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Human decision-making is shaped by underlying motivations, which reflect
both subjective well-being and fundamental biological needs. Different needs
are often prioritized and traded off against one another. Here we develop a
theoretical framework to study the evolution of behavioral motivations,
encompassing both philanthropic (cooperating after personal needs are met)
and aspirational (cooperating to fulfill personal needs) motivations. Our
findings show that when the ratio of benefits to costs for cooperation exceeds
a critical threshold, individuals initially driven by aspirational motivations can
transition to philanthropic motivations with a low reference point for coop-
eration, resulting in increased cooperation. Furthermore, the critical threshold
depends on the structure of the underlying social network, with network
modifications capable of reversing the evolutionary trajectory of motivations.
Our results reveal the complex interplay between needs, motivations, social
networks, and decision-making, offering insights into how evolution shapes

not only cooperative behaviors but also the motivations behind them.

The evolution of cooperation is no longer mysterious or hard to
explain. Although apparently altruistic behavior can seem maladaptive
when viewed in isolation’, when placed in the proper context, it can be
seen to emerge easily from the process of natural selection*’. The
difficulty we face in trying to understand cooperative behavior is not a
lack, but rather an overabundance of possible mechanisms capable of
producing it. Cooperation can be generated by reciprocity**, by social
norms and the need to sustain a good reputation in a community®'°,
by structural forces in social networks that promote cooperative
clusters"™, by inter-group competition’, or by kinship”'®. When we
observe individuals cooperating in the real world, the question is not
whether it is possible to account for it, but which of many possible
underlying explanations are leading them to engage in this common
behavior.

Understanding the origins of cooperative behavior is important if
we wish to enable prosocial environments to flourish. While it can
often arise quite easily, cooperation is also lost easily due to invasion
by cheaters and free-riders. Reducing the impact of such bad actors on
the overall level of cooperation in a population requires us to

understand the underlying motivations of those who are willing to
cooperate. Furthermore, over long timescales, the motivations for
cooperation can themselves shift and evolve depending on the envir-
onment and on the level of cognitive complexity of the individual
making the decision to cooperate®.

Unlike prior studies that focus on the evolution of behaviors,
where the behavior yielding a higher payoff is more likely to be
adopted, this paper considers the evolution of behavioral motivations
that guide the choices of behaviors. We focus on two types of moti-
vation that can underpin cooperation, depending on whether an
individual increases or decreases their willingness to cooperate with
their own level of wealth. On the one hand, individuals may view
cooperative acts as philanthropic or even altruistic, a cost that they pay
to help others when all their needs are met and they have resources to
spare. On the other hand, as studies of the evolution of cooperation
show, cooperation can also serve as a mechanism for increasing both
individual and population fitness, i.e., cooperation can help individuals
meet their needs in the first place. We study the evolution of motiva-
tions behind cooperative behavior among individuals who can assess
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needs, anticipate outcomes, and adapt their behavior accordingly. We
model motivation as lying on a continuum, with cooperation as an
expression of “self-transcendence”, which is more likely to occur after
basic needs have been met, at one extreme, and cooperation moti-
vated purely by a desire to meet one’s basic needs at the other.

There is evidence for both “philanthropically motivated” and
“aspirationally motivated” cooperation in humans. Philanthropically
motivated cooperation is most easily seen in the behavior of wealthy
philanthropists who invest in public goods such as public health or
education?. In contrast, aspirationally motivated cooperation may be
reflected in the tendency for individuals whose incomes are relatively
low to behave with greater charity and generosity (as a proportion of
their wealth)”* and in the “affluenza” phenomenon in which, as
people gain more wealth, they also tend to become less empathetic
and less likely to help others®?. There has been a long-standing
debate about the association between socioeconomic status and
prosociality in human society. Some favor a positive association®,
while others highlight a negative association®. Given the conflicting
evidence and the observed heterogeneity of human behavior” %, we
have developed a modelling framework that allows for both types of
behavioral motivation. Our goal is to elucidate the conditions under
which different behavioral motivations emerge, which may then be
tested empirically.

We construct a model of cooperative motivations in which we
characterize the short-term dynamics of cooperation resulting from
individual interactions between neighbors on a social network. We
then characterize the long-term co-evolution of cooperative behavior
and the motivational strategies that underpin it, for both weak and
strong selection. Our results offer key insights into the evolution of
behavioral motivations for cooperation. First, we show that when
motivations are fixed, cooperative behavior emerges among two dia-
metrically opposed types of motivation: undemanding philanthropists
(i.e., individuals who use philanthropic motivations and easily meet
thresholds of need) and demanding aspirationalists (i.e., individuals
who use aspirational motivations and hardly meet thresholds of need).
Second, we show that breaking down one big need into many smaller
needs can facilitate greater cooperation. Third, we show that when
individuals’ needs and motivations are allowed to co-evolve, there is a
critical benefit-to-cost ratio for cooperation, above which behavioral
motivations assuredly evolve towards either undemanding philan-
thropists or demanding aspirationalists and, as a result, stable coop-
eration. Finally, we provide analytical results for the critical benefit-to-
cost ratio and show how it depends on the structure of the social
network.

Our results correspond with the co-existence of both philan-
thropically motivated and aspirationally motivated forms of coopera-
tion observed in society. We show that, remarkably, the conditions for
both to evolve are the same, and depend on factors such as the costs
and benefits of cooperation and the structure of the underlying social
network. However, our results also suggest that when motivations are
not fixed, cooperation requires philanthropic motivations among
communities of people whose income are relatively high, and aspira-
tional motivations among communities of people whose income are
relative low.

Results

Model

We begin by constructing a framework for modeling the evolution of
cooperative behavior and motivations in a finite population of indivi-
duals interacting via a social network. We consider a structured
population consisting of N individuals, denoted by A'={1,2, --- ,N}.
The population structure is represented by a network consisting of N
nodes, with each individual occupying a node and edge weight deno-
ted by {w,-j},.’jeN. Here, variations in edge weights account for the fact
that some interactions occur more frequently or last longer than

others, resulting in different payoffs even when the actions of the
participants are fixed, which captures the heterogeneity in interactions
beyond just the number of connections. The total degree for node i
IS W; =3 e W

Social interactions occur between pairs of individuals and take the
form of a donation game (DG), in which each individual in the popu-
lation decides to either cooperate (C) or defect (D). If an individual
chooses to cooperate, they pay a cost ¢ to generate a benefit b to their
neighbor. If they choose to defect, they pay no cost and deliver no
benefit to their neighbor. A “round” of the game consists of all pairwise
interactions between all members of the population. We assume that
at the start of the game, every individual cooperates with probability
0.5. Let s; denote individual i’'s action, where s;=1 represents coop-
eration and s;= 0 defection. The payoff to individual i at round ¢ is then

w(e)= Y2 (~es;+bsy), @

jeN Tt

i.e., the edge-weighted average of all their social interactions with
other members of the population.

We initially assume that each individual has their own fixed
behavioral motivation, which is used to guide them to update their
action (cooperate or defect) after each round. In particular, after each
round of play, one individual is selected to update their action
according to this behavioral motivation. We later show that our results
remain robust if we instead assume that multiple individuals simulta-
neously update. In qualitative terms, behavioral motivations are
assumed to be either aspirational - meaning that the probability of
cooperation is greater when an individual’'s payoff is lower (i.e., their
needs are not met) - or philanthropic - meaning that the probability of
cooperation is greater when an individual’s payoff is higher (i.e., their
needs are met). In order to capture this we define two variables, the
need threshold @ and motivation intensity A (where 1> O corresponds
to philanthropic motivation while 1<0 corresponds to aspirational
motivation - see Fig. 1). Under this model an individual selected to
update their behavior, who obtained payoff u in the last round,
chooses to cooperate next round with the probability

1

1+ exp[-A(u — a)] @

g

and defect with 1 — g(u). In general, each individual in the population
may have a different behavioral motivation, i.e., they may differ in both
their value of a and A.

Figure 1 illustrates the dynamics of an evolving system with two
behavioral motivations, namely motivation A with a4 and A4, and
motivation B with ap and Ag. u — @ measures how much the payoff
obtained by an individual exceeds their need threshold. When the
obtained payoff u equals the need threshold a, the individual chooses
to cooperate with probability 1/2.

Figure 2 illustrates the four qualitatively different behavioral
motivations under our model, and their relationship to the need
threshold a and motivation intensity A. A large value of the need
threshold a indicates a large payoff is required for an individual’'s needs
to be met. In the donation game, if two individuals randomly choose
whether to cooperate or defect, their expected payoff is (b — ¢)/2.
Therefore, we refer to a need greater than (b — ¢)/2 as ‘demanding’, and
a need less than (b - ¢)/2 as ‘undemanding’. The sign of motivation
intensity A determines whether the individual’'s motivation type is
aspirational or philanthropic. When A is positive, g(u) (i.e., the prob-
ability of cooperation) monotonically increases with payoff u. When
the payoff exceeds the need threshold, i.e., u > a, the individual is more
likely to cooperate than defect, i.e., g(u) >1/2. Such individuals are
motivated to help others when their needs are met. An individual is
thus an ‘undemanding philanthropist’ if 1> 0 and their need threshold
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is low, and a ‘demanding philanthropist’ if their need threshold is high.
When A is negative, g(u) monotonically decreases with payoff u. When
the payoff exceeds the need threshold, i.e., u > a, the individual is less
likely to cooperate than defect, i.e., g(u) <1/2. Such individuals are
motivated to help others when their needs are not met. An individual is
thus an ‘undemanding aspirationalist’ if A < 0 and their need threshold
is low, and a ‘demanding aspirationalist’ if their need threshold is high.
The absolute value of motivation intensity, i.e., ||, measures how
strictly the individual follows their behavioral motivation. For example,
for a philanthropist, a large value of || indicates that the individual will
immediately choose to cooperate once their need is met, but will never
cooperate before that.

In order to model the evolution of behavioral motivations, we
allow the process of action updating to repeat for T rounds, so that
each individual i obtains an average payoff given by
u;=@1/T) Ztr:l u;(t). We then choose a random individual i to update
their behavioral motivation based on a death-birth updating rule in
which i replaces their current behavioral motivation with the motiva-
tion used by their neighbor j’s with probability e; where

e;= v

e Wiy 3
After each behavioral motivation update, the process of action
updating proceeds for another T rounds, and the process repeats.

In the main body of the text, we focus on the parameter region of
weak motivational intensity, specifically when |1] «1, and later we
demonstrate the qualitative consistency of results for strong motiva-
tional intensity. Firstly, we examine fixed behavioral motivations and
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Fig. 1| Evolutionary dynamics of behavioral motivation. a The population
structure is described by a network, and each individual (node) in the population
has a behavioral motivation A or B (circle) and adopts action cooperation (C) or
defection (D) (square). The figure illustrates two examples of behavioral motiva-
tions: one with need a4 and motivation intensity A4, and the other with need a and
motivation intensity Ag. With the shown behavioral motivation A, the individual is
more likely to cooperate when his payoff exceeds the need, i.e., u > a4. Conversely,
with the shown behavioral motivation B, the individual tends to defect when he
fulfills his needs, i.e., u > a. b In every round ¢, every individual adopts cooperation
or defection to play games with each neighbor and obtain an edge-weighted
average payoff u;(t). Here we consider a network where all edge weights are set to 1.

analyze the cooperation abundance under the condition that each
individual’s behavioral motivation remains constant throughout the
evolutionary process. Next, we move on to the scenario where indivi-
duals’ behavioral motivations evolve and investigate the survival of
behavioral motivations. Lastly, we explore several extensions and
generalizations of behavioral motivations.

Evolutionary dynamics of cooperation with fixed behavioral
motivation

Let a; and A; denote individual s need threshold and motivation
intensity. When individuals’ behavioral motivations remain unchanged
throughout the evolutionary process, after a sufficiently large number
of interactions and action updating, the abundance of cooperative
behaviors in the population, i.e., xc=(1/N)}",.\/S;, tends to be sta-
tionary, given by (see Methods and Supplementary Note 3)

1 1
XC=§+8—N (b—C)Z/li—ZZAiai .

ieN ieN

“)

Intuitively, from an individual perspective, an undemanding philan-
thropic behavioral motivation is more conducive to cooperation, while
a demanding philanthropic motivation can lead to the breakdown of
cooperation. This is because individuals with lower needs tend to
cooperate more frequently. In other words, it is easy to see that
increasing the need threshold inhibits cooperation. However, from a
global perspective, particularly in structured populations, an indivi-
dual’s actions depend on the comparison between their need thresh-
old and the payoff obtained from all interactions with neighbors. The
population structure often leads to a complex coupling of individuals’
behavioral motivations and cooperative actions, making the

b—3c

ul(t+1):b7(2 u4(t+1):

Action updating Interaction in round t+1

¢}

Behavioral motivation o

updating Interaction in round 1
c Anindividual (marked by “?”) is selected uniformly at random to update his action
based on his own behavioral motivation, namely, to cooperate next round with the
cooperating probability and to defect otherwise. d Game playing and action
updates repeat in the next round, ¢ + 1. e After T rounds of interactions, individuals
obtain an average payoff, u; = 21:1 u;(t)/T. f An individual (marked by “?”) is
selected uniformly at random to update his behavioral motivation, and all neigh-
boring individuals, indicated by black circles, compete to be imitated by the focal
individual, with probability proportional to their average payoff. g After the
behavioral motivation updating, game playing, and action updates restart from
round 1.
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Fig. 2 | Four representative behavioral motivations. A behavioral motivation is
described by a pair of variables, namely need threshold (a) and motivation intensity
(A), corresponding to a point in the (a, 1) plane. In a donation game, if both parti-
cipants choose cooperation (or defection) with probability 0.5, each player's
expected payoffis (b - ¢)/2.1f a player’s need threshold is greater than (b - ¢)/2, they
are referred to as ‘demanding’, whereas they are referred to as ‘undemanding’ if
their need threshold is less than (b - ¢)/2. If a player’s motivation intensity A has a
positive value, this indicates that they are more likely to cooperate if their need is
met, which we call ‘philanthropic’ behavioral motivation. If A is negative, they are
more likely to cooperate if their need is not met, which we refer to as “aspirational’
behavioral motivation. As such, there are four qualitatively different types of
players: undemanding philanthropist, demanding philanthropist, undemanding
aspirationalist, and demanding aspirationalist.

prediction of the global cooperation level more challenging than at the
individual level.

This effect can be even more unpredictable when individuals have
different need thresholds. For example, consider two cases within the
same heterogeneous structured population. In the first case, indivi-
duals occupying the largest 50% of highly connected nodes have a
higher threshold, a+¢, while those in the least 50% have a lower
threshold, a - €. In the second case, the thresholds are reversed: indi-
viduals in the largest 50% of highly connected nodes have a lower
threshold, a - ¢, and those in the least 50% have a higher threshold,
a + €. Although the average threshold is identical in both cases, it is not
intuitive which case will lead to higher cooperation levels. The varia-
tion in individuals’ motivation intensity further complicates the
outcome.

In Fig. 3e, we depict the cooperation abundances in a population
of philanthropists and aspirationalists, where individuals are dis-
tributed in a structured population and differ in their need thresholds.
We find that for the homogeneous setup of motivation intensity, the
average need threshold of the whole population, i.e., a = (1/N)>"; @,
determines the cooperation abundance. Therefore, in a population of
philanthropists, an increase in the average need threshold leads to a
decrease in cooperation abundance. Conversely, in a population of
aspirationalists, an increase in the average need threshold leads to an
increase in cooperation abundance. It's noteworthy that philan-
thropists are not inherently more prosocial than aspirationalists when
it comes to helping others. Generally, a population of demanding
aspirationalists sustains a higher cooperation abundance than a
population of demanding philanthropists. This is because demanding
philanthropists tend to defect more often due to their high need to be
satisfied, while demanding aspirationalists tend to cooperate more

frequently. These results are consistent across all six types of networks
analyzed. Put simply, altering the average need threshold (a) produces
an overall outcome that aligns with the expected results based on the
model’s definition.

We also investigate multi-action donation games that account for
situations where an individual can break down their willingness to
cooperate into multiple steps or “levels” such that they only cooperate
at higher levels if they have already successfully cooperated with
others at lower levels. One way of understanding this type of multi-
level cooperation is to think about each level as a “need”. An individual
may choose to help others only if they have both food and shelter,
corresponding to the two-action donation game discussed above. With
multiple levels of needs, the individual may choose to provide some
help if their food need is satisfied, and give more help if both food and
shelter needs are met, resulting in a three-action game with two
thresholds between them. We formalize multi-action linear donation
games as follows: Let L denote the number of actions, and each action
¢ €], 2, .., L} involves paying a cost of c(f-1)/(L —1) to generate a
benefit of b(¢ - 1)/(L —1) (see Fig. 3b for an example of the three-action
linear donation game). Action 1 corresponds to defection, and action L
corresponds to cooperation in the classic donation game. The
threshold between actions ¢ and ¢+1 is set to be fa/(L —1), and the
threshold to action L is a. We also select the switching function
appropriately to obtain the classic two-action donation game as a
specific case (see details in Methods). Let s; € {1, 2, --- , L} denote
individual /s action. The cooperation abundance for such multi-action
donation games is xc =(1/N)} ;. (s; — /(L — D).

Once again, we find that undemanding philanthropic and
demanding aspirational behavioral motivations promote cooperation
(see Eq. (16) in Methods for the analytical cooperation abundance and
Fig.3f for simulation results). In addition to the multi-action linear
donation games, we also study multi-action nonlinear donation games,
where donating a cost of c(f-1)/(L - 1) yields a benefit of b(1-w*")/
(1-w"™), nonlinearly related to the cost. Above w is the benefit factor,
where w >1 corresponds to synergistic donation games and w <1 cor-
responds to discounting donation games (see Eq. (18) and Fig. 3cd,
respectively). The results remain robust.

Multi-action donation games provide a better model than two-
action games to describe complex needs. However, a natural question
arises regarding how increasing the number of action options affects
the global cooperation abundance. Our analysis of Eq. (16) demon-
strates that for philanthropists with low needs, i.e., a<(b-c)/8, an
increase in the number of actions L results in a decrease in the coop-
eration abundance x¢ (see Fig. 4a). Conversely, for philanthropists with
high needs, i.e., a > (b - ¢)/2, xc monotonically increases with increas-
ing L. An intermediate need level yields maximal cooperation abun-
dance at L'=1/(1 —\/2a/(b—c)). Intuitively, an increase in the
number of actions provides individuals with more donation options,
such as partially cooperative behavior in addition to the options of
fully cooperative and defective behavior in a two-action donation
game. For high need thresholds, individuals have the option to engage
in partially cooperative behavior, which avoids the high cost of full
cooperation and maintains cooperation at a certain level. In particular,
Fig. 4a shows that in a population of demanding philanthropists, i.e.,
a>(b-c)/2, even when cooperation is disfavored for two-action
donation games, i.e., xc <1/2, an increase in the number of actions can
make cooperation more favorable, i.e., xc>1/2. Conversely, when the
need threshold is low, individuals can easily fulfill their needs and opt
for cooperation in two-action games. Introducing more actions, such
as partially cooperative behavior, encourages a substantial fraction of
individuals to engage in partially cooperative behavior instead of full
cooperation, thereby reducing the overall cooperation abundance. For
intermediate need thresholds, an intermediate number of actions
ensures the possibility of partially cooperative behavior while avoiding
individuals getting trapped in the low cooperative level.
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Fig. 3 | Undemanding philanthropic and demanding aspirational behavioral
motivations promote cooperation. We consider four types of games, namely two-
action donation games (a, e), three-action linear donation games (b, f), three-action
nonlinear donation games with benefit factor w =1.5 (c, g), and with benefit factor
®=0.5(d, h). Dots in (a-d) illustrate the optional actions in the game, with the
action cost shown in the x-axis and the generated benefit in the y-axis. e-h presents
the abundance of cooperation as the average need threshold & varies from unde-
manding to demanding levels. In each game, we investigate both philanthropic
(blue, 1=0.01) and aspirational (red, 1=-0.01) behavioral motivations on six
classes of networks (random regular networks (RR), Erdos-Rényi networks (ER)*,
Watts-Strogatz small-world networks (SW)*® with rewiring probability 0.1, Barabasi-
Albert scale-free networks (BA-SF)*, Goh-Kahng-Kim scale-free networks (GKK-
SF)*° with exponent 2.5, and Holme-Kim scale-free networks (HK-SF)* with triad

formation probability 0.1). Dots in (e-h) indicate the results of Monte Carlo
simulations, and lines are analytical results. The results show that in a population of
undemanding philanthropic and demanding aspirational behavioral motivations,
cooperation is favored, consistent in all population structures. Each dot in (e-h) is
the result averaged over 5000 simulations, and each simulation lasts for 10° rounds.
We consider two initial configurations: individuals occupying the largest 50% of
highly connected nodes have a higher threshold, a + €, while those in the least 50%
have a lower threshold, a - € (positive correlation, solid dots); individuals in the
largest 50% of highly connected nodes have a lower threshold, a — ¢, and those in
the least 50% have a higher threshold, a + ¢ (negative correlation, open dots).
Parameter values: network size N =100, average degree d = 6, benefit b= 6, cost
c=1and e=0.5.

Figure 4b displays the global cooperation abundance xc as a
function of the benefit factor w and the number of actions L. Generally,
for w <1, an increase in the number of actions is beneficial to coop-
eration, leading to a cooperation abundance above 1/2. One possible
explanation for the cooperation-promoting effect is that for w <1, both
the cost and the need threshold increase linearly with the number of
actions, while the benefit generated by an action is concave. As aresult,
a small additional cost yields a disproportionately large benefit, which
exceeds the increase in the need threshold. Therefore, the ratio of
benefit to need threshold is greatly higher for actions with low cost.
The gradual increase in the number of actions encourages players to
become more cooperative. Conversely, for @ >1 (a convex curve), the
opposite outcome occurs. Increasing the number of actions leads to a
decrease in the cooperation abundance xc. This is because the benefit
generated by actions with low cost is insufficient to offset the cost of
cooperative actions and the need threshold. As the number of actions
increases, the ratio of benefit to need threshold for actions with low
cost decreases, making it harder to adopt cooperative behavior. These
intuitions also support the observation that the global cooperation
abundance decreases as the benefit factor w increases. Besides, we

observe similar non-monotonicity in a population of aspirationalists
(see Supplementary Fig. 1).

Evolutionary dynamics of behavioral motivation

In this section, we investigate the evolution of behavioral motiva-
tions. Suppose a population consisting of a single individual using
behavioral motivation A and N — 1 individuals using B. When there is
no exploration of new motivations in the motivation updating
stage, the population is expected to eventually reach an absorbing
state where either all individuals use behavioral motivation A or use
B. Let p, denote the fixation probability that an individual using
behavioral motivation A, when initially placed in a random node,
eventually causes a population of individuals using behavioral
motivation B to switch to using A. For motivation intensity 1=0,
every individual chooses cooperation and defection equitably (see
Eq. (2)), resulting in fixation probability 1/N. Selection favors the
evolution of behavioral motivation A if it is more likely to fix than a
neutral mutant, i.e., p4 > 1/N. Under weak motivation intensity, i.e.,
|A4] < 1and |45 < 1, we have the condition for behavioral motivation
A to be favored over B, given by (see Methods and Supplementary
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Fig. 5 | Selection favors undemanding philanthropists over demanding phi-
lanthropists when the benefit-to-cost ratio exceeds a critical value. Presented is
the fixation probability of an individual using behavioral motivation A, i.e., (a4, A4),
in the population of individuals using behavioral motivation B, i.e., (ag, Ag), as a
function of benefit b in the two-action donation game, with cost ¢ =1. We consider
random regular networks (a) and BA scale-free networks (b). Selection favors
behavioral motivation A over B if fixation probability p, exceeds the horizontal line,
i.e., p4>1/N.Squares indicate fixation probabilities by Monte Carlo simulations, and
solid lines are analytical results. Red lines and squares represent the fixation
probability of philanthropic motivation A, i.e., (1,0.01), in a population of B, i.e.,
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(3,0.01), which shows that selection favors undemanding over demanding indivi-
duals as long as the benefit-to-cost ratio exceeds the critical ratio, i.e., b/c > (b/c)".
Nonetheless, for motivations with a4 = ap, the evolution of the motivation intensity
is non-monotonous with benefit b --- both the small and large b/c favor a strong
motivation, while the intermediate b/c favors weak motivation, as blue lines and
dots show (the evolution of (2,0.03) in a population of (2,0.01)). The fixation
probability of beneficial motivation A, p,, is determined by the fractions of simu-
lations where the beneficial motivation A reached fixation out of 2 x 10’ genera-
tions. Parameter values: population size N=100 and average degree d = 6.

Note 3)
[A(b—c—2a,) —Ag(b—c—2ag)][—cny+bns —np]>0.  (5)

Above, 1, is a quantity depending on the population structure™>*
(see “Methods”).

We consider two philanthropic behavioral motivations with the
same intensity A,=Az > O but different need thresholds a,>az.
Rewriting Eq. (5) yields (ayz —a,)[—cn,+b(n; —ny)] >0, indicating
that selection favors philanthropists with high needs when the benefit-
to-cost ratio is small. However, when the benefit-to-cost ratio b/c
exceeds a critical value r,/(r; — 17;), denoted as (b/c)’, philanthropists
with low needs are favored. This finding suggests that in a population

full of demanding philanthropists, where individuals’ needs are hard to
meet and the global cooperation abundance is low initially, an unde-
manding philanthropist can promote the transition to a cooperative
population as long as the cooperative act is sufficiently profitable per
unit of cost. We confirm the theoretical predictions in both homo-
geneous and heterogeneous networks in Fig. 5. In particular, the cri-
tical benefit-to-cost ratio (b/c)" is determined by the population
structure, which has two important implications. Firstly, in the well-
mixed setting, (b/c)’=-(N-1), indicating that undemanding philan-
thropists are disfavored for any large benefit-to-cost ratio. However,
placing individuals in the proper spatial structure, such as the lattice,
yields (b/c)'=4(N-2)/(N - 8), enabling the evolution of undemanding
philanthropists. Secondly, in structured populations, modifying the
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Fig. 6 | Evolution of behavioral motivation. a The theoretical prediction of the
evolutionary direction of behavioral motivations for (b/c) < (b/c)". The evolution
results in individuals transitioning away from undemanding philanthropists (region
1) and demanding aspirationalists (region IV), and towards demanding philan-
thropists (region I) and undemanding aspirationalists (region IlI), as indicated by
the arrows. This transition leads to a decrease in the abundance of cooperation x.
The blue (respectively red) regions represent the behavioral motivation that con-
tributes to a larger abundance of cooperation than defection (respectively defec-
tion than cooperation). b The Monte Carlo simulations show the evolutionary
trajectories of behavioral motivations for (b/c) < (b/c)" using 300 simulations in
random regular networks. Each simulation starts from a monomorphic population
with behavioral motivations («a, A) in one of (0.75,0.05), (0.25,0.05), (0.25,- 0.05),
and (0.75,- 0.05), represented by open black dots, and undergoes 5 x 10’ motiva-
tion updating steps, where interactions and action updates repeat for 7=100
rounds before each motivation updating. During each behavioral motivation
update, with a probability of 0.01, the imitated behavioral motivation is subject to a

random fluctuation in need a (randomly sampled from the range [~ 0.1,0.1]) and
motivation intensity A (randomly sampled from the range [~ 0.01,0.01]). Each thin
red line represents a resulting trajectory (i.e., the average behavioral motivation of
the population), and each open red dot represents an ending behavioral motiva-
tion. The thick red line represents the linear regression of all final behavioral
motivations, which is highly consistent with the evolutionary direction predicted
analytically in (a). ¢ The cooperation abundance throughout the evolutionary
process (b/c) < (b/c)" by simulations. The highlighted line represents the average
cooperation abundance over the 300 simulations. d The theoretical prediction of
the evolutionary direction of behavioral motivations for (b/c) > (b/c)’ shows that
individuals evolve towards undemanding philanthropists (region II) and demand-
ing aspirationalists (region IV). e The evolutionary trajectories of behavioral moti-
vations for (b/c) > (b/c)’ by simulations. f The cooperation abundance throughout
the evolutionary process for (b/c) > (b/c)’ by simulations. Parameter values: N =100,
d =6, which gives (b/c) =6.7, b=2, c=1 (bc) and c=0.2 (ef).

population structure could be a potential solution to alter the
evolutionary outcome of behavioral motivations, such as transitioning
from heterogeneous networks (Fig. 5b) to homogeneous net-
works (Fig. 5a).

We now consider two behavioral motivations with the same need
threshold a,=ag=a, but different motivation intensities A4>A1z.
Rewriting Eq. (5) gives the condition for the evolution of behavioral
motivation A, i.e., (A4 —A)(b—c—2a)[—cn, +b(n; —ny)] >0. Fig-
ure 5 shows that the evolutionary fate of behavioral motivation A is
non-monotonous with the benefit-to-cost ratio b/c: both a small and
large b/c support motivation A, but an intermediate b/c makes moti-
vation A disfavored. To gain insight into this, we consider the example
of 14> 0> . The evolution of behavioral motivation A depends on
two aspects: ({) whether or not behavioral motivation A is cooperation-
promoting (i.e., whether the cooperation abundance in a population of
individuals using A is higher than the defection abundance), which is
captured by xc>1/2 in Eq. (4), as determined by A4(b — ¢ - 2a); and (ii)

whether or not the population structure supports cooperation and
accordingly cooperation-promoting motivations, as captured by
-cn, + b(ns — ny). If the benefit-to-cost ratio is small enough such that
b - ¢ - 2a4 <0, motivation A leads to xc<1/2 and is thus defection-
promoting. Furthermore, if the small benefit-to-cost ratio also satisfies
-cna+b(ns—ny) < 0, the population structure favors defection-
promoting motivation, resulting in the evolution of motivation A. On
the other hand, if the benefit-to-cost ratio is large enough such that
Ab-c-2a)>0 and —cnp+b(ns—n) >0, motivation A s
cooperation-promoting (i.e., xc>1/2), and the population structure
favors cooperation-promoting motivation, resulting in the evolution
of motivation A. However, if the population structure and the moti-
vation intensity are not aligned, motivation A can either promote
cooperation while the population structure favors defection-
promoting motivation or promote defection while the population
structure favors cooperation-promoting motivation. In both cases,
motivation A will shrink.
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Furthermore, we consider the exploration of new motivation in
the motivation updating stage and investigate the evolution of beha-
vioral motivations in the entire (a, A) space, ensuring that the system
never becomes trapped in an absorbing state. Let xo(A) (respectively
Xxc(B)) denote the global cooperation abundance when all individuals
use behavioral motivation A (respectively, motivation B). By applying
Eq. (4) to Eq. (5), we obtain the condition favoring behavioral moti-
vation A over B,

(Xc(A) — xc(B)) [—cny + b(n; — ny)] > 0. (6)

Thus, when the benefit-to-cost ratio falls below a critical value, i.e.,
b/c<(b/c), the evolution leads to the adoption of cooperation-
inhibiting behavioral motivations, resulting in a continuously decreas-
ing cooperation abundance. As shown in Fig. 6a, even if initially all
individuals are undemanding philanthropists (region II) or demanding
aspirationalists (region IV), and the population exhibits a high
abundance of cooperation, i.e., xc>1/2, as long as the benefit-to-cost
ratio is below the critical value, all individuals gradually transition to
being either demanding philanthropists (region I) or undemanding
aspirationalists (region III). Our analytical predictions are supported by
extensive Monte Carlo simulations, which include the evolutionary
direction of behavioral motivations (see Fig. 6b) and the collapsing
cooperation (see Fig. 6¢). It is important to note that we investigated
the largest possible motivation range by considering an adequate
number of motivation updating steps and by not imposing any limit on
the need threshold or motivation intensity. As a result, the need
threshold exceeds the feasible range, namely [-c, b], and the
evolutionary trajectories subsequently oscillate within the domain of
demanding philanthropists and undemanding aspirationalists (as
shown in Fig. 6b).

On the contrary, when the benefit-to-cost ratio exceeds the critical
value, i.e., b/c>(b/c)’, even if initially all individuals are demanding
philanthropists or undemanding aspirationalists, and the population
presents more defection than cooperation, i.e., xc<1/2, the evolution
of behavioral motivations gradually leads all individuals to become
undemanding philanthropists or demanding aspirationalists (see
Fig. 6d). Extensive simulations confirm the analytical prediction of
motivation evolution (see Fig. 6e) and the continuous increase in the
abundance of cooperation (see Fig. 6f).

Extensions

Finally, we consider various model extensions and generalize our
conclusions to different scenarios, including (i) any game with an
arbitrary number of actions and general payoff structures, which
includes two- or three-action donation games as a specific case (see
Supplementary Note 2); (ii) any need threshold setting between mul-
tiple actions and general action switching functions, beyond the linear
threshold setting and sigmoid functions as in Eq. (2) (see Supple-
mentary Note 2); (iii) state-dependent action updating, where the
probability of cooperating next round depends not only on the
obtained payoff but also on the current action, as in the case of ‘hys-
teresis’ (see Supplementary Note 3); (iv) individualized need thresh-
olds and action updating functions for each individual (see
Supplementary Note 3). In all these extensions, we demonstrate that
the population structure has no impact on the cooperation abundance
for a fixed behavioral motivation, but plays a critical role in influencing
the evolutionary direction when behavioral motivation evolves. So far,
our analysis has relied on the assumption of weak motivational
intensity, i.e., |A| «1. We also demonstrate that all our findings are
qualitatively consistent when the motivational intensity increases up
to 1 (see Supplementary Fig. 2 for the robustness of the cooperation
abundance against the population structure, Supplementary Figs. 3
and 4 for the evolutionary trajectories of behavioral motivations, and
Supplementary Fig. 5 and Supplementary Note 4 for theoretical results

based on adaptive dynamics analysis®>?) and results remain robust
when multiple individuals simultaneously update their actions (see
Supplementary Fig. 6).

Discussion

Most studies of cooperation focus on the idea that the strategies
individuals use in deciding whether to cooperate are the product of a
process of natural selection or learning that seeks to maximize the
payoff they (or their lineage) receive from cooperative acts. In reality,
human beings face many opportunities to engage in minor acts of
cooperation every day, and the decision whether to help another
person is typically guided by a few simple heuristics, rather than a
carefully optimized behavioral strategy. And so we have asked the
natural question: what happens if natural selection acts at the level of
the heuristics people use when deciding to cooperate? To answer this,
we characterize individual decisions to cooperate in terms of an
internal behavioral motivation.

Our results show that the underlying behavioral motivations for
cooperation have a large impact on how much cooperation occurs. We
show that undemanding philanthropists and demanding aspir-
ationalists are more likely to sustain a high level of cooperation,
whereas demanding philanthropists and undemanding aspirationalists
are more likely to defect, regardless of population structure. Inter-
estingly, we also discover that when choices are not limited to binary
options — fully cooperative when the entire need is met, and fully
defective when it is not — and needs are divided into several smaller
parts, a group of demanding philanthropists tends to use cooperation
rather than defection. For instance, if an individual has a single
demanding need for food and shelter, this tends to lead to a low
cooperation rate. However, if the need is divided into food and shelter,
the individual can choose to be partly cooperative once the food need
is met and then fully cooperative after both food and shelter needs are
met. This results in more cooperation within the population. On the
other hand, if the need is already undemanding and easy to meet,
breaking it down into multiple smaller needs may decrease coopera-
tion. This is because some individuals may remain partly cooperative,
even though it is easy to be fully cooperative in a two-action game.

A key finding of our analysis is that need intensity tends to evolve
to either be large and positive or large and negative (Fig. 6), corre-
sponding to a motivation that comprises a sharp, switch-like behavior
in which cooperation shifts from occurring at low rates to occurring at
high rates once a need threshold is reached. From an empirical view-
point, this kind of behavior corresponds to individuals using an
internal reference point to decide whether to cooperate. This kind of
sharp response to an internal reference point has frequently been used
to model motivations in both human and animal behavioral ecology.
Indeed, this pattern serves as the foundation for numerous theoretical
studies on aspiration-based action updating and cooperation®°. Our
work shows how such reference points can arise via evolution.

We also note a number of other key differences between our study
and previous work. Prior studies assume that all individuals are self-
interest motivated and only have two actions to choose from — one
keeps using the current action if the aspiration is met, and otherwise
switches to the other action. This limits the interactions between
individuals. Secondly, these studies still follow the idea of comparing
actions, without mentioning behavioral motivations on action updat-
ing at all. Lastly, these studies do not consider the evolution of indi-
viduals’ behavioral motivations or action updating rules. As a result,
they fail to reveal the important effects of population structure. In
contrast, our model endows each individual with an individualized
behavioral motivation, which guides their decision-making among an
arbitrary number of actions. Our model can recover the prior studies
as a specific case (see Supplementary Note 3), but also goes beyond by
considering the evolution of individuals’ behavioral motivations and
the effects of population structure on their decision-making.
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Particularly, we study the evolution of aspiration-based action updat-
ing in a population of philanthropists and aspirationalists. We find that
in the interacting environment with b/c>(b/c)’, both undemanding
philanthropists and demanding aspirationalists, by fostering a high
level of cooperation, can resist the invasion of mutants using
aspiration-based action updating (see Supplementary Fig. 7).

Our study also offers a few insights into how population structure
impacts cooperation. Theoretical studies which focus on the evolution
of cooperation in one-shot games have demonstrated that population
structure, including the density and distribution of connections, has a
profound impact on evolutionary outcomes™"*>***2, However, several
experimental studies have shown that a heterogeneous population
structure does not provide additional advantages for the evolution of
cooperation*’. While there may be many reasons for this, we note that
these findings are consistent with our study, in which heuristics in the
form of behavioral motivations drive the decision to cooperate. In our
study, when individuals’ behavioral motivations remain fixed, the global
cooperation abundance remains robust against population structure,
regardless of the density and distribution of connections. Several prior
studies focusing on aspiration-based action updating have found that
the abundance of cooperation on random regular networks is identical
to that in a well-mixed setup®**. Analyzing the o rule for strategy evo-
lution reveals a structural coefficient o=1, indicating the absence of
cooperation clusters under aspiration-based action updating, similar to
the well-mixed scenario®*. We offer an alternative intuition applicable
to any threshold-based action updating: the frequency of an individual
taking any action is fully determined by the payoff structure, their
motivation intensity, and their need threshold, but is independent of
their connections with other individuals (see Eq. (7) in the Supplemen-
tary Information). However, we also note that once individuals’ beha-
vioral motivations begin to evolve, population structure again plays a
critical role in determining the evolutionary direction of these motiva-
tions. This is because undemanding philanthropists and demanding
aspirationalists can lead to a higher level of cooperation, and particu-
larly, the death-birth updating process favors cooperation for certain
b/c ratios, which in turn supports the evolution of undemanding phi-
lanthropists within a population of demanding philanthropists.

In studying the evolution of behavioral motivations, we find that
the trajectory of individuals’ heuristics is influenced by a critical benefit-
to-cost ratio (b/c)’, which determines the evolutionary trajectories and
outcomes. Specifically, if the benefit-to-cost ratio is low, i.e., b/c < (b/c)’,
even if the population is initially composed of undemanding philan-
thropists or demanding aspirationalists, and cooperation is more pre-
valent than defection, over time all individuals gradually abandon their
prosocial preferences and switch to demanding philanthropists or
undemanding aspirationalists, resulting in a sharp decline in the coop-
eration abundance. Conversely, if the benefit-to-cost ratio is just above
the critical ratio, i.e., b/c>(b/c), in a population consisting of
demanding philanthropists or undemanding aspirationalists, where
defection is more prevalent than cooperation, we observe the emer-
gence and expansion of undemanding philanthropists and demanding
aspirationalists, creating a conducive environment for cooperation.
Notably, the critical benefit-to-cost ratio is greatly influenced by the
population structure. These findings have two important implications.
Firstly, for the classic well-mixed population, where any two individuals
are equally likely to interact, the critical ratio is — (V—1), implying that
undemanding philanthropists and demanding aspirationalists are
unable to evolve for any benefit-to-cost ratio. By considering population
structures, particularly those with sparse connections, we can achieve a
positive (b/c)" that facilitates the evolution of prosocial behavioral
motivation. Real-world networks are often much sparser than well-
mixed setups, which may explain the prevalence of cooperation. Sec-
ondly, if the (b/c)" value is too large to attain, a potential solution is to
modify a few connections, which can reduce the (b/c)’ value to below
the actual benefit-to-cost ratio.

There is a natural connection between our work and the study of
cooperation in iterated games***°, in which players update their
behavior based on the outcome of previous interactions. Indeed,
strategies such as tit-for-tat' can be thought of as heuristics for
determining when to engage in cooperation. However, iterated game
strategies describe decision-making as conditional on the history of
play with a specific interaction partner, whereas the behavioral moti-
vations we study operate at the level of the cumulative payoff received
by an individual over many interactions. Which kind of heuristics
people use in reality may depend on the relationship between the
individuals interacting and the cognitive demands on decision-
making®.

In this work, we focus on the two-action donation game and its
multi-action variations as they capture the cooperation dilemmas
where pursuing a short-term larger payoff leads to cooperation col-
lapse and collective tragedy. However, our treatment can be applied to
other interaction scenarios, such as snowdrift games and stag-hunt
games (see Supplementary Note 3 and Supplementary Fig. 8).
Although a few recent studies incorporate the idea of indirect evolu-
tion - where individuals update their actions according to an objective
function different from the actual payoffs® - theoretical exploration
in this area is relatively underdeveloped compared to the direct evo-
lution of actions. Therefore, we suggest that the application of evo-
lutionary game theory to the study of human behavior should focus
more strongly on the evolution of decision heuristics and the under-
lying motivations for cooperation.

Our work does not attempt to describe a new mechanism for the
evolution of cooperation, but rather assumes that all individuals are
willing to cooperate under some circumstances, and then explores
how those circumstances evolve in terms of behavioral motivations.
And so our model does not attempt to capture the emergence of
baseline social norms of cooperation, but variation in an individual's
behavior against that baseline. However, it is clear that social norms
may influence the evolution of behavioral motivations for cooperation
in ways not explored here. For example, a transition from philan-
thropic to aspirationally motivated cooperation may be constrained if
aspirational cooperators are perceived as norm violators. We propose
that integrating our modelling framework with models of reputation
management via social norms®™® will be a productive avenue for
exploring this type of interaction in future work.

An overarching goal of this work is to develop a modelling fra-
mework that address questions relating to the evolution of cooperation
in humans in ways that better connect to the empirical literature. In
particular, our model addresses the relationship between individual
wealth and willingness to cooperate, and reveals an intriguing sym-
metry, in which similar levels of cooperation can emerge along with
opposite motivations for engaging in that cooperation. This finding
helps makes sense of some of the apparently conflicting evidence in the
literature”*, which sees some support for both aspirationally and
philanthropically motivated cooperation. Our key results (Fig. 6) sug-
gest that the key factor distinguishing populations may not be whether
they are aspirationally or philanthropically motivated, but the direction
of the correlation between motivation intensity and need threshold, i.e.,
whether people are demanding or undemanding philanthropists or
aspirationalists. Furthermore, as our framework focuses on the evolu-
tion of behavioral motivations, it naturally extends to other domains
beyond cooperation. For example, in the evolution of risk preferences,
individuals may shift toward riskier, higher-reward behaviors once their
payoffs exceed a critical threshold. This broader applicability highlights
the potential of our approach in studying the evolution of diverse
decision-making strategies across social and economic contexts.

While our theoretical approach provides insights into the evolution
of motivations for cooperation, it has certain limitations. First, human
motivational heuristics are far more complex and diverse than the two
factors — need threshold and motivation intensity — considered in our
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model. Second, although our findings build on classical evolutionary
dynamics and offer a few theoretical perspectives, empirical validation
remains essential. Future experimental studies could examine how
environmental fluctuations shape cooperative behavior and how
cooperation adapts to periods of scarcity and abundance’****. Incor-
porating additional factors could further enhance our understanding of
human behavior and the motivations that drive it. From a theoretical
standpoint, our study assumes a fixed functional form for decision-
making (Eq. (2)) while allowing the evolution of two free parameters:
need threshold and motivation intensity. A promising direction for
future research is to explore the evolution of the entire decision-making
function itself>.

Methods

In this section, we outline a derivation of the global cooperation
abundance and the critical condition for a behavioral motivation being
favored (i) for general two-action games and (ii) for multi-action
donation games. Complete mathematical details and the results for
general multi-action games, action-dependent need threshold, and
action updating function, are provided in Supplementary Notes 1 and 2.

Two-action game
We consider the classic two-player two-action game with payoff struc-
ture

C D
C/R S 7)
D ( T P>
We use the population structure and notation described in the Model
section. We define m;=w;/>";  w;, p; = wy/w, and p’ to be the
probability that an individual starting from node i terminates in node j

after an n-step random walk. Let a; denote individual i's need threshold
and /; individual i's motivation intensity. For fixed behavioral motiva-

tions, we obtain the global abundance of cooperation
1.1
xC—§+16—NZ/1,-(R+S+T+P—4(X,~) (8)

ieN

and the condition for cooperation being more abundant than defec-
tion, i.e., xc>1/2, given by

D> A(R+S+T+P—4a;)>0. )
ieN

When it comes to the evolution of behavioral motivations, we can
obtain p,, the fixation probability of an individual who uses motivation
A (with need threshold a4 and motivation intensity A,) in a population of
individuals that use motivation B (with need threshold az and motiva-
tion intensity Ag). First, we obtain the correlation of behavioral moti-
vation in two nodes i and j, by solving the following O(N?) equations

(1) (D

1-6; 1
n;= TU + EZ(pik N+ P ’lik)r (10)
keN

where 6;=1for i=j and 0 otherwise. Let 1, =", ;. ;P 1, We can
express the fixation probability p, as

pA:N+8N£2;f§+P
)

+(R—S+T —P)nn3 — m)],

[(R+S—T —P)n, an

where By =1y (R+S+T+P — 4ay) and X € {A, B}. The condition for
selection favoring motivation A over B, i.e., p4>1/N, is

R+S—T—P _R—-S+T—P

(Ba—Bs) R+iS+T+P mnt RiS+tT+P (n3 —m)|>0. (12)

Let xc(A) and xc(B) respectively denote the global cooperation abun-
dance when all individuals use behavioral motivation A and B, com-
paring By and xc in Eq. (8), we can rewrite Eq. (12) to be

R+S—T-P
R+S+T+P 12

R—S+T—P
R+S+T+P

(xc(A) — xc(B)) (s —np|>0. (13)

Multi-action game

We consider the linear donation game with L levels of donation (or say
L actions), labeled by {1, 2, --- , L}, where level £ means paying a cost
ce=c(f-1)/(L —1) to bring the opponent a benefit b, = b(€ —1)/(L —1). As
such, level 1 corresponds to defection, and level L means paying a cost
¢ to yield a benefit b to the opponent, referred to be “fully coopera-
tive”. The other actions are referred to be “partly cooperative”, i.e.,
paying a fraction of costs to generate a fraction of benefits. For a L-level
donation game, there are L -1 need thresholds, denoted by {a/(L
-1),2a/(L-1), ---, a}, where the need threshold to the ¢-level donation
is a(f - 1)/(L —1). By taking into account the fact that the satisfaction of
a need is not an “all-or-none” phenomenon, even if the individual uses
k-level donation in the current round and his payoff u does not meet
the need threshold to ¢-level donation, he is still likely to choose the ¢-
level donation. In other words, regardless of the current action, an
individual is likely to choose any action next round but with a different
probability. Let a denote the total need and A the motivation intensity.
We introduce a*’ to mark the need threshold when an individual
transits the current k-level donation to the ¢-level donation next round,
given by

.

ke _ ) I-1
a _{(/—m
-1

<k,

14
L>k. )
For given payoff u, the probability of updating action k to ¢ (k#¥) is
given by

2
L(1+ exp[A(u—a*’)]) t<k,

g w= { 2
L(1+ exp[-A(u—ak’)])

And the probability of remaining to take a k-level donation is
%) =1- Ypug(u). Action updating function Eq. (15) achieves (i) for
philanthropic behavioral motivation, i.e., A > 0, the increasing payoff u
makes individuals more likely to choose highly cooperative actions,
i.e., £>k, rather than the lowly cooperative actions, i.e., £ < k; (i) when
an individual uses action k to obtain a sufficiently high payoff u, even if
the payoff u greatly exceeds the threshold for a much higher level of
donation, the individual is more likely to transit to an adjacent higher
level of donation, such as the k +1 level, rather than jumping too
far ahead.

We have the global cooperation abundance of L-action linear
donation games, given by

ik, 15)

L
b-0> A _ﬁz/liai

ieN ieN

1
Xc=5+

2 12NL (16)
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and the condition for selection favoring behavioral motivation A over
B, given by

(B4 — Bg) (—cnp + b(n; — ny)) >0, 17)
where By =Ay[b — c — axL/(L — 1)] and Bx € {A, B}. The condition can
also be expressed as Eq. (6). For the multi-action nonlinear donation
game, depending on the interaction scenario modeled, there are many
formalizations of the relevant payoff structure. Here, we set the benefit
generated by ¢-level donation to be b(1-w’™")/(1-w"™) and provide
details in Supplementary Note 3. Benefit factor w =1 corresponds to the
former linear donation game, and 0 < w <1 (respectively w > 1) describes
the discounting effect, see Fig. 2c (respectively, synergistic effect, see
Fig. 2d). We have the global cooperation abundance given by

1 L[+1 20 L
=3t NI {(Lb_c)z’l"_L—lZ’li“f :

ieN ieN

Xc 18)

where o= [L(1 - ) — (1 - )] /[1 - w)1 — &' 71)].

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All results can be reproduced from the code’.

Code availability

All numerical calculations and computational simulations were per-
formed in Julia 1.5.3. All data analyses were performed in MATLAB
2023b. All codes have been deposited into the publicly available
repository at https://github.com/qisu1991/BehavioralMotivation®.

References

1. Darwin, C. On the Origin of Species. (1859).

2. Hamilton, W. D. The evolution of altruistic behavior. Am. Nat. 97,
354-356 (1963).

3. Trivers, R. L. The evolution of reciprocal altruism. Q. Rev. Biol. 46,
35-57 (1971).

4.  Axelrod, R. The Evolution of Cooperation. (New York: Basic
Books, 1984).

5.  Nowak, M. A. Five rules for the evolution of cooperation. Science
314, 1560-1563 (2006).

6. Nowak, M. A. & Sigmund, K. Evolution of indirect reciprocity by
image scoring. Nature 393, 573-577 (1998).

7. Ohtsuki, H. & lwasa, Y. How should we define goodness?-reputation
dynamics in indirect reciprocity. J. Theor. Biol. 231, 107-120 (2004).

8. Nowak, M. A. & Sigmund, K. Evolution of indirect reciprocity. Nature
437, 1291-1298 (2005).

9. Rand, D. G. & Nowak, M. A. Human cooperation. Trends Cogn. Sci.
17, 413-425 (2013).

10. Santos, F. P., Santos, F. C. & Pacheco, J. M. Social norm complexity
and past reputations in the evolution of cooperation. Nature 555,
242-245 (2018).

11.  Ohtsuki, H., Hauert, C., Lieberman, E. & Nowak, M. A. A simple rule
for the evolution of cooperation on graphs and social networks.
Nature 441, 502-505 (20086).

12. Tarnita, C. E., Ohtsuki, H., Antal, T., Fu, F. & Nowak, M. A. Strategy
selection in structured populations. J. Theor. Biol. 259,

570-581 (2009).

13. Allen, B. et al. Evolutionary dynamics on any population structure.
Nature 544, 227-230 (2017).

14. Su, Q., Allen, B. & Plotkin, J. B. Evolution of cooperation with
asymmetric social interactions. Proc. Natl. Acad. Sci. USA 119,
e2113468118 (2022).

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

McAvoy, A., Allen, B. & Nowak, M. A. Social goods dilemmas in
heterogeneous societies. Nat. Hum. Behav. 4, 819-831 (2020).
Traulsen, A. & Nowak, M. A. Evolution of cooperation by multilevel
selection. Proc. Nat. Acad. Sci. USA 103, 10952-10955 (2006).
Hamilton, W. D. The genetical evolution of social behaviour. I. J.
Theor. Biol. 7, 1-16 (1964).

Taylor, P. D. Altruism in viscous populations - an inclusive fitness
model. Evol. Ecol. 6, 352-356 (1992).

Stewart, A. J. & Raihani, N. Group reciprocity and the evolution of
stereotyping. Proc. R. Soc. B Biol. Sci. 290, 20221834 (2023).
Schmitz, H. P. & McCollim, E. M. Billionaires in global philanthropy:
a decade of the giving pledge. Society 58, 120-130 (2021).
Johnson, W. & Krueger, R. F. Higher perceived life control decreases
genetic variance in physical health: evidence from a national twin
study. J. Pers. Soc. Psychol. 88, 165-173 (2005).

James, R. N. & Sharpe, D. L. The nature and causes of the U-shaped
charitable giving profile. Nonprofit Volunt. Sect. Q. 36,

218-238 (2007).

Piff, P. K., Kraus, M. W., Cété, S., Cheng, B. H. & Keltner, D. Having
less, giving more: The influence of social class on prosocial beha-
vior. J. Pers. Soc. Psychol.99, 771-784 (2010).

Stellar, J. E., Manzo, V. M., Kraus, M. W. & Keltner, D. Class and
compassion: socioeconomic factors predict responses to suffering.
Emotion 12, 449-459 (2012).

Piff, P. K., Stancato, D. M., Cété, S., Mendoza-Denton, R. & Keltner, D.
Higher social class predicts increased unethical behavior. Proc.
Natl. Acad. Sci. USA 109, 4086-4091 (2012).

Andreoni, J., Nikiforakis, N. & Stoop, J. Higher socioeconomic status
does not predict decreased prosocial behavior in a field experi-
ment. Nat. Commun. 12, 4266 (2021).

Jung, M. H., Smeets, P., Stoop, J. & Vosgerau, J. Social status and
unethical behavior: Two replications of the field studies in Piff et al.
(2012). J. Exp. Psychol. Gen. 152, 1368-1378 (2023).

Elbaek, C., Mitkidis, P., Aarge, L., & Otterbring, T., Material scarcity and
unethical economic behavior: A systematic review and meta-analysis.
Preprint at https://doi.org/10.21203/rs.3.rs-800481/v2 (2021).
McAvoy, A. & Allen, B. Fixation probabilities in evolutionary
dynamics under weak selection. J. Math. Biol. 82, 14 (2021).

Metz, J. A. J., Geritz, S. A. H., Meszena, F. J., Jacobs, F. J. A., &
Heerwaardenm, J. S. Van. Adaptive dynamics: a geometrical study
of the consequences of nearly faithful reproduction. https://pure.
iiasa.ac.at/4497 (1996).

Geritz, S. A. H., Metz, J. A. J., Kisdi, E. & Meszéna, G. Dynamics of
adaptation and evolutionary branching. Phys. Rev. Lett. 78,
2024-2027 (1997).

Dieckmann, U. Can adaptive dynamics invade? Trends Ecol. Evol. 12,
128-131 (1997).

Roca, C. P. & Helbing, D. Emergence of social cohesion in a model
society of greedy, mobile individuals. Proc. Natl. Acad. Sci. USA
108, 11370-11374 (2011).

Du, J., Wu, B., Altrock, P. M. & Wang, L. Aspiration dynamics of multi-
player games in finite populations. J. R. Soc. Interface 11,
20140077 (2014).

Du, J., Wu, B. & Wang, L. Aspiration dynamics in structured popu-
lation acts as if in a well-mixed one. Sci. Rep. 5, 8014 (2015).

Wu, B. & Zhou, L. Individualised aspiration dynamics: Calculation by
proofs. PLoS Comput. Biol. 14, 1-15 (2018).

Zhou, L., Wu, B., Vasconcelos, V. V. & Wang, L. Simple property of
heterogeneous aspiration dynamics: Beyond weak selection. Phys.
Rev. E 98, 62124 (2018).

Arefin, M. R. & Tanimoto, J. Evolution of cooperation in social
dilemmas under the coexistence of aspiration and imitation
mechanisms. Phys. Rev. E 102, 32120 (2020).

Nature Communications | (2025)16:4023


https://github.com/qisu1991/BehavioralMotivation
https://doi.org/10.21203/rs.3.rs-800481/v2
https://pure.iiasa.ac.at/4497
https://pure.iiasa.ac.at/4497
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59366-1

39. Zhou, L., Wu, B., Du, J. & Wang, L. Aspiration dynamics generate
robust predictions in heterogeneous populations. Nat. Commun.
12, 3250 (2021).

40. Santos, F. C., Santos, M. D. & Pacheco, J. M. Social diversity pro-
motes the emergence of cooperation in public goods games. Nat-
ure 454, 213-216 (2008).

41. Su, Q., McAvoy, A., Mori, Y. & Plotkin, J. B. Evolution of prosocial
behaviours in multilayer populations. Nat. Hum. Behav. 6,
338-348 (2022).

42. Su, Q., McAvoy, A. & Plotkin, J. B. Strategy evolution on dynamic
networks. Nat. Comput. Sci. 3, 763-776 (2023).

43. Gracia-Lazaro, C. et al. Heterogeneous networks do not promote
cooperation when humans play a prisoner’s dilemma. Proc. Natl.
Acad. Sci. USA 109, 12922-12926 (2012).

44. Nowak, M. & Sigmund, K. A strategy of win-stay, lose-shift that
outperforms tit-for-tat in the Prisoner’s Dilemma game. Nature 364,
56-58 (1993).

45. Press, W. H. & Dyson, F. J. Iterated Prisoner’s Dilemma contains
strategies that dominate any evolutionary opponent. Proc. Natl.
Acad. Sci. USA 109, 10409-10413 (2012).

46. Stewart, A. J. & Plotkin, J. B. Extortion and cooperation in the Pris-
oner’s Dilemma. Proc. Natl. Acad. Sci. USA 109, 10134-10135 (2012).

47. Stewart, A. J. & Plotkin, J. B. Collapse of cooperation in evolving
games. Proc. Natl. Acad. Sci. USA 1M1, 17558-17563 (2014).

48. Stewart, A. J. & Plotkin, J. B. From extortion to generosity, evolution
in the iterated prisoner’s dilemma. Proc. Natl. Acad. Sci. USA 110,
15348-53 (2013).

49. Hilbe, C., Nowak, M. A. & Sigmund, K. Evolution of extortion in
iterated prisoner’s dilemma games. Proc. Natl. Acad. Sci. USA 10,
6913-8 (2013).

50. Hilbe, C., Wu, B., Traulsen, A. & Nowak, M. A. Cooperation and
control in multiplayer social dilemmas. Proc. Natl. Acad. Sci. USA
1M1, 16425-16430 (2014).

51. McNamara, J. M., Gasson, C. E. & Houston, A. |. Incorporating rules
for responding into evolutionary games. Nature 401,
368-371(1999).

52. Akgay, E., Cleve, J. V., Feldman, M. W. & Roughgarden, J. A theory
for the evolution of other-regard integrating proximate and ultimate
perspectives. Proc. Natl. Acad. Sci. USA 106, 19061-19066 (2009).

53. Alger, I. Evolutionarily stable preferences. Philos. Trans. R. Soc. B
Biol. Sci. 378, 20210505 (2023).

54. Townsend, C., Aktipis, A., Balliet, D. & Cronk, L. Generosity among
the ik of uganda. Evol. Hum. Sci. 2, €23 (2020).

55. Dieckmann, U., Heino, M. & Parvinen, K. The adaptive dynamics of
function-valued traits. J. Theor. Biol. 241, 370-389 (2006).

56. Su, Q., & Stewart, A. J. Evolutionary dynamics of behavioral moti-
vations for cooperation. GitHub https://doi.org/10.5281/zenodo.
15226688 (2025).

57. Erd6s, P. & Rényi, A. On the evolution of random graphs. Publ. Math.
Institute Hung. Acad. Sci. 5, 17-61 (1960).

58. Watts, D. J. & Strogatz, S. H. Collective dynamics of ‘small-world’
networks. Nature 393, 440-442 (1998).

59. Barabasi, A.-L. & Albert, R. Emergence of scaling in random net-
works. Science 286, 509-512 (1999).

60. Goh, K. ., Kahng, B. & Kim, D. Universal behavior of load distribution
in scale-free networks. Phys. Rev. Lett. 87, 278701 (2001).

61. Holme, P. & Kim, B. J. Growing scale-free networks with tunable
clustering. Phys. Rev. E 65, 2-5 (2002).

Acknowledgements

Q.S. acknowledges support from the National Natural Science Foun-
dation of China (No. 62473252) and Shanghai Pujiang Program (No.
23PJ1405500). A.J.S. acknowledges support from the John Templeton
Foundation (No. 62281).

Author contributions

Q.S. and A.J.S. conceived the project. Q.S. derived analytical results and
performed numerical calculations. Q.S. and A.J.S. analyzed the data.
Q.S. wrote the main text and the Supplementary Information. A.J.S.
reviewed and edited the main text.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-59366-1.

Correspondence and requests for materials should be addressed to
Qi Su or Alexander J. Stewart.

Peer review information Nature Communications thanks Simon
Columbus and the other anonymous reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:4023

12


https://doi.org/10.5281/zenodo.15226688
https://doi.org/10.5281/zenodo.15226688
https://doi.org/10.1038/s41467-025-59366-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Evolutionary dynamics of behavioral motivations for cooperation
	Results
	Model
	Evolutionary dynamics of cooperation with fixed behavioral motivation
	Evolutionary dynamics of behavioral motivation
	Extensions

	Discussion
	Methods
	Two-action game
	Multi-action game
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




