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During the COVID-19 pandemic, people across the globe have
been exposed to large amounts of statistical data. Previous
studies have shown that individuals’ mathematical
understanding of health-related information affects their
attitudes and behaviours. Here, we investigate the relation
between (i) basic numeracy, (ii) COVID-19 health numeracy,
and (iii) COVID-19 health-related attitudes and behaviours.
An online survey measuring these three variables was
distributed in Canada, the United States (US) and the United
Kingdom (UK) (n = 2032). In line with predictions, basic
numeracy was positively related to COVID-19 health
numeracy. However, predictions, neither basic numeracy nor
COVID-19 health numeracy was related to COVID-19 health-
related attitudes and behaviours (e.g. follow experts’
recommendations on social distancing, wearing masks etc.).
Multi-group analysis was used to investigate mean differences
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and differences in the strength of the correlation across countries. Results indicate there were no
between-country differences in the correlations between the main constructs but there were
between-country differences in latent means. Overall, results suggest that while basic numeracy is
related to one’s understanding of data about COVID-19, better numeracy alone is not enough to
influence a population’s health-related attitudes about disease severity and to increase the
likelihood of following public health advice.
ing.org/journal/rsos
R.Soc.Open

Sci.9:201303
1. Introduction
The outbreak of the COVID-19 pandemic is an unprecedented event. While human history is dotted with
pandemics, never before have we been able to track and model a disease with such sophistication. One of
the many ways in which COVID-19 represents a watershed moment is the way in which it has pushed
people across the planet to process and interpret rapidly evolving numerical information to inform their
behaviour. Websites reporting COVID-19 statistics, such as total number of infections and total number
of deaths, have been created (e.g. https://coronavirus.jhu.edu) and are widely cited in media reports on
COVID-19, leading to unprecedented levels of attention to dynamic numerical information among the
general population.

In addition to the numerical information pertaining to the consequences of the virus (e.g. number of
cases, number of deaths), people across the planet are being introduced to unfamiliar and challenging
mathematical concepts, such as ‘flattening the curve’, ‘exponential growth’, ‘false negative rates’ of
COVID-19 tests, etc. Specifically, the degree to which individuals can make sense of COVID-19 numbers
may influence the way they understand these critical health-related concepts which may, in turn,
influence their adherence to public health advice and their perception of the risks posed by COVID-19.

Indeed, several experts in the study of mathematical cognition have recently discussed the role that
numeracy (e.g. understanding proportions, large numbers) may play in how individuals estimate the
risks associated with COVID-19 [1–3]. For example, an online experimental study with over 1200 US
participants found that those exposed to a short educational intervention consisting of a worked
example with instructions on how to calculate fatality rates were more accurate on post-intervention
health decision-making problems than those participants who were randomly assigned to a control
condition [3]. Importantly, COVID-19 risk perceptions and worry increased throughout the 10-day
study for those in the intervention condition, relative to those in the control condition. Since risk
perception inherently involves magnitude comparisons (i.e. higher versus lower risk), improving
proportional understanding may have increased the accuracy involved in assessing risk magnitude.
However, there are still open questions pertaining to the ways in which numeracy and understanding
of health information related to COVID-19 may affect people’s behaviour in response to the pandemic.
Therefore, the aim of the present study is to address these knowledge gaps. In what follows, we first
review the mathematical concepts and misconceptions that are relevant to understanding COVID-19-
related information. We then go on to discuss how we aim to study the interrelations between
(i) basic numerical processing and understanding (hereafter basic numeracy), (ii) health numeracy
directly relevant to COVID-19 (hereafter COVID-19 health numeracy), and (iii) COVID-19 health-
related attitudes and behaviours.

During the COVID-19 pandemic, policy makers and public figures frequently cite numerical
information in order to defend decisions and influence public action. For example, some have argued
against radical actions (e.g. stay-at-home orders and business closures) on the premise that equally large
numbers of people die from other causes, such as automobile accidents, every year without causing
nationwide shutdowns [4]. As of 7 April 2020 (nearly a month after the first COVID-19 death was
recorded in the US), John Hopkins University reported 31.4 thousand COVID-19-related deaths in the
US compared with the 39.4 thousand deaths reported by the National Safety Council due to car
accidents in the US over the course of 2018. However, comparing the current number of COVID-19-
related deaths with the number of people who died in car accidents in a given year is like comparing
apples and oranges, in part because both statistics have different denominators (i.e. one is per month
while the other is per year). When taking the time period into account, we can observe that 31.4
thousand people died of COVID-19 while approximately 3 thousand people died of car accidents in the
same one-month time period (39 000/12 = 3250), leading us to draw drastically different conclusions
about the severity of the pandemic. This example shows how important relational information (i.e.
proportions) is when making decisions surrounding COVID-19.

https://coronavirus.jhu.edu
https://coronavirus.jhu.edu
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Despite the importance of understanding relational information, there is a wealth of empirical
evidence to show that processing proportions (fractions, decimals, percentages or odds ratios) are
challenging for many adults [5,6]. What underlies these difficulties in processing proportions? One of
the possible sources is the whole number bias. The whole number bias refers to the inappropriate use
of whole number properties (i.e. natural numbers) when processing rational numbers (e.g. fractions
and decimals; [7]). In the specific case of fractions and odds ratios, the whole number bias also
manifests when individuals pay more attention to the components of the proportion (i.e. the
numerator and/or denominator) rather than to the magnitude of the entire ratio (i.e. the relation
between the numerator and denominator; [8,9]). For example, an individual might perceive a chance
of 1 in 10 as being smaller than 10 in 100 simply because the numbers of the first figure (i.e. 1 and 10)
are smaller than the numbers in the second figure (i.e. 10 and 100) although they represent the same
proportion (i.e. 0.1).

In applied settings, paying attention to the magnitude of components rather than to the magnitude of
the entire proportion can lead to other types of related biases, such as denominator neglect. Denominator
neglect occurs when individuals compare two or more numbers of events without taking into account
the total number of opportunities for that event to occur [6]. In the context of the COVID-19
pandemic, examples of this bias are common in the media when public figures state that the US has
carried out more tests than any other country while ignoring the fact that the number of tests per
capita (i.e. the number of tests accounting for population size) is much lower than several other
countries at the time of writing. In addition to these misleading claims, other factors, such as how
statistics are presented in the media, can also increase the occurrence of denominator neglect in the
general population. For example, the media often reports, either directly or with the use of graphs,
absolute magnitudes such as the total number of COVID-19 cases. Although this information is
important for health planning (e.g. estimating the number of ventilators needed), it also puts focus on
the numerator and leads to individuals comparing different regions to ignore total population size.

As is evident from the above, a strong understanding of proportions in a variety of formats is
necessary in order to accurately understand COVID-19-related information. Moreover, the size of the
numbers that are contained within COVID-19-related data may be a barrier to understanding that
information and acting accordingly. For instance, it has been shown that many individuals have
misrepresentations when it comes to their understanding of large numbers (i.e. in the order of
thousands, millions and billions; [10,11]). Failing to grasp important magnitude differences between
large numbers could result in altered perceptions, such as minimizing the impact of the pandemic on
a larger scale. Furthermore, processing proportions with large numbers may create additional
cognitive load, even when individuals have an accurate representation of large numbers [12]. Lastly,
large numbers in COVID-19 data are a result of the virus’s exponential spread, which is another
concept that is poorly understood, since people are more often exposed to linear (or arithmetic)
growth [13]. All of these factors may translate into difficulty digesting complex mathematical
information related to large-scale numbers associated with COVID-19. As a result, poor understanding
of these concepts may lead people to undermine efforts to slow the spread of the disease by not
following social distancing guidelines.

The review of the literature above suggests that having difficulties understanding mathematical
concepts and accurately processing numerical quantities may influence the way in which individuals
understand and act upon COVID-19-related information. Indeed, it has been shown that individuals
with higher numeracy skills are more likely to pay attention to numerical information, interpret it
correctly and make decisions accordingly relative to those with low numeracy skills [14]. By contrast,
individuals with relatively low numeracy skills are more susceptible to bias. For example, they are
more likely to ignore numerical information and instead rely on intuitions based on emotional states
and other extraneous factors, such as their trust in, or distrust of, the information source [14,15].
Furthermore, numeracy has been shown to influence how people evaluate risk [16–18]. For example,
individuals with higher numeracy levels have been shown to respond differently to high-risk versus
low-risk situations while individuals with low numeracy levels do not [16]. Another study on
numeracy and adaptive decision-making found that individuals with low numeracy skills were more
likely to choose riskier options when small losses were inevitable [19].

To the best of our knowledge, there has, to date, been no study that has examined the role of
basic numeracy alongside applied, health-related numeracy on health outcomes. However, evidence
from disparate areas of psychology and health informatics suggests that the three main variables,
basic numeracy, COVID-19 health numeracy and COVID-19 health-related attitudes and behaviours
are related.
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First, there is a wealth of evidence that suggests that those with stronger basic numeracy are better
equipped to apply this knowledge to diverse and novel contexts [20–22]. Given that public information
about COVID-19 disseminated in the media requires the understanding of numerous mathematical
concepts that are typically not encountered in the day-to-day, it is likely that those in the population
that possess stronger basic numeracy would have a stronger grasp of the risks relating to the pandemic.
Second, there exist many studies on health literacy, which have examined the association between
applied mathematical skills, such as health- and non-health-related word problems, and health-related
decisions and outcomes. Those who perform better at these problems tend to have better health
outcomes in the future [23,24]. Finally, stronger basic numeracy may have an independent effect on
health outcomes controlling for health numeracy. At an equal level of health numeracy, those with
stronger basic numeracy may be more capable of understanding the underlying numerical concepts of
COVID-19 health information. As such, they would be better equipped in spotting common pitfalls to
which those less familiar with the underlying numerical concepts may fall prey.

The current study directly addresses this critical knowledge gap by assessing the relation of both (i)
basic numeracy and (ii) COVID-19 health numeracy to (iii) COVID-19 health-related attitudes and
behaviours in a correlational study. Basic numeracy involves numerical magnitude processing and
conceptual understanding of rational numbers (e.g. proportions). COVID-19 health numeracy is our
measure of health numeracy relevant for understanding numerical information about COVID-19 (e.g.
risk factors and flattening the curve). And lastly, COVID-19 health-related attitudes and behaviours
index people’s perception of, and adherence to, policies such as social distancing and handwashing. It
is hypothesized that all three variables are positively related with one another. Specifically, that basic
numeracy is positively correlated with COVID-19 health numeracy, that COVID-19 health numeracy is
positively correlated with COVID-19 health-related attitudes and behaviours, and that basic numeracy
is positively correlated with COVID-19 health-related attitudes and behaviours.

The primary aims of the current study are (i) to assess the interrelations among basic numeracy, health
numeracy and health-related attitudes and behaviours and (ii) determine whether the relations among
the three variables differ across three different countries: Canada, the US and the UK. These countries
were chosen because (i) they are all members of the G7 and thus have comparable economies and
political systems, and (ii) the response to COVID-19 (e.g. when lockdown and re-opening measures
were implemented) as well as the case fatality and testing rates differed between the three countries.
Furthermore, the majority language for all three countries is the same (i.e. English), thereby limiting
potential confounds driven by linguistic differences in number representation [25]. Investigating the
between-country differences in the strength of the correlations and between-country differences in
how covariates may influence this relation will allow us to comment on whether and how the
strength of the relations among the variables differ across countries, which can inform short-term
government policies related to COVID-19. For a full summary of the study hypotheses considered,
corresponding analyses, contingencies and resulting interpretations in graphical form, see electronic
supplementary material, table S1.
2. Methods
2.1. Participants
After removal of participants according to the preregistered criterion (see Outlier identification and
Missing data), the final sample consists of 2032 participants who completed an online survey hosted
by Qualtrics. The final sample consists of 680 participants (296 females) from the US, 677 participants
(356 females) from Canada, and 675 (359 females, 1 non-binary) from the UK. Other relevant
demographic information is reported in the results.

2.2. Procedure and materials
Qualtrics collected the data using their participant panels in December 2020. The survey took
approximately 20 min to complete and included four sections: demographics and other cultural
variables, basic numeracy, COVID-19 health numeracy and COVID-19 health-related attitudes and
behaviours. The survey started with the consent form, followed by the demographics section for all
respondents. The order of the other three sections (i.e. basic numeracy, COVID-19 health numeracy and
COVID-19 health-related attitudes and behaviours) was randomized across respondents (figure 1). The



– age, gender, country of
   residence, ethnicity, SES,
   employment status and
   living situation
– COVID-19 news, anxiety,
   political leaning

– NLE (whole numbers,
   fractions, percentages, large
   numbers, and non-symbolic
   ratios)
– conceptual knowledge
   (fractions and decimals)
– one-item version of the
   Berlin numeracy test

– frequent recommendations
– behaviour changes
– severity and impact of the
   COVID-19

– graph literacy
– proportions
– odds ratios
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– device used to answer
– technical problem report

ending questions
COVID-19 health
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survey flow
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COVID-19
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Figure 1. Overview of the flow of the survey. SES = socioeconomic status. NLE = number line estimation.
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survey ended with a few questions about the device that they used, a seriousness check (in which
participants were asked whether they would keep their data if they were the experimenter), and a
question about any technical problems they may have faced. For a list of all items, see supplementary
material (https://osf.io/qpdnt/).

Additionally, it should be noted that the current study is a registered report with a preliminary
measurement study conducted as part of the revision process. Survey, data and results for the
preliminary measurement study can be accessed in the electronic supplementary material.

2.3. Demographics and other potential covariates
Detailed demographic information was collected using 14 items covering age, gender, country of
residence, ethnicity, socioeconomic status (SES; [26]), employment status (adapted from the World
Values Survey, WVS-6; [27]) and living situation. In addition to these demographic variables, a short
list of potential moderating or confounding variables was collected to test for their possible effect on
variables of interest, namely COVID-19 news consumption (three items), anxiety (three items),
political leaning (one item). For behaviours related to news consumption, participants indicated how
often they accessed news sources (e.g. news websites, government communication) or social sources
(e.g. social media, friends and family) for news on a scale of 1 (daily) to 5 (less than monthly) and
how well informed they felt about the pandemic on a scale of 1 (not informed) to 4 (very informed).
The items measuring anxiety were adapted from the single-item math anxiety scale [28] and
measured general anxiety [29], anxiety related to COVID-19 and math anxiety. Participants rated their
anxiety level on a scale of 1 (not anxious) to 10 (very anxious). For political leaning, participants were
asked to rate their beliefs on a visual analogue scale with ‘left/liberal’ label at the left end and ‘right/
conservative’ label at the right end (adapted from the WVS-6; [27]). Finally, information about the
type of electronic device used to complete the survey was collected due to the nature of the response
to the number line tasks. It was expected that participants would use either computers or mobile
devices to respond to the questionnaire, meaning that the total length of the number lines would vary
from one device to the other. Therefore, information about the device used to answer the survey was
collected to test for differences in number line accuracy due to screen size. Demographics items were
presented in a fixed order as no order effect was expected.

2.4. Basic numeracy
The basic numeracy measure is designed to capture elements of numeracy that are relevant for
understanding health information related to COVID-19 and includes a total of 30 items. It was created
by adapting and combining four existing measurement tools focused on the understanding and
processing of proportions and large numbers.

https://osf.io/qpdnt/
https://osf.io/qpdnt/
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First, numerical magnitude processing was measured using the number line estimation task (NLE),
a task that has been consistently found to be correlated with different mathematical skills [30].
In this task, the participant was presented with an empty number line bound on each side. The
participant was given a number and asked to indicate its location on a number line with respect
to the two endpoints. Five versions of the task were used to assess participants’ understanding of
whole numbers (six items), fractions (six items), percentages (three items), large numbers (five items),
and non-symbolic ratios (three items). For all number line items, accuracy was scored using
percentage absolute error (PAE), which is the absolute difference between the estimated and the
correct answer divided by the scale of the number line. Therefore, a higher PAE indicates lower
accuracy (i.e. estimation is further away from true value), while a low PAE indicates higher accuracy.
Stimulus numbers were selected because they showed suitable variability for capturing individual
differences in previous research [3,10]. For all five number line versions, at least three of the items
were matched for relative position on the number line to provide points of comparison across number
line types.

Second, conceptual knowledge of fractions and decimals was measured using two multiple-choice
items and two fill-in-the-blank items selected from the fraction-knowledge assessment [31] in addition
to two open-ended items selected from the rational number sense test [32]. Whereas number line
items assess the processing of specific magnitudes, these items assessed broader conceptual
understanding of rational numbers, such as fractions and decimals (e.g. How many possible fractions
are between 1/4 and 1/2?). These six items were scored correct (1) or incorrect (0). Lastly, the one-
item version of the Berlin numeracy test [33] was included in the basic numeracy measure. Although
it has been proven as a valid and reliable test of risk literacy, it is often used as a measure of general
numeracy and was used to validate the novel basic numeracy measure described in this section. The
item included in this survey has been shown to discriminate participants roughly into a top and
bottom half of risk literacy in a number of samples across several countries [33]. The item was scored
correct (1) or incorrect (0).

Basic numeracy items were presented pseudo-randomly: the items were randomly presented within a
group of similar items to reduce task switching. For example, all items consisting of non-symbolic ratios
were presented on the same page in a random order and were not mixed with other variants of the
number line task. A complete list of items can be found at: https://osf.io/qpdnt/).

2.5. COVID-19 health numeracy
COVID-19 health numeracy measured understanding of COVID-19 concepts and statistics using a
custom-made questionnaire composed of 18 multiple-choice items. Items covered three concepts
important to understanding COVID-19-related data in the media: graph literacy, proportions and
ratios. Fictional data were used in all sections in order to avoid bias due to prior COVID-19
knowledge. All items were multiple-choice format and were scored correct (1) or incorrect (0).
Therefore, a higher score indicates high understanding of COVID-19-related concepts and statistics,
whereas a lower score indicates poor understanding of COVID-19-related concepts and statistics.

Nine items measured graph literacy. Of these, five items were conceptually modelled after the graph
literacy scale proposed by Galesic & Garcia-Retamero [34]. Individuals were shown a graph representing
the total number of confirmed COVID-19 cases over time for two fictional countries, one with linear
growth and the other with exponential growth. Four of these items had one of three difficulty levels
related to graph literacy. The first difficulty level consisted of retrieving information, such as data
points, directly from the graph (one item). The second difficulty level consisted of evaluating
relationships between data points, for example, by finding where two curves intersect each other (two
items). The third level consisted of making inferences from the information given by the graph,
without the information being directly observable in the graph (one item). Also, one item measured
explicit knowledge of linear and exponential functions. The last four graph literacy items tested
individuals’ knowledge of ’flattening the curve’ and were accompanied by a diagram showing curves
for the number of cases over time, with and without social distancing. Questions tested participants’
understanding of the effects of social distancing on various aspects of potential infection rate
scenarios, such as length of outbreak and the height and latency of the peak of infection of the
pandemic, based on the diagram.

Six items measured the ability to accurately process absolute and relative magnitudes in the context of
a highly infectious disease. A table containing fictional data about COVID-19 (i.e. number of confirmed
cases, number of deaths, number of tests and total population) for three fictional countries were

https://osf.io/qpdnt/
https://osf.io/qpdnt/
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presented. Similar to the section on graph literacy, items had one of two difficulty levels. The first
difficulty level assessed the ability to retrieve relevant data from the table (e.g. ‘Which country has
conducted the most COVID-19 tests?’; three items). The second difficulty level assessed the ability to
obtain relevant proportions from the data in order to accurately compare country statistics (e.g.
‘Which country has the highest fatality rate for COVID-19?’; three items).

Finally, three items measured participants’ ability to compare risk ratios. A situation describing
fictional fatality rates for COVID-19 alone as well as for two other hypothetical risk factors were
presented using risk ratios. Items involved comparing the odds ratios associated with the different
risk factors and calculating relative risk.

Similar to items in the basic numeracy section, COVID-19 health numeracy items were presented
pseudo-randomly. In other words, items within a subsection (e.g. items about flattening of the curve)
were always presented together in a random order to reduce task switching. For a list of items, see
the supplementary material (https://osf.io/qpdnt/).
R.Soc.Open
Sci.9:201303
2.6. Attitudes and behaviours toward COVID-19
Attitudes and behaviours toward COVID-19 were measured using a total of 17 items. The first 12 items
focused on four frequently issued recommendations by health authorities (e.g. WHO): washing hands
frequently and thoroughly, staying home unless travel is essential, social distancing and wearing a
mask in public. For each recommendation, participants were asked to indicate (i) when applicable, the
extent to which they have followed the respective recommendation on a scale of 1 (Never) to 10
(Consistently all the time), and (ii) how useful they think this recommendation is in the fight against
the COVID-19 pandemic on a scale of 1 (Completely useless) to 10 (Extremely useful). Next, two
items measured participants’ perceived change in (i) their own behaviour and (ii) the behaviour of
those people around them (e.g. family, close friends) in response to the COVID-19 pandemic.
Participants responded to both items on a scale of 1 (Not at all) to 10 (To a great extent). The last
three items assessed participants’ perceptions about the severity and impact of the COVID-19
pandemic by assessing the degree to which they believed the COVID-19 pandemic is a serious global
threat, COVID-19 is a serious medical condition, and that the benefits of the recommended actions to
fight the COVID-19 pandemic outweighed their psychological, economic and cultural costs. For these
items, participants responded on a scale of 1 (Not at all) to 10 (To a great extent).

Items of attitudes and behaviours toward COVID-19 were presented in a fixed order to reduce bias in
response selection as respondents might justify their responses about their own behaviours based on the
local authorities’ recommendations. For a complete list of items, see the supplementary material
(https://osf.io/k4jy9/).
2.7. Power analysis
The current study focused on the interrelations among three main constructs of interest, basic numeracy,
COVID-19 health numeracy and COVID-19 health-related attitudes and behaviours. We were
particularly interested in the robustness of these intercorrelations controlling for the covariates, and
whether there were any between-country differences in these intercorrelations. For the following
power analysis, all α-levels are 0.05. We calculated the necessary sample size to achieve 95% power
using multiple Monte Carlo simulation analyses in Mplus with 10 000 replications. As the relations
between basic numeracy, COVID-19 health numeracy and COVID-19 health-related attitudes and
behaviours have yet to be explored, using effect sizes from previous literature for the purpose of
power calculations was not feasible. Most of the values in the following analyses were chosen based
on reasonable expectation of correlations or the minimum effect size of interest. However, in the
multi-group analysis, we decided on detecting a standardized correlation coefficient difference of 0.2
based on practical concerns, as the number of participants needed to detect a smaller difference
would make the number of participants required prohibitively large.
2.7.1. Simple correlation model

To calculate the power to observe a correlation between the main variables of interest, we simulated a
model with three variables with mean of 0 and variance of 1 and all intercorrelations set to be 0.14.
A correlation coefficient of 0.14 corresponds to a small effect size [35]. A Monte Carlo simulation

https://osf.io/qpdnt/
https://osf.io/qpdnt/
https://osf.io/k4jy9/
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revealed that a total of 675 participants per country (i.e. a total N of 2025) would be sufficient to achieve
95% power for each correlation coefficient.
oyalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:201303
2.7.2. Measurement invariance of the main variables

As the current study operationalized the main constructs as latent variables (see Main analysis), and we
employed multi-group analysis, measurement invariance between the countries was considered. To test
for measurement invariance, we took a number of steps to test whether the factor/latent variable
structure was indifferent across countries. These include (i) configural invariance—the overall factor
structure (i.e. the number of factors and their indicator variables), (ii) metric invariance—the loadings
of the indicator variables, (iii) scalar invariance—the intercepts of the indicator variables, and (iv)
strict measurement invariance—the residual variances of the indicator variables [36]. The presence of
invariance and non-invariance is often informative, and hypotheses were considered (for a full
decision tree see electronic supplementary material, table S1).

Calculations of power for measurement invariance are typically not calculated. This is because
violations of different levels of measurement invariance are typically assessed using model fit indices
(e.g. comparative fit index and root mean square error of approximation), and these indices are
indifferent to sample size. For all models below, a Monte Carlo simulation study was conducted
across two countries. For each country, we simulated three latent factors with mean of 0 and variance
set to 1. Intercorrelations between all factors were set to 0.14. Each latent variable contained four
indicators with factor loading of 0.5, residual of 0.75 and intercept of 3. A factor loading of 0.5 for
each indicator variable can be interpreted as a standardized coefficient, which corresponds to 25%
explained variance and 75% residual variance.

Configural invariance. To simulate a violation of configural invariance, one indicator item for factor 1
from the second country was instead loaded on to another with a factor loading of 0.5. Power was
calculated as the proportion of simulations in which the loading of the errant indicator item was not
statistically significant. Results indicated 675 participants per country would be sufficient for 95%
power to detect a violation.

Metric invariance. To simulate a violation of metric invariance, one item each from factor 2 and factor 3
was loaded on their respective factors at 0.2 instead of 0.5 (see electronic supplementary material, table S1
for hypotheses). Power was calculated as the proportion of simulations in which the chi-square difference
test between the configural invariant and metric invariant model was significant. Results indicated 675
participants per country would be sufficient for 95% power to detect a violation.

Scalar invariance. To simulate a violation of scalar invariance, one item intercept from factor 1 was set
to 4 instead of 3. Power was calculated as the proportion of simulations in which the chi-square difference
test between the metric invariant and scalar invariant model was significant. Results indicated 675
participants per country would be sufficient for 95% power to detect a violation.

Latent mean differences. To simulate latent mean differences, the latent mean of the second group was
set to be 0.3—a small to medium effect size [37]. Power was calculated as the proportion of simulations in
which a chi-square difference test was obtained when testing between a model in which latent means
were restricted to be the same and another model in which latent means were allowed to be estimated
freely. Results indicated 675 participants per country would be sufficient for 95% power to detect a
difference of 0.3.
2.7.3. Multi-group analysis

We simulated the analyses that will be used to address whether there are country-level differences in the
correlation between the main variables by modelling a multi-group analysis. Using the simple correlation
model above, we stipulated a model with the same number of participants in each country. Specifically,
we aimed to detect between-country differences in the intercorrelation. The comparisons were carried out
pairwise using the MODEL CONSTRAINT command in Mplus. To calculate power, we simulated a
multi-group analysis with two countries, and set to detect a difference in correlation of 0.2—a small to
medium effect size [37]. Monte Carlo simulations revealed that 675 participants per country would be
needed to achieve 95% power.

In sum, to achieve 95% power for all three analyses, a total of 675 participants each across the US,
Canada and the UK (total sample 2025 participants) was required. For data generation code,
simulated data and analysis code, see the supplementary material (https://osf.io/k4jy9/).

https://osf.io/k4jy9/
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2.8. Preprocessing of data

2.8.1. Exclusion criteria and outlier identification

Due to the nature of the online sampling, we excluded participants who were inattentive. Two types of
inattentiveness are commonly observed, one being general inattentiveness and the other being marked
by frequently selecting the same answer for entire blocks and completing a survey in short periods of
time [38]. As preregistered, we used several criteria to exclude inattentive participants [39]. First, we
removed respondents with multiple submissions using an IP check [40]. Second, we included a
seriousness check [41]. Data for participants indicating they were not serious were discarded. Third,
three instructed response items adapted from Barends and de Vries [42] were asked on different steps
of the survey. For a list of the three items, see supplementary material (https://osf.io/qpdnt/). Data
for participants who respond incorrectly to more than one of these three questions were discarded.
Fourth, participants with more than 25% missing data from selecting ‘prefer not to answer’ were
discarded. Fifth, participants whose survey completion time was less than half of the 5% trimmed
mean of the complete sample of participants were flagged as potentially not paying attention, and
responses were examined for inconsistencies [43].

Two additional exclusion criteria were added in light of the results in the preliminary measurement
study (as part of stage 1 manuscript revisions). First, in an examination of participants’ responses for the
number line task, we found some participants answered the number line questions by placing their
answers on the same point on the number line irrespective of the question prompt. To remove these
non-responsive participants, we calculated the median absolute deviation of each participants’
responses and excluded participants if the median absolute deviation of their responses was below
0.1. Finally, participants who had received a COVID-19 vaccine or had indicated that they participated
in a COVID-19 trial were excluded.

Univariate outliers were detected using the absolute deviation around the median, where continuous
values ±3 median absolute deviation (MAD) were considered outliers [44]. Multivariate outliers were
detected using Mahalanobis distance test with a p < 0.001 [45]. Most questions in the survey required
rating-scale responses that had well-defined ranges, and the removal of outliers for these questions
may have underestimated actual variability in the population. Therefore, for rating-scale questions,
identified outliers were examined for obvious errors or participant inattention. When no evidence for
errors or inattention was found, the value was retained in the final dataset. For questions without a
well-defined range (i.e. the number line questions in the basic numeracy section), identified outliers
were examined for errors. If no errors were found, the outliers were treated as missing data. Finally,
for the set of questions in the number line task, we calculated the median absolute deviation of each
participant’s responses and excluded participants if the median absolute deviation of their responses
was below 0.1 (please see the electronic supplementary material, appendix A for more details).

A total of 2124 participants (710 from US, 703 from Canada and 711 from the UK) were recruited for
the current study. In total, 93 participants were removed from the reported data analyses based on the
outlier exclusion criteria. Specifically, two participants were removed based on the IP address
criterion, one was removed based on the seriousness criterion, four were removed due to the missing
data criterion, 27 were removed based on the median absolute deviation criterion, 54 were removed
based on the vaccination criterion and two were removed due to the Mahalanobis distance criterion.
The final sample consisted of 680 participants from the US, 679 participants from Canada and 675
from the UK.
2.8.2. Missing data

As preregistered, we conducted a missing values analysis to identify patterns of missing data in the
items. We anticipated two patterns that often occur in online research. The first consists of missing
sporadic responses throughout the questionnaire, due either to inattention, or to participants not
wanting to answer specific items. We analysed frequency of non-response for each item and identified
items with higher non-response frequency. These items are not missing at random, and we
determined whether they could be explained by covariates included in the current study, at which
point, we included the covariates either in the model or as auxiliary variables that can be used to
improve the estimation of missing data in full information maximum-likelihood (FIML).

Total percentage missingness was calculated for each participant. Generally, missingness was low
(M = 0.2%, s.d. = 0.95). Total percentage missingness was regressed onto demographic and other

https://osf.io/qpdnt/
https://osf.io/qpdnt/
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covariates to ascertain whether missingness could be explained by demographic factors or other
covariates. Results indicated that gender, frequency of obtaining information of COVID-19 via news
sources, and self-proclaimed informedness about COVID-19 significantly predicted percentage
missingness. As such, these covariates were added as auxiliary variables used to improve the
estimation of missing data.

The second pattern of missingness that we anticipated was attrition throughout the questionnaire.
Respondents who dropped off at different points along the questionnaire may differ from those who
completed the survey in three potentially different ways (i.e. less motivation, having restricted
amounts of uninterrupted time available to complete the survey, lower overall math skills). We
analysed this particular pattern by testing whether missingness at the later points was related to
performance on earlier items. Regardless of the in-depth missingness analyses, FIML [46] is still the
best approach because no cases needed to be left out except when careless responding was identified.

To assess attrition, per cent missingness was calculated for each of the three main sections of the main
study and each were regressed on performance in the basic numeracy and COVID-19 health numeracy
tasks. Results indicated that per cent missingness was significantly related with performance in both
basic numeracy and COVID-19 health numeracy. As such, missing data were processed using FIML [46].

2.9. Analysis
The analysis plan included a preliminary measurement study, tests of reliability and validity, main data
analyses and exploratory analyses. Please figure 2 for a flowchart of the analysis plan.

2.9.1. Reliability and validity

Subsequent to estimating the confirmatory factor analysis (CFA) in the main study (see below),
reliability—the degree to which indicators of the latent factor consistently measured the same
underlying construct—was assessed using coefficient omega for each latent variable estimated [47].
We used the typical cut-off point for acceptable reliability of 0.7 for each of the three latent variables
[47,48]. Once reliability was established, convergent validity—the degree to which individual items
were strongly related to the hypothesized factor—was assessed using average variance extracted
(AVE). We used the typical cut-off score for acceptable convergent validity, where AVE for each of the
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three factors should be higher than 0.5. Finally, discriminant validity—the degree to which individual
items were not related to other factors—was assessed using the Fornell & Larcker criterion [49,50].
Specifically, we adopted the convention that the square root of the AVE for each construct should be
larger than the correlation of the specific construct with any of the other constructs.
ietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:201303
2.9.2. Item parcels

The current study employed a large number of items in the measurement of the main variables.
Operationalizing latent variables with a large number of indicator items is not ideal from a
psychometric perspective. This is because individual items tend to be less statistically reliable than
aggregates and are more likely to have correlated specific effects that may subject the final model to
nuisance parameters (i.e. correlated residuals; [51]). To address this, we employed an item parcel
approach to form a smaller set of composite indicator items to inform the latent variables.

Given that the current survey employed multiple question formats (e.g. multiple-choice, fill-in-the-
blank and number line), a random parcelling approach is not ideal, as random parcelling assumes
that all items are interchangeable. Results from the preliminary measurement study showed that each
of the hypothesized latent variables were unidimensional. As such, parcels were assigned using a
balancing approach.

To reduce the risk of overfitting, the same items composition from the preliminary measurement
study was used to construct the parcels in the main study (see electronic supplementary material,
table S3 for individual items in each of the parcels).
2.9.3. Main analyses

After ensuring data quality by implementing our participant and outlier exclusions, we pursued the
research questions using a structural equation modelling approach. Basic numeracy, COVID-19 health
numeracy and COVID-19 health-related attitudes and behaviours were operationalized as latent
variables each with three parcels as indicators. Parcels were treated as continuous variables. All
analyses were carried out using Mplus 8.3 using the maximum-likelihood estimator with robust
standard errors [46]. Where applicable, goodness of fit of the models was assessed with the χ2 test
statistic, the comparative fit index (CFI), the Tucker–Lewis index (TLI) and the root mean square error
of approximation (RMSEA). Typical cut-off scores for excellent and adequate fit are CFI and TLI > 0.95
and > 0.90, and RMSEA< 0.06 and < 0.08, respectively [52]. In the case of inadequate fit (i.e. CFI and
TLI < 0.9, RMSEA > 0.08), modification indices were consulted for correlated residuals and other
sources of misfit.

Simple correlation model. We first examined the associations between the three main variables in a
simple correlation model. As a first step, a model with only the three main (latent) variables was
entered. As a second step, the robustness of the observed correlations was tested by entering
covariates as predictors of the three main variables.

Invariance testing. The main objective of this research was to investigate differences across countries in
the means and variation of the main variables in the model (basic numeracy, COVID-19 health numeracy
and COVID-19 health-related attitudes and behaviours). This included multiple-group measurement
invariance analyses of the individual latent measures. This procedure is usually performed as a step
to establish factorial validity across groups. Once established, it becomes possible to evaluate
differences in latent means, variances, covariances or specific correlations across different countries.

We used the standard procedures in the confirmatory factor analytic literature for evaluating
measurement invariance across countries [48]. In short, this consisted of a number of steps testing the
invariance of different parts of the factor/latent variable structure. These included (i) configural
invariance—the overall factor structure (i.e. the number of factors and their indicator variables),
(ii) metric invariance—the loadings of the indicator variables, and (iii) scalar invariance—the
intercepts of the indicator variables [36]. Strict measurement invariance is not required for the
following analyses and will not be tested. These are tested in incremental stages, and the first three
stages are essential to proceed with tests of latent means. Configural invariance was assessed using
model fit, where CFI and TLI > 0.90 and RMSEA< 0.08 is generally accepted as adequate model fit
[52]. Metric and scalar invariance are evaluated using the chi-square difference test and the
degradation of fit in CFI and RMSEA. Specifically, we used the criterion of ΔRMSEA < 0.015 and
ΔCFI <−0.01 [53,54].
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In the case where measurement invariance is not achieved, we proceeded with partial-invariance tests
and identified the source of non-invariance. Some degree of researcher judgement is required to gauge
the severity of the invariance between countries. Had we not met configural invariance, we planned
to examine modification indices for the source of the misfit. If the degree of misfit were small, the
removal of the problematic indicator item was considered a potential solution. This would necessitate
the examination of between-country differences in the individual items constituting the parcel to find
problematic items. If the degree of invariance is high, it would be necessary to estimate separate
models for each country. In the event that we did not meet metric or scalar invariance in a given
country, we planned to identify invariant items using the forward method [55]. Effect size of
invariance (dMACS) would be calculated to gauge the magnitude of invariance [56]. Identified
invariant items were allowed to vary across countries. We planned to proceed with partial scalar or
metric invariance if less than half of the indicators are not invariant [57,58]. Lack of invariance in the
factor structure is often seen as a nuisance, but it can also advance our understanding of cross-
cultural differences in how concepts are conceptualized. For example, if results indicated that the sole
source of non-invariance in the latent variable COVID-19 health-related attitudes and behaviours is
the factor loading of mask-wearing frequency, it could be interpreted that the amount of variance of
mask-wearing frequency that COVID-19 health-related attitudes and behaviours can explain is
different between countries.

Finally, in the case where scalar invariance, latent variance equality and variance-covariance equality
were achieved [58], potential latent mean differences between countries were examined.

Multi-group analysis. Once metric or scalar invariance or partial metric or scalar invariance was
achieved, between-country differences in latent correlations were examined in two steps. As a first
step, we formulated a model with only the three main variables and examined the intercorrelations.
As a second step, the robustness of the observed intercorrelations was tested by entering covariates as
predictors of the three main variables. Between-country differences in the correlations were examined
pairwise using the MODEL CONSTRAINT command in Mplus.
2.9.4. Exploratory analyses

Multiple exploratory analyses and variables were preregistered in light of the results from the preliminary
measurement study. Please see the electronic supplementary material, appendix B for a full list.
3. Results
3.1. Descriptive statistics
To begin, descriptive statistics were computed. Descriptive statistics of the item parcels and covariates are
presented in table 1.
3.2. Confirmatory factor analysis
As preregistered, a confirmatory factor analysis was next estimated using the same parcelling method (i.e.
same strategy and contents of the parcels) as in the preliminary measurement study. Reliability as
measured by coefficient omega for basic numeracy, COVID-19 health numeracy and COVID-19
attitudes and behaviours were 0.848, 0.763 and 0.945, respectively. As the factor loadings were high
and the coefficient omega for each latent variable was above 0.7, this suggests that the latent variables
had high internal consistency. AVEs for basic numeracy, COVID-19 health numeracy and COVID-19
attitudes and behaviours were 0.653, 0.522 and 0.851, respectively. As the AVEs of the three latent
variables were above 0.5, this suggests that convergent validity was established for all three latent
variables. Finally, √AVE for COVID-19 attitudes and behaviours were larger than the correlation of
the specific construct with any other construct. This suggests that discriminant validity was
established for COVID-19 attitudes and behaviours. However, the √AVE for COVID-19 health
numeracy (0.72) was smaller than its correlation with basic numeracy (0.86). Similarly, √AVE for basic
numeracy (0.81) was smaller than its correlation with COVID-19 health numeracy (0.86). This suggests
that COVID-19 health numeracy and basic numeracy cannot be reliability discriminated from one
another.
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Table 2. Zero-order correlations between the main variables.

1 2 3

1. basic numeracy — 0.862��� −0.039
2. COVID-19 health numeracy — 0.029

3. COVID-19 attitudes and behaviours —
���p < 0.001, ��p < 0.01, �p < 0.05.

Table 3. Partial correlations between the residualized main variables.

1 2 33

1. basic numeracy — 0.834��� −0.038
2. COVID-19 health numeracy — 0.021

3. COVID-19 attitudes and behaviours —
���p < 0.001, ��p < 0.01, �p < 0.05.
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Given the results above suggest that COVID-19 health numeracy and basic numeracy may not be
distinguishable, we next explored whether a two-factor model—where COVID-19 health numeracy
and basic numeracy were combined into a single general numeracy factor—better described the data.
To this end, the preregistered three-factor model was compared with an alternative two-factor model
where the six indicator variables for basic numeracy and COVID-19 health numeracy were instead
loaded onto one general numeracy factor. Results indicated that the two-factor model had
significantly worse model fit, χ2 = 184.11, p < 0.001, ΔCFI = 0.016, ΔRMSEA = 0.033. Accordingly, the
decision was made to continue analysis with the preregistered three-factor model with the caveat that
COVID-19 health numeracy and basic numeracy as operationalized in the current study may not be
highly distinguishable. The same analyses were performed on the alternative two-factor model and
reported in the electronic supplementary material, appendix C.

3.3. Baseline correlation model
As preregistered, a baseline model—in which it was assumed that there were no between-country
differences in the relations between the three variables—was estimated. The relations between the
variables were represented by zero-order correlations. For the baseline three-factor model, model fit
was good, (x224 ¼ 84:566, p < 0.001, CFI = 0.995, TLI = 0.992, RMSEA = 0.035). The zero-order
correlations between the main variables of interest are presented in table 2.

3.4. Baseline correlation model with covariates
As preregistered, to test the robustness of the correlations between the three main variables of interest, we
estimated a baseline correlation model in which each of the main variables were residualized by all
covariates listed in table 1. Model fit was good, (x2150 ¼ 402:199, p < 0.001, CFI = 0.980, TLI = 0.971,
RMSEA = 0.029). The partial correlations between the main variables of interest are presented in table 3.

3.5. Invariance testing
As preregistered, the main variables are operationalized as latent variables, we first conducted invariance
testing to establish factorial validity across countries (table 4).

Configural invariance was assessed through model fit. Results indicated that model fit was good,
(x272 ¼ 147:899, p < 0.001, CFI = 0.993, TLI = 0.990, RMSEA = 0.039). This suggests that configural
invariance was achieved.

Metric invariance was assessed through the chi-square difference test and change in model fit when
compared with the configural invariant model. Model fit for the metric invariant model was good,
(x2984 ¼ 176:361, p < 0.001, CFI = 0.992, TLI = 0.990, RMSEA = 0.040). Comparison between models



Table 4. Tests of measurement and structural invariance. Note: CFI = comparative fit index; TLI = Tucker–Lewis index; RMSEA =
root mean square error of approximation; SRMR = standardized root mean square residual.

model χ2 d.f. CFI TLI RMSEA SRMR ΔCFI ΔRMSEA

1. configural 147.899 72 0.993 0.990 0.039 0.026 — —

2. metric 176.361 84 0.992 0.990 0.040 0.036 0.001 0.001

3. scalar 293.796 96 0.983 0.981 0.055 0.047 0.009 0.015

4. strict 358.758 114 0.979 0.980 0.056 0.065 0.004 0.001

5. variance-covariance equality 367.285 120 0.978 0.981 0.055 0.070 0.001 0.001
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revealed a significant deterioration of model fit via chi-square difference test, (x212 ¼ 28:46, p < 0.047), but
no evidence for deterioration of model fit in CFI and RMSEA, (ΔCFI = 0.001, ΔRMSEA = 0.001). Given the
sample size of the current study and that the chi-square test tends to be oversensitive with large sample
sizes, it is likely that the significant chi-square difference test reflected minor model misfit. In sum, results
indicated that metric invariance was achieved.

Scalar invariance was assessed through the chi-square difference test and change in model fit when
compared with the metric invariant model. Model fit for the Scalar invariant model was good,
(x294 ¼ 293:796, p < 0.001, CFI = 0.983, TLI = 0.981, RMSEA = 0.055). Comparison between models
revealed a significant deterioration of model fit via chi-square difference test, (x212 ¼ 117:435, p < 0.001),
but no evidence for deterioration of model fit in CFI and RMSEA, (ΔCFI = 0.009, ΔRMSEA= 0.015).
As such, results indicated that scalar invariance was achieved.
3.6. Multi-group analysis
As preregistered, having established scalar invariance, we next examined between-country differences in
the relations between the main variables. Model fit was good, (x294 ¼ 293:796, p < 0.001, CFI = 0.983, TLI =
0.981, RMSEA = 0.055). Results indicated basic numeracy and COVID-19 health numeracy were
significantly correlated for participants in Canada (r = 0.839, p < 0.001), the US (r = 0.882, p < 0.001) and
the UK (r = 0.876, p < 0.001), suggesting that in all three countries, participants who had better basic
numeracy skills also had better COVID-19-related health numeracy skills. However, basic numeracy
and COVID-19 attitudes and behaviours were not correlated for participants in Canada (r =−0.060,
p = 0.165), the US (r =−0.085, p = 0.237) or the UK (r = 0.032, p = 0.454). Finally, COVID-19 health
numeracy and COVID-19 attitudes and behaviours were not correlated for participants in Canada (r =
0.064, p = 0.151), the US (r =−0.053, p = 0.237) or the UK (r = 0.082, p = 0.071).

Covariates were next added to the model to test the robustness of the correlations. Model fit was
good, (x2474 ¼ 770:762, p < 0.001, CFI = 0.969, TLI = 0.957, RMSEA = 0.035). Results indicated basic
numeracy and COVID-19 health numeracy were significantly correlated for participants in Canada
(r = 0.819, p < 0.001), the US (r = 0.863, p < 0.001) and the UK (r = 0.859, p < 0.001). Basic numeracy and
COVID-19 attitudes and behaviours were not correlated for participants in Canada (r =−0.081, p =
0.137), the UK (r =−0.035, p = 0.516), but was negatively correlated for the US (r =−0.129, p = 0.008).1

Finally, COVID-19 health numeracy and COVID-19 attitudes and behaviours were not correlated for
participants in Canada (r =−0.016, p = 0.787), the US (r =−0.067, p = 0.198) or the UK (r = 0.004, p = 0.949).

As the correlations between COVID-19 health numeracy and COVID-19 attitudes and behaviours
were not statistically significant in any of the countries, pairwise comparisons of between-country
differences in these correlations were not conducted. Similarly, the correlation between basic numeracy
and COVID-19 attitudes and behaviours was only statistically significant in the US, therefore pairwise
comparisons were not conducted. Finally, pairwise comparison of the relation between basic
numeracy and COVID-19 health numeracy revealed that none of the correlations differed between
countries (all ps > 0.20).
1The relation between basic numeracy and COVID-19 attitudes and behaviours was statistically insignificant when only examining the
three main variables but was significant in the US when covariates are included. This suggests that one or more of the covariates are
acting as a negative confounder. However, a post hoc analysis of negative confounders not based on theory would not be prudent, as
the identification of one or multiple confounders would entail a large number of comparisons.
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3.7. Latent mean differences
As preregistered, having established that there were no between-country differences in the relations
between the main variables, we next explored whether there were latent mean differences between
countries. To this end, we first tested whether strict invariance and variance-covariance equality could
be established. Test for latent strict invariance and variance-covariance equality was assessed through
the chi-square difference test and change in model fit when compared with the scalar invariant
model. Model fit for the strict invariance model was good, (x2114 ¼ 386:041, p < 0.001, CFI = 0.979,
TLI = 0.980, RMSEA = 0.056). Comparison between models revealed a significant chi-square difference
test, (x218 ¼ 64:962, p < 0.001), but no significant change in CFI and RMSEA, (ΔCFI = 0.004, ΔRMSEA=
0.001). As such, results indicated that strict invariance was achieved.

Model fit for the variance-covariance equality model was good, (x2120 ¼ 367:285, p < 0.001, CFI = 0.978,
TLI = 0.981, RMSEA = 0.055). Comparison between models revealed an insignificant chi-square difference
test, (x26 ¼ 8:527, p = 0.202) and no significant change in CFI and RMSEA, (ΔCFI = 0.001, ΔRMSEA=
0.001). As such, results indicated that variance-covariance equality was achieved.

As strict invariance and variance-covariance equality was established, we proceeded with
comparisons of latent means across countries. First, we compared a model where latent means are
constrained to be equal versus a model where latent means are free to vary. Results suggest that
model fit does not significantly deteriorate when latent means are constrained to be equal (x23 ¼ 8:425,
p = 0.037, ΔCFI < 0.001, ΔRMSEA = 0.001), suggesting that there are no latent mean differences between
countries.
03
3.8. Exploratory analysis

3.8.1. Sub-dimensions of basic numeracy

The current study used parcels in order to ascertain the relations between the three main variables.
However, the relations between sub-dimensions of basic numeracy and the main variables COVID-19
health numeracy and COVID-19 attitudes and behaviours were also of interest. To examine this,
composite (mean) scores for the sub-dimensions of the number line task (whole numbers, fractions,
percentages, large numbers and non-symbolic numbers) were computed and were correlated with the
main variables. Results are presented in table 5. Zero-order correlations underscore the findings of the
primary analysis and add some additional nuanced descriptions. However, caution is warranted in
their interpretation given the lack of covariate presented here. First, all number line estimation types
show a moderate correlation with COVID-19 health numeracy (r = 0.419 to r = 0.538), even the non-
symbolic NLE (r = 0.425), which is expected to be the most distal numerical estimation task to our
measure of COVID-19 health numeracy. The strongest correlation between a sub-dimension of basic
numeracy and COVID-19 health numeracy was our section of basic numeracy containing word
problems (r = 0.723), probably because the measures shared method variance (i.e. COVID-19 health
numeracy was also tested with word problems).
4. Discussion
After conducting a measurement pilot with 525 adults, the current study surveyed 2032 adult
participants across the UK, the US and Canada during the month of December 2020 in the first year
of the COVID-19 pandemic. We aimed to understand the relations between (i) basic numeracy,
(ii) COVID-19 health numeracy, and (iii) COVID-19 health-related attitudes and behaviours.
Importantly, the current study differs from most studies of the influence of numeracy on health-
related attitudes and behaviours by the inclusion of a wide range of basic numeracy items, including
symbolic and non-symbolic number line judgements (i.e. placing whole numbers, fractions,
percentages, large numbers and visual representations of proportions on a number line) alongside
mathematical word problems more traditionally related to health numeracy.

Our measure of COVID-19 health-related attitudes and behaviours was designed to capture the
extent to which people followed public health advice and understood COVID-19 to be a global health
threat. Based on previous findings relating higher numeracy to better health literacy (e.g. [23]) and
better decision-making generally (e.g. [59]), we expected to observe a positive relation among our
three constructs.



Table 5. Zero-order correlations between components of basic numeracy and the main variables. Note: upper triangle consists of
zero-order correlations. NLE represents number line estimation task.

1 2 3 4 5 6 7 8

1. COVID-19 health

numeracy

— 0.032 0.510��� 0.473��� 0.419��� 0.538��� 0.425��� 0.723���

2. COVID-19 attitudes

and behaviours

— −0.005 −0.023 −0.009 −0.042 0.015 −0.034

3. NLE whole numbers — 0.251��� 0.370��� 0.410��� 0.252��� 0.465���

4. NLE fractions — 0.264��� 0.343��� 0.285��� 0.483���

5. NLE percentages — 0.302��� 0.253��� 0.384���

6. NLE large numbers — 0.291��� 0.474���

7. NLE non-symbolic

numbers

— 0.324���

8. word problems —

���p <0.001, ��p <0.01, �p <0.05.
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In line with our predictions, basic numeracy was positively related to health numeracy. However,
contrary to our predictions, measures of both basic numeracy and COVID-19 health numeracy were
not related to COVID-19 health-related attitudes and behaviours in all three countries. In other words,
participants’ numeracy skills were not related to their adherence to public health advice. Thus far,
studies relating numeracy to personal behaviours surrounding COVID-19 have been mixed. For
example, a recent study by Roozenbeek et al. [60] reported that higher numeracy skills (mostly
tapping participants’ understanding of percentages and probabilities) made participants less
susceptible to misinformation surrounding COVID-19. Numeracy also had a small and positive
relation to compliance with health guidance, though not within all countries surveyed. However,
Roozenbeek et al. [60] also reported that participants’ numeracy did not relate to their likelihood of
getting vaccinated when it was available. In another study, Thompson et al. [2,3], implemented an
online health numeracy intervention and reported that adopting protective health behaviour was not
influenced by an improvement in health numeracy even though protective behaviours and measures
of numeracy were correlated, both findings that are convergent with the current study. Given these
findings and those of the current study, there does not appear to be a robust and strong relation
between numeracy and health-related attitudes and behaviours pertaining to COVID-19.

A number of factors can help explain the lack of association between basic and health numeracy and
COVID-19 health-related attitudes and behaviour. It is possible that there was insufficient variability in
the attitudes and behaviour measure due to a ceiling effect, which made it difficult to find associations
between this measure and the numeracy measures. Data collection for the current study began in
December 2020. By that time, public health advice had been established for many months and
adherence may have been less dependent on people’s estimation of the severity of the situation and
more dependent on established local norms. Furthermore, the countries in which participants were
recruited for the Roozenbeek et al. [60] study differed from ours (i.e. UK, US, Ireland, Spain and
Mexico versus UK, US and Canada). Public health advice varied across countries and restrictions were
implemented at different times, which could help explain the presence or absence of certain
associations with behaviour and attitudes.

The lack of an association between numeracy and COVID-19 health-related attitudes and behaviour
may also parallel a trend that has recently been observed in attitudes about climate change. In a study
of numeracy, science comprehension and climate change risk perception, Kahan et al. [61] compared
two competing hypotheses regarding risk perception. The science comprehension thesis suggests that
risk perception is guided by one’s understanding of the complex scientific concepts underlying climate
change—a better grasp of the science results in a better understanding of the global threat. By contrast,
the cultural cognition thesis suggests that individuals form perceptions of societal risks that cohere with
like-minded cultural groups. People adapt the data they receive to fit culturally established
interpretations. In this study, Kahan et al. [61] observed small, negative correlations between both
science-literacy and numeracy and perceived climate change risk. In other words, better knowledge of
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the science and the numerical concepts of risk did not enhance risk perception. Instead, the relation was
significant in the opposite direction, supporting the idea that it was cultural cognition, rather than
scientific comprehension, that drove perceived climate change risk. There is some data already to
suggest that political worldview, such as prosocial tendencies and individualistic values [62] or even
political party affiliation [63] are strongly related to COVID-19 attitudes and behaviours. Therefore, as
the cultural cognition thesis suggests, high numeracy and scientific dissemination about the risks and
spread of disease alone may not be enough to influence a population’s health-related attitudes and
behaviours. Directly addressing cultural values that influence cultural cognition may be a more effective
strategy for influencing health behaviours in combination with improving health numeracy. Similar
strategies have been suggested for influencing perspectives and behaviours related to climate change
where public outreach would target both science literacy and cultural factors [64]. More work on this
line of enquiry, including further analysis of the current data, is needed to substantiate this speculation.

Another major aim of the current study was to investigate the relation between basic numeracy
(unrelated to medical or health-related information) and health numeracy. Before conducting analyses
on the structural equation model, we evaluated the measurement model by conducting a confirmatory
factor analysis of the three latent variables. Results suggest that all three variables are reliable and show
convergent validity. However, in contrast to the results yielded in the preliminary measurement study,
we failed to show divergent validity between basic numeracy and COVID-19 health numeracy. This
suggests that these two latent variables may be measuring the same, or at least a largely overlapping,
underlying construct. Despite this lack of divergent validity, model fit was significantly worse when the
two numeracy constructs were grouped into one latent variable. This suggests that the basic numeracy
and COVID-19 health-related numeracy may theoretically be separable constructs. In particular, the
number line items show lower bi-directional correlations with the health numeracy construct (ranging
from r = 0.419 to 0.538) than the word problems (r = 0.723), showing some aspects of the basic numeracy
construct are more independent than others. Still, most items measuring health numeracy were more
similar in format to the word problem portion of the basic numeracy measure, so question formatting
may contribute to the higher correlation in addition to the content domain of the items. Future studies
that employ more sensitive designs may be able to reliably distinguish the two constructs.

These results may help guide future studies investigating the role of numeracy in health-related
decisions and behaviours. Since measures of basic numeracy and topic-specific measures of numeracy
are highly correlated, researchers interested in relations between numeracy and non-numeracy-related
outcome measures, such as decision making or compliance, may not need to incorporate separate
measures for basic numeracy and topic-specific numeracy.

In addition to the limitations already mentioned, other factors should be considered when
interpreting the current study’s results. People’s attitudes and behaviours have continued to shift
based on the current status of the pandemic, the constant updating of local public health guidelines,
and scientific advances in understanding and combating the disease. The current study survey was
conducted as the initial stages of vaccine roll-out were underway in all three countries, though none
of the participants in the current study had yet been vaccinated. Adherence to public health advice,
and public health advice itself, may continue to increase in variability as the COVID-19 pandemic
continues, which may influence the relations explored in the current study.

Finally, while our study has used existing measures of basic numeracy, measurements of COVID-19
health-related numeracy and COVID-19 attitudes and behaviours have been adapted from related
sources. As such, it may be the case that the measurement of COVID-19 health-related numeracy and
COVID-19 attitudes and behaviours may not match the intended underlying concepts. However, this
risk may be reduced as the questions, at face value, do clearly communicate to readers the intent of
the survey. Nevertheless, future studies would be required to assess construct validity, such as
examining our measures with other established measures of numeracy and health numeracy.

Overall, the current study suggests that basic numeracy is highly related to one’s understanding of
data about COVID-19. However, one’s level of understanding of the numerical information about the
disease does not predict their attitudes about its severity or their likelihood of following public health
advice. Therefore, while numeracy appears to be a necessary part of understanding data about
COVID-19, numeracy alone may not be sufficient for predicting public opinion or adoption of
recommended health practices.

Ethics. The study was approved by the non-medical research ethics board at the University of Western Ontario and was
conducted according to their guidelines. Participants were presented with a letter of information and implied consent
was acquired before starting the survey. Qualtrics panelists join from a variety of sources. They may be airline



royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:201303
20

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

16
 M

ar
ch

 2
02

2 
customers who chose to join in reward for SkyMiles, retail customers who opted in to get points at their favourite retail
outlet, or general consumers who participate for cash or gift cards, etc. When participants are invited to take a survey,
they are informed how they will be compensated. All procedures and methods were approved by the Non-medical
Ethics Review Board of the University of Western Ontario. The approval number is REB# 115879.
Data accessibility. All the code and data can be found on the project’s Open Science Framework (OSF) page: https://osf.
io/qpdnt/.
Authors’ contributions. N.T.T.L.: conceptualization, data curation, formal analysis, methodology, validation, visualization,
writing—original draft, writing—review and editing; E.D.W.: conceptualization, data curation, methodology, project
administration, resources, software, supervision, validation, visualization, writing—original draft, writing—review
and editing; M.S.: conceptualization, data curation, formal analysis, investigation, methodology, project
administration, writing—original draft, writing—review and editing; R.L.C.: conceptualization, methodology,
project administration, resources, supervision, validation, writing—original draft, writing—review and editing; L.P.:
conceptualization, methodology, project administration, resources, supervision, validation, writing—original draft,
writing—review and editing; P.T.: data curation, formal analysis, methodology, writing—original draft; C.G.:
conceptualization, methodology, project administration, resources, supervision, validation, writing—review and
editing; I.S.A.: methodology, resources, validation, visualization, writing—review and editing; A.D.R.:
conceptualization, formal analysis, methodology, project administration, writing—review and editing; C.T.: formal
analysis, methodology, resources, validation, writing—review and editing; J.V.H.: methodology, resources,
validation, writing—original draft, writing—review and editing; J.B.: conceptualization, methodology, resources,
writing—original draft, writing—review and editing; A.A.: conceptualization, methodology, resources, validation,
writing—review and editing; E.B.: methodology, resources, writing—original draft, writing—review and editing;
I.C.: methodology, validation, writing—review and editing; F.O.: methodology, resources, writing—review and
editing; D.A.: conceptualization, funding acquisition, methodology, project administration, supervision, validation,
writing—original draft, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Competing interests. We declare we have no competing interests.
Funding. This research was supported by funding from an Advanced Research Fellowship from the Klaus J. Jacobs
Foundation to D.A. at Western University; by the U.S. Department of Education Institute of Education Sciences
Grants R305A160295 and R305U200004 to C.T. at Kent State University; NIH NICHD F32 Grant HD102106 to
A.D.R.; BrainsCAN Postdoctoral Fellowship funded by the Canada First Research Excellence Fund (CFREF) to
M.S.; CAPES (Doc-Pleno, 88881.128282/2016-01) to I.S.A.; Post-doctoral fellowship PDM/20/057 to E.B. and a
Banting Postdoctoral Fellowship (NSERC) and BrainsCAN Postdoctoral Fellowship at Western University, funded
by the Canada First Research Excellence Fund (CFREF) to E.D.W.
References

1. Shepherd M. 2020 Is poor math literacy making

it harder for people to understand COVID-19
Coronavirus? See https://www.forbes.com/sites/
marshallshepherd/2020/03/23/is-the-math-too-
hard-for-people-to-understand-covid-19-
coronavirus/#34da88bb6a9c.

2. Thompson CA, Taber J, Coifman K, Sidney P. 2020
Math misconceptions may lead people to
underestimate the true threat of COVID-19. See
https://theconversation.com/math-misconceptions-
may-lead-people-to-underestimate-the-true-
threat-of-covid-19-134520.

3. Thompson CA et al. 2020 Math matters
during a pandemic: a novel, brief educational
intervention combats whole number bias to
improve health decision-making and predicts
COVID-19 risk perceptions and worry
across 10 days. PsyArXiv. (doi:10.31234/osf.
io/hukyv)

4. Ali R. 2020 Comparing coronavirus deaths to
drowning, auto accidents were probably bad
examples. See https://www.usatoday.com/story/
entertainment/celebrities/2020/04/17/dr-phil-
compares-coronavirus-deaths-car-accidents/
5151534002/.

5. Lusardi Annamaria. 2012 Numeracy, financial
literacy, and financial decision-making. National
Bureau of Economic Research Working Paper
Series, 17821. (doi:10.3386/w17821)

6. Spiegelhalter D, Pearson M, Short I. 2011
Visualizing uncertainty about the future. Science
333, 1393–1400. (doi:10.1126/science.1191181)

7. Ni Y, Zhou Y-D. 2005 Teaching and learning
fraction and rational numbers: the origins and
implications of whole number bias. Educ.
Psychol. 40, 27–52. (doi:10.1207/
s15326985ep4001_3)

8. Braithwaite DW, Siegler RS. 2018 Developmental
changes in the whole number bias. Dev. Sci. 21,
e12541. (doi:10.1111/desc.12541)

9. Lewis MR, Matthews PG, Hubbard EM. 2016
Neurocognitive architectures and the
nonsymbolic foundations of fractions
understanding. In Development of mathematical
cognition, pp. 141–164. Amsterdam,
The Netherlands: Elsevier.

10. Landy D, Silbert N, Goldin A. 2013 Estimating
large numbers. Cogn. Sci. 37, 775–799. (doi:10.
1111/cogs.12028)

11. Landy D, Charlesworth A, Ottmar E. 2017
Categories of large numbers in line estimation.
Cogn. Sci. 41, 326–353. (doi:10.1111/cogs.12342)

12. Deck C, Jahedi S. 2015 The effect of cognitive
load on economic decision making: a survey and
new experiments. Eur. Econ. Rev. 78, 97–119.
(doi:10.1016/j.euroecorev.2015.05.004)

13. Siegel E. 2020 Why exponential growth is so
scary for the COVID-19 coronavirus. See https://
www.forbes.com/sites/startswithabang/2020/
03/17/why-exponential-growth-is-so-scary-for-
the-covid-19-coronavirus/#367dd4ad4e9b.

14. Peters E, Hibbard J, Slovic P, Dieckmann N. 2007
Numeracy skill and the communication,
comprehension, and use of risk-benefit
information. Health Aff. 26, 741–748. (doi:10.
1377/hlthaff.26.3.741)

15. Reyna VF, Nelson WL, Han PK, Dieckmann NF.
2009 How numeracy influences risk
comprehension and medical decision making.
Psychol. Bull. 135, 943. (doi:10.1037/a0017327)

16. Keller C, Siegrist M. 2009 Effect of risk
communication formats on risk perception
depending on numeracy. Med. Decis. Mak. 29,
483–490. (doi:10.1177/0272989X09333122)

17. Schwartz SR, McDowell J, Yueh B. 2004
Numeracy and the shortcomings of utility
assessment in head and neck cancer patients.
Head Neck: J. Sci. Spec. Head Neck 26, 401–407.
(doi:10.1002/hed.10383)

18. Woloshin S, Schwartz LM, Moncur M, Gabriel S,
Tosteson AN. 2001 Assessing values for health:

https://osf.io/qpdnt/
https://osf.io/qpdnt/
https://osf.io/qpdnt/
https://www.forbes.com/sites/marshallshepherd/2020/03/23/is-the-math-too-hard-for-people-to-understand-covid-19-coronavirus/#34da88bb6a9c
https://www.forbes.com/sites/marshallshepherd/2020/03/23/is-the-math-too-hard-for-people-to-understand-covid-19-coronavirus/#34da88bb6a9c
https://www.forbes.com/sites/marshallshepherd/2020/03/23/is-the-math-too-hard-for-people-to-understand-covid-19-coronavirus/#34da88bb6a9c
https://www.forbes.com/sites/marshallshepherd/2020/03/23/is-the-math-too-hard-for-people-to-understand-covid-19-coronavirus/#34da88bb6a9c
https://www.forbes.com/sites/marshallshepherd/2020/03/23/is-the-math-too-hard-for-people-to-understand-covid-19-coronavirus/#34da88bb6a9c
https://theconversation.com/math-misconceptions-may-lead-people-to-underestimate-the-true-threat-of-covid-19-134520
https://theconversation.com/math-misconceptions-may-lead-people-to-underestimate-the-true-threat-of-covid-19-134520
https://theconversation.com/math-misconceptions-may-lead-people-to-underestimate-the-true-threat-of-covid-19-134520
https://theconversation.com/math-misconceptions-may-lead-people-to-underestimate-the-true-threat-of-covid-19-134520
https://doi.org/10.31234/osf.io/hukyv
https://doi.org/10.31234/osf.io/hukyv
https://www.usatoday.com/story/entertainment/celebrities/2020/04/17/dr-phil-compares-coronavirus-deaths-car-accidents/5151534002/
https://www.usatoday.com/story/entertainment/celebrities/2020/04/17/dr-phil-compares-coronavirus-deaths-car-accidents/5151534002/
https://www.usatoday.com/story/entertainment/celebrities/2020/04/17/dr-phil-compares-coronavirus-deaths-car-accidents/5151534002/
https://www.usatoday.com/story/entertainment/celebrities/2020/04/17/dr-phil-compares-coronavirus-deaths-car-accidents/5151534002/
https://www.usatoday.com/story/entertainment/celebrities/2020/04/17/dr-phil-compares-coronavirus-deaths-car-accidents/5151534002/
https://doi.org/10.3386/w17821
http://dx.doi.org/10.1126/science.1191181
http://dx.doi.org/10.1207/s15326985ep4001_3
http://dx.doi.org/10.1207/s15326985ep4001_3
http://dx.doi.org/10.1111/desc.12541
http://dx.doi.org/10.1111/cogs.12028
http://dx.doi.org/10.1111/cogs.12028
http://dx.doi.org/10.1111/cogs.12342
http://dx.doi.org/10.1016/j.euroecorev.2015.05.004
https://www.forbes.com/sites/startswithabang/2020/03/17/why-exponential-growth-is-so-scary-for-the-covid-19-coronavirus/#367dd4ad4e9b
https://www.forbes.com/sites/startswithabang/2020/03/17/why-exponential-growth-is-so-scary-for-the-covid-19-coronavirus/#367dd4ad4e9b
https://www.forbes.com/sites/startswithabang/2020/03/17/why-exponential-growth-is-so-scary-for-the-covid-19-coronavirus/#367dd4ad4e9b
https://www.forbes.com/sites/startswithabang/2020/03/17/why-exponential-growth-is-so-scary-for-the-covid-19-coronavirus/#367dd4ad4e9b
https://www.forbes.com/sites/startswithabang/2020/03/17/why-exponential-growth-is-so-scary-for-the-covid-19-coronavirus/#367dd4ad4e9b
http://dx.doi.org/10.1377/hlthaff.26.3.741
http://dx.doi.org/10.1377/hlthaff.26.3.741
http://dx.doi.org/10.1037/a0017327
http://dx.doi.org/10.1177/0272989X09333122
http://dx.doi.org/10.1002/hed.10383


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:201303
21

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

16
 M

ar
ch

 2
02

2 
numeracy matters. Med. Decis. Mak. 21,
382–390. (doi:10.1177/0272989X0102100505)

19. Jasper JD, Bhattacharya C, Levin IP, Jones L,
Bossard E. 2013 Numeracy as a predictor of
adaptive risky decision making. J. Behav. Decis.
Mak. 26, 164–173. (doi:10.1002/bdm.1748)

20. Ballard CL, Johnson MF. 2004 Basic math skills and
performance in an introductory economics class.
J. Econ. Educ. 35, 3–23. (doi:10.3200/JECE.35.1.3-23)

21. Geary DC. 2011 Cognitive predictors of
achievement growth in mathematics: a 5-year
longitudinal study. Dev. Psychol. 47, 1539.
(doi:10.1037/a0025510)

22. Ludewig U, Lambert K, Dackermann T, Scheiter
K, Möller K. 2019 Influences of basic numerical
abilities on graph reading performance. Psychol.
Res. 84, 1198–1210.

23. Brust-Renck PG, Nolte J, Reyna VF. 2017
Numeracy in health and risk messaging. Oxford
Research Encyclopedia of Communication.
(doi:10.1093/acrefore/978019028613.013.354)

24. Weinfurt KP et al. 2003 The correlation between
patient characteristics and expectations of
benefit from Phase I clinical trials. Cancer 98,
166–175. (doi:10.1002/cncr.11483)

25. Dowker A, Nuerk H-C. 2016 Linguistic influences
on mathematics. Front. Psychol. 7, 1035.

26. Adler NE, Epel ES, Castellazzo G, Ickovics JR.
2000 Relationship of subjective and objective
social status with psychological and
physiological functioning: preliminary data in
healthy, White women. Health Psychol. 19,
586–592. (doi:10.1037/0278-6133.19.6.586)

27. Inglehart R et al. 2014 World values survey:
round six—country-pooled datafile 2010–2014.
[database]. Madrid, Spain: JD Systems Institute.
See http://www.worldvaluessurvey.org/
WVSDocumentationWV6.jsp.

28. Núñez-Peña MI, Guilera G, Suárez-Pellicioni M.
2014 The single-item math anxiety scale: an
alternative way of measuring mathematical
anxiety. J. Psychoeduc. Assess. 32, 306–317.
(doi:10.1177/0734282913508528)

29. Davey HM, Barratt AL, Butow PN, Deeks JJ. 2007
A one-item question with a Likert or Visual
Analog Scale adequately measured current
anxiety. J. Clin. Epidemiol. 60, 356–360. (doi:10.
1016/j.jclinepi.2006.07.015)

30. Schneider M, Merz S, Stricker J, De Smedt B,
Torbeyns J, Verschaffel L, Luwel K. 2018
Associations of number line estimation with
mathematical competence: a meta-analysis. Child
Dev. 89, 1467–1484. (doi:10.1111/cdev.13068)

31. Matthews PG, Lewis MR, Hubbard EM. 2016
Individual differences in nonsymbolic ratio
processing predict symbolic math performance.
Psychol. Sci. 27, 191–202. (doi:10.1177/
0956797615617799)

32. Van Hoof J, Verschaffel L, Van Dooren W. 2015
Inappropriately applying natural number
properties in rational number tasks:
characterizing the development of the natural
number bias through primary and secondary
education. Educ. Stud. Math. 90, 39–56.
(doi:10.1007/s10649-015-9613-3)

33. Cokely ET, Galesic M, Schulz E, Ghazal S, Garcia-
Retamero R. 2012 Measuring risk literacy: The
Berlin Numeracy Test. Judgm. Decis. Mak. 7,
25–47.
34. Galesic M, Garcia-Retamero R. 2011 Graph literacy: a
cross-cultural comparison. Med. Decis. Making 31,
444–457. (doi:10.1177/0272989X10373805)

35. MacKinnon DP, Lockwood CM, Williams J. 2004
Confidence limits for the indirect effect:
distribution of the product and resampling
methods. Multivar. Behav. Res. 39, 99–128.
(doi:10.1207/s15327906mbr3901_4)

36. Putnick DL, Bornstein MH. 2016 Measurement
invariance conventions and reporting: the state of the
art and future directions for psychological research.
Dev. Rev. 41, 71–90. (doi:10.1016/j.dr.2016.06.004)

37. Cohen J. 1988 Statistical power analysis for the
behavioral sciences, 2nd edn. New York, NY:
Routledge.

38. Meade AW, Craig SB. 2012 Identifying careless
responses in survey data. Psychol. Methods 17,
437. (doi:10.1037/a0028085)

39. Huber S, Nuerk H-C, Reips U-D, Soltanlou M.
2019 Individual differences influence two-digit
number processing, but not their analog
magnitude processing: a large-scale online
study. Psychol. Res. 83, 1444–1464. (doi:10.
1007/s00426-017-0964-5)

40. Reips U-D. 2000 The Web experiment method:
Advantages, disadvantages, and solutions. In
Psychological experiments on the internet, pp.
89–117. Amsterdam, The Netherlands: Elsevier.

41. Aust F, Diedenhofen B, Ullrich S, Musch J. 2013
Seriousness checks are useful to improve data
validity in online research. Behav. Res. Methods
45, 527–535. (doi:10.3758/s13428-012-0265-2)

42. Barends AJ, de Vries RE. 2019 Noncompliant
responding: comparing exclusion criteria in
Mturk personality research to improve data
quality. Pers. Individ. Differ. 143, 84–89.
(doi:10.1016/j.paid.2019.02.015)

43. Maniaci MR, Rogge RD. 2014 Caring about
carelessness: participant inattention and its
effects on research. J. Res. Pers. 48, 61–83.
(doi:10.1016/j.jrp.2013.09.008)

44. Leys C, Ley C, Klein O, Bernard P, Licata L. 2013
Detecting outliers: do not use standard
deviation around the mean, use absolute
deviation around the median. J. Exp. Soc.
Psychol. 49, 764–766. (doi:10.1016/j.jesp.2013.
03.013)

45. Tabachnick BG, Fidell LS, Ullman JB. 2007 Using
multivariate statistics, vol. 5. Boston, MA:
Pearson.

46. Muthén LK, Muthén BO. 2010 Mplus: statistical
analysis with latent variables: user‘s guide. Los
Angeles, CA: Muthén & Muthén Los Angeles.

47. McDonald RP. 2013 Test theory: a unified
treatment, 1st edn. New York, NY: Psychology
Press.

48. Kline RB. 2015 Principles and practice of
structural equation modeling, 4th edn. New
York: NY: Guilford publications.

49. Fornell C, Larcker DF. 1981 Evaluating structural
equation models with unobservable variables
and measurement error. J. Mark. Res. 18,
39–50. (doi:10.1177/002224378101800104)

50. Hair Jr JF, Hult GTM, Ringle C, Sarstedt M. 2016
A primer on partial least squares structural
equation modeling (PLS-SEM). Thousand Oaks,
CA: Sage Publications.

51. Little TD, Cunningham WA, Shahar G, Widaman
KF. 2002 To parcel or not to parcel: exploring
the question, weighing the merits. Struct. Equ.
Model. 9, 151–173. (doi:10.1207/
S15328007SEM0902_1)

52. Hu L, Bentler PM. 1999 Cutoff criteria for fit
indexes in covariance structure analysis:
conventional criteria versus new alternatives.
Struct. Equ. Model.: Multidiscip. J. 6, 1–55.
(doi:10.1080/10705519909540118)

53. Chen FF. 2007 Sensitivity of goodness of fit
indexes to lack of measurement invariance.
Struct. Equ. Model.: Multidiscip. J. 14, 464–504.
(doi:10.1080/10705510701301834)

54. Cheung GW, Rensvold RB. 2002 Evaluating
goodness-of-fit indexes for testing
measurement invariance. Struct. Equ. Model. 9,
233–255. (doi:10.1207/S15328007SEM0902_5)

55. Jung E, Yoon M. 2016 Comparisons of three
empirical methods for partial factorial
invariance: forward, backward, and factor-ratio
tests. Struct. Equ. Model.: Multidiscip. J. 23,
567–584. (doi:10.1080/10705511.2015.
1138092)

56. Nye CD, Drasgow F. 2011 Effect size indices for
analyses of measurement equivalence:
understanding the practical importance of
differences between groups. J. Appl. Psychol.
96, 966. (doi:10.1037/a0022955)

57. Steenkamp J-BE, Baumgartner H. 1998
Assessing measurement invariance in cross-
national consumer research. J. Consum. Res. 25,
78–90. (doi:10.1086/209528)

58. Vandenberg RJ, Lance CE. 2000 A review and
synthesis of the measurement invariance
literature: suggestions, practices, and
recommendations for organizational research.
Organ. Res. Methods 3, 4–70. (doi:10.1177/
109442810031002)

59. Peters E, Västfjäll D, Slovic P, Mertz CK,
Mazzocco K, Dickert S. 2006 Numeracy
and decision making. Psychol. Sci. 17,
407–413. (doi:10.1111/j.1467-9280.2006.
01720.x)

60. Roozenbeek J, Schneider CR, Dryhurst S, Kerr J,
Freeman ALJ, Recchia G, van der Bles AM,
van der Linden S. 2020 Susceptibility to
misinformation about COVID-19 around the
world. R. Soc. Open Sci. 7, 201199. (doi:10.
1098/rsos.201199)

61. Kahan DM, Peters E, Wittlin M, Slovic P,
Ouellette LL, Braman D, Mandel G. 2012 The
polarizing impact of science literacy and
numeracy on perceived climate change risks.
Nat. Clim. Change 2, 732–735. (doi:10.1038/
nclimate1547)

62. Schneider CR, Dryhurst S, Kerr J, Freeman ALJ,
Recchia G, Spiegelhalter D, Linden SVd. 2021
COVID-19 risk perception: a longitudinal analysis
of its predictors and associations with health
protective behaviours in the United Kingdom.
J. Risk Res. 24, 294–313. (doi:10.1080/
13669877.2021.1890637)

63. Gadarian SK, Goodman SW, Pepinsky TB. 2021
Partisanship, health behavior, and policy
attitudes in the early stages of the COVID-19
pandemic. PLoS ONE 16, e0249596. (doi:10.
1371/journal.pone.0249596)

64. Kahan D. 2010 Fixing the communications
failure. Nature 463, 296–297. (doi:10.1038/
463296a)

https://doi.org/10.1177/0272989X0102100505
http://dx.doi.org/10.1002/bdm.1748
http://dx.doi.org/10.3200/JECE.35.1.3-23
http://dx.doi.org/10.1037/a0025510
http://dx.doi.org/10.1093/acrefore/978019028613.013.354
http://dx.doi.org/10.1002/cncr.11483
https://doi.org/10.1037/0278-6133.19.6.586
http://www.worldvaluessurvey.org/WVSDocumentationWV6.jsp
http://www.worldvaluessurvey.org/WVSDocumentationWV6.jsp
http://www.worldvaluessurvey.org/WVSDocumentationWV6.jsp
http://dx.doi.org/10.1177/0734282913508528
http://dx.doi.org/10.1016/j.jclinepi.2006.07.015
http://dx.doi.org/10.1016/j.jclinepi.2006.07.015
http://dx.doi.org/10.1111/cdev.13068
http://dx.doi.org/10.1177/0956797615617799
http://dx.doi.org/10.1177/0956797615617799
http://dx.doi.org/10.1007/s10649-015-9613-3
https://doi.org/10.1177/0272989X10373805
http://dx.doi.org/10.1207/s15327906mbr3901_4
http://dx.doi.org/10.1016/j.dr.2016.06.004
http://dx.doi.org/10.1037/a0028085
http://dx.doi.org/10.1007/s00426-017-0964-5
http://dx.doi.org/10.1007/s00426-017-0964-5
http://dx.doi.org/10.3758/s13428-012-0265-2
http://dx.doi.org/10.1016/j.paid.2019.02.015
http://dx.doi.org/10.1016/j.jrp.2013.09.008
http://dx.doi.org/10.1016/j.jesp.2013.03.013
http://dx.doi.org/10.1016/j.jesp.2013.03.013
http://dx.doi.org/10.1177/002224378101800104
http://dx.doi.org/10.1207/S15328007SEM0902_1
http://dx.doi.org/10.1207/S15328007SEM0902_1
http://dx.doi.org/10.1080/10705519909540118
http://dx.doi.org/10.1080/10705510701301834
http://dx.doi.org/10.1207/S15328007SEM0902_5
http://dx.doi.org/10.1080/10705511.2015.1138092
http://dx.doi.org/10.1080/10705511.2015.1138092
http://dx.doi.org/10.1037/a0022955
http://dx.doi.org/10.1086/209528
http://dx.doi.org/10.1177/109442810031002
http://dx.doi.org/10.1177/109442810031002
http://dx.doi.org/10.1111/j.1467-9280.2006.01720.x
http://dx.doi.org/10.1111/j.1467-9280.2006.01720.x
http://dx.doi.org/10.1098/rsos.201199
http://dx.doi.org/10.1098/rsos.201199
http://dx.doi.org/10.1038/nclimate1547
http://dx.doi.org/10.1038/nclimate1547
http://dx.doi.org/10.1080/13669877.2021.1890637
http://dx.doi.org/10.1080/13669877.2021.1890637
http://dx.doi.org/10.1371/journal.pone.0249596
http://dx.doi.org/10.1371/journal.pone.0249596
http://dx.doi.org/10.1038/463296a
http://dx.doi.org/10.1038/463296a

	Numeracy and COVID-19: examining interrelationships between numeracy, health numeracy and behaviour
	Introduction
	Methods
	Participants
	Procedure and materials
	Demographics and other potential covariates
	Basic numeracy
	COVID-19 health numeracy
	Attitudes and behaviours toward COVID-19
	Power analysis
	Simple correlation model
	Measurement invariance of the main variables
	Multi-group analysis

	Preprocessing of data
	Exclusion criteria and outlier identification
	Missing data

	Analysis
	Reliability and validity
	Item parcels
	Main analyses
	Exploratory analyses


	Results
	Descriptive statistics
	Confirmatory factor analysis
	Baseline correlation model
	Baseline correlation model with covariates
	Invariance testing
	Multi-group analysis
	Latent mean differences
	Exploratory analysis
	Sub-dimensions of basic numeracy


	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


