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Abstract

Since Hamilton published his seminal papers in 1964, our understanding of the importance 

of cooperation for life on earth has evolved beyond recognition. Early research was focused 

on altruism in the social insects, where the problem of cooperation was easy to see. In more 

recent years, research into cooperation has expanded across the entire tree of life, and has been 

revolutionised by advances in genetic, microbiological, and analytical techniques. We highlight 

ten insights that have arisen from these advances, which have illuminated generalisations across 

different taxa, making the world simpler to explain. Furthermore, progress in these areas has 

opened up numerous new problems to solve, suggesting exciting directions for future research.

Introduction

Complex life is built by cooperation. Genes cooperate to produce organisms, cells cooperate 

to produce multicellular organisms, and multicellular animals cooperate to form complex 

social groups1. This cooperation poses an evolutionary problem. Cooperation provides a 

benefit to other individuals, and so, all else being equal, should reduce the relative fitness of 

individuals that cooperate2.

From a theoretical perspective, the evolutionary problem of “why cooperate?” has long 

been solved3–5. Inclusive fitness theory showed how cooperation can be favoured when it 

provides either a direct benefit to the individual performing the cooperation, or an indirect 

benefit to their relatives2,6 (kin selection; Box 1).

The major outstanding problem is not to explain “why cooperate?” at an abstract level, 

but rather to explain the distribution and diversity of cooperation across the natural world. 

Research has started to address this problem by asking more precise or nuanced questions. 

For example, how can we explain why only some species cooperate, the amount that 

particular individuals cooperate, or sex differences in cooperation (Box 2)?

Methodological and analytical advances have revolutionised how we study cooperation. 

Genetic manipulations have been used to identify and manipulate cooperation in 
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bacteria and other microorganisms7. Genomic analyses have elucidated mechanisms of 

cooperation, identified new forms of cooperation, and revealed social dynamics in natural 

populations8–10. Analytical advances have allowed across species comparative studies to 

better investigate evolutionary causality, and phylogenetically based meta-analyses11–13.

Taxonomically, the study of cooperation has expanded across the tree of life (Fig. 1). Major 

insights have arisen from previously neglected groups of animals, such as termites, beetles 

and shrimps14–17 Research on cooperation in microorganisms has exploded, following the 

demonstration of cooperation in slime moulds, bacteria and viruses7,14–16. This contrasts 

with the situation only 15 years ago, when the suggestion of cooperation in bacteria could 

cause a microbiologist to spit out their drink.

Our aim is to examine the impact of these recent advances in how we study cooperation. 

What biological insights have they provided? In addition, while we clearly know more about 

particular species, can we also identify big picture generalities?

Ten Recent Insights

We focus on identifying the major insights over approximately the last 15 years of research 

on cooperation. We focus on this time period because there has been a revolution in how 

we study cooperation. Inclusive fitness has provided a unifying framework for studying all 

forms of cooperation across the tree of life (Box 1). Methodological advances have allowed 

us to study cooperation in species and ways where this was not previously possible. The 

advantage of examining cooperation, with a single framework, across the entire tree of life, 

is that it we can move from anecdotes of what happens in particular species, to identifying 

general patterns. Progress prior to the last 15 years is reviewed elsewhere1,3–5,17–19

Insights 1-7

Our first seven insights are about the factors that favour cooperation, and how organisms 

respond to their variation.

1 Relatedness: from anecdotes to broad generalisations

Inclusive fitness theory shows how cooperation can be favoured by kin selection if it is 

directed towards relatives, who carry the gene for cooperation (relatives) 2 (Box 1). But how 

widespread is the importance of kin selection? And if it is important, how do we explain 

variation between individuals in the level of cooperation, or explain why cooperation is 

favoured in some species and not others?

Recent research has shown that the relatedness (R) between interacting individuals has a 

clear and consistent influence on the evolution of cooperation, with both theory and data 

suggesting that the same factors play analogous roles at all levels of biology, from simple 

replicators and viruses, to complex animal groups (see below; Supplementary Tables 1 & 

2). This role of relatedness has been demonstrated with a combination of methodologies, 

including observational, experimental, experimental evolution, across-species comparisons, 

and genomic.
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1a Group formation—Consistent with kin selection favouring cooperation, there is 

considerable evidence that population structure and how groups form is a major determinant 

of whether cooperation is favoured2 (Fig. 2).

(i) Individuals are more cooperative in species where social groups form by staying 

together, compared with species where social groups form by aggregation, 

across a range of taxa, including bacteria, fungi, slime moulds, insects, and 

birds19–23.

(ii) Individuals are more cooperative in species where females mate monogamously 

or with few males, in birds, mammals, insects and shrimps13,19,21,24–26.

(iii) When population structure is manipulated experimentally, in a range of 

microorganisms, including bacteria, fungi and viruses, the conditions which lead 

to high relatedness favour greater cooperation15,27–32.

(iv) The role of group formation has also been supported by sequence data. If a 

trait is favoured by kin selection, then lower relatedness will lead to weaker 

selection for that trait, and so the removal of deleterious mutations will be 

slower and less likely33–36. Consistent with kin selection playing an important 

role: (a) ant and bee species with either multiple mating or multiple queens, and 

hence reduced relatedness within family groups, showed greater polymorphism 

in genes upregulated in the worker caste (kin selected) compared with genes 

upregulated in the reproductive caste (directly selected) 35,37–39; (b) cooperative 

traits in bacteria and slime moulds show enhanced polymorphism10,34,40,41.

A number of other factors can help maintain high relatedness between interacting 

individuals. For example, in bacteria, clonal growth and limited movement will mean that 

clone mates will often be clustered42, and viscous mediums, biofilms and fibres can keep 

seccreted public goods locally, to be shared with clone mates43–46.

1b Kin discrimination—Inclusive fitness theory predicts that individuals can be 

favoured to preferentially seek out closer relatives to cooperate with, and / or cooperate 

at higher levels when interacting with closer relatives. There is considerable evidence such 

kin discrimination across a range of organisms, including slime moulds, ants, mice and 

birds47–54. In some cases, kin discrimination is based on genetic cues, with individuals 

adjusting cooperation depending upon whether they match genotype at a ‘tag’ loci49. In 

other cases, environmental cues are used to recognise kin. For example, long-tailed tits 

appear to assess kinship on the basis of both vocal similarity and prior association55.

Inclusive fitness theory can also explain when kin discrimination is not observed. Across 

cooperative breeding vertebrates, the extent of kin discrimination is lower in species where 

the mean relatedness in groups is higher and shows less variation56. This pattern reflects that 

kin discrimination is not required when individuals tend to be highly related to all group 

members anyway57.

Kin selection theory has even explained when closer relatives are preferentially 

discriminated against (negative kin discrimination). In banded mongooses, dominant 
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individuals are more likely to harass and evict subordinates in the group when they are 

closer relatives58. Resisting eviction is costly to the dominant attempting the eviction, and 

individuals are more likely to accept eviction when they are closer relatives of the dominant. 

Consequently, there is less to gain by trying to evict non-relatives, who will resist this 

eviction, and so dominants are favoured to preferentially evict closer relatives58. In addition, 

dispersal provides a kin selected benefit by reducing competition for those relatives left 

behind – this benefit will be greater for closer relatives59.

1c Quantifying Hamilton’s rule—The above studies are qualitative, examining 

whether a higher relatedness is associated with greater cooperation. Other studies have used 

long-term field data, and detailed experiments, to quantify the parameters of Hamilton’s 

rule60 (Box 1). These studies have found that kin selection can completely explain 

cooperation in species ranging from long-tailed tits to vesicular stomatitis virus61,62.

2 Ecological determinants of cooperation can be hard to identify

While we have a good understanding of the cost (C) and benefit (B) of cooperation in 

particular species, we often lack broad ecological explanations for how the benefits of 

cooperation vary across species63. What ecological factors cause B/C to vary across species, 

and hence determine when cooperation is favoured? This contrasts with the numerous clear 

examples of how variation in relatedness (R) can explain which species cooperate and which 

do not (Insight 1).

In some cases, the role of ecological factors has even become less clear. In birds, 

cooperative breeding has long been known to be more common in harsh environments, 

where temperatures are hot and rainfall is unpredictable64–66. This led to the hypothesis 

that harsh environments favour cooperation, because they increased the relative benefit of 

cooperating (higher B/C). However, this pattern appears to be a consequence, not a driver of 

cooperation – the correlation arises because cooperative species are better able to colonise 

harsh environments, rather than cooperation being favoured in harsh environments 13. Other 

recent comparative analyses that raise questions about the direction of causality include 

studies of rodents and sponge shrimp63,67.

A possible complication is that the factors influencing the benefit (B) and cost (C) of 

cooperation vary across species, making it hard to quantify their influence in a comparable 

way. For example, in different species, the advantage of cooperation could depend upon 

breeding site availability, climate, competition with other species, or food availability68.

Another possibility is that the importance of variation across species in B and C is dwarfed 

by the consequences of variation in R. Relatedness shows considerable variation across 

species and so can have a large influence on whether cooperation is favoured (whether 

RB-C>0). In contrast, maybe cooperation usually provides some efficiency benefit, such that 

B/C is usually >1 and just doesn’t vary much across species. If R varies a lot more than 

B/C, then it will be much easier to detect an influence of R than B/C. We are not saying 

that relatedness is the only variable that matters, just that if it varies more, we should expect 

its influence to be easier to detect. The influence of B and C could perhaps be more easily 
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detected by examining interactions with R – for example, not all monogamous species are 

cooperative 21,69,70.

3 Direct and indirect benefits disentangled

A number of animal studies have shown that the direct benefits of cooperation can still be 

substantial, even in species where helping appears to be primarily explained by kin selection. 

For example, in Polistes wasps, although cooperation appears to usually be explained by kin 

selection, some individuals help at nests where they are not related to the dominant female71. 

This appears to be because subordinate helpers can gain significant direct benefits from 

helping, by inheriting a nest after the death of the dominant72,73.

In birds, the sex that remains, and therefore has a chance of inheriting the nest, helps at 

higher levels than the sex that disperses, and so is less likely to gain a direct benefit from 

helping 74. A role of direct fitness benefits in birds is further supported by the observation 

that longer subordinate lifespans, which can increase the chance of inheriting a patch, have 

favoured the evolution of cooperative breeding, but especially in species where rates of 

polyandry are high, and so kin selection will be weaker 75. It is important to disentangle 

direct and indirect benefits of cooperation, to clarify the relevant theoretical predictions, and 

because evidence for one does not negate the other.

4 Microbes have sophisticated conditional behaviours

Studies on a range of animal species have shown how individuals adjust their level of 

cooperation in response to changes in the cost (C) and benefit (B) of cooperation48,76–79. 

Recent research has shown that microorganisms have similarly sophisticated conditional 

behaviours.

The costs and benefits of cooperating can depend upon the environment. A common form 

of cooperation in microorganisms is the production of some factor that is excreted from 

cells, and which then provides some ‘public good’ benefit to the local group of cells – for 

example, iron scavenging molecules, or an enzyme to digest protein15,27. In the bacteria 

Pseudomonas aeruginosa, a higher cell density allows cells to more easily share the benefit 

of producing public goods80. Cells use a form of signalling termed quorum sensing to 

upregulate the production of public goods at high density, and hence increase the level of 

cooperation when it provides greater benefits27. The increased benefits of cooperating at 

high-density can also select for the formation of multicellular cooperative groups, as appears 

to occur in yeast81,82.

The cost of producing public goods can depend upon resource availability83,84. P. aeruginosa 
increases the production of one factor, rhamnolipid biosurfactant, which aids movement, 

when there is more carbon available, making that rhamnolipid less costly to produce85.

Group formation can provide defence against predators, or aid in predation. By aggregating 

together into groups, algae make it harder for predators to eat them86. Clumping is costly 

in the absence of predators because competition for resources is increased; facultative 

clumping is favoured, therefore, where the behaviour is only triggered when predators are 

detected86. More generally, obligate multicellularity has only evolved when groups form 
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clonally, with dividing cells sticking together22. Experimental studies on algae have shown 

that the mechanism of group formation is heritable and can evolve by selection87.

5 The invisible dynamics of cheating have been revealed

Scratch the surface of a cooperative society, and you will usually find conflict bubbling 

underneath. An extreme form of conflict is ‘cheating’ – where individuals that avoid the 

costs of cooperating can still gain the benefits of others cooperating88. Recent work has 

allowed the detection of the previously invisible dynamics of cheating across a diversity 

of organisms. In particular, genetic studies in microbes – slime moulds and bacteria - have 

allowed us to examine the occurrence of cheating, and the form that it takes, in natural 

populations10,40,41,89–92.

5a Persistence of cheats—Theory suggests that restrictive conditions can be required 

for cheats to coexist with cooperators. When originally developing inclusive fitness theory, 

Hamilton2 found that the relative fitness of cooperators does not depend upon how common 

they are in a population. This lack of frequency dependence means that either cooperation 

is favoured and so cheats would be eliminated, or cooperation is not favoured, and so 

you couldn’t observe cheats exploiting cooperators. Given this result, which suggests that 

cheating will not be evolutionarily stable, how can we explain observations of cheating?

More recent theory has shown that a number of factors can lead to cheats having a 

higher fitness when rare (frequency dependence), allowing cheats and co-operators to 

coexist. For example, when cooperation provides some direct benefit, or when the benefits 

of cooperation are diminishing rather than increasing linearly93–95. These factors have 

been shown to explain coexistence of cheats and cooperators in bacteria and yeast94–96. 

Frequency dependence also requires non-additivity, where genes cause large variation in 

the level of cooperation (strong selection). In bacteria, viruses and other microorganisms, 

single ‘knock out’ mutations can eliminate cooperative behaviours, causing large variation 

in cooperation, which could help provide an explanation for why cheats are more commonly 

observed in these taxa95,97.

An alternative explanation for the observation of cheating is that cheats are maintained in 

a population at mutation-selection balance98,99. Mutation causes the loss of cooperation, 

and then this gives the appearance of cheating as those non-cooperators are selected out of 

the population. In this case, not cooperating would represent a deleterious mutation rather 

than a cheating adaptation. However, estimates from bacteria suggest that mutation-selection 

balance would lead to one non-cooperator in every 10,000-100,000 individuals, which is 

much lower than has been observed empirically98. Consequently, the observation of non­

cooperators is more likely to be explained by frequency dependent cheating.

5b Resistance to cheats—When cheats are maintained in a population, cooperators 

will be selected to avoid exploitation, or reduce the extent to which they can be exploited. 

An example of such a strategy has been observed in laboratory selection experiments 

on bacteria, and could also explain why many extracellular public goods and signalling 

molecules released by bacteria come in different types (specificity) 100–104 Another example 
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can be seen in flowering plants, which reduce exploitation by nectar robbing cheats by 

restricting or altering the time of day at which they provide nectar rewards for pollinators105.

An even more extreme response to cheating has been observed in the bacteria P. aeruginosa, 

where individuals stopped cooperating and ‘went private’. In infections of the lung, in 

humans with cystic fibrosis, the invasion of cheats that did not produce iron scavenging 

siderophore molecules (a public good), led to the complete loss of siderophore production91. 

This was then followed by strains upregulating an alternative ‘private’ mechanism of 

acquiring iron, which is not cooperative and so cannot be exploited106.

6 Genetic architecture matters, sometimes

Most research on cooperation ignores the underlying genetics and assumes that all 

phenotypes are theoretically possible (phenotypic gambit107). Detailed characterisation of 

the genetics underlying some cooperative traits has helped us to understand where and why 

genetics can matter.

6a Supergenes—Research on the fire ant, Solenopsis invicta, has shown how genetic 

architecture is key to the maintenance of different strategies within populations108. In this 

species, colonies form with either a single or multiple queens. The difference is driven by 

a supergene – a large inversion, covering 55% of an entire choromosome, with suppressed 

recombination. This supergene also controls traits where the optimum depends upon the 

number of queens, such as queen size and fecundity. Consequently, the supergene allows life 

history traits to be adaptively adjusted (linked) depending upon the social strategy (single or 

multiple queens). Supergenes appear to control social organisation in a number of ant species 
109,110.

6b Genetic red herrings—A range of genetic discoveries in bacteria and slime moulds 

have led to suggestions of novel mechanisms to explain cooperation. These include the 

discovery of pleiotropic links between cooperation and private traits, the regulation of 

cooperation by quorum sensing, and hitch hiking with advantageous mutations (Table 1).

However, there are potential problems with all these suggestions (Table 1). In some cases, 

the hypothesis relies on the assumption that the genetic architecture itself cannot evolve. In 

other cases, the genetic mechanism provides a way to vary the level of cooperation, but is 

not an answer to ‘why cooperate’. Furthermore, cooperation can usually be explained by 

some other mechanism, such as kin selection.

Overall, there is a lack of evidence that genetic architecture determines when cooperation is 

favoured (Table 1). We are not saying that it is not possible for genetic architecture to help 

explain cooperation, rather that the mechanisms suggested, so far, lack convincing support, 

and there are simpler explanations.

7 Humans aren’t special in that way

A number of experimental laboratory studies examining human behaviour in economic 

games have found that individuals cooperate more than expected from their own selfish 
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interests111. This has led to a widely-held conclusion that humans are especially altruistic, 

and cooperate in ways that are not easily explained by evolutionary theory112.

This conclusion is based, however, on the assumption that laboratory economic games 

reflect evolutionary pressures, and that humans play ‘perfectly’. In addition, it has been 

pointed out that experiments using economic games often lack appropriate controls 

and null hypotheses113–115. More recent experiments have shown that human behaviour 

in economic games is more consistent with strategies for more natural settings, and 

shaped by the challenge of learning the rules of the game in a laboratory setting116,117. 

Furthermore, many instances of human cooperation are better explained as mutually 

beneficial cooperation, stabilised by enforcement mechanisms such as reciprocity, rather 

than altruistic cooperation118–121. What matters for natural selection is the average lifetime 

consequences of a behaviour in the natural environment, not short-term consequences in an 

unnatural environment.

In short, humans are not especially altruistic. Cells forming the fruiting body of a slime 

mould, where 20% of their cells sacrifice themselves as stalk cells, to help disperse others 

as spores, are more altruistic than a group of humans14. What appears to be special about 

humans is the extent to which enforcement mechanisms such as reciprocity are used to 

stabilise cooperation, and how we attempt to evade those mechanisms111,122. Indeed, it 

has even been suggested that brain size is a response to conflict in cooperative social 

groups123. Humans also stand out in their ability to learn from others. It is currently a matter 

of debate whether this potential for ‘cultural evolution’ favours increased or decreased 

cooperation124–128.

Insights 8 & 9

We are now in a position to start making big picture generalisations about why cooperation 

is favoured, both within (Insight 8) and between (Insight 9) species.

8 Indirect benefits play the major role in explaining cooperation within species

The relative importance of direct and indirect fitness benefits for explaining cooperation 

within species has long been debated129. Has recent research allowed us to move forward on 

this debate?

There has been growing evidence for indirect fitness benefits (kin selection) playing 

the major role in explaining cooperation within species. Considering animals, such as 

birds, mammals, and insects, the data suggests that relatedness is a key determinant of 

which species cooperate, and how much individuals cooperate (Insight 1). Furthermore, 

long term field studies on species such as long-tailed tits have shown cases where 

cooperation can be completely explained by kin selection60,61. Considering bacteria and 

other microbes, clonal growth means that cells will tend to interact with close relatives, and 

the forms of cooperation that are observed can be explained relatively easily by indirect 

benefits15,27,43,130.
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We also have a clearer idea of the factors that lead to indirect fitness benefits. Population 

structure and group formation play similar roles in ensuring high relatedness, at all levels 

of biology (Insight 1; Fig. 2). The early stages in the evolution of life required cooperation 

between simple replicators, which may also have been favoured due to population structure 

keeping relatives together131,132. In contrast, while the possible role of haplodiploid genetics 

has attracted much attention, both theory and empirical data have led to many concluding 

that it was a red herring133–139.

We are not saying that there are never direct benefits to cooperation, or that enforcement 

never occurs. Insight 3 provides some elegant examples of how direct fitness benefits can 

be important for cooperation within species, and enforcement is reviewed elsewhere140. 

Instead, our point is that statistically speaking, direct fitness benefits seem much less 

important in explaining the distribution and diversity of within species cooperation. This 

makes sense, because the potential for indirect benefits can arise easily, whenever population 

structure keeps relatives together2. In contrast, mechanisms to provide or enforce direct 

fitness benefits to cooperation can be much harder to evolve initially, and/or require that 

individuals are already cooperating to some extent141–143. One of the clearest examples of 

enforcement favouring cooperation is policing in the social insects, which is favoured by 

indirect fitness benefits, and can be thought of as a form of kin discrimination144.

Direct fitness benefits may be more important in explaining less costly forms of cooperation. 

Evidence supporting a role for mechanisms such as reciprocity, tend to come from 

cooperative behaviours that are relatively low cost, such as grooming in primates145. 

Similarly, there are bird species where unrelated individuals form cooperative groups, but 

in those species, cooperation tends to be joint incubation or defence of territory, and does 

not involve giving up the chance to breed23. The fitness consequences of behaviours such 

as reciprocal grooming or joint territory defence are likely to be marginal relative to the 

sacrifice of personal reproduction to become a subordinate helper.

9 There are two ways to make a stable mutualism

Both theoretical and empirical work has suggested that there are two ways in which 

cooperation between different species (mutualisms) tend to be maintained: shared interests 

and enforcement.

9a Shared Interests—Cooperative mutualisms are favoured when the reproductive 

interests of different species are so entwined that each species gains from cooperating with 

the other (shared interests; Fig. 3a) 146. The easiest way for this to occur is when a small 

number of symbionts are transmitted vertically to each offspring of their host. In this case: 

(i) the symbionts within a host are highly related, possibly clonal, eliminating most within­

host conflict; and (ii) the symbionts benefit from helping the host, because the host could 

then produce more offspring, who could carry more symbionts147. The hosts, in turn, are 

selected to help their symbionts, because those symbionts provide them a service. A classic 

example of this would be the Buchnera bacteria that synthesise amino acids for their aphid 

hosts148. The role of shared reproductive interests has been supported by a comparative 

study across species, and experimental studies. Across 38 bacterial symbioses, vertically 
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transmitted symbionts provided an average of twice the fitness benefit to their host, relative 

to horizontally transmitted symbionts149. Theory suggests that the influence of transmission 

route is mainly via its influence on relatedness, and hence the level of within host conflict. 

Analogously, experimental evolution studies on interacting microbial species, have shown 

that vertical transmission and spatial structuring both favours increased cooperation between 

species150,151. This role of transmission route, via its influence on symbiont relatedness, is 

analogous to the role of group formation in insight 1.

Symbiont transmission route also influences genome evolution. Vertically transmitted 

symbionts have smaller genomes than horizontally transmitted symbionts149. This is thought 

to reflect the usefulness of many traits becoming reduced when living entirely within a 

host, with relaxed selection then allowing inactivation and deletion of these non-essential 

genes152. The benefit that symbionts provide to their hosts is greater in species with smaller 

genomes – given that genomes reduce over time, this suggests that longer periods of 

host-symbiont coevolution lead to greater reliance on symbionts and/or more beneficial 

symbionts149. Some genes are also moved from symbionts to their hosts153.

9b Enforcement—The second common explanation for cooperative mutualisms is when 

cooperation is enforced (Fig. 3b) 140,154. When members of one species interact with 

multiple partners of the other species, this can lead to conflict146. For example, if a host 

contains multiple symbiont strains, this will reduce the relatedness between symbionts 

and hence reduce the indirect fitness benefits gained from helping the host, and therefore 

helping the other symbionts within the host155. In this case, cooperation can be enforced, by 

rewarding cooperation and/or punishing non-cooperation (sanctions) 155. Leguminous plants 

cut off the oxygen supply to rhizobia bacteria that are relatively poor at fixing nitrogen156. 

Fig trees abort and reduce resource supply to fruits where the pollinator wasps did not 

pollinate sufficient flowers157,158.

Enforcement can also be bidirectional, such as when mycorrhizal fungi trade phosphorous 

with plants for carbohydrates159. Resource trading of this kind can lead to more elaborate 

strategies – fungi appear to move phosphorous across their mycelial network, to locations 

where phosphorous is more limiting, and so a better trade can be made160. The suppression 

of genes for selfish distorting behaviour by the “parliament of the genes” is analogous to this 

between-species enforcement161,162.

From a theoretical perspective, the finding that mutualisms tend to be stabilised by either 

shared interests or enforcement makes sense. The conditions that lead to conflict, and 

reduce shared interest, such as interacting with a large number of partners, are exactly the 

conditions which are expected to favour enforcement 163.

9c Maintenance versus origin—It is useful to distinguish maintenance of cooperation 

from its evolutionary origin5. Our discussion in this section has focused on the maintenance 

of cooperative mutualisms. While enforcement can lead to higher levels of cooperation, 

it requires some initial level of cooperation to evolve141–143. It is, therefore, likely that 

mutualisms initially evolve via shared interests, before enforcement evolved to increase the 

level of cooperation164.
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10 Cooperation can be exploited for applied purposes

Cooperation is fundamental to the success and growth of many organisms. Consequently, 

whenever we want to reduce the growth of damaging organisms, such as parasites, or 

increase the growth of beneficial organisms, manipulating cooperation could be a useful 

tool.

10a Managing parasites and pathogens—Disrupting cooperation has at least three 

applications for managing parasites and pathogens. First, the level of cooperation has a 

large influence on parasite growth and virulence, the damage caused to the host. Indeed, 

traits termed ‘virulence factors’ by microbiologists appear to usually be cooperative (public 

goods) 165. Consequently, if cooperation can be disrupted, virulence can be reduced. 

Experiments on the bacteria P. aeruginosa have shown that the addition of noncooperative 

cheats to an infection reduced the mortality rates of rats by 50%166. The accumulation 

of defective interfering particles, which represent a form of cheating in viruses, lead to 

less severe outcomes of viral infections in humans, and is being developed as an antiviral 

therapy167,168.

Second, as well as disrupting infections, cheats could be used as a ‘Trojan horse’ to 

introduce medically beneficial alleles into a population, such as antibiotic resistance or 

antibacterial toxins169. For this, or virulence disruption to work, cheats need only have 

short-term success, spreading within a host – such therapies can work even when cheats 

cannot transmit successfully.

Third, it can be harder for parasites to evolve resistance against intervention techniques 

that disrupt cooperative behaviours, than against treatments such as antibiotics that directly 

kill individuals170. If cooperation is disrupted, this effectively makes all individuals cheats. 

Consequently, if there was a ‘resistance’ mutation that switched cooperation back on, 

the carrier of this mutation would be surrounded by cheats, making it harder to spread. 

This theory has been supported by an experimental evolution study on Salmonella, where 

resistance against standard antimicrobials rapidly evolves, but resistance to an inhibitor of 

cooperative biofilm formation did not evolve171. Nonetheless, we are a long way from 

convincing clinicians that it is useful to add more parasites (cheats), or that it is better to 

use interventions that don’t directly kill parasites, to avoid selecting for resistance in those 

parasites.

10b Other applications—There are many other areas where we have not yet begun 

to realise the full potential for exploiting our understanding of cooperation. This includes 

optimising machine-machine cooperation in AI collectives, such as fleets of autonomous 

cars or interacting financial trading algorithms, as well as designing AI algorithms so as to 

minimise the potential for human-machine conflict172,173. The maintenance of cooperation 

is required for efficient bio-industry applications, including using bacteria to biodegrade 

pollutants and detoxify, or algae to produce biofuels174,175. Agricultural efficiency in crops 

or livestock can be increased by ‘social selection’ for increased cooperation or decreased 

competitiveness, rather than individual yield175,176.
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Conclusion

While the inclusive fitness approach has provided the framework for the major insights 

made in the study of cooperation, it has also attracted controversy, which might suggest a 

field in disarray to an outside observer176–178. Welch argued that analogous controversy has 

arisen multiple times for research on adaptation, for reasons that do not reflect problems 

with the approach179. There is a repeated pattern where approaches such as inclusive 

fitness theory lead to major advances in our understanding of adaptation, and where the 

resulting attention generates charges of narrowness and oversimplification. These charges 

are however, misplaced, because it is the simplifications made by theory which facilitate 

its application to data107,179,180. In biology, theory is not an abstract enterprise, it is 

the interface between theory and data that matters. Scientific progress is not shaped by 

whether ideas are “liked” or “disliked”, but by making parsimonious predictions that hold 

up time and time again, generating new counterintuitive predictions that achieve additional 

confirmation. That is the achievement of inclusive fitness theory 181.

The existence of some controversy therefore reflects a productive and healthy field, where 

spectacular advances are being made. As well as explaining cooperation in particular 

species, these advances have illuminated broad generalisations, where the same factors 

appear to play analogous roles across the tree of life. This makes things pleasingly 

simpler for those of us studying cooperation – rather than a different explanation for every 

species, we can have a single explanatory framework – that is an amazing achievement! 

Furthermore, progress in the study of cooperation has demonstrated how the behavioural 

ecology approach, originally developed to study animals, can be successfully applied to any 

form of organism, from bacteria to viruses182,183. The recent progress summarised in this 

paper has opened up a great number of new problems to solve, and it is as exciting a time to 

be studying cooperation as it has ever been (Box 2).
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Box 1

Inclusive fitness and why cooperate?

A behaviour or trait is cooperative if it provides a benefit for another individual, and 

has evolved at least partially because of this benefit. Inclusive fitness theory provides 

two broad categories of theoretical explanation for cooperation: direct fitness benefits and 

indirect fitness benefits (kin selection) 3–5.

Box 1 Figure. Direct benefits and kin selection.
A gene can influence its transmission to the next generation by influencing the 

reproductive success of the individual carrier (direct), or by influencing the reproductive 

success of other individuals which carry copies (indirect). Hamilton’s rule provides an 

elegantly simple way of formalising this2.

Direct fitness benefits arise when cooperation increases the reproductive success of 

the actor that performs the cooperation 6,142. In such a case, cooperation is ‘mutually 

beneficial’, benefiting both the actor and the recipient 17. Direct benefits could arise as a 

simple consequence of cooperation. For example, the fitness of a symbiont could depend 

upon host reproduction, favouring cooperation with its host. Alternatively, direct benefits 
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may depend on a mechanisms that enforce cooperation, such as rewarding cooperators, or 

punishing non-cooperators.

Indirect benefits arise when cooperation is directed towards other individuals that carry 

the gene for cooperation 2. This is usually termed ‘kin selection’ because the simplest 

and most common way this could occur is if cooperation is directed at relatives that share 

genes from a common ancestor. Genes don’t care where copies in future generations 

come from – so copies in the offspring of relatives are equally valuable as copies in 

direct descendants. Indirect benefits provide the only possible explanation for altruism: 

cooperative behaviours that are costly to the actor and beneficial to the recipient.

These explanations for cooperation are encapsulated in a simple way by Hamilton’s 

rule, which states that a behaviour or trait will be favoured by selection when RB-C>0, 

where C is the fitness cost to the actor in terms of number of offspring, B is the fitness 

benefit to the recipient, and R is the genetic relatedness of the recipient to the actor 
2,184. Indirect fitness benefits can explain cooperation when the benefits to the recipient, 

weighted by relatedness (BR), outweigh the costs to the actor (C). Direct benefits can 

explain cooperation when the actor gains a direct benefit (C is negative).

The advantage of applying inclusive fitness to understand adaptations such as cooperation 

is that it has three complementary properties185. First, it provides a method for 

calculating the direction and potential endpoints of evolution2,186. Second, it provides 

a property which we expect natural selection to evolve towards maximising2,187. This 

provides a clear and simple link from evolutionary gene dynamics to the behaviour of 

individuals, and facilitates the identification of conflicts between individuals188. Third, 

it emphasises the special importance of common ancestry (kinship), because it leads to 

appreciable relatedness across the entire genome180,185. This unites the interest of genes 

across the genome, allowing complex multi-gene social adaptations to be constructed.
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Box 2

New questions and future directions

Research on cooperation has advanced by asking more precise or nuanced questions 

about the distribution and form that cooperation takes in the natural world. For example:

• Why does cooperation occur in some species, but not others?

• Why does the effort or resources put into cooperation vary across species? 

For example, in birds, the amount of food provided by helpers varies across 

species1 from 20-160% the rate at which parent feed261.

• Within a species or group, why do some individuals cooperate, but not 

others? Considering individuals that cooperate, why does the effort put into 

cooperation vary? For example, within groups of meerkats, different helpers 

give away between 0-58% of their food to pups77?

• Which sex cooperates? Across different species, both the likelihood of 

helping and the effort put into helping varies between the sexes74,139.

• Why do individuals preferentially direct help towards relatives (kin 

discrimination) in some species, such as long-tailed tits, but not others, such 

as superb fairy-wrens55?

• Should cooperating individuals specialise to perform different tasks (division 

of labour)? For example, in the bacteria Bacillus subtillis, only a fraction of 

cells produce and release proteases to break down proteins189.

These questions have been addressed at all levels, from genes to individuals, to species 

and across the entire tree of life, from bacteria to birds, and in viruses. By examining 

the same questions at different levels, this research has illuminated several repeating or 

consistent patterns. Nonetheless, we have only just begun to explain the distribution and 

diversity of cooperation in the natural world. There are many outstanding problems and 

opportunities – here we provide a few examples, that follow from the insights we have 

discussed.

Kin Selection and Kin Discrimination

- Relatedness is determined by the mechanism of group formation. What 

determines how groups form and why?

- The importance of kin discrimination remains to be tested in variety of 

organisms, especially microorganisms.

- Why haven’t advances in genetics led to the discovery of more genetic cues 

for kin discrimination?

- Does Crozier’s paradox190 explain why genetic kin discrimination appears to 

be rare in animals?

- To what extent do horizontal gene transfer and greenbeards interactions alter 

selection for social traits?

West et al. Page 24

Nat Ecol Evol. Author manuscript; available in PMC 2021 November 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Costs and Benefits

- Can we quantify, across species, how ecological variation leads to variation 

in the benefit (B) or cost (C) of cooperation?

- How broadly can variation in the direct benefit of cooperation explain 

variation in the level of cooperation, either within or across species?

- Can economic games help explain why cooperation evolved in humans, or do 

they just reveal proximate cognitive mechanisms (biases)?

- How can we explain variation in the extent to which cooperative species 

divide labour, and the mechanism used to divide labour?

Conflict and Enforcement

- Why is cheating observed in some systems, but not others?

- Is it reasonable to think of cancer and similar ‘deleterious mutations’ as a 

form of cheating?

- How often do organisms respond to cheating by ‘going private’? And how do 

we detect cooperation in the evolutionary history of a “privatised” trait?

- Why are enforcement mechanisms, such as ‘sanctions’, important in some 

species, but not others?

- To what extent do holobiome and microbiome interactions represent between 

species mutualisms, that can be explained with existing theory191,192?

- Can cooperation and conflict help explain the evolution of brain size123? If 

so, do invertebrates and vertebrates differ in fundamental ways?

- Why is cooperation lost from species and what are the consequences92,193?

- What are the factors that led major evolutionary transitions, by effectively 

eliminating conflict and dividing labour to the point of mutual dependence 

(interdependence) 1,194,195

New Methods and New Applications

- How can genetic and -omic methodologies be harnessed to help us 

understand the distribution of cooperation?

- Can the phenotypic gambit survive progress in genomics?

- What can be learnt from using genetic manipulations to follow the behaviour 

of individuals?

- Can population genetic studies help us explain the factors driving selection 

for cooperation in natural populations?

- How can we exploit novel opportunities for both experimental and 

comparative studies of cooperation offered by taxa such as bacteria and 

viruses?
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Figure 1. Cooperation across the tree of life.
Examples of cooperation include: (a) Vesicular Stomatitus Virus aggregates into multiple 

virus co-infection units (arrows) and produce proteins that help other viruses overcome 

host defences62,216 (Photo: Rafael Sanjuan); (b) Pseudomonas aeruginosa bacteria produce 

and secrete iron-scavenging siderophores that benefit neighbouring cells91 (Photo: CDC/

Janice Haney Carr); (c) Volvox carteri algae form multicellular groups where some sterile 

helper cells beat their flagella to keep the colony afloat217 (Photo: Wikimedia Commons); 

(d) Xyleborinus saxesenii ambrosia beetles have sterile helpers218 (Photo: Gernot Kunz 

& Peter Biedermann); (e) long tailed tits are cooperative breeders, where individuals 

preferentially help closer relatives55 Photo: Andrew MacColl; (f) banded mongooses form 

cooperative groups, where the dominant will preferentially evict closer relatives58 (negative 

kin discrimination; Photo: Andy Young). Studies on cooperation in these species have 
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used a mixture of methodologies: observational, experimental, comparative across-species, 

experimental evolution and genomic.
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Figure 2. Group formation and relatedness.
The method of group formation determines relatedness within groups, and so influences 

whether cooperation is favoured. (a) Population viscosity: when offspring stay with their 

parent (staying together, in a family group) this leads to higher relatedness than when 

individuals aggregate together post-dispersal. Specifically, if a group is formed by n 

unrelated lineages, then the relatedness within that group will be R=1/n. An asexual 

species is shown, but the same pattern occurs in sexual species. (b) Mating system: when 

females mate with a single male (monogamy) this leads to a higher relatedness between her 
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offspring (full-siblings), compared with when females mate with multiple males (polyandry; 

half-siblings). Specifically, if a diploid female mates with m males, then the average 

relatedness between her offspring will be R = 0.25 + 0.25/m. An analogous pattern applies 

in haplodiploids, where a female is related to her sisters by R = 0.25 + 0.5/m219.
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Figure 3. Two ways to stable mutualism.
(a) Mutualistic cooperation is favoured when the reproductive interests of different species 

are so entwined that each species gains from cooperating with the other (shared interests). 

For example, when vertical transmission leads to a host containing a clonal population of 

symbionts, any benefits of cooperating with a host would be clone mates. Another way of 

looking at this is that cooperators (clear nodules) and non-cooperative cheats (filled nodules) 

would be in different hosts, and so cooperators gain the benefit of being in ‘helped’ hosts, 

whereas cheats do not. (b) Mutualistic cooperation can also be enforced, by rewarding 
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cooperators (clear nodules) and / or stopping interactions with non-cooperative cheats (filled 

nodues). Figure inspiration220.
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Table 1
Maybe not explaining cooperation

Discoveries about the genetic architecture and mechanisms underlying cooperation in microorganisms have 

led to a number of novel explanations for cooperation being suggested. However, there is a lack of evidence 

that these mechanisms provide explanations for cooperation. In some cases, the suggested explanations arise 

from over-interpretation of short-term evolutionary dynamics, and / or from implicitly assuming that the 

genetic architecture cannot evolve (mixing proximate and ultimate explanations of behaviour). Cooperation is 

usually more parsimoniously explained by standard explanations, such as kin selection.

Suggested Explanation for Cooperation Potential problems

A pleiotropic link between cooperation and a trait 
with a large personal (private) benefit (metabolic 
constraint / coregulation)196–202. The idea here 
is that if cooperation is lost, then the directly 
beneficial trait would also be lost, and that 
the direct benefit could outweigh the cost of 
cooperation. Similar arguments have been made 
for ‘hormonal pleiotropy’ in social insects203.

Pleiotropic links can favour any trait, and not preferentially cooperation. If the genetic 
architecture is not fixed, individuals could evolve to perform the directly beneficial 
trait, and not cooperate. The role of kin selection had already been established in these 
species, and so explaining cooperation was not a problem204. Causality can also go in 
both directions – in cases where some cooperation is favoured, pleiotropy can be selected 
to reduce cheat build up.

The down-regulation of cooperation at certain 
times (metabolic prudence or facultative 
cooperation)202,205.

Individuals will be selected to reduce their level of cooperation when the benefit is 
lower or cost is greater (Insight 4). However, this is not an answer to ‘why cooperate?’ 
- a mechanism such as kin selection is still required to explain when cooperation is 
carried out. The role of kin selection had already been established, and so explaining 
cooperation was not a problem.

The regulation of cooperation by quorum sensing 
in bacteria202.

Quorum sensing restricts cooperation to times when it appears to be more cost effective. 
An explanation is still required for why cooperate at those times. The role of kin 
selection had already been established, and so explaining cooperation was not a problem.

Genes for cooperation could hitch hike with 
mutations that are advantageous in a new 
environment (‘adaptive race’)206,207.

This hypothesis doesn’t favour cooperation per se, as cheats could also hitch hike207. 
Furthermore, any effects are only transient, as competition between cheats and 
cooperators can still take place within populations of locally adapted genomes.

Cooperation is favoured at greenbeard genes, 
which can identify copies of themselves in 
other individuals, and preferentially help those 
individuals208,209.

There are genes that have the properties of greenbeards. However, it is not clear if it is 
the greenbeard effect per se (linkage) that is favouring cooperation210,211. Cooperation 
may have been favoured anyway, due to kin selection, with the greenbeard affect just a 
mechanistic byproduct.

Horizontal gene transfer can increase 
relatedness for cooperative genes by ‘reinfecting 
cheats’212–214.

If there are cheat plasmids, that don’t cooperate, then horizontal gene transfer doesn’t 
necessarily favour cooperation215. While there is some evidence from E. coli that 
cooperative genes are more likely to be found on mobile elements213, there are 
alternative explanations216.
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