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Collective intelligence (CI)—theability ofgroups to find solutions to
problems and make decisions more effectively than their individual
members—is a prominent feature of many group-living species, including
our own. In this introductory article of the theme issue, we review
and synthesize research concerning the evolution of CI from a range
of disciplines, drawing in particular on the contributions made to the
current issue. We describe mechanisms that generate CI and how they
manifest across species, prompting insights into CI’s evolutionary history
and phylogeny. We consider the functions and cognitive underpinnings of
Cl in the hominin lineage and in our own species, drawing on archaeological
and ethnographic data. We summarize contemporary applied research and
discuss the future of CI in human societies. Key questions raised in this
introduction and tackled by the theme issue include: to what extent are
different manifestations of CI across species phylogenetically related? How
important are communication, deliberation or culture for leveraging the
potential of groups? And how can scientific and technological advancements
improve the human capacity for collective problem-solving and decision-
making?

This article is part of the theme issue ‘The evolution of collective
intelligence’.

1. Introduction: the scientific history of collective intelligence

Collective intelligence (CI) refers to the phenomenon whereby groups of
individuals are able to surpass the abilities of their individual members to
make decisions and find solutions to problems [1,2]. The observation that,
through emergent properties of collective behaviour, groups can outperform
the aggregate skills of their constituent members dates back at least to Aristotle,
who conjectured in The Politics in the fourth century BCE that ‘the many, of
whom each individually is not a good man, when they meet together may be
better than the few good’—a doctrine dubbed the ‘wisdom of the multitude’
[3]. Similar observations were made over the centuries in different fields. In the
fourteenth century CE, the Arab scholar Ibn Khaldun used the term “asabiyyah’
to describe the social cohesion that enabled the coordinated activity by which
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tribal groups defended and expanded their boundaries [4]. In The Wealth of Nations (1776), Adam Smith used the metaphor of an in- [ 2 |
visible hand to describe how public benefits were maximized by individuals pursuing their own private interests; later, economists
such as Friedrich Hayek have referred to these sorts of emergent collective benefits as ‘spontaneous order’ (see [5]). Nicholas de
Condorcet’s Jury Theorem (1785) demonstrated that the majority opinion of a group of informed but imperfect judges is more
reliable than any individual judgement under the right conditions, and in the early twentieth century Francis Galton famously
showed how averaging the guesses of a crowd regarding the weight of an ox generated the most accurate estimate [6]. Finally,
the nineteenth and twentieth centuries saw an increasing recognition of the importance of mutualism and cooperation in both
human and non-human societies, influenced by the work of anarchist philosopher Peter Kropotkin [6], and later formalized by
evolutionary biologists including W.D. Hamilton [7] and Robert Trivers ([8]; see [9] for a summary).

The contemporary usage of the term ‘collective intelligence” originates in the work of psychologist David Wechsler [10,11],
although it gained popularity in the computer science literature towards the end of the twentieth century [12-18], as emerging
technologies in network connectivity and machine learning demonstrated the promise of harnessing humanity’s collective knowl-
edge and capabilities at hitherto impossible scale. In the 1990s and 2000s, CI research garnered interest in the world of business
and management [19,20] as well as in the popular imagination, with the publication of books such as The Wisdom of Crowds [21].
During this same time period, several key texts in philosophy explored the idea of collective agency, beliefs and intentionality
[22-27]. The past 15 years have seen a proliferation of academic research on CI, measuring and quantifying its effect on group per-
formance [28-33], exploring the interplay between culture and collective adaptation [34,35], analysing the role of network shape
and structure on CI [36], studying how groups learn and transmit information [37-39], and applying its insights to political science
[40], governance and decision-making [41], scientific best practice [42], medicine [43] and biological systems [44].

Predating and —mostly —parallel to this blossoming pluridisciplinary research, the biological fields of ethology, behavioural
ecology, and evolutionary anthropology and psychology have long been interested in collective behaviour, cooperation, culture
and group decision-making [45-51]. The aim of this theme issue is to bridge insights from the evolutionary behavioural sciences
with contemporary CI research to help develop a comprehensive picture of the evolutionary origins, forms, functions and future
of CI. In this introduction, we analyse CI through the lens of the four ‘major problems of biology” identified by biologist Nikolaas
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Tinbergen that must be explained in order to understand a biological trait [52,53], namely the mechanisms that generate it, the
adaptive purpose it serves, the way it emerges in individuals and collectives and its evolutionary origins and history. Following
the structure of the theme issue, we first explore the forms and function of CI in non-human animals, using a phylogenetic perspec-
tive; next, we examine its role in human evolution and across the ethnographic record; and finally we investigate contemporary
and future applications of CI.

2. The forms and functions of collective intelligence across species

Emergent group intelligence, arising from self-organizing systems, may be as old as any form of individual cognition. Self-
organization refers to the complex patterns of group behaviour that emerge spontaneously from relatively simple individual
actions and interactions [46,54]. Canonical examples of adaptive self-organization include ant trails [55-57] and the complex
movement of schools of fish [58,59] or herds of wildebeest [60]. This kind of group-level behaviour addresses problems, such
as navigation or protection from predators, more effectively than could be achieved by individuals, and can therefore properly
be understood as a basic form of collective intelligence. Recently, researchers have applied this concept to the behaviour of bac-
terial colonies and ecosystems [61-63] and even to the internal organization and development of multicellular organisms [44].
Self-organization behaviour has also been studied in humans, notably in the behaviour of crowds [64,65]. The individual cogni-
tive prerequisites for group self-organization may be relatively minimal [46], but include at least the ability to seek out a certain
outcome (such as avoiding predation) and to process information about relative positioning and movement in an environment.
This allows the cognitive processing power of the group to be distributed not only among the minds of its constituents, but also to
the environment with which it engages [66]. Once self-organization emerges in a collective, further selection can shape its ability
to solve problems of increasing complexity.

In both humans and non-humans, the ability to coordinate as part of a group can significantly improve collective problem-
solving and decision-making [67]. Learning, communicating and aggregating information are all important processes underlying
group decision-making. In honey-bees, for example, scouts use waggle dances to communicate sources of nectar to their hive
mates [68,69], who come to a consensus decision on which location to harvest [70], improving foraging efficiency [71] and helping
to avoid mistakes due to individual error [72]. Pairs of homing pigeons flying together have been shown to average their preferred
trajectories to chart a compromise course [73]. Ants pool information about potential nest sites in a deliberative process [74], and in
this issue, Gildea et al. [75] demonstrate that ants make visual associations more rapidly when learning collectively in colonies as
opposed to individually, illustrating the adaptive function of CI in ant cognitive development. Consensus decision-making of one
form or another has been reported in a wide range of animal species [47], although rarely does each member have equal influence
over the group’s decisions. More common is the outsized influence of one or a small number of group members, also known as
leadership [76,77]. Leadership enables groups to reach collective decisions in situations where simple individual heuristics fail
[78] by deferring to individuals who coordinate movement or otherwise initiate group behaviours. Leadership in this form has
been observed in fish [79], birds [73,80] and is very common in social mammals [76], including humans, as we discuss in the next
section. Leadership should not be conflated with dominance hierarchies [81-83], as dominance relies on physical coercion which
loses efficacy when applied to groups. Instead, leadership requires some amount of willing deference on the part of followers;
emergent leaders may be dominant [76], but they could also be more knowledgeable [84], or in greater need [85], or they may
simply be the first to initiate movement [86].
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One of the most valuable benefits of group communication and information transfer is the ability to store and evolve cultural
knowledge. Cultural transmission enables CI by allowing information or skills to spread in a group that improve its efficacy,
that individual members would be unlikely to discover alone. Biologists have recorded examples of socially transmitted cultural
traditions in non-human animals across a wide range of taxa [87]. Capuchin monkeys transmit group-specific games, social tra-
ditions and foraging techniques [88-90]. Humpback whale songs are transmitted and evolve culturally [91-93]. Pigeons [94], bees
[95] and fruit flies [96,97] have been shown experimentally to transmit learnt behaviours and preferences to each other, initiating
long-lasting cultural traditions. Brooker ef al. [98] demonstrate collective information storage in ape populations using behavioural
experiments and they test the impact of social structure—including group cohesiveness and stability —on group-level informa-
tion storage and collective intelligence. The capacity for cultural transmission in non-humans is well documented, but its adaptive
value in those species remains less well understood. Theoretical work has suggested that cultural transmission can both stabilize
normative practices [66] and help species avoid the costs of individual exploration, especially when environmental conditions
change faster than natural selection can track [99,100].

In humans, the cumulative, ratcheting nature of cultural innovation has been singled out as one of the most important drivers
of human success [101,102]. By contrast, the existence of cumulative cultural evolution (CCE) in non-humans remains the subject
of some debate [87,103,104]. Experimental research using transmission chains has demonstrated incremental improvements over
time in homing pigeons pathing routes [94], and performance on memory tasks among baboons [105], while observational stud-
ies have suggested the presence of CCE in bighorn sheep [106] and humpback whales [93], and spatial and genetic analysis has
shown that some form of ‘incipient’ cumulative culture may exist in chimpanzees [107]. In this issue, Vinicius et al. [108] develop
a framework for identifying and explaining CCE that includes empirical examination of population-level trait distribution and
focuses on both proximate and ultimate explanations for collective intelligence.

To summarize, let us return to Tinbergen’s four questions concerning mechanisms, phylogeny, development and adaptive
function. Collective intelligence in non-humans appears to be underpinned by a variety of mechanisms, from statistical aggrega-
tion and emergent properties of large numbers of simple interactions, to communication, consensus-building, division of labour,
social learning and culture. A single unifying framework for understanding these varying forms of CI remains somewhat elusive,
although progress is being made. For example, Anwarzai et al. [109] classify forms of CI along two dimensions of information
processing: individual processing of group information and group processing of individual information. In this framework, sta-
tistical aggregation requires low levels of information processing, while self-organization requires individual- but not group-level
processing, and complex organizational structures require both forms. Thus, different forms of CI require different cognitive,
social and structural pre-requisites, which must be taken into account when developing a phylogenetic or cross-species compar-
ative analysis of CI, and whose developmental pathways and triggers must be studied separately. In this issue, Rawlings e al.
[110] identify five mechanisms underpinning CI and compare them across two distantly related species, rats and cockroaches,
that share important ecological and behavioural traits, contrasting low-requirement, generalized forms of CI common to many or
all collectives and specialized forms dependent on complex or derived cognitive adaptations. The fourth evolutionary question,
that of adaptive function, is the most generalizable across different forms of CI. The adaptive benefits of collective intelligence are
to dramatically reduce the individual cognitive requirements necessary to achieve complex and effective group-level outcomes,
and to produce synergistic or ‘emergent’ behaviours that are only possible through cooperative coordination [111]. We explore
some of these adaptive benefits in this issue: first, Warren et al. [112] experimentally test the ability of pairs of chimpanzees to
jointly cover for mutually exclusive outcomes using an inverted U-shaped tube which could yield a reward from either end. Next,
comparing how members of different species approach similar problems while leveraging CI in different ways can illuminate the
relationship between cognition and collective problem-solving. To this end, Koomen [113] reviews collective strategies to avoid
common pool resource dilemmas in humans and non-human species.

3. Collective intelligence in human evolution and development

Humans have long been recognized as the quintessentially cooperative species [114]. Our evolutionary success has been attributed
to extensive cooperation with non-relatives [115], ability to develop institutions [116] and cultural capacity to share and pro-
gressively improve knowledge, skills and technology [101,117]. The human evolutionary ecological niche relies on food that is
calorically dense, difficult to obtain or to process for consumption, and with high return variance, including meat, roots and nuts
[118]. To support this, humans have evolved exceptionally advanced cognitive capacities, which in turn require extended juvenile
periods supported by intergenerational transfers [119], cooperative breeding [120,121], reciprocal sharing networks [122], divi-
sions of labour [123,124] and high levels of in-group altruism [125]. Extended networks of cooperation and exchange have likely
been features of human and hominin societies deep into our evolutionary past [126]. In this issue, Brooker et al. [98] argue for the
importance of social structure to collective and distributed cognition, while Vadavalli et al. [127] explore through agent-based mod-
elling how social structure, and specifically the kinship structure of a population, might impact information flow and consensus
decision-making.

The human capacity for language and symbolic representation enabled efficient coordination and communication, unlocking
a critical tool for collective intelligence [128] and culture [129]. In this theme issue, Koymen & Waddington [130] examine the
emergence of collective reasoning in young children, showing how even at an early age children are able to reason with a part-
ner to share knowledge and improve their joint problem-solving ability. Humans are quintessential social learners [131,132], but
cross-cultural evidence shows we are equally prolific and universal teachers [133], and our ability to combine faithful transmission
of knowledge and skills through teaching alongside our capacity for individual problem-solving and innovation make humans
one of the most ecologically adaptable species in Earth’s history [134]. Understanding the evolution of hominin cultural capacity
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for CI requires a theoretically structured examination of the material and archaeological record. In this issue, d’Errico et al. [135] n
argue that CI evolved in hominins through epistemic niche construction, and propose criteria to define this phenomenon and
identify it in the archaeological record. Using a modelling approach, Winters & Charbonneau [136] argue that the open-ended
cultural evolution characteristic of humans requires historically contingent co-evolution between cultural systems and the needs,
problems and goals of a society.

Culture further promotes collective intelligence through cultural norms and institutions, which help solve collective action
problems and generate collaboration [137,138]. By encouraging adherence to collective rules, groups are able to foster a sense of
shared purpose and identity that unlock collective problem-solving capacity [139]. Two deeply engrained elements of human so-
ciality and cognition help explain our particular success at collective intelligence. First, an aversion to arbitrary inequality. Humans
are extremely sensitive to asymmetric social outcomes and have reliably developing preferences for egalitarianism that emerge at
young ages and are observed cross-culturally [140]. Most societies in human evolutionary history are likely to have been relatively
egalitarian, in the sense of lacking hereditary rulers and stratified social classes [141,142], despite the existence of some hierarchical
hunter-gatherer societies and variability in societal organization in the upper Palaeolithic [143]. Egalitarianism in hunter-gatherer
groups is maintained by levelling mechanisms such as dissent, ridicule and ostracism applied against individuals who would
abuse their position of leadership or authority [144]. This encourages viewpoint diversity, deliberation and consensus building
while discouraging despotic or unipolar decision-making [145]. Complementing humans’ egalitarian tendencies is our ability
to recognize greater knowledge, skill or capacity in others and to defer to their leadership in specific contexts. Leadership is a
universally observed feature of human societies [77] and allows groups to resolve conflicts and disagreements, overcome grid-
locks and coordinate complex collective tasks [146]. Cross-cultural analysis of small-scale societies shows that a combination of
knowledge-based, temporary leadership combined with norms encouraging deliberation, viewpoint diversity and shared group
meaning enables communities to avoid both groupthink, where there is insufficient diversity of opinion, and group fission, where
disagreements are not able to be resolved [145]. El Aissati ef al. [147] provide evidence that standard surveys of knowledge (e.g.
[148]) which have motivated the claim that technology may develop in the absence of causal understanding [117], may systemati-
cally underestimate the knowledge of a group, by overlooking the role of deliberation and information-pooling. They introduce a
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method that allows individuals to defer to more sophisticated answers provided by others, leading to more effective convergence
on correct causal explanations.

Collective reasoning, deliberation, consensus-building and collaboration have deep evolutionary roots in human social cog-
nition. Our capacity for knowledge sharing and collective innovation have allowed us to adapt to and reshape almost all of
Earth’s environments, generating unprecedented technological opportunities and challenges. In the next section, we discuss
contemporary CI research and its applications to these challenges.

4. Contemporary and future applications of collective intelligence

With cultural evolution proceeding at a pace far outstripping that of biological evolution [149,150], the past 250 years of cultural
and technological ratcheting have likely been the most transformative in human history. Telecommunication, mass media and
internet connectivity have created a shared information space orders of magnitude larger than any that have existed in the past,
while neural networks, transformers and modern computer chips have produced knowledge aggregation and reasoning machines
that we still barely understand [151]. There are also more humans alive on earth today than ever before, and close to as many as
there ever will be. What value can CI research bring to the challenges of twenty-first century society?

One of the most promising areas of development in contemporary CI has been research on democratic innovation and new
methods of governance, adapted to large populations and modern technological capabilities. Participatory democracy aims to
remove barriers to political inclusion by involving citizens in decision-making processes [152], for example in budgeting [153]
and drafting legal and constitutional reforms [154,155]. By leveraging viewpoint diversity, structured deliberation, participatory
democracy initiatives like citizens assemblies aim to improve collective decisions while increasing the perceived legitimacy of the
democratic process [156-158].

Contemporary educational and scientific tools have likewise benefitted greatly from new tools that leverage CI by crowdsourc-
ing problem-solving. For instance, the Polymath project has leveraged ‘massively collaborative mathematics” [159] to search for
solutions to unsolved mathematical problems, to notable success (e.g. [160,161]). Similarly, citizen science projects such as FoldIt
[162], WeFold [163], Galaxy Zoo [164] and Planet Hunters [165] collectively rely on millions of volunteers to explore otherwise
prohibitively large search spaces to classify or discover crystal and protein structures, galaxies and extrasolar planets, respectively,
among many other projects. For the dissemination of knowledge, the rapid growth of Massive Open Online Courses (MOOCs)
has proven the potential reach and scope of free and widely available educational materials, despite current challenges including
high dropout rates and variability in course quality [166]. In this issue, Pykéla et al. [167] use agent-based evolutionary modelling
to explore how the structure of social networks combine with individual learning strategies to affect collective performance.

CI has also been applied to information aggregation and forecasting. Prediction markets take advantage of the ‘wisdom of the
crowds’” phenomenon while giving individuals the ability to weight their opinion according to their confidence level by spending
more money [168]. In this issue, Dietrich & List [169] explore the possibility of aggregating judgements that are non-binary, de-
riving new mathematical theorems. Large language models, which train on immense corpuses of digitally stored writing, draw
their remarkable capabilities from the aggregation of meaning and information generated by humans. The implications of these
models for the nature of human collective intelligence are uncertain, as machines play an ever-increasing role in the production
and dissemination of knowledge and ideas [170]. The implication is the creation of new possibilities for collective flourishing as
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well as new possibilities for disharmony. To that end, Jeddi et al. [171] explore how large language models overlap with humans
in their ability to make accurate forecasts across different domains.

Finally, CI research can produce key insights into how groups respond to shocks and disruptive events. The scale and inter-
connectivity of contemporary global society entails major risks of disturbances due to disease, climate change or geopolitical
instability [172]. In this issue, Mulgan [173] explores an emerging frontier in how policy makers can integrate data, models, evi-
dence, tacit knowledge, foresight and innovation to solve pressing collective action challenges, while Moussaid et al. [174] use an
experiment to uncover patterns in the transmission of reactive and protective behaviours in a group following a shock.

5. Collective stupidity and the limits of collective intelligence

Although CI by definition improves group outcomes, it is by no means guaranteed that collective cognition will be an improve-
ment on individual cognition. The opposite of CI, where groups perform worse than they would have as individuals, has been
called collective stupidity [175]. For certain problems, particularly simple or straightforward ones, the additional cognitive burden
and risk of communication error inherent in joint action may outweigh any plausible benefit of collective cognition. Ants, for in-
stance, may perform better collectively on cognitively demanding tasks but better individually on easier ones [176]; pheromonal
communication in ants is also known to fail catastrophically, as in the case of army ant ‘mills’ following each other around in
circles to the point of death by exhaustion [177]. Less dramatically, human institutions are often faced with problems of high
administrative burden and operational inefficiency [178,179], which hamper their CI potential.

Moreover, if groups are on average misinformed or biased, aggregating large numbers of opinions or desires will lead to worse
outcomes, not better; it is a corollary of Condorcet’s theorem, for instance, that incompetent voters are guaranteed to make the wrong
decision as they increase in number. This same concept can explain why ‘big data” does not always lead to better inferences, since
even small biases can be magnified in large samples, leading to faulty conclusions [180]. The claim that voters are incompetent
has fuelled philosophical opposition to democracy since Plato [181,182], and irrespective of the merits of these arguments, both
the nature of the collective task [183] and the composition of the group [184,185] can certainly impact CI or remove it entirely.

Finally, all groups face the challenge of the conflicting interests of their individual members. Even perfectly rational individ-
ual behaviours can result in suboptimal or even catastrophic game theoretical equilibria, such as the ‘tragedy of the commons’
in common-pool resource dilemmas (see Koomen [113]). Many of the most challenging problems facing human societies today
are hampered by conflicts of interest within and between nations, economic classes or generations: curbing climate change, for
instance, requires weighing the economic well-being of people alive today against the welfare of generations to come. Although
the current issue focuses on collective intelligence, understanding where it breaks down, and gives way to collective stupidity,
may be an equally valuable and fruitful area of research.

6. Conclusion

Collective intelligence enables groups to overcome the cognitive limitations of its individual members, and may be one of the
chief strengths of group-living species. In its most common and elementary form, CI emerges implicitly from simple individual
heuristics, as seen in ant colonies or shoals of fish. In some species, however, CI can rely on sophisticated forms of communication,
collective decision-making, leadership and culture. Humans are particularly adept at leveraging CI; cultural knowledge, norms
and institutions have underpinned human societies throughout our evolutionary history, in small-scale societies and contempo-
rary globalized nation states alike. Institutions such as democratic elections and trials by jury are predicated on the insight that
collective decisions are more accurate than individual ones. Here we explored the evolution of CI with an eye on the forms of CI
as it appears across species and history, the functions of CI as it allows us to solve different kinds of problems, and the future of CI
as new methods of harnessing the power of groups to solve problems efficiently are developed. Bak-Coleman et al. [186] have ar-
gued that the study of collective behaviour should be thought of as a ‘crisis discipline’ —one that is urgently needed given that the
challenges facing us today as a species cannot be solved by any individual, or any individual community. Climate change, mass
migration, income inequality and other global risks are all problems that face us collectively and require a collective response.
These wicked problems implicate many actors and must be solved by drawing on many minds. The current issue aims to present
a comprehensive picture of CI through the lens of evolutionary biology while showcasing the value of CI science to collective
problems. Our goal is to bridge the gap between CI research across disciplines and spark further collaborative research in this
field.
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