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Online platforms play a relevant role in the creation and
diffusion of false or misleading news. Concerningly, the
COVID-19 pandemic is shaping a communication network
which reflects the emergence of collective attention towards
a topic that rapidly gained universal interest. Here, we
characterize the dynamics of this network on Twitter,
analysing how unreliable content distributes among its users.
We find that a minority of accounts is responsible for the
majority of the misinformation circulating online, and identify
two categories of users: a few active ones, playing the role of
‘creators’, and a majority playing the role of ‘consumers’. The
relative proportion of these groups (approx. 14% creators—
86% consumers) appears stable over time: consumers are
mostly exposed to the opinions of a vocal minority of creators
(which are the origin of 82% of fake content in our data), that
could be mistakenly understood as representative of the
majority of users. The corresponding pressure from a
perceived majority is identified as a potential driver of the
ongoing COVID-19 infodemic.
1. Introduction
The spread of COVID-19, a respiratory disease responsible for the
emerging pandemic observed in early 2020 to date [1–3], has led
to an increase in misinformation and disinformation about a
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broad range of topics, from health to technology [4]. However, due to the unprecedented global health
crisis we are facing, the rise of fake news has become a global concern, with the potential to affect public
health policy and public order [5,6]. The World Health Organization has recognized this phenomenon
and has referred to it as ‘infodemic’ [7], a massive volume of news and narratives not necessarily
reliable, including a variety of false rumours and unreliable news appearing during a disease
outbreak [8,9], identifying in artificial intelligence an invaluable tool to support the global response
against it [10]. In fact, coupling misinformation spreading with an ongoing pandemic might be
particularly dangerous for public health [11,12], as it erodes trust in institutions [13] and can lead
people to turn to ineffective—and potentially harmful—remedies, as well as to engage in risky
behaviour for them and for the collectivity (e.g. refusing vaccines or not adopting non-pharmaceutical
interventions, such as wearing masks and physical distancing) [14] that substantially increases
epidemic spread [8,15,16].

Over the past years, social media platforms have become one of the preferred arenas for public
debates. Notwithstanding, they also represent some of the most vulnerable hotspots for infodemics to
occur [17–19]. For instance, on social media platforms, false information is typically shared by more
users, and travels far more rapidly than reliable information [20]. This condition is further exacerbated
by the presence of social bots [21,22]—i.e. automated accounts impersonating humans—that act as
magnifiers of noise, conflicts and (mis)information spread [23–29]. Fed by users’ preferences and
attitudes, social media algorithms increase the selectivity of the content to which users are exposed,
further limiting content verifiability [30]. All this has been shown to provide a fertile ground for the
emergence of echo chambers and epistemic bubbles [31], well-formed and highly segregated
communities where unsubstantiated rumours can gain increased exposure and become highly
resistant to correction [32].

In this paper, we propose a novel view where social norms are suggested as mechanisms promoting
the share of misinformation in online settings. Social psychology has long shown the power of social
norms—the informal rules that regulate our social life prescribing what we ought or ought not to
do—in guiding behaviour, providing extensive evidence about how expectations and actions of people
are affected by what they perceive the majority of their peers thinks or does [33–36]. However, this
perception of the majority does not need to be necessarily correct to influence people’ thinking and
behaviour. Social norms may suffer from biases and misperceptions [37], due to false consensus [38],
or pluralistic ignorance [39]. Individuals may, for example, wrongly estimate the opinions and
behaviours of others and develop a biased idea of what the majority thinks or does. In these
situations misperceived social norms may emerge and still guide people’s behaviour. Previous
research in social psychology has provided extensive evidence for the role of such misperceived social
norms in supporting the persistence of unpopular attitudes and behaviour in several offline, including
heavy drinking [40], racial segregation [41], casual sex [42], bullying [43], adolescent delinquency [44]
and stigmatization at work [45], and online domains, e.g. driving polarization in online debates [46].
So far, investigation has rarely accounted for social norms to explain the share of misinformation in
online settings. Yet, we believe that there are sound reasons for doing so. For example, a misperceived
social norm may arise if the voice of ‘few’ users spreading unreliable content is (wrongly) perceived
as being representative of the opinions of ‘many’. Once emerged, this norm influences users’
behaviour and increases the likelihood that they will spread questionable content. In this paper, we
examine whether there are features of the online communication network—e.g. those based on
content sharing—that could act as a structural basis for the development for such an ‘illusion of the
majority’ within online communities engaged in the spreading of unreliable content. We suggest here
that a mismatch—e.g. both in terms of size and in terms of segmentation—between users responsible
for producing unreliable content and those that mainly share it—could create the conditions for
the emergence of an illusion of the majority. Specifically, if the former are less than the latter, and the
latter are mostly exposed to the former, this may generate a basis on which misperception about
majority’s opinion can naturally arise. While exploratory, this work aims at providing support to the
idea that such an illusion of the majority can lead to the emergence of social norms shaping
misinformation spread, unlocking future opportunities to experimentally test the causal role of social
norms in driving (but also potentially curbing) the spread of misinformation.

In this work, we provide a quantitative analysis of empirical human activities gathered from Twitter,
a popular micro blogging platform, on unreliable content—such as fake news and conspiracy theories—
in the context of COVID-19 and explore which features could support the emergence of an erroneous
social norm supporting the sharing of unreliable content in online settings. For this purpose, we
collect and analyse 7.7 million retweets belonging to 1.6 million users, and we introduce a criterion
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for characterizing the users responsible for spreading fake news by means of two groups that we name
‘creators’ and ‘consumers’.

Our choice is supported by empirical evidence provided in the first section of this work. In line with
[47], we first show that the size of the two groups differs significantly: the creators are almost 15 000
while the consumers are 93 000, amounting to the 14% and 86% of the fake news spreaders
population, respectively. This difference in size is also confirmed by the existing literature on the
subject [47–51]. In the second section, we prove that such a definition is solid and suitable even when
the underlying socio-technical system is analysed from a dynamic perspective, showing that users
tend to mostly remain in the same group and that inter-group switches are mostly temporary. Finally,
we analyse the causality relation between the overall volume of fake news and the size of the groups
of creators and consumers, finding the latter to be, in fact, a good control parameter to describe the
behaviour of spread dynamics of unreliable content.
 os

R.Soc.Open
Sci.9:220716
2. Results
2.1. Characterizing the separation between creators and consumers
We analysed the interaction networks involving users posting messages related to COVID-19 on a period
of time spanning from 22 January to 22 May 2020. We focused our attention on the USA, which is a
geographical area particularly active on Twitter, where we have passively collected 7.7 million
retweets that allowed us to reconstruct the communication flow network between 1.6 million user
accounts. In the electronic supplementary material, we also used data coming from the UK and Italy.
The datasets come from the COVID-19 Infodemic Observatory [52] and have been collected through
the Twitter Filter API. All the tweets containing a URL were classified using information coming from
publicly available sources [16] (for more details see the Methods section).

Users’ social behaviour, measured in terms of volumes of activities, is not uniformly distributed:
instead, it exhibits a heavy-tail distribution, where a minority of individuals is responsible for the
great majority of content, as shown in figure 1. Furthermore, this result is confirmed even after
stratifying for the type of content: in fact, a minority of users is actively involved in the production of
false or misleading content in the context of COVID-19, contributing in a major way to the overall
volume of fake news and to the possible over-representation of ideas that would otherwise be minor.
Other users, instead, are characterized by a ‘bot-like’ behaviour, i.e. the tendency to passively retweet
something without commenting on it or appending any original content, contributing nonetheless to
its diffusion. Users within the platform may assume such misleading information as being
representative of what the majority of users believes, which is the basis on which misperceived social
norms can naturally emerge. Although these two qualitatively different types of users are both ‘fake
news spreaders’—which is the term that we will use to identify them throughout this work—it is safe
to assume that they will have different roles in the misinformation ecosystem. Users belonging to the
first, active, group are highly motivated users, prepared to spend energy and time to craft messages
(i.e. tweets) to spread them further. We will refer to users in this first group as ‘creators’. The second,
passive, group contains those users who are more likely to engage in low-cost behaviours, such as
retweeting. We will refer to users in this group as ‘consumers’. The latter are the ones that we suggest
may be vulnerable to develop a misperception about the norm in place, namely acting in accordance
with the perceived majority, even if he/she privately disapprove of the behaviour. Finally, outside of
these two groups remains the rest of the online population, consisting of those user accounts that have
never shared unreliable content but that, nonetheless, interact with creator and consumer through
other kinds of retweets.

In order to talk more quantitatively about these two groups, it is useful to define them in terms of the
fraction of fake retweets per user in a given time window. Specifically, we defined as creators all those
users whose retweeted content in a given time interval is at least 20% fake. The creators’ group
defined in this way contains 14% of the total users and it is responsible for 11% of retweets and the
origin of 82% of fake content. On the other hand, the consumers’ group contains 86% of the users and
is responsible for 89% of retweets and the origin of 18% of fake content. For more details about this
choice see Methods and the electronic supplementary material, where an analysis of the difference in
the number of followers between creators and consumers further supports our intuition behind the
definition of the two groups (see figure 2).
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Figure 1. Characterizing the share of content with respect to the share of users who produce them. The x-axis indicates the fraction
of users ordered from most active to least active, while the y-axis displays the share of the overall content (tweets and retweets) that
those users are responsible for. The content is divided into four types: fake, mainstream media (or MSM), political and science (see
Methods). Different content types are encoded by distinct colours: note the red one, corresponding to content identified as fake
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content, to highlight the highly heterogeneous activity of content production from different users, regardless of content type.
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Figure 2. Schematic illustration of the separation between creators and consumers. The arrows represent the endorsements (i.e.
retweets in Twitter) and go from the retweeting to the retweeted individuals. Values indicate the ratio between the observed
number of links and the number one would expect if the links were randomly assigned, i.e. the number of links between
groups were compared with that of an Erdös–Rényi model with the same number of total links. Note that the illustration is
not at scale with numbers.
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Furthermore, to justify the claim that the separation of creators and consumers can act as a structural
basis for the emergence of an ‘illusion of the majority’ we explore what may limit users’ opportunity to
recognize the group belonging of the retweeted accounts (e.g. whether they are part of a minority or a
majority). To do this, we computed and plotted the ratio of retweets per retweeted accounts (RpRA).
If the users retweeted always the same accounts they could keep track and correctly infer
the retweeted accounts’ group belonging. However our findings (figure 3) refute this possibility,
showing that the median of the distribution of retweets per retweeted accounts (or, similarly, of
retweets per retweeting accounts) is close to 1, meaning that the majority of users retweet each
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Figure 3. Do users engage always with the same accounts? To answer to this question, we computed the ratio of retweets per
retweeted (retweeting) accounts in the case of consumers (creators), which are shown in (a,b), respectively. The acronym RpRA
stands for what appears on the x-axis of each figure. In both cases, the distribution of this ratio among users is heavily
skewed towards one, as shown by the black dashed line representing the median (1.2 and 1.04, respectively). This means that
the majority of the users interacts with different people every time they retweet or are retweeted, therefore confirming the
idea that on average people cannot understand what group (creators or consumers) they are interacting with. In the analysis
users involved in less than 10 retweets are excluded because they would have further skewed the distribution without adding
significant information.

Table 1. User behaviour in spreading fake news. Number of users classified according to their behaviour towards the spread of
unreliable content: the majority of them tends to spread fake news only once, and, consequently, they were not taken into
account in the analysis shown in figure 4. Also note that the majority of people becomes fake news spreaders only every once in
a while. For instance, the users who go in and out of these groups less than 10 times are 96% of the total.

behaviour users only once only twice less than 10 times

only creators 13 848 (12.91%) 9804 (9.14%) 2027 (1.89%) 13 553 (12.64%)

only consumers 88 400 (82.42%) 58 328 (54.38%) 12 214 (11.38%) 85 967 (80.15%)

mixed 5005 (4.67%) / 952 (0.88%) 3608 (3.36%)
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account only a single time. This suggests that the retweeting users have a limited understanding of the
origin of the information they are sharing, which in turn makes it possible for a misperception about
majority to arise.
2.2. Fluid transitions between creator and consumer groups
One of the consequences of defining both creators and consumers in terms of user activity is that when
the underlying behaviour changes, the composition of the corresponding groups changes accordingly.
Operationally, this dynamical behaviour over time leads to users going from being active spreaders to
being silent, or vice versa, as well as anything in between. In practice, the groups of creators and
consumers are fluid constructs that exist at every time step but are also continuously mutating and
experiencing inward and outward user flows.

It is natural to wonder if the classification provided in the previous section—that of creators and
consumers of fake news—still holds when such concepts are defined taking short time steps, e.g. 1
day, while allowing users to switch between groups. We find that only a small minority—specifically,
4.67%—of all fake news spreaders go from being creators to being consumers or vice versa. Moreover
the majority of fake news spreaders tends to keep a similar spreading behaviour, even after a long
period of inactivity (table 1).
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Figure 4. Fluid transitions between creators’ and consumers’ groups. Let us consider first-return times: (a) schematic example of the
behaviour of a user (the circle), who might change his/her group at every time step (e.g. 1 day). Red, blue and black circles
represent creators, consumers and non-spreaders, respectively. The return times are the number of black circles that separate
coloured circles from one another, so in this example, they are 3, 0, 1 and 0 days, in chronological order from left- to right-
hand side. The two histograms display the probability of returning, after a certain time, to a fake news spreading group
(creators in orange, consumers in blue) for users that just stopped being (b) creators or (c) consumers.
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Figure 4 shows how a user belonging to the creators’ (or consumers’) group is more likely to behave
next, and after how much time. The analysis is restricted only to those users for which such a time can be
unambiguously identified, meaning that we only consider those users that return to one of the two fake
news groups within the time span of our temporal data. Our analysis shows two facts: first, the
probability of returning to either one of the two fake news groups decreases with time; second, it is
always more likely for users to return to the group that they left than to the other one. In practice,
this means that creators are more likely to go back to being creators, no matter how much time they
spent being silent, and the same holds for consumers. While these features are the same whether we
consider creators or consumers, these two groups also display some notable differences. For instance
users leaving the creators’ group are more likely to come back to it within 0–2 days, although in the
same time span they can change group with 10% probability. Conversely, if a user starts from the
consumers’ group they are much more likely to go back to it even after a long time, while the
probability to change group in the same period is much lower, going down to 24 times less likely in
the 18–45 day range. This makes this group more stable in terms of user dynamics and, consequently,
more suitable to be considered for potential interventions. This finding supports our interpretation of
consumers as those users who are not very committed to fake news spreading, since the time between
consecutive fake news sharing is longer, on average, than that measured for the creators.
2.3. Unravelling causality between creators’ dynamics and fake news volume
It is plausible to ask whether the overall volume of fake news increases in response to an increase in the
number of fake news spreaders or if it is the other way around. To inspect the existence of a causal
relation between the size of the two communities of fake news spreaders and the overall volume of
fake news circulating in the network, we consider temporal snapshots of 1 day for the analysis. For
each time slice, we count how many creators and consumers there are and how many fake news
items are being shared, building the three time series shown in figure 5a, which appear to be at least
correlated with each other. First, we quantify such correlations: The cross-correlation between the
fraction of creators and the fraction of fake content is 0.7; this value goes to 0.69 when we consider
the fraction of creators and consumers and reaches 0.97 when we consider the last pair of time series,
i.e. fraction of consumers and fraction of fake content.
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Moving beyond simple correlations, we identify what is the cause–effect relation between the number
of consumers and fake news spreading by means of the convergent cross-mapping (CCM) algorithm
(see Methods). To investigate all the possible cases, we look for both short-time and long-time effects
by varying the time-delay parameter that the method allows one to tune. Our results are shown in
figure 5b, where the null hypothesis is obtained by performing the same causal test over different
surrogates of our original time series, obtained by randomly permuting empirical observations while
destroying any temporal correlation.

As shown in figure 5b, the cross-map causality, i.e. the quantity that indicates how strongly two time
series are causally linked, is highest when the time delay is 0 days, and above the 95% confidence level
(CL) only for 0 and 1 days for both the causality directions (consumers cause a higher volume of fake
news and such a volume, in turn, cause a growth in consumers size). An analogous result is obtained
when, instead of the consumers’ dynamics, creators’ dynamics is considered. Although a causal
relation between the time course of the two empirical dynamics has been found, it is not possible to
conclude which of the two quantities is responsible for the variation of the other, either because (i)
there is a very strong feedback loop that propagates causal effects over fast time scales or (ii) the two
variables are driven by a third, external or hidden, common cause. The proportionality between fake
news and retweeters has already been shown in a study by González-Bailón et al. [47], but our
analysis shows that the same result holds even if we only consider consumers and not all the
accounts spreading fake news. These results provide additional support to the fact that due to their
size the consumers are mainly the ones responsible for shaping the fake news ecosystem.
3. Discussion
Overall, from our analysis, a consistent picture arises. First of all, we were able to separate fake news
spreaders into two groups: a small one (14%) of active and motivated users (creators) and larger one
(86%) of users who instead prefer to repeat what other people say without creating content on their
own (consumers). We did so by putting together information coming from the structural network
such as the in-degree of each node with the information coming from the metadata on the retweets’
nature, namely the subject of the message. Furthermore, the criterion that we chose proved to be
robust against the variation of the only arbitrary parameter that it takes as input.

As a result, we were able to classify all users in the network based on their group’s belonging. These
results are consistent with previous findings and provide additional support to the idea that on Twitter
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the communication network is characterized by a low degree of pluralism, since the majority of content
circulating online is mainly produced by a minority of committed users [47–51,53]. Adopting a social
norm perspective allows us to look at these findings through a new lens and provide novel insights
on the social factors that could favour misinformation spread. Indeed, we suggest that the mismatch
between the numbers of users producing content and of those that share it creates the structural bases
on which specific social biases can arise. Specifically, the creator–consumer classification allows us to
quantify their role in the spreading of fake news and to understand how much these types are
susceptible to develop a wrong representation of the opinions of their community members. On the
one hand, given that creators strongly interact among themselves, it is reasonable to think that they
have a correct estimate of the opinions of the other members of their group. On the other hand, the
consumers are users who read and retweet content coming from the creators. Since creators are only a
minor fraction of the Twitter landscape, such an overexposure to their tweets may lead consumers to
believe that the opinions of the creators are representative of those held by the majority of users
(figure 3). This may generate a pressure to act accordingly to the (mis)perceived majority, even if this
is not in line with their own private opinions. One may ask if such interpretation is specific to fake
news or, alternatively, if it can apply also to other types of news (e.g. mainstream media, science)
shared on social media. While such a creator–consumer pattern seems to occur regardless of the
content expressed (e.g. figure 1), the effect in generating a misperception about the opinion of the
majority is different when disinformation is shared. Specifically, it is unlikely that observing few users
sharing reliable news would produce a wrong representation of the opinions of many, given that for
the reliable content, what few do is already coherent with what most approve of, and is thus not
expected to produce changes in the (already high) perceived social support of such behaviour.
Instead, with regard to disinformation, what few do is probably not in line with what the majority
considers the appropriate way to act, and it is exactly through such misalignment that misperception
about the opinions of many can emerge.

One of the benefits of our distinction between creators and consumers is the possibility of doing a
temporal analysis and therefore to judge how user behaviour and fake news circulation relate to each
other. In our analysis, we found that it is impossible (at least with the time resolution available to us)
to understand if fake news causes a growth in the number of highly active fake news spreaders or
vice versa or, again, if they simply are the effect of a third, external event. Our results show that the
number of consumers is the most strongly correlated with the fake news volume, since these two
quantities show a stunning cross-correlation of 0.97. This confirms the idea that it is on consumers,
those more susceptible to a possible ‘illusion of majority’, that one should focus in order to control
and, hopefully, reduce the incidence of fake content online. We acknowledge the limits of the
exploratory nature of this work. Specifically, future experimental work eliciting users private (and
perception of others’) opinions, their actual diffusion, and the potential mismatch with what users
share online is needed to confirm the causal effect of the aforementioned misperceptions on users’
online behaviour. As a precondition, it is, however, essential to explore if the naturally occurring
structural features of social media communication could support the emergence of such social
phenomena. Our findings make us confident that interpreting misinformation also through the lens of
social norms can advance our understanding of the mechanisms supporting the spread of fake news
and spark scientific discussions on how to improve the design of solutions to curb this phenomenon.
For example, in offline contexts the effect of beliefs and opinions misperceptions can be alleviated by
informing people about the real distribution of beliefs and expectations of others [54]. If, as
anticipated by our work, such biases occur in online communication networks too, similar kinds of
‘bottom-up’ interventions could be designed to prevent users from sharing unreliable content in
online settings. Specifically, unveiling the collective misunderstanding on which users’ behaviour is
based may reduce the pressure to act as the perceived majority does, thus allowing users to behave
according to their (potentially disagreeing) private preferences. Such interventions may encounter less
resistance and lead to less backfiring effects (e.g. increasing polarization and resistance to opinion
change) compared with debunking information provided by external authorities or fact-checkers
[55,56]. Our study makes several important contributions to the current literature addressing the
expression of opinions in social media. We provide a novel perspective regarding the social
mechanisms that may drive individuals to share unreliable content in online settings, complementing
a growing body of interdisciplinary work exploring the social motives and the psychology that
underpins the dynamics of social media sharing [57,58]. Misinformation spreading can be particularly
dangerous in the context of the current COVID-19 pandemic as it may decrease people’s willingness
to comply with preventive behaviours (e.g. taking vaccines, wearing masks and adopting physical
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distancing) [14]. Although more evidence is needed to assess that online undesirable behaviour may
spill over in offline behaviour (see also [59]), shedding light on the role of social factors—i.e. social
norms—in the context of fake news spread may offer a novel approach for fighting misinformation
and it is an attempt to respond to the current call from the research community for a better
integration of the social sciences to support COVID-19 pandemic response [14].
publishing.org/journal/rsos
R.Soc.Open

Sci.9:220716
4. Methods
4.1. Dataset origin and description
The datasets that we used in this work come from the COVID-19 Infodemics Observatory [16,52]. Tweets
associated with the COVID-19 pandemics (coronavirus, ncov, #Wuhan, covid19, COVID-19, SARSCoV2,
COVID) have been automatically collected using the Twitter Filter API.

The fraction of tweets included in our filter is limited by Twitter to 1% of the total, which instead
provided us with a random subsample of all interactions. Nevertheless, recall of approximately
40% of all tweets associated with Coronavirus is estimated during these months. To reconstruct
the communication network from the messages, we use the type of public pairwise interactions
known as retweets.

In order to identify misinformative content, we used a database of web domains we constructed
joining together multiple publicly available data sources [16]. This allowed us to classify the URLs,
that are included in about 20% of tweets, as one of seven categories: science, mainstream media,
satire, clickbait, political, fake/hoax, conspiracy/junk science. A fraction of about 14% of URLs were
successfully classified in this sense (about 25% in the case of Italy). In this analysis, we considered as
‘fake’ messages associated with domains marked as clickbait, fake/hoax, conspiracy/junk science. We
also restricted our analysis to those users classified as real people, and not bots, using the machine
learning methodology described in [26].

Lastly, our analysis is focused on three countries: the USA, Italy and the UK (the last two only appear
in the electronic supplementary material). To select accounts associated with a particular country, our
data infrastructure are based on the geo-coding of the accounts’ textual self-declared location, which
we are able to successfully map to a country of the world in 50% of cases. Finally, in the case of the
USA and the UK, the data spanned from 22 January to 22 May 2020; for Italy, the period was instead
between 22 January and 2 December 2020.

4.2. Definition of creator and consumer
The definition of the concept of creators and consumers is based on a criterion applied to each user
individually. This criterion is based on the fraction of fake news produced: if among all the tweets
that an account has produced 20% or more is fake, then that user is considered to be a creator. On the
other hand, if this fraction is between 0% and 20%, the account is considered to be a consumer.

In order to verify that this method is actually effective in identifying two separate groups, we
compared our network against a null model with randomly distributed links (figure 6). In this way,
we were able to highlight a clear separation between creators and consumers given by the fact that
the former group is much more likely to be retweeted than the latter. Furthermore, this methodology
allows us to carry out a sensitivity analysis to investigate the dependence of the behaviour of these
systems on the threshold to be considered a creator (that we fixed to 20%). The result of such analysis
shows that no matter what threshold we choose, this criterion is effective in separating fake news
spreaders responsible for producing a large part of fake news, and those responsible for retweeting
them, as shown in figure 6. Finally, in the electronic supplementary material, we show that the
creators–consumers structure is not unique to the data from the USA but can be found in the data
from Italy and the UK as well.

4.3. Causality detection via convergent cross-mapping
The algorithm that we use to infer the causal relation between the two time series in figure 5 is called
convergent cross-mapping. It is based on a result known as Taken’s theorem, which allows us to
reconstruct a dynamical system from the time series of a single one of its variables. The main idea
behind this algorithm is that if we have two time series xt (in our case the fake news volume) and yt
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Figure 6. Analysis of the separation between creators and consumers for different definitions of these groups. The height of the bars
indicates the ratio between the observed number of links between two groups and the number we would expect if the links were
randomly distributed among the network (as in an Erdös–Rényi network). The dashed horizontal line corresponds to the case where
the number of observed links is compatible with those of a random network (y = 1). The red and blue colours indicate if the tweet
was originally from the creators’ or from the consumers’ group, respectively. The figures differ because of the threshold in the
percentage of most active fake news spreaders used to define creators and consumers. However, it can be seen that the
densities of the connections between these groups do not depend strongly on such a threshold.
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(the number of consumers), we can reconstruct for each of them a dynamical system which in turn gives a
prediction of the original data, Mx in the case of x(t) and My in the case of y(t). Finally, in order to
establish the causality relation between the two quantities we compute the Pearson coefficient
between x(t) and the version of itself reconstructed from My; the same is done with y(t) and Mx. The
only parameter we need to specify is the embedding dimension E, that we put equal to 10. Finally to
generate the confidence interval, that is the grey area in figure 5, we repeat the same algorithm on 500
surrogates generated by randomizing the order of our time series.

For a more in in-depth discussion on the exact algorithm and the theory behind it see [60].

Data accessibility. Complying with the developer licence granted by Twitter, only the tweets identifiers can be made
available. They can be found in the Dryad Digital Repository: https://doi.org/10.5061/dryad.bzkh189cc [61]. The
code that we used for analysing the data can be found at https://github.com/PGcastioni/Creators_and_Consumers.

The data are provided in electronic supplementary material [62].
Authors’ contributions. P.C.: conceptualization, methodology, software, visualization, writing—original draft; G.A.:
conceptualization, funding acquisition, methodology, writing—review and editing; R.G.: conceptualization, data
curation, methodology, writing—review and editing; E.P.: conceptualization, funding acquisition, methodology,
supervision, writing—review and editing; M.D.D.: conceptualization, data curation, methodology, supervision,
writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. No funding has been received for this article.
References

1. Hoehl S et al. 2020 Evidence of SARS-CoV-2

infection in returning travelers from Wuhan,
China. N. Engl. J. Med. 382, 1278–1280.
(doi:10.1056/NEJMc2001899)
2. Kraemer MUG et al. Open COVID-19
Data Working Group. 2020 The effect of
human mobility and control measures on
the COVID-19 epidemic in China.
Science 368, 493–497. (doi:10.1126/science.
abb4218)

3. Aleta A et al. 2020 Modelling the impact of
testing, contact tracing and household

https://doi.org/10.5061/dryad.bzkh189cc
https://github.com/PGcastioni/Creators_and_Consumers
http://dx.doi.org/10.1056/NEJMc2001899
https://doi.org/10.1126/science.abb4218
https://doi.org/10.1126/science.abb4218


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

Sci.9:220716
11

 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 

01
 N

ov
em

be
r 

20
22

 

quarantine on second waves of COVID-19.
Nat. Hum. Behav. 4, 964–971. (doi:10.1038/
s41562-020-0931-9)

4. 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)

5. Rapp DN, Salovich NA. 2018 Can’t we just
disregard fake news? The consequences of
exposure to inaccurate information. Policy
Insights Behav. Brain. Sci. 5, 232–239. (doi:10.
1177/2372732218785193)

6. Earnshaw VA, Eaton LA, Kalichman SC,
Brousseau NM, Hill EC, Fox AB. 2020 COVID-19
conspiracy beliefs, health behaviors, and policy
support. Transl. Behav. Med. 10, 850–856.
(doi:10.1093/tbm/ibaa090)

7. World Health Organization. 2020 Weekly
epidemiological record. Wkly. Epidemiol. Rec.
95, 409–416.

8. World Health Organization. 2018 Managing
epidemics: key facts about major deadly
diseases. Geneva, Switzerland: World Health
Organization.

9. d’Andrea V, Artime O, Castaldo N, Sacco P,
Gallotti R, De Domenico M. 2022 Epidemic
proximity and imitation dynamics drive
infodemic waves during the COVID-19
pandemic. Phys. Rev. Res. 4, 013158. (doi:10.
1103/PhysRevResearch.4.013158)

10. Luengo-Oroz M et al. 2020 Artificial
intelligence cooperation to support the
global response to COVID-19. Nat. Mach.
Intell. 2, 295–297. (doi:10.1038/s42256-020-
0184-3)

11. Tangcharoensathien V et al. 2020 Framework for
managing the COVID-19 infodemic: methods
and results of an online, crowdsourced WHO
technical consultation. J. Med. Internet Res. 22,
e19659. (doi:10.2196/19659)

12. Calleja N et al. 2021 A public health research
agenda for managing infodemics: methods and
results of the first WHO infodemiology
conference. JMIR Infodemiol. 1, e30979. (doi:10.
2196/30979)

13. Pummerer L, Böhm R, Lilleholt L, Winter K,
Zettler I, Sassenberg K. 2022 Conspiracy
theories and their societal effects during
the COVID-19 pandemic. Soc. Psychol.
Personal. Sci. 13, 49–59. (doi:10.1177/
19485506211000217)

14. Bavel JJV et al. 2020 Using social and
behavioural science to support COVID-19
pandemic response. Nat. Hum. Behav. 4,
460–471. (doi:10.1038/s41562-020-0884-z)

15. Waszak PM, Kasprzycka-Waszak W, Kubanek A.
2018 The spread of medical fake news in social
media—the pilot quantitative study. Health
Policy Technol. 7, 115–118. (doi:10.1016/j.hlpt.
2018.03.002)

16. Gallotti R, Valle F, Castaldo N, Sacco P, De
Domenico M. 2020 Assessing the risks of
‘infodemics’ in response to COVID-19 epidemics.
Nat. Hum. Behav. 4, 1285–1293. (doi:10.1038/
s41562-020-00994-6)

17. Frenkel S, Alba D, Zhong R. 2020 Surge of virus
misinformation stumps Facebook and Twitter.
The New York Times, p. 8. See https://www.
nytimes.com/2020/03/08/technology/
coronavirus-misinformation-social-media.html.

18. Russonello G. 2020 Afraid of Coronavirus? That
might say something about your politics. The
New York Times, p. 13. See https://www.
nytimes.com/2020/03/13/us/politics/
coronavirus-trump-polling.html.

19. Loomba S, de Figueiredo A, Piatek SJ,
de Graaf K, Larson HJ. 2021 Measuring the
impact of COVID-19 vaccine misinformation on
vaccination intent in the UK and USA. Nat. Hum.
Behav. 5, 337–348. (doi:10.1038/s41562-021-
01056-1)

20. Vosoughi S, Roy D, Aral S. 2018 The spread of
true and false news online. Science 359,
1146–1151. (doi:10.1126/science.aap9559)

21. Ferrara E, Varol O, Davis C, Menczer F, Flammini
A. 2016 The rise of social bots. Commun. ACM
59, 96–104. (doi:10.1145/2818717)

22. Cresci S, Petrocchi M, Spognardi A, Tognazzi S.
2021 The coming age of adversarial social bot
detection. First Monday 26, 7. (doi:10.5210/fm.
v26i7.11474)

23. Shao C, Ciampaglia GL, Varol O, Yang K-C,
Flammini A, Menczer F. 2018 The spread of
low-credibility content by social bots. Nat.
Commun. 9, 4787. (doi:10.1038/s41467-018-
06930-7)

24. Stella M, Ferrara E, De Domenico M. 2018 Bots
increase exposure to negative and inflammatory
content in online social systems. Proc. Natl Acad.
Sci. USA 115, 12 435–12 440. (doi:10.1073/
pnas.1803470115)

25. Ross B, Pilz L, Cabrera B, Brachten F,
Neubaum G, Stieglitz S. 2019 Are social
bots a real threat? An agent-based model of the
spiral of silence to analyse the impact of
manipulative actors in social networks.
Eur. J. Inf. Syst. 28, 394–412. (doi:10.1080/
0960085X.2018.1560920)

26. Stella M, Cristoforetti M, Domenico MD. 2019
Influence of augmented humans in online
interactions during voting events. PLoS ONE 14,
e0214210. (doi:10.1371/journal.pone.0214210)

27. Chen W, Pacheco D, Yang K-C, Menczer F. 2021
Neutral bots probe political bias on social
media. Nat. Commun. 12, 5580. (doi:10.1038/
s41467-021-25738-6)

28. González-Bailón S, De Domenico M. 2021 Bots
are less central than verified accounts during
contentious political events. Proc. Natl Acad. Sci.
USA 118, e2013443118. (doi:10.1073/pnas.
2013443118)

29. Caldarelli G, De Nicola R, Petrocchi M, Pratelli M,
Saracco F. 2021 Flow of online misinformation
during the peak of the COVID-19 pandemic in
Italy. EPJ Data Sci. 10, 1–23. (doi:10.1140/
epjds/s13688-021-00289-4)

30. Ciampaglia GL, Nematzadeh A, Menczer F,
Flammini A. 2018 How algorithmic
popularity bias hinders or promotes quality.
Sci. Rep. 8, 15951. (doi:10.1038/s41598-018-
34203-2)

31. Nguyen CT. 2020 Echo chambers and epistemic
bubbles. Episteme 17, 141–161. (doi:10.1017/
epi.2018.32)

32. Garrett K, Weeks BE, 2013 The promise and
peril of real-time corrections to political
misperceptions. In Proc. of the 2013 Conf. on
Computer Supported Cooperative Work, CSCW
’13, pp. 1047–1058. New York, NY: Association
for Computing Machinery.

33. Bicchieri C. 2005 The grammar of society: the
nature and dynamics of social norms.
Cambridge, UK: Cambridge University Press.

34. Ostrom E. 2000 Collective action and the
evolution of social norms. J. Econ. Perspect. 14,
137–158. (doi:10.1257/jep.14.3.137)

35. Horne C, Mollborn S. 2020 Norms: an integrated
framework. Annu. Rev. Sociol. 46, 467–487.
(doi:10.1146/annurev-soc-121919-054658)

36. Elster J. 1989 Social norms and economic
theory. J. Econ. Perspect. 3, 99–117. (doi:10.
1257/jep.3.4.99)

37. Dempsey RC, McAlaney J, Bewick BM. 2018 A
critical appraisal of the social norms approach as
an interventional strategy for health-related
behavior and attitude change. Front. Psychol. 9,
2180. (doi:10.3389/fpsyg.2018.02180)

38. Ross L, Greene D, House P. 1977 The ‘false
consensus effect’: an egocentric bias in social
perception and attribution processes. J. Exp. Soc.
Psychol. 13, 279–301. (doi:10.1016/0022-
1031(77)90049-X)

39. Miller DT, McFarland C. 1987 Pluralistic
ignorance: when similarity is interpreted as
dissimilarity. J. Pers. Soc. Psychol. 53, 298–305.
(doi:10.1037/0022-3514.53.2.298)

40. Prentice DA, Miller DT. 1993 Pluralistic ignorance
and alcohol use on campus: some consequences
of misperceiving the social norm. J. Pers. Soc.
Psychol. 64, 243–256. (doi:10.1037/0022-3514.
64.2.243)

41. Fields JM, Schuman H. 1976 Public beliefs
about the beliefs of the public. Public Opin. Q.
40, 427–448. (doi:10.1086/268330)

42. Lambert TA, Kahn AS, Apple KJ. 2003 Pluralistic
ignorance and hooking up. J. Sex Res. 40,
129–133. (doi:10.1080/00224490309552174)

43. Sandstrom M, Makover H, Bartini M. 2013 Social
context of bullying: do misperceptions of group
norms influence children’s responses to
witnessed episodes? Soc. Influence 8, 196–215.
(doi:10.1080/15534510.2011.651302)

44. Young JTN, Weerman FM. 2013 Delinquency as
a consequence of misperception: overestimation
of friends’ delinquent behavior and mechanisms
of social influence. Soc. Probl. 60, 334–356.
(doi:10.1525/sp.2013.60.3.334)

45. Munsch CL, Ridgeway CL, Williams JC. 2014
Pluralistic ignorance and the flexibility bias:
understanding and mitigating flextime and
flexplace bias at work. Work Occup. 41, 40–62.
(doi:10.1177/0730888413515894)

46. Lees J, Cikara M. 2021 Understanding and
combating misperceived polarization. Phil.
Trans. R. Soc. B 376, 20200143. (doi:10.1098/
rstb.2020.0143)

47. González-Bailón S, Borge-Holthoefer J, Moreno
Y. 2013 Broadcasters and hidden influentials in
online protest diffusion. Am. Behav. Sci. 57,
943–965. (doi:10.1177/0002764213479371)

48. Grinberg N, Joseph K, Friedland L, Swire-
Thompson B, Lazer D. 2019 Fake news on
twitter during the 2016 U.S. presidential
election. Science 363, 374–378. (doi:10.1126/
science.aau2706)

http://dx.doi.org/10.1038/s41562-020-0931-9
http://dx.doi.org/10.1038/s41562-020-0931-9
http://dx.doi.org/10.1098/rsos.201199
http://dx.doi.org/10.1098/rsos.201199
http://dx.doi.org/10.1177/2372732218785193
http://dx.doi.org/10.1177/2372732218785193
http://dx.doi.org/10.1093/tbm/ibaa090
http://dx.doi.org/10.1103/PhysRevResearch.4.013158
http://dx.doi.org/10.1103/PhysRevResearch.4.013158
http://dx.doi.org/10.1038/s42256-020-0184-3
http://dx.doi.org/10.1038/s42256-020-0184-3
http://dx.doi.org/10.2196/19659
http://dx.doi.org/10.2196/30979
http://dx.doi.org/10.2196/30979
http://dx.doi.org/10.1177/19485506211000217
http://dx.doi.org/10.1177/19485506211000217
http://dx.doi.org/10.1038/s41562-020-0884-z
http://dx.doi.org/10.1016/j.hlpt.2018.03.002
http://dx.doi.org/10.1016/j.hlpt.2018.03.002
http://dx.doi.org/10.1038/s41562-020-00994-6
http://dx.doi.org/10.1038/s41562-020-00994-6
https://www.nytimes.com/2020/03/08/technology/coronavirus-misinformation-social-media.html
https://www.nytimes.com/2020/03/08/technology/coronavirus-misinformation-social-media.html
https://www.nytimes.com/2020/03/08/technology/coronavirus-misinformation-social-media.html
https://www.nytimes.com/2020/03/13/us/politics/coronavirus-trump-polling.html
https://www.nytimes.com/2020/03/13/us/politics/coronavirus-trump-polling.html
https://www.nytimes.com/2020/03/13/us/politics/coronavirus-trump-polling.html
http://dx.doi.org/10.1038/s41562-021-01056-1
http://dx.doi.org/10.1038/s41562-021-01056-1
http://dx.doi.org/10.1126/science.aap9559
http://dx.doi.org/10.1145/2818717
http://dx.doi.org/10.5210/fm.v26i7.11474
http://dx.doi.org/10.5210/fm.v26i7.11474
http://dx.doi.org/10.1038/s41467-018-06930-7
http://dx.doi.org/10.1038/s41467-018-06930-7
http://dx.doi.org/10.1073/pnas.1803470115
http://dx.doi.org/10.1073/pnas.1803470115
http://dx.doi.org/10.1080/0960085X.2018.1560920
http://dx.doi.org/10.1080/0960085X.2018.1560920
http://dx.doi.org/10.1371/journal.pone.0214210
http://dx.doi.org/10.1038/s41467-021-25738-6
http://dx.doi.org/10.1038/s41467-021-25738-6
http://dx.doi.org/10.1073/pnas.2013443118
http://dx.doi.org/10.1073/pnas.2013443118
http://dx.doi.org/10.1140/epjds/s13688-021-00289-4
http://dx.doi.org/10.1140/epjds/s13688-021-00289-4
http://dx.doi.org/10.1038/s41598-018-34203-2
http://dx.doi.org/10.1038/s41598-018-34203-2
http://dx.doi.org/10.1017/epi.2018.32
http://dx.doi.org/10.1017/epi.2018.32
http://dx.doi.org/10.1257/jep.14.3.137
http://dx.doi.org/10.1146/annurev-soc-121919-054658
http://dx.doi.org/10.1257/jep.3.4.99
http://dx.doi.org/10.1257/jep.3.4.99
http://dx.doi.org/10.3389/fpsyg.2018.02180
http://dx.doi.org/10.1016/0022-1031(77)90049-X
http://dx.doi.org/10.1016/0022-1031(77)90049-X
http://dx.doi.org/10.1037/0022-3514.53.2.298
http://dx.doi.org/10.1037/0022-3514.64.2.243
http://dx.doi.org/10.1037/0022-3514.64.2.243
http://dx.doi.org/10.1086/268330
http://dx.doi.org/10.1080/00224490309552174
http://dx.doi.org/10.1080/15534510.2011.651302
http://dx.doi.org/10.1525/sp.2013.60.3.334
http://dx.doi.org/10.1177/0730888413515894
https://doi.org/10.1098/rstb.2020.0143
https://doi.org/10.1098/rstb.2020.0143
http://dx.doi.org/10.1177/0002764213479371
http://dx.doi.org/10.1126/science.aau2706
http://dx.doi.org/10.1126/science.aau2706


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

12

 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 

01
 N

ov
em

be
r 

20
22

 

49. Yang K-C, Pierri F, Hui P-M, Axelrod D, Torres-
Lugo C, Bryden J, Menczer F. 2021 The COVID-
19 infodemic: Twitter versus Facebook. Big Data
Soc. 8, 20539517211013861. (doi:10.1177/
20539517211013861)

50. Center for Countering Digital Hate (CCDH). 2021
The disinformation dozen, Tech. rep., Center for
Countering Digital Hate (CCDH).

51. Juul JL, Ugander J. 2021 Comparing information
diffusion mechanisms by matching on cascade
size. Proc. Natl Acad. Sci. USA 118,
e2100786118. (doi:10.1073/pnas.2100786118)

52. COVID-19 Infodemic Observatory. 2020. See
https://covid19obs.fbk.eu/#/.

53. McClain C, Widjaya R, Rivero G, Smith A. 2021
The behaviors and attitudes of U.S. adults on
Twitter. Pew Research Center. See https://www.
pewresearch.org/internet/2021/11/15/the-
behaviors-and-attitudes-of-u-s-adults-on-
twitter/.
54. Berkowitz A. 2005 An overview of the social
norms approach. In Changing the culture of
college drinking: a socially situated prevention
campaign. New York, NY: Hampton Press.

55. Lewandowsky S, Ecker UKH, Seifert CM, Schwarz
N, Cook J. 2012 Misinformation and its
correction: continued influence and
successful debiasing. Psychol. Sci. Public
Interest 13, 106–131. (doi:10.1177/152910
0612451018)

56. Chan M-PS, Jones CR, Hall Jamieson K,
Albarracín D. 2017 Debunking: a meta-
analysis of the psychological efficacy of
messages countering misinformation. Psychol.
Sci. 28, 1531–1546. (doi:10.1177/
0956797617714579)

57. Ren ZB, Dimant E, Schweitzer ME. 2021
Beyond belief: how social engagement
motives influence the spread of conspiracy
theories.
58. Pennycook G, Rand DG. 2021 The psychology of
fake news. Trends Cogn. Sci. 25, 388–402.
(doi:10.1016/j.tics.2021.02.007)

59. Valensise CM, Cinelli M, Nadini M, Galeazzi A,
Peruzzi A, Etta G, Zollo F, Baronchelli A,
Quattrociocchi W. Lack of evidence for
correlation between COVID-19 infodemic and
vaccine acceptance.

60. rEDM: an R package for empirical dynamic
modeling and convergent cross mapping, 2019.

61. Castioni P, Andrighetto G, Gallotti R, De Domenico
M. 2022 The voice of few, the opinions of many:
evidence of social biases in Twitter COVID-19 fake
news sharing. Dryad Digital Repository. (doi:10.
5061/dryad.bzkh189cc)

62. Castioni P, Andrighetto G, Gallotti R, De
Domenico M. 2022 The voice of few, the
opinions of many: evidence of social biases in
Twitter COVID-19 fake news sharing. Figshare.
(doi:10.6084/m9.figshare.c.6265219)
n
Sc
i.9:220716

http://dx.doi.org/10.1177/20539517211013861
http://dx.doi.org/10.1177/20539517211013861
http://dx.doi.org/10.1073/pnas.2100786118
https://covid19obs.fbk.eu/#
https://www.pewresearch.org/internet/2021/11/15/the-behaviors-and-attitudes-of-u-s-adults-on-twitter/
https://www.pewresearch.org/internet/2021/11/15/the-behaviors-and-attitudes-of-u-s-adults-on-twitter/
https://www.pewresearch.org/internet/2021/11/15/the-behaviors-and-attitudes-of-u-s-adults-on-twitter/
https://www.pewresearch.org/internet/2021/11/15/the-behaviors-and-attitudes-of-u-s-adults-on-twitter/
http://dx.doi.org/10.1177/1529100612451018
http://dx.doi.org/10.1177/1529100612451018
http://dx.doi.org/10.1177/0956797617714579
http://dx.doi.org/10.1177/0956797617714579
http://dx.doi.org/10.1016/j.tics.2021.02.007
http://dx.doi.org/10.5061/dryad.bzkh189cc
http://dx.doi.org/10.5061/dryad.bzkh189cc
http://dx.doi.org/10.6084/m9.figshare.c.6265219

	The voice of few, the opinions of many: evidence of social biases in Twitter COVID-19 fake news sharing
	Introduction
	Results
	Characterizing the separation between creators and consumers
	Fluid transitions between creator and consumer groups
	Unravelling causality between creators’ dynamics and fake news volume

	Discussion
	Methods
	Dataset origin and description
	Definition of creator and consumer
	Causality detection via convergent cross-mapping
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding

	References


