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Disentangling material, social, and cognitive
determinants of human behavior and beliefs
Denis Tverskoi1,9, Andrea Guido2,3,9, Giulia Andrighetto2,4,5, Angel Sánchez 6,7 & Sergey Gavrilets1,8✉

In social interactions, human decision-making, attitudes, and beliefs about others coevolve.

Their dynamics are affected by cost-benefit considerations, cognitive processes (such as

cognitive dissonance, social projecting, and logic constraints), and social influences by peers

(via descriptive and injunctive social norms) and by authorities (e.g., educational, cultural,

religious, political, administrative, individual or group, real or fictitious). Here we attempt to

disentangle some of this complexity by using an integrative mathematical modeling and a 35-

day online behavioral experiment. We utilize data from a Common Pool Resources experi-

ment with or without messaging promoting a group-beneficial level of resource extraction.

We directly estimate the weights of different factors in decision-making and beliefs

dynamics. We show that personal norms and conformity with expected peers’ actions have

the largest impact on decision-making while material benefits and normative expectations

have smaller effects. Individuals behaving prosocially are characterized by higher weights of

personal norms while antisocial types are more affected by conformity. Messaging greatly

decreases the weight of personal norms while simultaneously increases the weight of con-

formity. It also markedly influences personal norms and normative expectations. Both cog-

nitive and social factors are important in the dynamics of beliefs. Between-individual variation

is present in all measured characteristics and notably impacts observed group behavior. At

the same time, gender differences are small. We argue that one can hardly understand social

behavior without understanding the dynamics of personal beliefs and beliefs about others and

that cognitive, social, and material factors all play important roles in these processes. Our

results have implications for understanding and predicting social processes triggered by

certain shocks (e.g., social unrest, a pandemic, or a natural disaster) and for designing policy

interventions aiming to change behavior (e.g., actions aimed at environment protection or

climate change mitigation).
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Introduction

A complex web of material, social, and cognitive factors and
forces influence the behavior and beliefs of individuals
and groups engaged in social interactions. The question of

their relative importance has been controversial for centuries.
Arguments emphasizing material cost-benefit considerations have
been at the center of many philosophical theories aiming to
explain human nature (Marx 1959). These arguments are for-
malized in various flavors of game theory—classical (Fudenberg
and Tirole 1992), evolutionary (Sandholm, 2010), mean-field
(Tembine 2017), and quantum (Piotrowski and Sladkowski
2003). That humans are deeply social was already clear to Aris-
totle and many influential philosophers after him. Various
mathematical models of social learning, imitation, and opinion
spread capture this human feature (DeGroot 1974, Friedkin et al.
2016, Galesic and Stein 2019, Rashevsky 1949, Watts 2002) We
also care about how our actions are perceived by peers (Bicchieri
2006, Cialdini et al. 1990), and there are mathematical approaches
describing the effects of social norms, namely the unwritten social
rules, on behavior (Gavrilets 2020, Young 2015). Moreover,
humans are greatly influenced by authorities (e.g., educational,
cultural, religious, political, administrative, individual or group,
real or fictitious (Bernays 1928)). Furthermore, our actions and
beliefs are affected by psychological processes. Cognitive dis-
sonance (i.e., a feeling of mental discomfort experienced when the
person’s attitudes, beliefs, or behaviors conflict) can cause chan-
ges in behaviors but also in attitudes or beliefs (Festinger 1957).
To predict the intentions and beliefs of others, we may use the
“theory of mind” (Premack and Woodruff 1979) and social
projection, which is a tendency to assume that others are similar
to oneself (Krueger 2007). However, across societies, individuals
widely misperceive what others think and what others do
(Bursztyn and Yang 2021). Logic constraints (Friedkin et al. 2016,
Rawlings 2020) can put certain bounds on what we can believe
simultaneously. We also make errors.

Here we attempt to disentangle some of this complexity by
using a novel integrative mathematical model (Gavrilets 2021)
and a behavioral experiment designed to validate and para-
meterize the model. Whereas earlier work has mostly focused on
one or two of the variety of factors discussed above at a time, we
bring together a large number of those and contrast their effects
on human actions, attitudes and beliefs about others. When
modeling individual actions, we explicitly account for the effects
of expected material payoffs, cognitive dissonance, and three
different types of social influence (expected disapproval by peers
and authority and conformity with peers’ actions) in the utility
function. Because actions of individuals depend on their changing
beliefs, we also explicitly model belief dynamics as driven by
certain cognitive processes and learning from observed actions of
others, closing the feedback loop.

Earlier experimental work on conditional cooperation has
demonstrated that individual behavior is influenced by beliefs
about the behavior of others (Andreozzi et al. 2020, Fischbacher
and Gächter 2010), that there are multiple channels through
which personal beliefs and social influence can affect economic
behavior (Basić and Verrina 2020, Kölle and Quercia 2021), and
that there is substantial variation in the effectiveness of different
behavioral interventions (Mertens et al. 2022, Sunstein 2021,
Thaler and Sunstein 2021). Here we advance this line of research
by using our integrative model to study the co-evolution of
decision-making with attitudes and beliefs in situations in which
individuals receive or not receive a message from an authority
informing them how to act to maximize the total group benefit.
To this aim, we conduct a long-term (35 days) behavioral
experiment where we measured not only the actions of partici-
pants, but we also elicited their personal norms and beliefs about

others, using an incentivized procedure, and tracked their evo-
lution over time. The model validation involved its comparison
with a variety of other models in the ability to describe the social
dynamics observed in our experiments. Overall our modeling and
experiment provide a very coherent picture of the way decisions
are made and personal attitudes and beliefs about others change.
Our approach allows us not only to evaluate the statistical sig-
nificance of different forces driving these changes but also to
compare directly their effects in decision-making and belief
dynamics.

Model
Consider individuals interacting in groups. Let a continuous
variable x specify an action chosen by a focal individual. Each
individual is characterized by an attitude y which specifies the
most appropriate action in a given social situation as perceived by
the individual. Each individual also has a belief (prediction) ~x
about the average action of peers as well as a second-order belief ~y
about the average attitude of their peers. In the social psychology
terminology which we will use, variables y; ~x, and ~y are called a
personal norm, an empirical expectation, and a normative
expectation, respectively (Bicchieri 2006, Cialdini et al. 1990,
Schwartz 1977, Szekely et al. 2021). The empirical expectation ~x
can also be viewed as a descriptive norm (i.e., the most common
behavior) while the normative expectation ~y as an injunctive
norm (i.e., the socially appropriate behavior) (Bicchieri 2006,
Cialdini et al. 1990, Gavrilets 2020), both as perceived by the
individual. In our experiment to be described below we measured
all these variables directly. Individuals are also subject to influ-
ence by an external authority promoting a particular action G.
We assume x; y; ~x;~y;G are non-negative.

Following ref. Gavrilets (2021), we postulate that each indivi-
dual chooses an action x in an attempt to maximize the subjective
utility function

u ¼ A0πðx; ~xÞ|fflfflfflfflffl{zfflfflfflfflffl}
material payoff

� 1
2
A1ðx � yÞ2

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
cognitive dissonance

� 1
2
A2ðx � ~yÞ2

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
disapproval by peers

� 1
2
A3ðx � ~xÞ2

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
conformity w= peers

� 1
2
A4ðx � GÞ2:

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
compliance w= authority

ð1Þ

That is, individuals expect to get a material payoff πðx; ~xÞ which
depends on the expected action ~x of their groupmates. They also
pay psychological costs if their action x deviates from what they
believe is the right action (y) due to cognitive dissonance (Rabin
1994), from what they think their peers and the authority expect
from them (~y and G, respectively), and also by not conforming
with the expected average behavior of their group (~x). Non-
negative constant parameters A0,…, A4 measure the weights of
the corresponding terms in the utility function. The utility
function (1) was introduced as a generalization of utility functions
in earlier work which included the terms accounting for material
payoffs, cognitive dissonance, and conformity (Akerlof and
Dickens 1982, Calabuig et al. 2018, Kuran and Sandholm 2008,
Rabin 1994).

Assume that the partial derivative ∂πðx;~xÞ
∂x is a linear function of

its arguments. Let θ be the action maximizing the expected
material payoff πðx; ~xÞ; θ can be found in a straightforward way
(see Supplementary Materials, SM). Given the utility function
(1), the best response action can be written as a weighted sum of
the values maximizing the corresponding components in the
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utility function

x ¼ maxð0;B0θ þ B1y þ B2~y þ B3~x þ B4GÞ: ð2Þ
Coefficients Bi are the relative weights of material factors, per-
sonal norms, normative expectations, empirical expectations,
and the authority’s messaging in the decision made, respectively
(∑Bi= 1). They are directly related to coefficients Ai of the utility
function (SM).

After taking actions and observing behavior of groupmates, the
attitude and beliefs of a focal individual change. We describe
these changes using linear recurrence equations:

y0 ¼ y þ α1ðx � yÞ|fflfflfflfflffl{zfflfflfflfflffl}
cognitive dissonance

þ β1ðX � yÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
conformity w= peers

þ γ1ðG� yÞ;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
compliance w= authority

ð3aÞ
~y0 ¼ ~y þ α2ðy � ~yÞ|fflfflfflfflffl{zfflfflfflfflffl}

social projection

þ β2ðX � ~yÞ;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
learning about others

þ γ2ðG� ~yÞ;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
compliance w= authority

ð3bÞ
~x0 ¼ ~x þ α3ð~y � ~xÞ|fflfflfflfflffl{zfflfflfflfflffl}

logic constraints

þ β3ðX � ~xÞ;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
learning about others

þ γ3ðG� ~xÞ;|fflfflfflfflfflffl{zfflfflfflfflfflffl}
compliancew= authority

ð3cÞ
where the prime means the next time step, X is the average action
of groupmates as observed by the focal individual (so that dif-
ferent individuals can have different X), and αi, βi, γi are non-
negative constant coefficients measuring the strength of the cor-
responding forces. Here the “cognitive dissonance” term in
equation (3a) acts to change individual attitude y to justify the
action x previously chosen. The “social projection” term in
equation (3b) captures the ego’s belief that others are probably
similar to themselves (Krueger 2007, Premack and Woodruff
1979). The “logic constraints” term in equation (3c) reduces the
mismatch between the ego’s beliefs about actions and beliefs of
others (cf., ref. (Friedkin et al. 2016)). The “conformity w/ peers”
and the two “learning about others” terms move the corre-
sponding beliefs closer to the observed average behavior X of
peers (Kashima et al. 2015). The “compliance w/ authority” terms
move the corresponding beliefs closer to the promoted “standard”
G. The authority’s messaging effectively changes the utility
function (1) and simultaneously affects beliefs (equations 3)
which then feed back into the utility function and behavior. All
parameters defined above are individual-specific.

The beliefs dynamics equations 3 were introduced in ref.
(Gavrilets 2021) as a simple generalization of earlier models
focusing on the changes in personal attitudes (or opinions) y as a
result of the exchange of opinions between individuals (Centola
et al. 2005, DeGroot 1974, Friedkin et al. 2016, Galesic and Stein
2019, Gavrilets et al. 2016, Gavrilets 2003, Kashima et al. 2021,
Redner 2019, Watts 2002). Such changes are usually described by
equations analogous to the second terms in equation (3a). Similar
linear equations are also used in cognitive neuroscience (Olsson
et al. 2020). ref. Gavrilets (2021) used the same logic to also
describe the changes in normative ~y and empirical ~x expectations
(equations (3b) and (3c)) as well as to capture the influence of
authority’s messaging (Gavrilets 2003). The latter effect is
described by the last term in each of the equations 3.

We stress that all socio-psychological factors included in our
model have been repeatedly shown to be important in decision-
making and belief dynamics (see the references above). The
specific functions describing them were chosen because of their
intuitive nature, mathematical simplicity, existing tradition, gen-
eralizability, and the easiness of statistical evaluation (see below).
We also note that our modeling answers recent calls to include
individual beliefs in utility functions used in economics

(Loewenstein and Molnar 2018, Molnar and Loewenstein 2022)
and to integrate social and cognitive aspects of belief dynamics
(Galesic et al. 2020).

A Common Pool Resources experiment
Gavrilets (2021) focused on the theoretical properties of equilibria
in this model. Here we aim to validate and parameterize it.
Specifically, we conducted a long-term, online experiment
implementing a non-linear Common Pool Resources (CPR) game
which is often viewed as “a far more realistic environment ... than
many of the [other] dilemma games” (Ostrom et al. 1992).
Examples include fish in bodies of water, pastures, and water used
for irrigation. These games are commonly used in experimental
studies of social dilemmas (Apesteguia 2006, Apesteguia and
Maier-Rigaud 2006, Ostrom et al. 1992, Walker et al. 1990)
because of their realism.

More formally, we assume each individual in a group of size n
has an endowment of resources π0 which can be invested to
extract resources from the CPR or in a safe, outside activity.
Individuals independently decide on their own level of invest-
ment xi in the extraction of the CPR. The group investment, i.e.,
the sum of individual investments, Z=∑xi defines the collective
return P. It is usually assumed that P is a quadratic function
P= bZ− 0.5dZ2, where b and d are constant positive parameters.
The share of the produced resource P that the individual receives
is equal to their share of the group investment: vi= xi/Z. We write
the individual payoff as πi= π0+ viP− cxi, where c is the cost
coefficient associated with extraction effort. Due to the quadratic
form of the group return function P, it is more beneficial to invest
in the extraction of the CPR relative to the safe investment if the
group’s total investment Z is small. However, as Z increases,
investing in the CPR extraction becomes counterproductive. In
this model, the self-interested investment (Nash equilibrium) is
xNE = 2ðb�cÞ

dðnþ1Þ, the investment maximizing group benefit (Pareto
efficient equilibrium) is xopt ¼ b�c

nd , and the value maximizing
payoff given an empirical expectation ~x is θ ¼
max 0; b�c

d � n�1
2 ~x

� �
(see SM). Note that xNE is larger than xopt so

self-interested individuals are predicted to over-exploit the
resource suffering a payoff loss. Gavrilets (2021) showed that in
this game adding an external authority promoting a socially
optimal individual effort can backfire, that is, individuals can
respond by increasing rather than decreasing their efforts.

The experiments took place in the spring of 2021 and lasted 35
rounds (1 round per day). We followed the general experimental
protocol of (Szekely et al. 2021) (see SM). For each round, the
subjects were randomly reshuffled into groups of size n= 6 and
provided with an endowment of π0= 30 points each. The
investment x devoted to the CPR extraction was described to the
subjects as a contribution to the “Common Account” while the
points not invested in resource extraction as a contribution to a
“Personal Account” (see SM).

Each round, we first elicited their personal norms y, normative
expectations ~y, and empirical expectations ~x regarding individual
investments in the CPR extraction of other individuals. Specifi-
cally, subjects were asked to answer three questions: 1). “In your
opinion, how many points should a participant from your group,
including yourself, put into the Common Account in this round?”
This was our variable y. 2). “How many points will the other five
participants in your group put into the Common Account in this
round?” The mean of these numbers was our variable ~x. 3). “How
many points do the other five participants in your group think
that you should put into the Common Account in this round?”
The mean of these numbers was our variable ~y. After answering
these questions the subjects made their decision on their own
investment x. The questions about normative and empirical
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expectations were incentivized (Bicchieri 2006, Szekely et al.
2021) by paying an amount of money dependent on the accuracy
of their predictions.

After each round, the subjects were informed about their own
payoffs and the actions taken by their groupmates. Subjects were
provided with a tool to evaluate their payoffs given their and
others’ actions. In our experiment, we set b= 15, d= 1/6, c= 1,
so that the symmetric Nash equilibrium was xNE= 24 points
while the investment maximizing the group’s benefit was
xopt= 14 points. We recruited 300 subjects who were equally
divided between two treatments: without and with messaging. In
the experiment with messaging, at each round subjects saw a
message “Please note that the total group profit is maximized if
each player contributes 14 points to the Common Account.” This
treatment is aimed to test the effects of authority messaging on
actions and beliefs dynamics (Croson and Marks 2001, Dal Bó
and Dal Bó 2014).

Besides participating in the CPR experiments, each subject
responded to the Big Five questionnaire (Benet-Martínez and
John 1998, John et al. 1991), Risk Preferences task (Dave et al.
2010), Rule Compliance task (Kimbrough and Vostroknutov
2018), a Demographic questionnaire and Social Value Orienta-
tion task (Murphy et al. 2011).

Results
Figure 1 illustrates the observed dynamics of our focal variables.
There are several interesting observations. The average individual
extraction effort x appears to evolve to a value around 22 which is

below the Nash equilibrium, xNE= 24 (see Figs. S2, S3 in SM).
Subjects extract more from the CPR than what they believe is
right (i.e., x > y), and they also expect others to do the same (~x>y).
They extract more than what they think others will (i.e., x>~x).
Personal norms y equilibrate faster than other variables (see SM).
As predicted in Gavrilets (2021), variation between individuals is
the highest in individual actions, followed by that in personal
norms, normative expectations, and empirical expectations,
respectively. Interestingly, messaging does not affect the average
extraction efforts and payoff, but it increases their standard
deviations. (This observation is discussed below.) It also decreases
y;~y; ~x (i.e., moves them closer to the value promoted by messa-
ging) and their variation. The average personal norm evolves to a
value above the socially optimal extraction level of 14 promoted
by messaging (see SM). The average payoff continuously declines
over time.

To conduct a more in-depth analysis of our data, we needed a
statistical method capable of simultaneously addressing sig-
nificant between-individual differences (necessitating the use of
models with heterogeneous slopes), parameter constraints, and
multicollinearity. We found that panel data modeling, mixed
model approaches, and Markov Chain Monte Carlo (MCMC)
techniques were less efficient in this context (as detailed in section
4.1 of SM) compared to the mean group estimation method
(Pesaran and Smith 1995). This latter approach involves esti-
mating the parameters of regressions ((2), 3) individually for each
subject before averaging them across the entire group. Not only is
this method commonly employed for data collected over time and

Fig. 1 The dynamics of means and standard deviations of the main variables in the experiment with (red) and without (blue) messaging. a Dynamics of
mean values. b Dynamics of standard deviations.
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across heterogeneous units (Adeneye et al. 2021, Dong et al. 2017,
Lee and Sul 2022, Marlowe 2004, Ndambendia and
Njoupouognigni 2010, Paramati and Roca 2019, Sadorsky 2013,
Teal and Eberhardt 2010), but it is also computationally simple
and offers a direct means of addressing constraints and multi-
collinearity. Our simulations (discussed below) demonstrate the
method’s ability to recover known parameter values from simu-
lated data and accurately describe observed mean trajectories.
Further discussion and justification of our chosen methodology
can be found in SM.

For each individual, we estimated six parameters for actions
(B0, B1, B2, B3, intercept C and error σ), and four (without
messaging) or five (with messaging) parameters for each of the
beliefs (αi, βi, γi, intercept C, error σ). The intercepts were
included to account for the effects of factors not captured by
our model. Using our data we estimated 13 out of 14 para-
meters of our model. We could not estimate parameter B4. In
the experiments, we used a single value of G= 14 implying that
the term B4G in the best response equation (2) is a constant
which cannot be differentiated from the effects of other forces
captured by the intercept C. For each individual, we compared
32 different models for actions and 8 (without messaging) or
16 (with messaging) models for each of the beliefs. For
example, in the case of actions x, there are four independent
variables potentially affecting behavior: θ; y;~y; ~x plus an
intercept. This leads to 25= 32 different combinations of fac-
tors included in each model. For each model, we first tested for
multicollinearity using condition numbers and variance
decompositions (Belsley 1991, Belsley et al. 2005). If multi-
collinearity was detected, we applied the ridge regression
technique (Hoerl and Kennard 1970). We compared candidate
models using AICc which is a modification of Akaike Infor-
mation Criterion (AIC) for small sample size (Burnham and
Anderson 2001). The differences in the AICc values between
some models were often small. Therefore, rather than choosing
parameters of the single best model on the basis of AICs, we
used the standard method of model averaging, weighting
model estimates with AIC weights (Burnham and Anderson
2001). To find confidence intervals of our mean group esti-
mates we used nonparametric bootstrap. We tested our
approach using artificial data generated by our dynamic model
specified by equations ((2), 3). (see the SM).

Parameter estimates. Figure 2a illustrates the average estimates
of parameters of the best response function. Without messaging,
cognitive dissonance, which forces individuals to align their
actions with personal norms, has the largest weight (B1= 0.32) in
decision-making. In our framework, a personal norm is a pre-
ferred action in the absence of any other material or non-material
influences; it could be based on internalized values (Schwartz
1977) or some simple heuristic rules (Capraro et al. 2014).
Conformity with peers’ actions has the second largest weight
B3= 0.16. When messaging is introduced, it significantly reduces
the weight of personal norms to B1= 0.19 simultaneously
increasing the weight of conformity to B3= 0.21. It thus appears
that messaging removes to a certain extent the need to perform
complex cognitive evaluations required for deciding what is the
right action to take while at the same time causes individuals to
pay closer attention to whether others comply with the authority
messaging. The weights of material factors and normative
expectations are the smallest and are not affected much by
messaging (B0= 0.11, B2= 0.09 without messaging and
B0= 0.12, B2= 0.10 with messaging). The low weight of material
payoffs is surprising. The small effect of normative expectations
(B2) is likely because individuals were randomly reshuffled every

day between groups and the need for cooperation (i.e., limited
extraction of the CPR) was not made salient to the subjects.

Figure 2b illustrates the average estimates of parameters
controlling belief dynamics. It shows that the effects of cognitive
factors (cognitive dissonance α1, social projection α2, and logic
constraint α3) and those of learning about peers (β1, β2, β3) are
comparable in magnitude except for the case of empirical
expectations where learning about peers is much more important.
The last observation is intuitive. The effect of authority’s
messaging (measured by parameters γi) dominates other factors
for personal norms (when its weight is more than three times that
of the joint effect of conformity and cognitive forces) and for
normative expectations (when its weight is about 1.5 times that of
the joint effect of conformity and cognitive forces). The effect of
messaging is weak for empirical expectations as the subjects can
observe their peers’ behavior directly. Overall, messaging
decreases the effects of cognitive forces (measured by αi) and
the effects of observations on personal norms (measured by β1)
and on normative expectations (measured by β2).

Heterogeneity. Subjects exhibit high variation in all coefficients
we have estimated (see Figs. S9 and S10 in SM). The observed
distributions are highly asymmetric. To get better ideas about the
effects of between-individual variation, we performed cluster
analysis based on estimated coefficients (using k-means and
Gaussian mixture models) and on time-series of individual
actions x (using the Dynamic Time Warping distance).

The results of k-means clustering are more transparent than
those based on Gaussian mixture models so we present only
them. Specifically, in terms of parameters of utility function, there
are three clusters which are similar between the two experiments
(see Fig. 3). Cluster 1 (28% and 16% of subjects in the
experiments without and with authority’s messaging, respec-
tively) represents individuals who make their decisions mostly on
the basis of their personal norms; for them B1 is the largest
parameter. Individuals in this cluster make the smallest invest-
ment in the extraction of resources from the CPR. Cluster 2 (15%
and 32% of subjects in experiments without and with messaging,
respectively) represents individuals who make their decisions
mostly on the basis of their empirical expectations/conformity;
for them B3 is the largest parameter. Individuals in this cluster
make the largest extraction effort. In cluster 3, which is the largest
(57% and 52% of subjects in experiments without and with
messaging, respectively), individuals are similarly affected by
material, cognitive, and social factors (their coefficients Bi are
comparable in magnitude). Figure S12 in the SM illustrates the
differences between these clusters in parameters controlling the
belief dynamics.

Clustering of parameters of belief dynamics identifies 3 clusters
with no messaging and 2 clusters with messaging. With no
messaging (see Fig. S15a, b), cluster 1 (23% of subjects) represents
individuals whose personal norms do not change much over time
(i.e., their α1, β1 are very close to zero) and whose normative
expectations are mostly defined by personal norms (i.e., α2 is
large). All beliefs of individuals in cluster 2 (30% of subjects) are
mostly affected by the actions of others (i.e., they have relatively
large coefficients βi). In cluster 3 (47% of subjects), cognitive and
social forces have comparable effects on all beliefs (i.e., αi and βi
are comparable for all i). The investment in the CPR extraction of
individuals in cluster 1 are the smallest while those in cluster 2 are
the largest. With messaging, in cluster 1 (57% of subjects)
personal norms and normative expectations are determined
mostly by messaging (i.e., their γ1 and γ2 are large compared to
other parameters). In cluster 2 (43% of subjects), all the
coefficients αk, βk, and γk (k= 1, 2, 3) are comparable in
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magnitude. Figure S15 illustrates the differences between these
clusters in parameters controlling decision-making.

Clustering based on time-series of actions x identifies two
clusters in both cases, with and without messaging (Fig. 4). In
cluster 1 (43% of subjects in both experiments), individual
variables x; y;~y; ~x and payoffs π are smaller than in cluster 2 (57%
of subjects in both experiments). Individuals in cluster 1 have
higher weights B1 of personal norms in their decision-making
(see Fig. 4c, d). In the case with messaging, they also have lower
weights B0 of material factors. Without messaging, cluster 1
individuals have lower weight B3 of empirical expectations/
conformity. Figures S17 in SM illustrates the differences between
the clusters in parameters controlling beliefs dynamics.

In spite of significant between-subject differences described
above, gender differences are small (for more details, see Fig. S18
in SM). Without messaging, males appear to be motivated more
by material payoffs while females are more sensitive to personal
norms and normative expectations. Males are more affected by
authority’s messaging.

Prosociality. We used the standard Social Value Orientation task
(Murphy and Ackermann 2014, Murphy et al. 2011) to measure
the degree of prosociality of our subjects (see SM). Out of 4
possible types (competitive, individualistic, prosocial and
altruistic), only a couple were competitive or altruistic types, so
we ignored them focusing on individualistic and prosocial sub-
jects. Figures 5 and S19 in the SM show the corresponding
average trajectories as well as the estimates of parameters in these
two groups. Without messaging, the levels of investment in the
CPR extraction x are similar between the two groups. With
messaging, prosocial individuals decrease their efforts while
individualistic types increase it, presumably to take advantage of
the situation. Prosocial individuals have higher weight B1 of
personal norms (significantly higher in the presence of massa-
ging) and weaker reaction to normative and empirical expecta-
tions (measured by B2 and B3). Prosocial individuals also have
higher responsiveness to messaging (γi). Messaging decreases the
weight B1 of personal norms and increases the weight B3 of
conformity with peers in both types.

Fig. 2 Average parameter estimates with 95% bootstrap confidence intervals. a Parameters of the best response function (2). b Parameters of beliefs
dynamics equations 3. Effects of material factors are shown in green; effects of messaging are shown in red.
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Fig. 3 Differences in the dynamics of actions and parameters of the utility function for individuals from 3 clusters defined on the basis of parameters
Bi of the utility function. aMean values of x with no messaging. bMean values of x with messaging. c Mean parameter values with no messaging. dMean
parameter values with messaging. Cluster 1: in blue, cluster 2: red, cluster 3: yellow.

Fig. 4 Differences in the dynamics of actions and parameters of the utility function for individuals from clusters defined on the basis of time series
of x. a Mean values of x with no messaging. b Mean values of x with messaging. c Mean parameter values with no messaging. d Mean parameter values
with messaging. Characteristics of clusters 1 and 2 are colored in blue and red, respectively.
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Rule-following. We also measured the rule-following tendency of
our subjects using the Ball task, a method proposed and validated
by Kimbrough and Vostroknutov (2016, 2018). Using this
method we identified two groups of subjects: with low (≤25%)
and high (≥75%) rates of compliance with rules. Figure 6 and S20
in the SM show the corresponding average trajectories as well as
the estimates of parameters in these two groups. There is not
much difference between the rule-followers and rule-breakers in
the absence of messaging. However, with messaging rule-
followers decrease their efforts while rule-breakers increase
them. This difference also affects their beliefs (see the SM). With
messaging, rule-followers have higher weight of personal norms
B1 and responsiveness to messaging γi. Messaging decreases the
weight of personal norms B1 and increases the weight of con-
formity B3 in both types with rule-breakers showing the largest
effect.

Conclusions on heterogeneity. Individuals making larger
investments in the CPR extraction have higher payoffs; they are
analogous to defectors types in standard social dilemmas. Indi-
viduals making smaller extraction efforts can be viewed as
cooperators. Our results on clustering of the parameters Bi of the
best response function and of time-series of extraction efforts x
show that cooperators are mostly affected by their personal
norms (their B1 is the highest) while defectors are more affected
by conformity (they have larger values of B3 except for estimates
based on time-series in the case with messaging). Cooperators
also have smaller values of B0 and B2 (Fig. 3). Our analysis of
prosociality and rule-following (illustrated in Figs. 5 and 6)
provides further (and independent) evidence that our estimates of
parameters capture intended effects. Indeed, prosocial individuals
have larger values of B1 than individualist types while the latter
have higher values of B3. Prosocial individuals also have smaller
values of the weight of normative expectations B2 implying that
their reduced efforts are likely motivated not by expected

disapproval of others but by internalized values. Messaging has
stronger effects on normative and empirical expectations in
prosocial types than in individualist types (see Figure S19 in the
SM). In the presence of messaging, rule-followers have higher
weight of personal norms B1 but smaller weights of normative B2
and empirical B3 expectations which is consistent with behavior
of prosocial individuals. Messaging has stronger effects on rule-
followers. (For an additional analysis of the differences between
pro-social/individualistic and rule-followers/rule-breakers in our
experiment see Guido et al. (2023)).

The variation between subjects helps to understand the
apparent weakness of the direct effect of messaging on behavior
mentioned above (see Fig. 1, top left). What happens is that while
prosocial individuals and rule-followers reduce their investment
in the CPR extraction in the presence of messaging, individua-
listic types, and rule-breakers opportunistically increase their
investment (see Figs. 5 and 6). These two effects cancel each other
with respect to the average effort x but are manifested in the
increased variation in x (see Fig. 1).

Predicting trajectories. Figure 7 and S6 in the SM illustrates the
predictive ability of our model. In these figures, to obtain “pre-
dicted” trajectories we used the obtained parameter estimates and
the actual individual data in each round (θ; y;~y; ~x;X) to predict
their values in the next round. The “simulated trajectories” were
obtained by repeatedly iterating the dynamic equations ((2), 3)
using the obtained estimates of parameters and the actual indi-
vidual data in the first round. In simulations, we reshuffled
individuals between the groups randomly without attempting to
recreate the exact history of individual movements between dif-
ferent groups; the results shown are averages over 500 runs. Both
for predicted trajectories and for simulated trajectories we used
the initial conditions observed in the corresponding experiment.
Overall, given all the stochasticity and estimation errors involved,
the match between the observed, predicted, and simulated

Fig. 5 Differences in the dynamics of actions and parameters of the utility function for individualistic (red) and prosocial (blue) subjects. a Mean
values of x with no messaging. bMean values of x with messaging. cMean parameter values with no messaging. dMean parameter values with messaging.
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trajectories is rather good. There is some mismatch for x and ~x,
especially in the case of messaging. We explore the causes for this
mismatch further in the SM.

Discussion
From our everyday experience we all know that material, social
and cognitive factors are important for our actions and beliefs.
Research shows that these factors have statistically significant
effects on individual behavior and beliefs (Ajzen 1991, Andreozzi

et al. 2020, d’Adda et al. 2020, Fishbein and Ajzen 1975, Górges
and Nosenzo 2020, Szekely et al. 2021). Here we have developed
and empirically tested an integrative approach that allowed us to
go beyond identifying statistically significant effects. Specifically,
we have directly measured and compared the weights of three
different types of factors affecting human behavior and beliefs
including 1) expected material payoffs, 2) social influences (by
peers and authority), and 3) cognitive forces (such as cognitive
dissonance, social projection, logic constants) on individual

Fig. 6 Differences in the dynamics of actions and parameters of the utility function for rule-breakers (red) and rule-followers (blue). a Mean values of
x with no messaging. b Mean values of x with messaging. c Mean parameter values with no messaging. d Mean parameter values with messaging.

Fig. 7 A comparison between observed (blue), predicted (yellow), and simulated (red) mean trajectories. a No messaging. b With messaging.
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behavioral actions, personal norms, and normative and empirical
expectations. We have done so by using a long-term experiment
based on a dynamic mathematical model which combines pre-
viously disconnected research traditions explicitly describing the
coevolution of behavior and beliefs. Overall our results show that
one can hardly understand behavior without understanding the
dynamics of personal beliefs and beliefs about others and that
cognitive, social, and material factors all play important roles in
these processes.

In our experiment, the effects of all factors considered were
statistically significant. The most important factors in decision-
making were personal norms (cognitive dissonance) and
empirical expectation (conformity with expected peers’ actions),
while the least important factors were expected material payoffs
and normative expectations (expected disapproval by peers).
Without messaging the weights of personal norms and con-
formity were B1= 0.32 and B3= 0.16. Messaging decreased the
former to B1= 0.19, while increased the latter to B3= 0.21. It
appears that authority’s messaging relaxes the need to evaluate
whether the action chosen fits the personal norm, while it
simultaneous makes people to pay closer attention to how others
react to it. The weights of material factors and of normative
expectations were similar in the two experimental treatments:
B0= 0.11, B2= 0.09 without messaging and B0= 0.12, B2= 0.10
with messaging. From previous experimental research, we know
that people are often not exclusively motivated by their self-
interests and can fail to maximize them. Nevertheless, that sub-
jects did not do better in maximizing their material payoffs is
especially surprising because in our experiment they had a tool
for estimating their payoffs given their and others’ actions and
35 days to learn using it. In real-life situations, people usually do
not have such a “cheating gadget” which would make payoff
maximization even more difficult. In our experiment, subjects lost
up to between 50% and 15% of their payoffs due to non-material
factors (see Fig. S21 in the SM). The low weight of normative
expectations is likely due to the fact that subjects interacted in
groups that were randomly formed at each round. We also
showed that personal norms and beliefs about others can change
rapidly (Tormos 2020). Personal norms equilibrated the fastest.
In the dynamics of personal norms and normative expectations,
cognitive factors were as important as conformity with observed
peers’ behavior. Although the weights we report here might be
specific to our experiment, they provide a useful yardstick for
future experimental studies using different games and subjects.

We did not observe any direct effect of messaging on the
average actions. However, messaging increased variation between
individuals: while pro-social types and rule-following types have
reduced their extraction efforts, individualistic types and rule-
breakers opportunistically increased their efforts enjoying higher
payoffs. Individuals behaving cooperatively were characterized by
higher weight of personal norms (B1) while non-cooperative
individuals had higher weight of conformity (B3). Messaging was
most important for personal norms (when its weight was three
times that of the joint weight of cognitive dissonance and con-
formity), and for normative expectations (when its weight was
comparable with that of the joint weight of cognitive factors and
conformity), and the least important for empirical expectations.
The messaging reduced the importance of cognitive factors
(cognitive dissonance, social projections, logic constraints) and of
conformity with peers on beliefs dynamics. As in the case of
individual action, it appears that the presence of authority’s
messaging reduces the need to perform complex cognitive eva-
luations associated with changing beliefs. Overall however our
results clearly show that cognitive factors are as important as
material and social ones.

Our results support earlier conclusions about the importance
of personal norms for social behavior (Basić and Verrina 2020,
Capraro and Rand 2018, Catola et al. 2021, Schwartz 1977). In
our subjects, the weight of personal norms is 50% to 100% larger
than that of the second most important factor which is con-
formity. The deviations from personal norms are sanctioned via
cognitive dissonance (Festinger 1957). We have also shown that
personal norms can change as a result of social interactions and
that for a substantial proportion of subjects they can be altered by
messaging.

Individual differences were large across all characteristics stu-
died (c.f. (Bicchieri and Dimant 2019, Sunstein 2021)). The dis-
tributions of most parameters were highly skewed with a number
of extreme individuals. Similar to earlier work (Fehr and
Schurtenberger 2018, Poncela-Casasnovas et al. 2016, Szekely
et al. 2021), there were “behavioral types” different in the type of
social information used. Antisocial individuals (i.e., those who
invest more in the CPR extraction) are those who can be viewed
as greedy (higher B0), without principles and shame (low B1), B2,
and conformists in behavior (high B3). They also can have larger
sensitivity to potential disapproval by others (B2) than prosocial
types who mostly act according to their personal norms. The
gender differences were small.

In our model, the effects of material payoffs in decision-making
were specified by the term B0θ in equation (2), where θ is the
action x maximizing payoff πðxj~xÞ given the individual belief ~x
about the average expected action of group mates, and B0 is the
parameter estimated from data. Our subjects had a computer tool
and a table to estimate θ, although of course we do not know how
often they used it. The average estimate of B0 was small. However
for a number of subjects (11/27 in experiments without/with
messaging, respectively) we could not estimate B0 because they
did not exhibit sufficient variation in θ. Some of these subjects
made consistently high extraction effort so it is likely they were
motivated by the payoffs. Moreover, our analysis has identified a
number of subjects (such as “conditional coperators” and “con-
ditional compliers”, see the SM) for whom our model did not
work well. All this means that our estimates of the weight of
material factors B0 may be biased downward. Future work using
more complex models of actions may be able to resolve this issue.

Our conclusion about a low weight of material factors in
decision-making may appear to be difficult to reconcile with the
fact that average individual efforts converge to values just below
x= 22 which are relatively close to the Nash equilibrium at
xNE= 24. This however is a result of social influence (expressed
via normative and empirical expectations) rather than of payoff
maximization. A well-established fact in social influence theory is
that the presence of even a single individual (or a motivated
minority) who refuses to change their opinion can “pull” the
whole group to match their opinion (Couzin et al. 2011, Flache
et al. 2017, Gavrilets et al. 2016). Similarly in our case, a small
number of people motivated by material payoffs “pull” the whole
group closer to their own preference.

Our results validate some theoretical predictions made earlier
in Gavrilets (2021). As predicted, without messaging ~x appears to
evolve to match x while ~y appears to evolve to match y (Figs. S2
and S3). With messaging, the mean group effort evolves to a value
between the Nash equilibrium and the value promoted by mes-
saging G= 14. In both cases, the observed variances in the main
dynamic variables are in the order predicted: σ2x>σ

2
y>σ

2
~y>σ

2
~x . Also

the lack of the effect of messaging on actions x can be viewed as a
partial support of the “backfiring” identified by Gavrilets (2021)
in the CPR game. However other predictions were not supported.
For example, without messaging, the average extraction effort x
did not appear to evolve to the Nash equilibrium xNE= 24, while
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personal norms y and normative expectations ~y did not appear to
evolve to match x. A possible reason for this mismatch is that our
experiment was not long enough. An additional cause is the
presence of subjects who did not change their personal norms
during the curse of the experiment (i.e., subjects with α1= β2= 0)
as well as subjects whose decision-making was not captured well
by our model (as discussed in the SM).

In our experiments, we explicitly asked subjects to think about
their norms and beliefs before each choice. We also incentivized
them when eliciting their normative and empirical expectations.
We did not have a control experimental treatment without these
prompts potentially making it difficult to assess the psychological
importance of norms and beliefs in situations where such
prompts are lacking but material benefits are present. This is a
potential reason for concern. However, first, we think that the
existing evidence on the effect of this “priming” is mixed. For
example, in their review entitled “Belief elicitation in the
laboratory”, Schotter and Trevino (2014) conclude that “the
process of eliciting beliefs seems not to be too intrusive” [p.103].
Schlag et al. (2015) discuss both disadvantages and advantages of
incentivized methods for eliciting beliefs. D’Adda et al. (2016)
who studied the effect of norm elicitation on behavior conclude
“We also find little evidence that eliciting norms affects sub-
sequent behavior in the bribery game” (p. 2). In our earlier paper
on the collective risk game (Szekely et al. 2021), we did not
observe a statistically significant difference between actions taken
when beliefs were elicited before or after the action. In our paper
(Rosokha et al. 2022), we explicitly looked at the effects of beliefs
elicitation on behavior in a Public Goods Game and did not find
them. Second, one can argue that in most real-life situations
resembling social dilemmas, people are subject to different social
influences. In other words, in real world people are primed to
consider various social influences and also are hardwired to
experience certain psychological forces pushing them to comply
to a certain extent with the expectations of others.

Although the mathematical model underlying our approach is
rather general, here we have tested it only using WEIRD (Wes-
tern, Educated, and from Industrialized, Rich, and Democratic
countries) subjects (Henrich 2020, Henrich et al. 2010,
Muthukrishna et al. 2020) and only within the context of social
behavior related to resource use (Ostrom et al. 1992, Walker et al.
1990). To confirm the generality of our finding it is necessary to
study non-WEIRD populations as well as populations differing in
tightness-looseness of their cultures (Chua et al. 2019, Gelfand
et al. 2011, Harrington and Gelfand 2014, Jackson et al. 2020). It
is also necessary to consider other types of social interactions such
as coordination, production of public goods, actions to avoid
collective risks, sharing of resources, rule-following etc. It would
be particularly interesting to study games stimulating the emer-
gence of stronger social norms (e.g., those implemented within
contexts of high risk of catastrophic losses, (Szekely et al. 2021));
considering different types of messaging, especially those
exploiting social identity and/or existing social norms; and
studying real-life analogs and applications. It is important to
generalize our theoretical approach by considering more complex
and realistic models of learning (Chandrasekhar et al. 2020,
Young 2004), more complex (e.g., asymmetric or discontinuous)
utility functions as well as discrete rather than continuous action
spaces (Bernheim 1994). Our analysis also highlights the need for
more complex models of decision-making.

Pursuing these lines of research may lead to an integrative
picture of human behavior, incorporating its coevolution with
attitudes and beliefs about others in a manner closely related to
actual social situations. Importantly, such picture would not
provide a one-size-fits-all description of human behavior, but on
the contrary, it will place the focus on between-individual

differences and on the relevance of considering the diversity of
people involved in a social process to understand it adequately.

From a practical perspective, our methods and results may
suggest ways to better understand and predict behavior and
beliefs change in a population as a result of policy interventions
(e.g., aimed at environment protection or climate change miti-
gation) or certain shocks, such as an epidemic, a natural disaster,
or social unrest (Bavel et al. 2020, Kuran 1995, Tankard and
Paluck 2016, Thaler and Sunstein 2021). Our CPR experiment
has quantified how descriptive, injunctive, and personal norms
together with authority’s messaging affect human behavior and
how beliefs coevolve with actions. It also shows that different
individuals respond differently to these forces. For example, a
certain proportion of people accept authority’s messaging while
others do not. For some people, conformity with others is very
important while others are mostly motivated by personal norms.
From earlier work, we know that using multiple nudges simul-
taneously can increase the efficiency of messaging (Brandon et al.
2019). All this implies that policymaking must embrace hetero-
geneity and gather information about the distribution of indivi-
duals’ reactivity to different (material, cognitive, social) factors in
the population, in order to design and implement suitable
intervention strategies for different contexts. One possibility can
be to use messaging which targets different clusters of individuals
(e.g., those who are driven mostly by personal norms or by
conformity with others). Knowing the approximate proportions
of different types in the whole population and their typical
responses (which could be estimated in pilot experiments) might
allow one to design more effective ways to allocate resources
between different nudges. Another more involved option would
be to develop highly personalized messaging (Milles 2020,
Sunstein 2013). To realize these possibilities it is necessary to
establish to what extent our approach and results are general-
izable to other social situations and populations.

Data availability
The datasets and Matlab codes generated during and/or analyzed
during the current study are available in the Zenodo repository
https://zenodo.org/record/7853468#.ZEL40PdOlhE.
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