjustment of risk-taking behavior in the BART was found even without changing the payoff structure
but providing positive or negative economic forecast (i.e., predictive message that the probability of balloon
bursts would decrease or increase in the next task block, see****). Similarly, framing effects (inflate balloons to
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Figure 2. Results of Experiment 2. The numbers of pumps on balloons that did not burst are presented
separately for each condition (baseline, lucky, unlucky) in each time bin of the initial (a) and subsequent

(b) phases of the task. These phases were separated by a short pause lasting for a few seconds. Each time bin
consists of five consecutive balloons. Figure part (c) shows the numbers of pumps on balloons that did not burst
across all conditions and balloons. Shaded areas represent 95% confidence intervals for means, depicted with
continuous lines. Points denote individual data points in all figure parts. Figures were created using the ggplot2
package®®.
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gain reward or avoid losing reward) without actual structural changes also influenced risk-taking behavior*®=°.

By comparing the latter studies with the present one, our contribution is to show that no explicit information
or framing is needed to shift individuals’ risk taking to match the changing contingencies of the environment.
However, while explicit information allows for abrupt strategy change, experience with the environment gives
rise to a smooth adjustment of behavior to the changed contingencies.

Although the present experiments indicate that participants adapt to changed circumstances, initial negative
experience still decreases further risk taking. Therefore, many studies using the BART and examining influen-
tial factors of risk taking (e.g., the effect of reward type, gender, age, situational factors, and clinical symptoms,
see?>38393657) could have involuntarily involved the effect of initial experience. If the extent and consistency of
initial positive or negative experience were uncontrolled, one could not determine from which phase of the task
behavior adjustment should be expected. Thus, if experimental effects and/or group differences were measured
relatively early in the task, these could be influenced by initial experience. For instance, as the results of our
explorative study presented in the Supplementary Material indicate, even when initial experience is not directly
manipulated, individuals would pump the balloons larger during the task if they experienced more successful
pumps before balloon bursts within the first five trials (see also Supplementary Fig. S1). Consequently, from a
practical angle, it seems that initial experience should be considered when using the BART.

Some putative cognitive underpinnings of the observed effects. Reinforcement learning. The
present findings can be interpreted according to the principles of reinforcement learning. It is possible that a shift
from goal-directed to habitual behavior occurred, guided by model-based followed by model-free processes®®.
Individuals might have performed the task according to internal models based on initial experiences about
outcome probabilities. By integrating recent experiences, these initial internal models might have gradually
changed. During the early phase of task solving with less experience, choices based on a model-based process
might be more reliable, since its short-term predictions could be more accurate than long-term predictions of
a model-free process. With more experience, the model-based process might become less reliable, since initial
internal models could contain inaccuracies that are denoted by unexpected feedback events®®*. As experience
accumulates, a shift is expected from a model-based to a model-free process. The choice behavior found in the
first experiment likely reflects such a shift between these processes. This is not that clear in the second experi-
ment, maybe due to weaker (initial) internal models. In addition, based on their robust initial internal models,
participants experiencing early negative events could have expected more balloon bursts later in the task, yield-
ing overall more risk-averse behavior in both experiments.

Sampling biases. It has been proposed that individuals tend to underweight the probability of rare events when
making decisions from experience, such as in the present experiments. Accumulating evidence implies that this
tendency originates from relying on relatively small samples and overweighting recent experiences®!**!. Partici-
pants in the unlucky conditions sampled the balloons less than those in the lucky conditions, even after the end
of manipulation (i.e., lower pump number on balloons that did not burst). Thus, they less likely encountered
balloons with very high tolerances, which might have contributed to underestimating the variance of balloon
tolerances (i.e., the probability of rare events). Simultaneously, they recently and frequently encountered bal-
loons with “medium” tolerances that were larger than those during initial unlucky manipulation. In turn, these
frequent events could have been overweighted yielding an increase in risk-taking behavior.

Participants in the lucky conditions with more sampling encountered higher variance of balloon tolerances,
which might have eventually yielded more risk-averse behavior!!. Similar mechanisms could have contributed
to the results of the second experiment, at least in the case of the unlucky condition. However, this theoreti-
cal account could not necessarily explain choice behavior of participants in the lucky and baseline conditions
in the second experiment, as they sampled the balloons to a larger extent. In their case, local sampling biases
could have introduced dynamic changes in risk sensitivity, yielding increased risk taking in time'? (see also the
Methodological issues constraining interpretation section below).

Memory processes.  Sampling biases can be related to memory constraints. In our experiments, participants saw
only the accumulated total score and the score collected from the previous balloon on the screen; therefore, no
detailed statistics were available about balloon tolerances. Thus, it is conceivable that participants in all condi-
tions did not explicitly track and memorize past events that could have been used to predict the likely outcomes
of decisions (but see***). Instead, they changed their strategy in a dynamic and implicit manner, according to
experiences on the latest balloons. The weaker memory traces of the initial payoft structure might have contrib-
uted to quick adaptation in general, irrespective of the length and valence of early experience (cf.°). The second
experiment also indicated the relatively week integration of early memory traces on action-outcome contingen-
cies, as initial manipulation did not considerably alter subsequent risk-taking behavior, at least later in the task.

The general anchoring-and-adjustment model. One might attempt to explain our results in terms of the general
anchoring-and-adjustment model of belief updating®. In this model, the encoding of evidence (evaluation or
estimation), the processing of evidence (step-by-step revisions or the adjustment of the initial anchor based on a
series of evidence), and the sensitivity to evidence are critical subprocesses. The combination of these subproc-
esses together with task characteristics (complexity, length of sampling) determine how the order of information
could influence decisions.

Participants could have used both the evaluation (positive or negative deflection from previous experience)
and estimation (sequential integration of information) modes of encoding. Both the processing of evidence and
the response mode involves step-by-step operations since risky decisions are made at each step of the balloon
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inflation process. However, it is possible that the end-of-sequence process has also been used (guided by aggre-
gated experience with a series of successful balloon pumps) or a switching between the strategies might have
occurred'®®. The attitudes toward negative and positive evidence might have been constrained by the initial bias.
The history of previous balloon pumps and balloon tolerances could be considered as a long series of complex
evidence not only in the long manipulation condition but also in the other ones. Considering all processes, the
prediction of the anchoring-and-adjustment model would be a force toward primacy effect. Although primacy
effect was found in both experiments, recent experience also guided the update of choice behavior, which was
not constrained to short initial experience (cf. Table 2 in®). Therefore, the observed findings might not be wholly
interpreted along this theoretical model. Also, mapping the structure of the BART onto tasks and concepts that
the model has been based on is not obvious.

Summary. Taken together, the interpretations of the observed effects remain tentative in terms of the poten-
tial cognitive processes. Experimental designs that not only involve the currently investigated factors but also
directly manipulate some of the relevant cognitive processes are necessary. In this respect, computational models
that account for the effect of initial experience might be considered: With such analyses, initial experience per se
could be quantified and other parameters of the task could be compared across participants and groups/condi-
tions while controlling for this effect*®4561:62,

Methodological issues constraining interpretation. Two related methodological issues concerning
the design of both experiments should be considered: (1) the instability of the remainder/subsequent environ-
ment in terms of balloon tolerances (maximum numbers of successful pumps), especially in the second experi-
ment, and (2) the similarity of initial experience between lucky and baseline conditions in the second experi-
ment. These issues are elaborated on below.

The first issue is related to the result showing that the direction of behavioral change differed between the
experiments. While lucky experience led to less risk taking after the end of manipulation in the first experiment,
it led to more risk taking in the second experiment. This between-experiments difference could be explained
by the different balloon tolerances in the remainder and subsequent phases of each experiment. In the second
experiment, the variability of mean balloon tolerances across individual bins was considerable (see Table 2 and
Supplementary Fig. $3). Particularly, mean balloon tolerances were relatively high in Bin3 (12.2), Bin4 (13.2),
and Bin5 (11.8), intermediate in Bin1 (8.4) and Bin6 (9.2), and low in Bin2 (7).

Therefore, regarding the association between experimental conditions and mean balloon tolerances, the
second half of the subsequent experience resembled to the lucky initial experience. Meanwhile, bins were more
consistent (except for Bin2) throughout the whole task in the case of baseline experience. Mean tolerances of the
first two bins were higher than that of unlucky initial experience but lower than that of lucky initial experience.
Still, these bins could have been “lucky” or at least “neutral” experience for participants of the unlucky condi-
tion and “unlucky” experience for participants of the lucky condition. Altogether, the inconsistent or instable
nature of the subsequent experience could have altered how participants adapted to the changed environment.

Particularly, the change of behavioral measures also reflected the change of balloon tolerances: Balloon pumps
were increased, and the frequency of balloon bursts was decreased in Bin3, Bin4, and Bin5 in all conditions of
the second experiment. Meanwhile, decreased balloon pumps were observed in Bin2 relative to Binl in the case
of lucky and baseline experiences (Fig. 2b, Supplementary Fig. $3). Thus, the bin-by-bin variation of mean toler-
ance values could have determined adaptation: The positive change in risk-taking behavior was probably caused
by the positive change in the payoff structure in the second half of the task. Indeed, after initial experience, risk
taking became advantageous for all conditions in the subsequent environment, at least from Bin3. The more
cautious (lucky) or relatively unchanged (baseline, unlucky) risk-taking behavior in the first two bins can also
be explained by this reasoning.

In contrast to the second experiment, mean balloon tolerances in the remainder of the task were slightly lower
and less variable in the first experiment (first experiment: M=9.07, SD =1.05; second experiment: M =10.30,
SD=2.45, see also Table 2 and Supplementary Fig. S2). These balloon tolerances were intentionally sampled
from a narrower uniform distribution to obtain “medium” balloon sizes, which could yield lower variability.
More importantly, these values in the first experiment were considerably lower (higher) than that of the initial
lucky (unlucky) balloons. Therefore, similarly to the second experiment, the change in the payoff structure could
account for the decreased (lucky) and increased (unlucky) risk-taking behavior in the first experiment.

As tolerance values were identical across participants in both experiments, the described variability could
result in a systematic confound that influences the interpretability of the observed effects, at least in the second
experiment. Therefore, to test the original research questions more rigorously, additional carefully designed
experiments should be performed. A proper experimental design warrants consistent, stable experiences across
conditions and time bins in the novel environment that follows manipulation. In the present study, however, it
seems that behavior adjustment depended on the change in tolerance values irrespective of the type of initial
experience, which might also be regarded as indicative of how primacy effect can be overcome by the integra-
tion of recent experiences.

The second methodological issue is related to the result showing that the behavioral change was similar
between the lucky and baseline conditions and differed from the unlucky condition in the second experiment.
This suggests that the processing of negative events in the unlucky condition differently influenced later risk-
taking behavior as compared with the other conditions. On the one hand, this asymmetry was expected since
stronger effect of negative manipulation has already been found in previous BART-studies?*****. On the other
hand, it is probable that the origin of this asymmetry also lies in how balloon tolerances were selected.
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While the maximum number of successful pumps was not significantly higher in the lucky than in the baseline
condition in the initial phase, it was much lower in the unlucky condition (see Stimuli, design, and procedure
section). Therefore, initial experience could have been similar between lucky and baseline conditions, yielding
comparable risk-taking behavior in the subsequent phase of the task. The above-described change in the payoff
structure of the subsequent phase could have also played a role in this asymmetry. At the same time, it should be
noted that both the balloon-wise and bin-wise model result showed that pump number was increased by later
balloons of the initial phase in the lucky condition as compared with the baseline condition (see also Fig. 2a).

Beyond methodological issues that could account for the change in risk-taking behavior in the second experi-
ment, the effect of weak memory traces is also a possible explanation (see the earlier section on memory pro-
cesses). Separating task phases could have unintentionally suggested that novel circumstances would apply after
the short pause. Thus, after some (probably surprising) experience in the early trials of the subsequent phase,
participants of all conditions might have perceived this phase as an entirely independent task and increased
pump number as usually observed in the original BART>#3>4:63-65 Nevertheless, in further experiments, clearly
distinguishable initial experiences should be applied.

Limitations

The design of the experiments inherently limited what participants could initially learn about the balloons.
Participants’ baseline belief about the pump number that balloons could have tolerated was not fixed a priori
before the manipulation. They might have established this belief based on the experiences gathered during the
first few trials (cf.'>%). However, it was limited to what size they could pump the balloons at the beginning of
the task; and it was also unknown to what degree they were prone to pump these balloons.

Relatedly, an inherent limitation of the BART is that it provides one-sided censored data, since burst events
terminate trials perforce*. Therefore, burst trials cannot reveal to what extent participants were willing to take
risks or what were the underlying processes that determined the pump number on those trials (e.g., risk taking,
impulsivity, task engagement or motivation, and reduced sensitivity to negative feedback). Moreover, by exclud-
ing these trials, the reliability of data could slightly decrease (i.e., fewer trials), and this remaining data would
still include any effects that the burst events had on subsequent trials*.

Participants received neither compensation for participation nor bonus based on task performance because
of practical reasons. Recent work has implied that not only the behavioral indices but also the neurophysiological
correlates of negative feedback processing are enhanced if real money instead of hypothetical reward is used in
the BART®”%, Nevertheless, according to the impressions of the experimenters during debriefing, participants
were still motivated to perform the task as if gains and losses were real.

Conclusions

This study confirmed that the combination of both primacy and recency effects contributes to experience-based
risky decision making. Moreover, the study revealed that extended early experience does not induce more
profound primacy effect than brief early experience. Instead, choice behavior is adjusted by integrating recent
experiences of outcome probabilities into the internal models of the decision environment. Therefore, while
choice behavior remains risk averse after early negative events, this attenuates with the accumulation of new
experiences. Several factors could underlie the observed effects, such as a shift from goal-directed to habitual
behavior, the overweighting of recent experience, and weak memory traces on initial outcome probabilities;
all of which necessitate further investigation. In sum, by showing that initial beliefs are updated to promote
adaptation, the present results extend the understanding of uncertain decision making in volatile environments.

Data availability
All data and analyses codes to reproduce the results are available in the following online repository: https://osf.
io/bwzfa/?view_only=f0920ce7759144ceb4be81318cc76f75.

Received: 25 September 2020; Accepted: 26 April 2021
Published online: 12 May 2021

References

1. De Groot, K. & Thurik, R. Disentangling risk and uncertainty: when risk-taking measures are not about risk. Front. Psychol. 9,
2194. https://doi.org/10.3389/fpsyg.2018.02194 (2018).

2. Fecteau, S. et al. Activation of prefrontal cortex by transcranial direct current stimulation reduces appetite for risk during ambigu-
ous decision making. J. Neurosci. 27, 6212-6218. https://doi.org/10.1523/jneurosci.0314-07.2007 (2007).

3. Brand, M., Labudda, K. & Markowitsch, H. J. Neuropsychological correlates of decision-making in ambiguous and risky situations.
Neural Netw. 19, 1266-1276. https://doi.org/10.1016/j.neunet.2006.03.001 (2006).

4. De Groot, K. Burst beliefs—methodological problems in the balloon analogue risk task and implications for its use. J. Trial Error 1,
https://doi.org/10.36850/mr1 (2020).

5. Knight, E H. Risk, Uncertainty and Profit (Sentry Press, 1921).

6. Hertwig, R. & Erev, I. The description-experience gap in risky choice. Trends Cogn. Sci. 13, 517-523. https://doi.org/10.1016/j.tics.
2009.09.004 (2009).

7. Hau, R,, Pleskac, T. J., Kiefer, ]. & Hertwig, R. The description-experience gap in risky choice: the role of sample size and experi-
enced probabilities. J. Behav. Decis. Mak. 21, 493-518. https://doi.org/10.1002/bdm.598 (2008).

8. Hogarth, R. M. & Einhorn, H. J. Order effects in belief updating: the belief-adjustment model. Cogn. Psychol. 24, 1-55. https://
doi.org/10.1016/0010-0285(92)90002-] (1992).

9. Tversky, A. & Kahneman, D. Judgment under uncertainty: heuristics and biases. Science 185, 1124. https://doi.org/10.1126/scien
ce.185.4157.1124 (1974).

10. Malmendier, U. & Nagel, S. Depression babies: do macroeconomic experiences affect risk taking? Q. J. Econ. 126, 373-416. https://

doi.org/10.1093/qje/qjq004 (2011).

Scientific Reports |

(2021) 11:10132 | https://doi.org/10.1038/s41598-021-89456-1 nature portfolio


https://osf.io/bwzfa/?view_only=f0920ce7759144ceb4be81318cc76f75
https://osf.io/bwzfa/?view_only=f0920ce7759144ceb4be81318cc76f75
https://doi.org/10.3389/fpsyg.2018.02194
https://doi.org/10.1523/jneurosci.0314-07.2007
https://doi.org/10.1016/j.neunet.2006.03.001
https://doi.org/10.36850/mr1
https://doi.org/10.1016/j.tics.2009.09.004
https://doi.org/10.1016/j.tics.2009.09.004
https://doi.org/10.1002/bdm.598
https://doi.org/10.1016/0010-0285(92)90002-J
https://doi.org/10.1016/0010-0285(92)90002-J
https://doi.org/10.1126/science.185.4157.1124
https://doi.org/10.1126/science.185.4157.1124
https://doi.org/10.1093/qje/qjq004
https://doi.org/10.1093/qje/qjq004

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lejarraga, T., Woike, J. K. & Hertwig, R. Description and experience: how experimental investors learn about booms and busts
affects their financial risk taking. Cognition 157, 365-383. https://doi.org/10.1016/j.cognition.2016.10.001 (2016).

Radulescu, A., Holmes, K. & Niv, Y. On the convergent validity of risk sensitivity measures. PsyArXiv https://doi.org/10.31234/
osf.io/qdhx4 (2020).

Hertwig, R., Barron, G., Weber, E. U. & Erev, 1. In Information Sampling and Adaptive Cognition. (eds K. Fiedler & P. Juslin) 72-91
(Cambridge University Press, 2006).

Behrens, T. E. J., Woolrich, M. W,, Walton, M. E. & Rushworth, M. E S. Learning the value of information in an uncertain world.
Nat. Neurosci. 10, 1214-1221. https://doi.org/10.1038/nn1954 (2007).

Nassar, M. R., Wilson, R. C., Heasly, B. & Gold, J. I. An Approximately Bayesian delta-rule model explains the dynamics of belief
updating in a changing environment. J. Neurosci. 30, 12366. https://doi.org/10.1523/J]NEUROSCI.0822-10.2010 (2010).
Gallistel, C. R., Krishan, M., Liu, Y., Miller, R. & Latham, P. E. The perception of probability. Psychol. Rev. 121, 96-123. https://doi.
0rg/10.1037/a0035232 (2014).

Ashby, N. J. & Rakow, T. Forgetting the past: individual differences in recency in subjective valuations from experience. J. Exp.
Psychol. Learn. Mem. Cogn. 40, 1153-1162. https://doi.org/10.1037/a0036352 (2014).

Pachur, T. & Scheibehenne, B. Constructing preference from experience: the endowment effect reflected in external information
search. J. Exp. Psychol. Learn. Mem. Cogn. 38, 1108-1116. https://doi.org/10.1037/a0027637 (2012).

Lange, R. D., Chattoraj, A., Beck, J. M., Yates, J. L. & Haefner, R. M. A confirmation bias in perceptual decision-making due to
hierarchical approximate inference. bioRxiv, 440321. https://doi.org/10.1101/440321 (2020).

Rakow, T. & Miler, K. Doomed to repeat the successes of the past: history is best forgotten for repeated choices with nonstationary
payofts. Mem. Cognit. 37, 985-1000. https://doi.org/10.3758/MC.37.7.985 (2009).

Lejarraga, T., Lejarraga, J. & Gonzalez, C. Decisions from experience: How groups and individuals adapt to change. Mem. Cognit.
42, 1384-1397. https://doi.org/10.3758/s13421-014-0445-7 (2014).

Broder, A. & Schiffer, S. Adaptive flexibility and maladaptive routines in selecting fast and frugal decision strategies. J. Exp. Psychol.
Learn. Mem. Cogn. 32, 904-918. https://doi.org/10.1037/0278-7393.32.4.904 (2006).

Helfinstein, S. M. et al. Predicting risky choices from brain activity patterns. Proc. Natl. Acad. Sci. 111(7), 2470-2475. https://doi.
org/10.1073/pnas.1321728111 (2014).

Lejuez, C. W. et al. Evaluation of a behavioral measure of risk taking: the Balloon Analogue Risk Task (BART). J. Exp. Psychol.
Appl. 8, 75-84. https://doi.org/10.1037//1076-898X.8.2.75 (2002).

Schonberg, T. et al. Decreasing ventromedial prefrontal cortex activity during sequential risk-taking: an fMRI investigation of the
Balloon Analogue Risk Task. Front. Neurosci. https://doi.org/10.3389/fnins.2012.00080 (2012).

Schonberg, T., Fox, C. R. & Poldrack, R. A. Mind the gap: bridging economic and naturalistic risk-taking with cognitive neurosci-
ence. Trends Cogn. Sci. 15, 11-19. https://doi.org/10.1016/j.tics.2010.10.002 (2011).

Kobor, A. et al. Different strategies underlying uncertain decision making: higher executive performance is associated with
enhanced feedback-related negativity. Psychophysiology 52, 367-377. https://doi.org/10.1111/psyp.12331 (2015).

Koscielniak, M., Rydzewska, K. & Sedek, G. Effects of age and initial risk perception on balloon analog risk task: the mediating
role of processing speed and need for cognitive closure. Front. Psychol. 7 , 659. https://doi.org/10.3389/fpsyg.2016.00659 (2016).
Bonini, N., Grecucci, A., Nicol¢, M. & Savadori, L. Reduced risk-taking after prior losses in pathological gamblers under treatment
and healthy control group but not in problem gamblers. J. Gambl. Stud. 34, 429-447. https://doi.org/10.1007/s10899-017-9709-z
(2018).

Petropoulos Petalas, D., Bos, S., Hendriks Vettehen, P. & van Schie, H. T. Event-related brain potentials reflect predictive coding
of anticipated economic change. Cogn. Affect Behav. Neurosci. 20, 961-982. https://doi.org/10.3758/s13415-020-00813-5 (2020).
Hertwig, R., Barron, G., Weber, E. U. & Erev, I. Decisions from experience and the effect of rare events in risky choice. Psychol.
Sci. 15, 534-539. https://doi.org/10.1111/j.0956-7976.2004.00715.x (2004).

Darke, P. R. & Freedman, J. L. Lucky events and beliefs in luck: paradoxical effects on confidence and risk-taking. Pers. Soc. Psychol.
Bull. 23, 378-388. https://doi.org/10.1177/0146167297234004 (1997).

Shohamy, D. & Daw, N. D. Integrating memories to guide decisions. Curr. Opin. Behav. Sci. 5, 85-90. https://doi.org/10.1016/].
cobeha.2015.08.010 (2015).

Petropoulos Petalas, D., van Schie, H. & Hendriks Vettehen, P. Forecasted economic change and the self-fulfilling prophecy in
economic decision-making. PLoS ONE 12, €0174353. https://doi.org/10.1371/journal.pone.0174353 (2017).

Euser, A. S. et al. Blunted feedback processing during risky decision making in adolescents with a parental history of substance
use disorders. Dev. Psychopathol. 25, 1119-1136. https://doi.org/10.1017/S0954579413000412 (2013).

Xu, S., Wang, M., Liu, Q., Wang, C. & Zhang, C. Exploring the valence-framing effect: gain frame enhances behavioral and brain
sensitivity to the failure of decision-making under uncertainty. Int. J. Psychophysiol. 153, 166-172. https://doi.org/10.1016/j.ijpsy
cho.2020.05.006 (2020).

Faul, F, Erdfelder, E., Lang, A.-G. & Buchner, A. G*Power 3: a flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 39, 175-191. https://doi.org/10.3758/bf03193146 (2007).

Fein, G. & Chang, M. Smaller feedback ERN amplitudes during the BART are associated with a greater family history density of
alcohol problems in treatment-naive alcoholics. Drug Alcohol Depend. 92, 141-148. https://doi.org/10.1016/j.drugalcdep.2007.
07.017 (2008).

Kardos, Z. et al. Age-related characteristics of risky decision-making and progressive expectation formation. Behav. Brain Res.
312, 405-414. https://doi.org/10.1016/j.bbr.2016.07.003 (2016).

Takécs, A. et al. High trait anxiety is associated with attenuated feedback-related negativity in risky decision making. Neurosci.
Lett. 600, 188-192. https://doi.org/10.1016/j.neulet.2015.06.022 (2015).

Eltetd, N. et al. Do adolescents take more risks? Not when facing a novel uncertain situation. Cogn. Dev. 50, 105-117. https://doi.
0rg/10.1016/j.cogdev.2019.03.002 (2019).

Frey, R., Pedroni, A., Mata, R., Rieskamp, ]. & Hertwig, R. Risk preference shares the psychometric structure of major psychological
traits. Sci. Adv. 3, e1701381. https://doi.org/10.1126/sciadv.1701381 (2017).

Gu, R., Zhang, D,, Luo, Y., Wang, H. & Broster, L. S. Predicting risk decisions in a modified Balloon Analogue Risk Task: conven-
tional and single-trial ERP analyses. Cogn. Affect Behav. Neurosci. 18, 99-116. https://doi.org/10.3758/s13415-017-0555-3 (2018).
Yau, Y. H. C,, Potenza, M. N., Mayes, L. C. & Crowley, M. J. Blunted feedback processing during risk-taking in adolescents with
features of problematic Internet use. Addict. Behav. 45, 156-163. https://doi.org/10.1016/j.addbeh.2015.01.008 (2015).

Lauriola, M., Panno, A., Levin, L. P. & Lejuez, C. W. Individual differences in risky decision making: a meta-analysis of sensation
seeking and impulsivity with the Balloon Analogue Risk Task. J. Behav. Decis. Mak. 27, 20-36. https://doi.org/10.1002/bdm.1784
(2014).

Schmitz, E, Manske, K., Preckel, F. & Wilhelm, O. The multiple faces of risk-taking. Eur. J. Psychol. Assess. 32, 17-38. https://doi.
0rg/10.1027/1015-5759/a000335 (2016).

Sharma, L., Markon, K. E. & Clark, L. A. Toward a theory of distinct types of “impulsive” behaviors: a meta-analysis of self-report
and behavioral measures. Psychol. Bull. 140, 374-408. https://doi.org/10.1037/a0034418 (2014).

Wallsten, T. S., Pleskac, T. J. & Lejuez, C. W. Modeling behavior in a clinically diagnostic sequential risk-taking task. Psychol. Rev.
112, 862-880. https://doi.org/10.1037/0033-295x.112.4.862 (2005).

Scientific Reports |

(2021) 11:10132 | https://doi.org/10.1038/s41598-021-89456-1 nature portfolio


https://doi.org/10.1016/j.cognition.2016.10.001
https://doi.org/10.31234/osf.io/qdhx4
https://doi.org/10.31234/osf.io/qdhx4
https://doi.org/10.1038/nn1954
https://doi.org/10.1523/JNEUROSCI.0822-10.2010
https://doi.org/10.1037/a0035232
https://doi.org/10.1037/a0035232
https://doi.org/10.1037/a0036352
https://doi.org/10.1037/a0027637
https://doi.org/10.1101/440321
https://doi.org/10.3758/MC.37.7.985
https://doi.org/10.3758/s13421-014-0445-7
https://doi.org/10.1037/0278-7393.32.4.904
https://doi.org/10.1073/pnas.1321728111
https://doi.org/10.1073/pnas.1321728111
https://doi.org/10.1037//1076-898X.8.2.75
https://doi.org/10.3389/fnins.2012.00080
https://doi.org/10.1016/j.tics.2010.10.002
https://doi.org/10.1111/psyp.12331
https://doi.org/10.3389/fpsyg.2016.00659
https://doi.org/10.1007/s10899-017-9709-z
https://doi.org/10.3758/s13415-020-00813-5
https://doi.org/10.1111/j.0956-7976.2004.00715.x
https://doi.org/10.1177/0146167297234004
https://doi.org/10.1016/j.cobeha.2015.08.010
https://doi.org/10.1016/j.cobeha.2015.08.010
https://doi.org/10.1371/journal.pone.0174353
https://doi.org/10.1017/S0954579413000412
https://doi.org/10.1016/j.ijpsycho.2020.05.006
https://doi.org/10.1016/j.ijpsycho.2020.05.006
https://doi.org/10.3758/bf03193146
https://doi.org/10.1016/j.drugalcdep.2007.07.017
https://doi.org/10.1016/j.drugalcdep.2007.07.017
https://doi.org/10.1016/j.bbr.2016.07.003
https://doi.org/10.1016/j.neulet.2015.06.022
https://doi.org/10.1016/j.cogdev.2019.03.002
https://doi.org/10.1016/j.cogdev.2019.03.002
https://doi.org/10.1126/sciadv.1701381
https://doi.org/10.3758/s13415-017-0555-3
https://doi.org/10.1016/j.addbeh.2015.01.008
https://doi.org/10.1002/bdm.1784
https://doi.org/10.1027/1015-5759/a000335
https://doi.org/10.1027/1015-5759/a000335
https://doi.org/10.1037/a0034418
https://doi.org/10.1037/0033-295x.112.4.862

www.nature.com/scientificreports/

49. Campbell, J. A., Samartgis, J. R. & Crowe, S. F. Impaired decision making on the Balloon Analogue Risk Task as a result of long-
term alcohol use. J. Clin. Exp. Neuropsychol. 35, 1071-1081. https://doi.org/10.1080/13803395.2013.856382 (2013).

50. Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48. https://doi.
0rg/10.18637/jss.v067.i01 (2015).

51. R: A language and environment for statistical computing. (R Foundation for Statistical Computing, Vienna, Austria, 2020).

52. Kuznetsova, A., Brockhoft, P. B. & Christensen, R. H. B. ImerTest package: tests in linear mixed effects models. J. Stat. Softw. 82,
26. https://doi.org/10.18637/jss.v082.i13 (2017).

53. Bretz, F, Hothorn, T. & Westfall, P. Multiple Comparisons Using R. (Chapman and Hall/CRC, 2010).

54. Pleskac, T. ., Wallsten, T. S., Wang, P. & Lejuez, C. W. Development of an automatic response mode to improve the clinical utility
of sequential risk-taking tasks. Exp. Clin. Psychopharmacol. 16, 555-564. https://doi.org/10.1037/a0014245 (2008).

55. Benjamin, A. M. & Robbins, S. J. The role of framing effects in performance on the Balloon Analogue Risk Task (BART). Pers.
Individ. Differ. 43, 221-230. https://doi.org/10.1016/j.paid.2006.11.026 (2007).

56. Bornovalova, M. A. et al. Risk taking differences on a behavioral task as a function of potential reward/loss magnitude and indi-
vidual differences in impulsivity and sensation seeking. Pharmacol. Biochem. Behav. 93, 258-262. https://doi.org/10.1016/j.pbb.
2008.10.023 (2009).

57. Xu, S. et al. Real and hypothetical monetary rewards modulate risk taking in the brain. Sci. Rep. 6, 29520. https://doi.org/10.1038/
srep29520 (2016).

58. Sutton, R. S. & Barto, A. G. Reinforcement Learning: An Introduction. (MIT press, 2018).

59. Daw, N. D., Niv, Y. & Dayan, P. Uncertainty-based competition between prefrontal and dorsolateral striatal systems for behavioral
control. Nat. Neurosci. 8, 1704-1711. https://doi.org/10.1038/nn1560 (2005).

60. Shadlen, M. N. & Shohamy, D. Decision making and sequential sampling from memory. Neuron 90, 927-939. https://doi.org/10.
1016/j.neuron.2016.04.036 (2016).

61. Wichary, S., Pachur, T., Koécielniak, M., Rydzewska, K. & Sedek, G. Response: commentary: effects of age and initial risk percep-
tion on balloon analog risk task: the mediating role of processing speed and need for cognitive closure. Front. Psychol. https://doi.
org/10.3389/fpsyg.2017.00541 (2017).

62. van Ravenzwaaij, D., Dutilh, G. & Wagenmakers, E.-J. Cognitive model decomposition of the BART: assessment and application.
J. Math. Psychol. 55, 94-105. https://doi.org/10.1016/j.jmp.2010.08.010 (2011).

63. Euser, A. S., van Meel, C. S., Snelleman, M. & Franken, I. H. Acute effects of alcohol on feedback processing and outcome evalua-
tion during risky decision-making: an ERP study. Psychopharmacology 217, 111-125. https://doi.org/10.1007/s00213-011-2264-x
(2011).

64. Lim, S. W. H,, Yuen, A. Y. L. & Tong, E. M. W. Global-local visual processing impacts risk taking behaviors, but only at first. Front.
Psychol. 6, 1257. https://doi.org/10.3389/fpsyg.2015.01257 (2015).

65. Vigil-Colet, A. Impulsivity and decision making in the balloon analogue risk-taking task. Pers. Individ. Differ. 43, 37-45. https://
doi.org/10.1016/j.paid.2006.11.005 (2007).

66. Wilson, R. C.,, Geana, A., White, J. M., Ludvig, E. A. & Cohen, J. D. Humans use directed and random exploration to solve the
explore-exploit dilemma. J. Exp. Psychol. Gen. 143, 2074-2081. https://doi.org/10.1037/a0038199 (2014).

67. Xu, S. et al. Differential effects of real versus hypothetical monetary reward magnitude on risk-taking behavior and brain activity.
Sci. Rep. 8, 3712. https://doi.org/10.1038/s41598-018-21820-0 (2018).

68. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2016).

Acknowledgements

This research was supported by the National Brain Research Program (project 2017-1.2.1-NKP-2017-00002, PI:
D.N.); the Hungarian Scientific Research Fund (OTKA FK 124412, PI: A.K., OTKA PD 124148, PI: K.J., OTKA
K 128016, PI: D.N.); the IDEXLYON Fellowship of the University of Lyon as part of the Programme Investisse-
ments d’Avenir (ANR-16-IDEX-0005 to D.N.); the Janos Bolyai Research Scholarship of the Hungarian Academy
of Sciences (to A.K. and K.J.); and the Postdoctoral Fellowship of the Hungarian Academy of Sciences (to A.K.).
We thank Vera Varga for providing helpful suggestions on data analysis and the reviewers for their illuminating
comments.

Author contributions

A K. designed the study, created the scripts running the experiments, analyzed data, and wrote the manuscript;
Z.K. designed the study, analyzed data, contributed to the interpretation of the results, wrote the manuscript,
and critically revised previous versions of the manuscript; A.T. designed the study, supervised data acquisition,
analyzed data, wrote the manuscript, and critically revised previous versions of the manuscript; N.E. designed
the study, analyzed data of the explorative study presented in the Supplementary Material, contributed to the
interpretation of the results, and critically revised previous versions of the manuscript; K.J. designed the study
and critically revised previous versions of the manuscript, E.T-F. analyzed data, rated the interview questions,
and revised previous versions of the manuscript; V.Cs. revised previous versions of the manuscript and provided
intellectual support; D.N. designed the study, critically revised previous versions of the manuscript, and provided
intellectual and financial support. All authors read and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-89456-1.

Correspondence and requests for materials should be addressed to A.K. or D.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:10132 | https://doi.org/10.1038/s41598-021-89456-1 nature portfolio


https://doi.org/10.1080/13803395.2013.856382
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1037/a0014245
https://doi.org/10.1016/j.paid.2006.11.026
https://doi.org/10.1016/j.pbb.2008.10.023
https://doi.org/10.1016/j.pbb.2008.10.023
https://doi.org/10.1038/srep29520
https://doi.org/10.1038/srep29520
https://doi.org/10.1038/nn1560
https://doi.org/10.1016/j.neuron.2016.04.036
https://doi.org/10.1016/j.neuron.2016.04.036
https://doi.org/10.3389/fpsyg.2017.00541
https://doi.org/10.3389/fpsyg.2017.00541
https://doi.org/10.1016/j.jmp.2010.08.010
https://doi.org/10.1007/s00213-011-2264-x
https://doi.org/10.3389/fpsyg.2015.01257
https://doi.org/10.1016/j.paid.2006.11.005
https://doi.org/10.1016/j.paid.2006.11.005
https://doi.org/10.1037/a0038199
https://doi.org/10.1038/s41598-018-21820-0
https://doi.org/10.1038/s41598-021-89456-1
https://doi.org/10.1038/s41598-021-89456-1
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:10132 | https://doi.org/10.1038/s41598-021-89456-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Adaptation to recent outcomes attenuates the lasting effect of initial experience on risky decisions
	Experiment 1. 
	Method
	Participants. 
	Stimuli, design, and procedure. 
	Data analyses. 

	Results
	Risk-taking behavior in the lucky long and unlucky long conditions (Model 1 & Model 2). 
	Risk-taking behavior in the lucky short and unlucky short conditions (Model 3 & Model 4). 
	Interim summary. 
	Risk-taking behavior across all conditions and balloons (Model 5). 

	Discussion
	Experiment 2. 

	Method
	Participants. 
	Stimuli, design, and procedure. 
	Data analyses. 

	Results
	Risk-taking behavior in the initial task phase (Model 1 & Model 2). 
	Risk-taking behavior in the subsequent task phase (Model 3 & Model 4). 

	Discussion
	General discussion
	Summary of findings. 
	Adjustment of risk-taking behavior in the BART​. 
	Some putative cognitive underpinnings of the observed effects. 
	Reinforcement learning. 
	Sampling biases. 
	Memory processes. 
	The general anchoring-and-adjustment model. 
	Summary. 

	Methodological issues constraining interpretation. 

	Limitations
	Conclusions
	References
	Acknowledgements


