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Abstract: The main aim of this study is to replicate the effect shown by 
Traczyk et al. (2018), where individuals with higher statistical numeracy, 
compared to individuals with lower statistical numeracy, employed a more 
effortful choice strategy when outcomes were meaningful. I hypothesize 
that participants with higher numeracy will be more likely to make choices 
predicted by Cumulative Prospect Theory and Expected Value theory (CPT/
EV) in high-payoff problems than in low-payoff problems. Data collection 
was done online by appointing 73 participants. Participants’ preference, fl uid 
intelligence, objective and subjective numeracy were measured using thirteen 
high and eleven low payoff choice problems, International Cognitive Ability 
Resource (ICAR), Berlin Numeracy Test (BNT), and Subjective Numeracy 
Scale (SNS), respectively. All the measures mentioned above were presented 
randomly. Results showed that all participants, in high-payoff condition, on 
average maximized EV; however, participants with high BNT scores were more 
likely to make choices consistent with CPT/EV predictions than individuals 
with low BNT scores. Furthermore, compared to less numerate participants, 
highly numerate participants were less likely to make choices consistent with 
CPT/EV predictions in low-payoff condition. Highly numerate individuals 
adjusted their choice strategy by modulating their response time, indicating 
their discernible sensitivity towards large asymmetry in payoff. In conclusion, 
the effect shown by Traczyk et al. (2018) was successfully replicated.
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WRAŻLIWOŚĆ NA ASYMETRIĘ W WYPŁATACH WŚRÓD 
OSÓB Z WYSOKIM POZIOMEM ZDOLNOŚCI NUMERYCZNYCH. 

PREREJESTROWANA REPLIKACJA BADANIA TRACZYKA I IN. (2018)

Streszczenie: Głównym celem tego badania była próba zreplikowania efektu 
wykazanego przez Traczyka i in. (2018), zgodnie z którym osoby z wyższym po-
ziomem statystycznych zdolności numerycznych, w porównaniu do osób z niż-
szym poziomem statystycznych zdolności numerycznych, angażują wymaga-
jące poznawczo strategie decyzyjne, gdy potencjalne konsekwencje wyboru są 
znaczące. Postawiłem hipotezę, że osoby z wysokim poziomem statystycznych 
zdolności numerycznych będą częściej dokonywały wyborów przewidywanych 
przez skumulowaną teorię perspektywy i model wartości oczekiwanej (CPT/EV) 
w problemach decyzyjnych z wysokimi wypłatami (tj. znaczącymi konsekwen-
cjami) niż w problemach decyzyjnych z niskimi wypłatami. W badaniu online 
73 ochotników podejmowało decyzje w 13 problemach z wysokimi wypłata-
mi oraz w 11 problemach z niskimi wypłatami. Badani rozwiązywali testy 
mierzące inteligencję płynną, statystyczne zdolności numeryczne oraz subiek-
tywne zdolności numeryczne. Wszystkie miary były prezentowane w losowej 
kolejności. Wyniki pokazały, że w warunkach wysokiej wypłaty osoby badane 
dokonywały wyborów maksymalizujących wartość oczekiwaną. Osoby z wy-
sokimi wynikami w teście mierzącym statystyczne zdolności numeryczne czę-
ściej dokonywały jednak wyborów zgodnych z przewidywaniami CPT/EV niż 
osoby z niskimi wynikami w tym teście. Ponadto osoby z wysokim poziomem 
statystycznych zdolności numerycznych były mniej skłonne do dokonywania 
wyborów zgodnych z przewidywaniami CPT/EV w warunku niskiej wypłaty. 
Osoby te dostosowały swoją strategię wyboru do problemu decyzyjnego poprzez 
zarządzanie czasem przeznaczanym na podjęcie decyzji, co wskazuje, że mogą 
one charakteryzować się większą wrażliwością na asymetrię w wypłatach. Pod-
sumowując, efekt opisany w badaniu Traczyka i in. (2018) został pomyślnie 
zreplikowany.

Słowa kluczowe: zdolności numeryczne; strategie decyzyjne; ryzykowny wy-
bór; heurystyka pierwszeństwa; strategia maksymalizacji wartości oczekiwanej; 
skumulowana teoria perspektywy.
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Every moment of our life is bombarded with information condensed in a statistical 
shell (Rothman et al., 2006). In order to make informed decisions, from giving tips 
to buying dogecoin, one on a daily basis, needs to comprehend and calculate various 
kinds of statistical information. Out of numerous decisions we make every day, 
seldom do we come across decisions that can have a momentous impact (Cirillo & 
Taleb, 2016; Taleb, 2020). The quality of our judgments in those crucial moments is 
highly dependent on each individual’s level of expertise. For example, a statistician 
would be much less hopeful (assuming the person has done the math) about their 
prospect of winning a lottery compared to a person who lacks knowledge in the fi eld 
and probably would continuously buy lottery tickets year after year with the hope of 
being a millionaire one day. Hence, expertise modulates human preferences as well 
as expectations concerning those choices (Reyna, Nelson, Han, & Dieckmann, 2009).

Many studies have examined the effect of individual differences (i.e., numeracy, 
intelligence, personality traits, and so on) on human preferences (Becker, Deckers, 
Dohmen, Falk, & Kosse, 2012; Sobkow, Garrido, & Garcia-Retamero, 2020; Traczyk & 
Fulawka, 2016). For example, patients with low numeracy often do not have accurate 
perception of benefi ts and risks associated with unproven medical treatments and 
interventions. Moreover, less numerate patients fail to accurately consider the 
reported prevalence rate of diseases, which skews their perception of personal risk 
of suffering several diseases compared to individuals with high numeracy (Davids, 
Schapira, McAuliffe, & Nattinger, 2004; Gurmankin, Baron, & Armstrong, 2004).

A signifi cant amount of evidence has also been accumulated regarding the 
role of numeracy in the context of fi nancial decision-making in the last decade 
(Jasper, Bhattacharya, & Corser, 2017; Lusardi, 2012; Sobkow, Garrido, & Garcia-
Retamero, 2020). In economic theory, optimal behavior under risk and uncertainty 
is interpreted by variants of expected value or expected utility models. These theories 
were proposed as a normative rational choice theory, where a rational agent should 
select an action that is expected to maximize its outcome (for an introduction, see 
Małecka, 2020). Although, when the normative theory was put to the test, it revealed 
that humans did not follow normative standards all the time. Therefore, a positive 
theory of behavior was proposed (i.e., prospect theory and later the cumulative 
representation of prospect theory) (Kahneman & Tversky, 1979; Thaler, 1980). It is 
a modifi cation of expected utility theory while keeping the framework of expected 
utility theory. Prospect theory used another set of psychological variables (i.e., 
reference point and non-linear weighting function) to address the discrepancies 
between normative models and human preferences but adhering to the assumption 
that human preference can be successfully modeled by weighting and summing 
operations inherited from expected value calculation (Hands, 2015; Tversky & 
Kahneman, 1992).
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Recent results point out that objectively numerate individuals are more sensitive 
to changes in expected value compared to less numerate individuals (Jasper, 
Bhattacharya, Levin, Jones, & Bossard, 2013). Furthermore, highly numerate 
individuals are also more consistent in their preferences regardless of how 
information is presented compared to individuals with low statistical knowledge. 
Numerate participants consistently choose riskier options in both decisions-
from-description and decisions-from-experience task, providing evidence for 
their consistency (Ashby, 2017). Interestingly, Cokely and Kelley (2009) showed 
that despite the positive relationship between numeracy and choices maximizing 
Expected Value (EV; Bernoulli, 1954; Russell & Norvig, 2002), protocol analyses 
revealed that individuals with high numeracy did not commonly use EV calculations 
to arrive at those choices. Instead, retrospective verbalization revealed that 
participants used elaborative heuristic search processes to make their decisions. 
Hence, the authors concluded that superior decisions could also be made with 
simple heuristic processes instead of energy-intensive weighting and summing 
operations (Gigerenzer, 2007; Gigerenzer & Goldstein, 1996). In addition, one 
can also interpolate that numerate individuals have a wider repertoire of decision 
strategies given that numerate individuals’ decisions resemble EV maximization 
strategy even though they are implementing heuristic processes. Put differently, 
numerate individuals are equipped with the toolkit necessary to use both an energy-
intensive EV calculation strategy and can also rely on simple heuristic processes.

In order to test the aforementioned conjecture, Traczyk et al. (2018) conducted 
a study examining whether people with high objective numeracy modulate their 
strategy to the consequence of the decision or whether they simply make normatively 
superior decisions regardless of the magnitude of the outcome. The authors 
observed that individuals with higher objective numeracy maximized EV and 
made choices consistent with the predictions of Cumulative Prospect Theory (CPT; 
Tversky & Kahneman, 1992) when the EV ratio difference between gambles were 
high. However, in problems where the EV ratio between gambles were low and the 
potential outcomes were comparable, highly numerate participants adapted their 
strategy and made choices consistent with the predictions of the Priority Heuristic 
(PH; Brandstätter, Gigerenzer, & Hertwig, 2006) and, on average, did not maximize 
EV or made decisions predicted by CPT compered to less numerate participants.

The main aim of the current study is to replicate the effect studied by Traczyk et 
al. (2018) where people with higher statistical numeracy, in comparison to people 
with lower statistical numeracy, strategically employ a more effortful choice strategy 
to make adaptive choices when the choice problem is meaningful. That is, I seek 
to replicate the effect where participants with high statistical numeracy (i.e., the 
ability to understand and process numerical and statistical information) will be more 
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likely to make choices consistent with the prediction made by CPT/EV, compared to 
participants with low statistical numeracy, in high-payoff choice problems but not in 
low-payoff choice problems.

METHOD

The current study is a pre-registered close replication study. Complete pre-
registration, experimental procedure, sample size estimation (R scripts), data used 
for analysis, complete analysis (R markdown fi le), and supplementary materials have 
been posted on the Open Science Framework (https://osf.io/cje9b/).

Procedure and materials
The current study is investigating the relationship between statistical numeracy 

and choices under asymmetric payoff conditions. Participants’ fl uid intelligence, 
objective numeracy, and subjective numeracy was measured using the International 
Cognitive Ability Resource (ICAR; Condon & Revelle, 2014), Berlin Numeracy Test 
(BNT; Cokely, Galesic, Schulz, Ghazal, & Garcia-Retamero, 2012), and Subjective 
Numeracy Scale (SNS; Fagerlin et al., 2007), respectively. Participants also responded 
to, randomly presented, thirteen high-payoff (outcome difference between two 
gambles is high) and eleven low-payoff (outcome difference between two gambles is 
low) choices in binary two-outcome gambles framed as gains.

Participants were instructed to complete the procedure individually during one 
session. They were further asked not to use a calculator and turn off any devices that 
might cause inattentiveness during the session. Tasks were designed in Inquisit Web 
(2016) software and ran in the Prolifi c platform. Texts were displayed in black font on 
a light gray background. During one session, after the demographic questionnaire, 
participants were asked to answer BNT, SNS, ICAR, and choice problems all 
presented in a random order.1 The entire procedure was presented in English and 
took 25 minutes on average (although there were no time constraints) to complete.

Objective statistical numeracy. In the article, objective statistical numeracy 
is defi ned as a metric to differentiate individuals profi cient in probabilistic and 
statistical computations (Cokely et al., 2012; Lipkus, Samsa, & Rimer, 2001; 
Schwartz, Woloshin, Black, & Welch, 1997). The Berlin Numeracy Test was used 
to measure objective statistical numeracy, risk literacy, and comprehension of 
probabilistic concepts. A computerized version of the Berlin Numeracy Test was used 

1 Presentation of each measure were done based on a sequence generated randomly.
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in the current study consisting of four items presented to participants in a predefi ned 
order. Possible scores ranged from 0 to 4 points, with higher scores indicating higher 
objective statistical numeracy.

Subjective numeracy. Subjective numeracy measures an individual’s perception 
of their numeracy (Fagerlin et al., 2007). In the study, subjective numeracy was 
measured using an 8-item self-assessment Subjective Numeracy Scale that includes 
two sub-scales referring to perceived numerical abilities (e.g., “How good are you 
at calculating a 15% tip?”) and preference for numerical and statistical information 
in daily life (e.g., “How often do you fi nd numerical information to be useful?”). 
Participants were instructed to choose options that best represent their beliefs about 
themselves. Possible scores ranged from 0 to 48 points, with higher scores indicating 
higher subjective numeracy.

Fluid intelligence. Fluid intelligence can be defi ned by an individual’s ability to 
use reasoning to solve abstract problems without or minimally using prior learning 
(McGrew, 2021). Four matrix reasoning items from ICAR were used to measure fl uid 
intelligence (Condon & Revelle, 2014). Reasoning problems were presented in the 
form of three-by-three matrices of elements with one missing element. Participants 
were instructed to identify the rule underlying the matrix and select one of the six 
response elements that satisfi ed the rule. Possible scores ranged from 0 to 4 points, 
with higher scores indicating higher fl uid intelligence.

Choice problems. Being a replication study, almost the same 24 (except one)2 
choice problems were used from the original study. Each choice problem was classifi ed 
either as a low or high payoff problem based on the EV ratio between gambles. 
When EV ratio between gambles are low (i.e., 1.5-1.6), choices are considered low-
payoff choice problems because playing them repeatedly, on average, would lead to 
relatively small differences in payoffs irrespective of the chosen gambles. Hence, it is 
assumed that low-payoff choice problems are trivial because much less consequence 
is attached when participants are choosing between options. Notwithstanding, when 
EV ratios between gambles are high (i.e., 5.56-5.87), choices are considered high-
payoff choice problems because the EV of each gamble differs signifi cantly. Therefore, 
it is assumed that high-payoff choice problems are meaningful because choosing any 
gamble with the higher EV, on average, will lead to much higher payoffs.

These choice problems were explicitly selected to distinguish between the strategy 
predicted by heuristic strategy (PH) and weighting and summing operation (CPT/

2 One choice problem differed from the original study because of inappropriate translation of research 
materials from Polish to English.
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EV). Put differently, choice problems were designed specifi cally to distinguished 
between weighting and summing operations embodied by compensatory expectation 
models (i.e., CPT/EV), and heuristics non-compensatory simple processes relying on 
trade-offs (i.e., PH). For example,

Gamble A:          $5.40 with 29%;          $0 with 71%

Gamble B:          $9.70 with 17%;          $0 with 83%

PH predicts that a decision-maker will choose Gamble A because the difference in 
minimum gain in probabilities is larger than 10% of the probability scale (i.e., 0.71 
vs. 0.83). In contrast, CPT with standard parameters from Tversky and Kahneman 
(1992) predicts that a decision-maker will choose Gamble B because of its greater 
CPT value (i.e., 1.38 vs. 1.78). Under the current experimental procedure, CPT 
predictions are to be the same as EV maximization strategy.3 Therefore, whatever 
participants decide, it will match with either PH theory’s prediction or will resemble 
EV maximization strategy/CPT theory’s prediction (for more elaboration, see Pachur, 
Hertwig, Gigerenzer, & Brandstätter, 2013). Regardless of the participant’s choice, it 
does not imply that participants conform to either theory. Instead, it was intended to 
examine and track changes (if any) in strategy (compensatory to non-compensatory) 
corresponding to changes in the payoff structure.

Differences between the original and replication study. Unlike the original study 
(Traczyk et al., 2018), the current study is not using the Need for Cognition Scale 
(NCS; Cacioppo & Petty, 1982) and Raven’s Advanced Progressive Matrices (RAPM; 
John & Raven, 2003). Instead, the current study uses International Cognitive Ability 
Resource (ICAR; Condon & Revelle, 2014) as a replacement for RAPM. Second, 
the mode of instruction between the original and the current replication study is 
different. The original study was in Polish, but the current replication study is in 
English. As a consequence, participants in the original study belonged mostly from 
Poland, but anyone profi cient in English can partake in the replication study. This 
might include a more heterogeneous sample, which may have an infl uence on the 
effect. Notwithstanding, to mitigate the effect of instruction difference, I have used 
the help of Google Translator and bilinguals (profi cient with both Polish and English) 
to make the translation as accurate to the original as feasible without distorting 
the meaning. Second, to control the potential effect of ICAR introduction, I have 
randomized presentations of each block to counterbalance the effect.

3 CPT prediction is aligned with EV maximization strategy for the current set of choice problems. All the 
gambles CPT predicts also have higher EV (i.e., EV of 1.57 vs. 1.65 for Gamble A vs. Gamble B). Therefore, 
when participants choose any gamble predicted by CPT, it means choosing a gamble with a higher EV value.
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Participants
The sample size was determined by simulation using the data collected in the 

original study. I used the Generalized Linear Mixed Model framework to estimate 
sample size to obtain 95% statistical power.

Sample size estimation model.

log

[
p(choice = 1)

1 − p(choice = 1)

]
= β0 + β1(BNT ) + β2(SNS) + β3(NCS) + β4(RAPM)+

β5(Payoff) + β6(Payoff : BNT ) + β7(Payoff : SNS)

+ subject0s + esi (1)

Where,

subject0s ∼ N(0, τ 2
00),

esi ∼ N(0, σ2).

Using the aforementioned model, I calculated the effect size for the interaction 
term between statistical numeracy (measured by the Berlin Numeracy Test) and 
payoff (high vs. low). Considering the effect size estimated in the original study
(R2 = .012, d = 0.442; Brysbaert & Stevens, 2018), simulation with 1000 random 
data points suggest that 75 participants would be suffi cient to obtain a signifi cant
(p < .05) interaction effect between BNT and payoff with 95% statistical power. 
(Arnold, Hogan, Colford, & Hubbard, 2011; Johnson, Barry, Ferguson, & Müller, 2015).

Out of seventy-fi ve participants, only two did not fi nish the entire study; hence 
their data is eliminated (in accordance with the disclosure made in the pre-
registration form). Seventy-three adult volunteers (age range: 19-57 years; mean = 27 
years) participated in an online study for a half-hourly compensation of £4.00 GBP 
(equivalent to approximately $5.5 USD). Participants were recruited via the Prolifi c 
platform, where they were explicitly told that the current study only examines their 
cognitive abilities, and compensation was by no means based on their performance 
in the study. Participation in the study was voluntary, and participants could quit 
the study at any time without any consequences. Participants gave informed consent 
before starting the study. The departmental ethics committee of SWPS University of 
Social Sciences and Humanities approved the study protocol.
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RESULTS

In order to examine how measures of individual differences4 interact with varied 
payoff structure, Pearson’s correlation were calculated and presented in Figure 1.
ICAR (a measure of fl uid intelligence) is signifi cantly correlated with both BNT
(a measure of objective numeracy) and SNS (a measure of subjective numeracy),
r = .32 (p = .006), and r = .30 (p = .011), respectively; however, BNT and SNS them-
selves have a negligible correlation of r = .04 (p = .744) unlike previous studies. Due 
to this unusual result, Cronbach’s a was calculated for both SNS (a = 0.78) and BNT 
(a = 0.62). In high-payoff choice problems (EV ratio is relatively high), both SNS 
and ICAR have a positive correlation of r = .34 (p = .003), and r =.32 (p = .005), 
with choices predicted by CPT/EV, respectively. However, higher scores in BNT are 
negatively correlated with CPT/EV consistent choices in low-payoff conditions (EV
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Figure 1. Pearson’s zero-order correlation coefficient matrix illustrating the relationships 
between measures used in the study. Significant correlations are marked with color. Here, BNT 
– Berlin Numeracy Test; SNS – Subjective Numeracy Scale; ICAR – International Cognitive 
Ability Resource; CPT/EV choices and RT in low and high payoff problems refer to response 
time and choices consistent with expected value predictions.

4 The descriptive table for individual difference measures are in the supplementary material section (https://
osf.io/65xdq/).
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ratio is relatively low) with a coeffi cient value of r = -.27 (p = .021). Lastly, there is a 
signifi cant correlation of r = .26 (p = .027) between ICAR and Response Time (RT; the 
time participants spend in each trial before making a decision.) in low-payoff choice 
problems, whereas there is negligible correlation of r = .1 (p = .4) between ICAR and 
RT in high-payoff choice problems.

Next, Mann-Whitney test was conducted to illustrate the difference in choice strat-
egy between participants with varying levels of numeracy. There is a signifi cant dif-
ference in choice strategy (W = 72242.5, p = 0 .003) between participants with high 
BNT scores compared to participants with low BNT scores in low-payoff condition 
with an effect size of -0.09. Similarly, participants with high BNT scores also fol-
lowed signifi cantly different choice strategy than participants with low BNT scores in 
high-payoff condition (W = 118852.5, p = 0.006) with an effect size of 0.07.
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Figure 2. Decision strategy as a function of BNT, ICAR, and SNS scores. Changes in decision 
strategy under varied payoff condition illustrated using different colours. Here, BNT – Berlin 
Numeracy Test; SNS – Subjective Numeracy Scale; ICAR – International Cognitive Ability 
Resource; 0 = PH refers to choices consistent with Priority Heuristic; 1 = CPT/EV refers
to choices consistent with Cumulative Prospect Theory/Expected Value.
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Figure 2 affi rms the aforementoned results and further communicates how subjective 
numeracy, fl uid intelligence, and objective numeracy predict different aspects of human 
decision-making. These differences are especially apparent in low-payoff conditions, 
where participants with higher BNT scores made decisions more consistent with the 
strategy predicted by PH as opposed to participants with higher SNS and ICAR scores.

This contrasting strategy selection is what motivated me to use a multivariate anal-
ysis technique such as Canonical Correlation Analysis (CCA) to test the relationships 
between variables (i.e., BNT, SNS, ICAR, CPT/EV consistent choices, and payoff) with-
out committing, or minimizing the probability of committing, a Type I error (Sherry & 
Henson, 2005). I performed bivariate correlation (Pearson r) between Canonical Vari-
ate 1 (CV1) and Canonical Variate 2 (CV2). CV1 is a synthetic predictor variable consist 
of linear combination of BNT, SNS, & ICAR. In contrary, CV2 is a synthetic criterion 
consist of linear combination of CPT/EV consistent choices, and payoff sensitivity.

Table 1
Loadings on CV1, & CV2

CV 1 CV 2
BNT -0.31 0.847
SNS 0.65 0.551
ICAR 0.705 0.311

CV 1 CV 2
Choice 0.817 -0.577
Payoff -0.005 0.999

Table 1 shows the weights for all three variables that formulate synthetic predictor 
and two variables that formulate synthetic criterion. The two variables “SNS” and 
“ICAR” load mostly on CV1. CV1 is also strongly related to the variable “choice”. 
On the other hand, both “BNT” and “Payoff” variable loads mostly on CV2. There is
a sign difference between SNS, ICAR, and BNT corroborating earlier evidences from 
the correlational matrix and Figure 2. In addition, BNT has a negative structure co-
effi cient on CV1 and a high positive structure coeffi cient on CV2. The sign difference 
indicates opposite relationships with “Choice” variables.

Table 2
Wilcoxon signed-rank test was conducted for participants with high BNT score and Student’s
t-test was conducted for participants with low BNT scores

BNT score Condition 1 Condition 2 t df p
High RT in High-Payoff (log) - RT in Low-Payoff (log) 256.500 0.025
Low RT in High-Payoff (log) - RT in Low-Payoff (log) -0.845 31 0.405

Note. Paired Samples T-Test.
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Next, exploratory analysis were performed to observe the relationships between 
response time, payoff, and numeracy. There is a signifi cant difference in RT be-
tween low and high-payoff conditions5. Participants’ RT was longer (Mean = 8.233, 
SD = 0.769) in low-payoff conditions compared to high-payoff conditions 
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Figure 3. Decision strategy as a function of RT and BNT scores under varied payoff condition. 
Here, BNT – Berlin Numeracy Test; RT – Response time; 0 = PH refers to choices consistent 
with Priority heuristic; 1 = CPT/EV refers to choices consistent with Cumulative Prospect 
Theory/Expected Value.

5 Tables are in Supplementary Materials section.
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(Mean = 8.131, SD = 0.725). Put differently, participants spent comparatively more
time over choice problems when the outcome difference between gambles is low 
regardless of participants’ numeracy level. Furthermore, participants with higher 
BNT scores have signifi cantly longer (Mean = 8.241, SD = 0.700) RT compared to 
participants with low BNT scores (Mean = 8.096, SD = 0.796). Previous results 
(i.e., Mann-Whitney test results and Figure 2) point out a signifi cant difference in 
participants’ choice strategy based on their numeracy levels in both high and low 
payoff condition. Analysis of RT data shows a similar trend but only for highly 
numerate participants. As Table 2 indicates, there is a signifi cant difference in RT 
between high and low payoff conditions for only participants with high BNT scores, 
whereas there is no such difference for participants with low BNT scores. Figure 
3 effectively corroborates earlier results while validating the interaction effect be-
tween payoff, numeracy, and RT across participants.

Notwithstanding, drawing robust conclusion from the aforementioned results 
is not ideal due to weaker conditional independence. In order to make effective 
conclusion from the choice data at hand, multi-level regression analysis using Gen-
eralised Linear Mixed Model (GLMM) framework was performed (see, McElreath, 
2018). In the model, logit function was used as the link function with four fi xed 
effect parameters, two interaction terms, and one random factor. This basic model 
was declared in the pre-registered form.

Model 1:

log

[
p(choice = 1)

1 − p(choice = 1)

]
= β0 + β1(BNT ) + β2(SNS) + β3(ICAR) + β4(Payoff)+

β5(Payoff : BNT ) + β6(Payoff : SNS) + subject0s + esi (2)

Where,

subject0s ∼ N(0, τ 2
00),

esi ∼ N(0, σ2).

Here, β0, β1....,β4 are fi xed effect parameters, while β5, β6 capture interaction ef-
fects. Lastly, error term (esi) and random effect (subject0s) is modeled under normal 
distribution with mean 0 and variance σ2, and τ00

2 , respectively. Model 1 has a Nak-
agawa marginal and conditional R2 value of 0.41 and .59, respectively with an AUC of 
ROC value of 89.69% (Nakagawa & Schielzeth, 2013).

However, Model 1 fails to account for all possible by-subject dependencies. The 
experiment has multiple observations per combination of participant and payoff con-
ditions, so this variability in the population will also create clustering in the sample, 
and subjects0 alone cannot capture all this variability because it only allows partici
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Table 3
Fixed effects of Model 1

Estimate Std. Error z value Pr(>| z |)
(Intercept) 0.426 0.238 1.790 0.073

Payoff 2.626 0.208 12.656 <0.001
ICAR 0.374 0.137 2.733 0.006
SNS 0.046 0.025 1.845 0.065
BNT -0.420 0.330 -1.274 0.203

Payoff:BNT 1.285 0.307 4.191 <0.001
Payoff:SNS 0.036 0.023 1.540 0.124

Table 4
Random effects of Model 1

Groups Name Variance Std.Dev.
Subject (Intercept) 1.387 1.178

Number of obs: 1752
Groups: Subject = 73 

pants to vary around β0. Hence, random slope was added to allow participants to vary 
with respect to β4, our treatment effect. Lastly it is assumed that each participant to 
have varied preferences among a gamble set; hence Model 1 also lacked a second 
random effect intercept.

Model 2:

log

[
p(choice = 1)

1 − p(choice = 1)

]
= β0 + β1(BNT ) + β2(SNS) + β3(ICAR) + β5(RT )+

β6(Payoff : BNT : RT ) + subject0s + Gamble0i

+ (β4 + subject1s)Payoffi + esi (3)

Where,

(subject0s, subject1s) ∼ N

⎛
⎝0,

[ ⎛
⎜⎜⎝ τ 2

00 ρτ00τ11)

ρτ00τ11 τ 2
11

⎞
⎟⎟⎠

]⎞
⎠,

gamble0i ∼ N(0, η2
00),

esi ∼ N(0, σ2).
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Here, as seen in line 2 of Equation 2, I follow standard assumptions in taking this 
distribution as a bi-variate normal distribution with a mean of (0, 0) and three free 
parameters: τ00

2 (random intercept variance), τ11
2 (random slope variance), and ρτ00τ11 

(the intercept/slope co-variance). Lastly, the intercept of gamble0i is also drawn from 
a normal distribution with a mean of 0 and variance of σ2.

Model 2, compared to Bayes Factor (BF) of 0.005 for Model 1, has a higher BF of 
200.87 (Schönbrodt & Wagenmakers, 2018). In addition, Model 2 also has a higher 
Nakagawa marginal and conditional R2 value of 0.414 and 0.68 respectively, with a 
higher AUC of ROC value of 92.44%. Model 1 has a RMSE, and log loss scores of .36 
and .404 whereas Model 2 has lower RMSE, and log loss scores of .33 and .351, re-
spectively. Moreover, Model 2 has a lower deviance score of 1542.1 compared to the 
deviance score of 1597.5 of Model 1. In light of the above information, Model 2 is 
much better at explaining variance with much lower BIC and AIC scores of 1646.7, 
and 1570.1 respectively, compared to BIC, and AIC scores of Model 1 1657.3, and 
1613.5, respectively.

Table 5
Fixed effects of Model 2

Estimate Std. Error z value Pr(>| z |)

(Intercept) 0.746 0.323 2.308 0.021

Payoff 3.026 0.434 6.971 <0.001

Medium RT -0.177 0.170 -1.043 0.297

Short RT -0.373 0.178 -2.099 0.036

BNT -0.374 0.381 -0.980 0.327

SNS 0.042 0.029 1.463 0.143

ICAR 0.403 0.154 2.618 0.009

Payoff:Long RT:BNT 1.625 0.537 3.027 0.003

Payoff:Medium RT:BNT 1.580 0.537 2.940 0.003

Payoff:Short RT:BNT 1.371 0.549 2.497 0.013

Table 6
Random effects of Model 2

Groups Name Variance Std.Dev. Corr
Subject (Intercept) 1.789 1.338

Payoff 1.682 1.297 0.340
Gamble ID (Intercept) 0.439 0.662

Number of obs: 1752
Groups: Subject = 73
Gamble ID = 24.
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Figure 4. Predicted decision strategy as a function of RT and BNT scores under varied payoff 
condition. Here, BNT – Berlin Numeracy Test; RT – Response time; 0 = PH refers to choices 
consistent with Priority heuristic; 1 = CPT/EV refers to choices consistent with Cumulative 
Prospect Theory/Expected Value.

As Table 5 indicates, there is signifi cant interaction between participants’ objec-
tive numeracy and response time in varied payoff conditions. Figure 4 illustrates 
this interaction more prominently. It was generated by estimating marginal means 
(predicted values) from Model 2 using ggeffects R package (Lüdecke, 2018). High 
resemblance between simulated data (i.e., Figure 4) and observed data (i.e., Figure 3) 
indicates robustness of the data collected; at the same time, it attests to the capability 
of Model 2 to successfully model current data and predict future observations.
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DISCUSSION

The present study examined whether people with higher statistical numeracy, in 
comparison to people with lower statistical numeracy, strategically employ a more 
effortful choice strategy to make adaptive choices when the choice problems are 
meaningful.

Current fi nding shows that highly numerate individuals seem to follow compen-
satory decision strategy embodied by CPT/EV signifi cantly more times when the out-
come difference between gambles is high compared to less numerate individuals. 
However, in low-payoff condition, highly numerate individuals change their strategy 
and opt for a non-compensatory policy that resembles predictions from PH signifi -
cantly more times than less numerate individuals. This modulation in strategy be-
tween two payoff conditions is present for all participants, but the shift in strategy 
is substantially distinct for highly numerate individuals than individuals with low 
numeracy, attesting to highly numerate individuals’ acuity to changes in payoff struc-
ture. The result suffi ciently replicates the fi nding from the original study and the dis-
closure made in the pre-registration form. This result is also consistent with earlier 
work (Estrada-Mejia, de Vries, & Zeelenberg, 2016; Ghazal, Cokely, & Garcia-Reta-
mero, 2014; Horn & Freund, 2021; Pachur et al., 2013; Traczyk et al., 2018).

Furthermore, highly numerate individuals did not only made changes in their 
decision strategy, but also modulated other aspects (i.e., response time) of decision 
making in accordance with the environment. Current exploratory analysis indicates 
that highly numerate individuals signifi cantly modulated the amount of time (RT) 
they spent on each choice problem based on payoff condition; however, individuals 
with low statistical numeracy did not adjust their response time in relation to payoff 
condition. Consequently, highly numerate participants strategically employ a more 
effortful choice strategy to make adaptive choices when the choice problem is mean-
ingful but choose to opt for a heuristics strategy when choices are less meaningful. 
The current result corroborates with choice data and attests to highly numerate indi-
viduals’ discernible sensitivity to payoff structure changes.

Apart from measuring objective numeracy, two other scales were also used to 
measure subjective numeracy and fl uid intelligence. Results show that objective and 
subjective numeracy explains different aspects of human decision-making (Peters & 
Bjalkebring, 2015). Individuals with high BNT scores, on average, opted for a strat-
egy predicted by PH in low-payoff conditions, opposite of individuals with high SNS 
scores. On the other hand, on average, individuals with low SNS scores opted for a 
strategy predicted by PH in low-payoff conditions, opposite of individuals with high 
BNT scores. Existing literature suggests that individuals with high objective numer-
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acy are better equipped to do number comparisons, operations, and calculations, 
whereas subjective numeracy has been linked to emotional reactions to numbers. 
Individuals with higher subjective numeracy, unsurprisingly, have more confi dence 
in their ability to perform effectively in numeric tasks and follow EV maximization 
policy irrespective of the payoff structure (Peters & Bjalkebring, 2015; Traczyk et 
al., 2018). On the contrary, numerate participants are more sensitive to changes in 
the environment and make normatively superior decisions adaptively. This contrast 
helps to explain quantitative differences in predictions from subjective and objective 
numeracy measures. Although contrary to earlier studies, there is a negligible cor-
relation between SNS and BNT in our study (Sobkow, Olszewska, & Traczyk, 2020; 
Traczyk et al., 2018). Authors of SNS argued that SNS could replace BNT or could 
be used as a proxy of BNT (Fagerlin et al., 2007). However, results from the origi-
nal study and the current study indicate that both scales predict different outcomes 
hence can not be replaced or be used interchangeably.

Nevertheless, there are some limitations I need to acknowledge. From the data, 
I could not conclude whether less numerate individuals were making choices that 
are more consistent with predictions made by CPT/EV theory or they made random 
choices, given choices are less meaningful in low-payoff conditions. Put differently, 
for choices in which outcome differences between gambles are low, less numerate 
participants could have been more inconsistent and switched between strategies (i.e., 
CPT/EV, PH, random), but such questions are beyond the current experimental pur-
view. Future research can look into this matter. The current replication study used a 
within-participant design. In future studies, I intend to conduct further experiments 
with between-participant design to establish the causal relationship between adap-
tive behavior and numeracy. The current study was conducted in the gain domain. 
Hence current gambles used in the study may not capture risk attitude of participants 
adequately. Future work should use gambles from the mixed domain. Lastly, partici-
pants had the luxury to spend as much time as they wished for each problem, but in 
reality, there are always costs associated with time. Hence, I intend to further explore 
whether numerate individuals continue to follow EV maximization strategy in mean-
ingful circumstances under time pressure.

CONCLUSION

The current study suffi ciently demonstrated that subjective and objective numer-
acy made quantitatively different predictions under risk. Importantly, I successfully 
replicated the effect where objectively numerate decision-makers are more sensitive 
to changes in payoff structure and modulate their strategy to an effortful choice strat-
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egy in order to make adaptive choices when the choice problem is meaningful. In 
summary, I demonstrated that people with higher statistical numeracy, compared to 
people with lower statistical numeracy, strategically employ more energy-intensive 
choice strategies to make adaptive choices when the choice problem is meaningful; 
otherwise, numerate individuals use less effortful heuristic strategies.
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