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Abstract
For nearly half a century, inclusive fitness theory has formed a bedrock of whole-
organism biology. It has helped explain social behaviours across the tree of life,
including, via the major transitions view of evolution, the history of life itself.
However, some significant questions remain. In this thesis, I consider challenges
at the frontiers of inclusive fitness, in time, theory, and space. Specifically: (i) I
study the evolution of cooperation early in the history of life. I develop models of
simple molecular replicators, resolving previously puzzling results and identifying
important life-history features of replicators for cooperation. (ii) I use kin selection
models to develop a framework for understanding RNA cooperation and guiding
empirical work on the origins of life. (iii) I develop and test a new hypothesis for
the origin of the genome, the first major transition in individuality. (iv) I address
criticisms of inclusive fitness theory, developing conceptual arguments for why it
is a useful tool despite its flaws. (v) I show that recent mathematical criticisms of
inclusive fitness misapplied inclusive fitness, and extend their models, recovering
inclusive fitness maximisation. I provide formal arguments for a broader range of
the theory’s application than previously thought by some mathematical biologists.
(vi) I show that a recent paper about the effects of divorce on honest signalling
in birds miscalculated inclusive fitness, and develop a formal model that predicts
an effect of inclusive fitness on signalling in birds, which is supported by the
data. (vii) Finally, I consider the universality of natural selection and major
transitions in individuality, demonstrating how evolutionary theory can be used
as a powerful tool in astrobiology. As a whole, this body of work extends the
range of inclusive fitness theory’s application earlier in evolutionary time, to a
wider range of biological scenarios, and further in space.
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1
Introduction

Organismal purpose

Organisms appear designed as if for a purpose. In the absence of something or

someone having designed them that way, this presents a puzzle. Darwin (1859)

largely resolved this puzzle with his theory of natural selection. Natural selection

explains both the process by which organisms acquire the appearance of design

and the purpose for which they appear designed. The process is the inheritance

of variation linked to differential reproductive success, and the purpose is the

maximisation of reproductive success (Darwin, 1859; Fisher, 1930; Grafen, 2014;

Gardner, 2017). While Darwin’s arguments were verbal, Fisher (1930) later provided

formal support, showing that mean fitness increases due to the action of natural

selection (Price, 1972; Frank, 2012a; Grafen, 2015; Queller, 2017).

But this theory is at odds with the numerous examples of traits that do not

maximise reproductive success. The most notable example is altruism, in which

an organism reduces its own number of offspring in order to increase the number

of offspring of others. Hamilton (1964) explained that this failure arises because

Darwin’s original theory does not take into account social interactions between

individuals. An individual’s number of offspring is affected not just by its own actions,

but the actions of others, and a proper measure of fitness must account for this.

1



2 1. Introduction

More precisely, an organism’s mean offspring number, which determines the

direction of selection, includes the sum of the expected effects on the individual’s

offspring number of all individuals in the population, including itself. Hamilton

termed this expanded notion of fitness ‘neighbour modulated fitness’, and pointed

out that such a measure is ‘unwieldy’ (Hamilton, 1964). This is partly because, in

practice, it requires knowing the relationship between genotype and phenotype as

well as the actual genotypes of individuals, two things we rarely know (Hamilton,

1964; Grafen, 1982, 1984; Queller, 1996).

Inclusive fitness

Hamilton (1964) pointed out that a simpler alternative is to take the perspective of

a focal individual, and sum the fitness effects the individual has on others. Hamilton

termed this alternative metric ‘inclusive fitness’. More precisely, inclusive fitness

measures an individual’s adult offspring number, stripped of all social effects, and a

weighted sum of the effects the individual has on all individuals in the population

(including itself). The weightings are degrees of relatedness, where relatedness

(R) is a measure of genetic similarity (with R = 0 for a random member of the

population, and R = 1 for a clone) (Hamilton, 1964, 1970; Grafen, 1985). Following

Fisher (1930), Hamilton showed, under some assumptions, that inclusive fitness

increases due to the action of natural selection (Hamilton, 1964, 1970). Accordingly,

we can understand the purpose for which organisms appear designed as being to

maximise their inclusive fitness (Hamilton, 1964, 1970; Grafen, 1984; Queller, 1992;

Frank, 1998; Grafen, 2006; Gardner et al., 2011; West and Gardner, 2013; Foster,

2009; Rousset, 2015; Lehmann et al., 2016; Taylor, 2017).

This provided an explanation for previously aberrant behaviours such as altruism,

and sparked an entire field of empirical social biology (Krebs and Davies, 1978, 1987;

Foster, 2009; Krebs and Davies, 2009; Westneat and Fox, 2010; Davies et al., 2012).

Hamilton’s logic, which underpins this field, can be captured in a simple inequality,

known as ‘Hamilton’s rule’. Given a trait that confers a fitness benefit, B, to some

recipients, at a cost, C, to an actor, with relatedness between the recipients and
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the actor, R, Hamilton’s rule says that such a trait will increase in frequency if

RB − C > 0 (Hamilton, 1964, 1970; Queller, 1992; Gardner et al., 2011). Altruism

can be explained if the weighted benefits to relatives outweigh the costs to self.

Further, the logic is not limited to explaining altruism. We can conceptualise

all social behaviours according to their relatedness-weighted effects. This provides

a framework for understanding classic selfishness (negative effect on others, positive

effect on self), but also mutualism (positive effect on both) and even spite (negative

effect on both) (Hamilton, 1964, 1970). More generally, we can expect organisms, at

equilibrium, to behave as though they value the effects of their behaviours according

to their relatednesses to the individuals affected by them.

While Hamilton’s (1964) original model was applied to absolute effects on

offspring number, extensions have since generalised the approach (Queller, 1985;

Gardner et al., 2011). Queller (1992) derived a statistical version of Hamilton’s

rule, in which the terms are regressions on phenotypes. This form allows a causal

explanation of behaviour for any type of trait or population structure, and can be

considered as a generalisation of Darwin’s theory to incorporate social interactions

(Queller, 1992; Gardner et al., 2011).

Major transitions

Further, social behaviours are not limited to birds helping at the nest, or bees

pollinating a flower. The very structure of an organism depends on extreme

cooperation between its parts. Genes cooperate to form functioning genomes,

mitochondria and nuclei cooperate to form eukaryotic cells, cells cooperate to

form multicellular bodies, and, in some cases, multicellular bodies cooperate to

form eusocial societies. The history of life has been shaped by the cooperation of

these entities, where, along the way, previously independent units collaborated to

form new, cohesively functioning wholes (Smith and Szathmáry, 1995; Bourke,

2011a; West et al., 2015).

These events are known as major transitions in individuality, and they punctuate

the rise in complexity on Earth (Smith and Szathmáry, 1995; Queller, 1997; Bourke,
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2011a; West et al., 2015). While events like mutations and duplications can also

cause an increase in complexity, these increases tend to be gradual and reversible. On

the other hand, major transitions in individuality tend to be large and irreversible

(Queller, 1997; Bourke, 2011a; West et al., 2015). For example, before multicellularity,

all life consisted of at most one cell working to maximise its inclusive fitness.

Afterwards, life included organisms containing a near-unlimited number of cells,

specialising on different tasks to maximise the inclusive fitness of the entire collection.

For such complexity to be maintained, it has to be possible for adaptations to

accrue at the level of the collection (Queller, 1997; Gardner and Grafen, 2009; West

et al., 2015). This can only be true if selection at the lower levels does not disrupt

selection at the higher levels. Consider, for example, the evolution of multicellularity.

It requires the somatic cells giving up reproduction altogether in order that the

the germ cells can reproduce into the next generation. This is an extreme form

of cooperation, and all else being equal, we might expect the somatic cells to be

selected to reproduce themselves, disrupting the organism.

Such extreme cooperation can be explained, in part, if there is near complete

alignment of interests between the adjoining units, such that there is negligible

conflict within the larger collection (West et al., 2015; Gardner and Grafen, 2009;

Strassmann and Queller, 2010; Bourke, 2011a). In the case of multicellular organisms,

this arises, because (among other things) they start their life cycle as a single-celled

zygote. As a result, all cells within the organism are genetic clones, and have

a relatedness of R = 1. Along with the early sequestration of the germ-line,

this effectively eliminates conflict between the cells, aligning their interests and

allowing adaptations to accrue at the level of the collection of cells. Of course, these

adaptations will only be favoured if there is also some benefit to forming a group,

for example defending against predators (Bourke, 2011a; West et al., 2015; Queller

and Strassmann, 1998; Koschwanez et al., 2013; Fisher et al., 2017, 2016; Kapsetaki

et al., 2016), but the alignment paves the way for such adaptations.

More generally, complete alignment of interests is permitted by maximal related-

ness (West et al., 2015; Gardner and Grafen, 2009). While some major transitions,
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like the origin of multicellularity, have occurred between individuals within a species,

and others, like the origin of the eukaryotic cell, have occurred between-species, they

all seem to be driven by a similar alignment of interests, which can be conceptualised

as maximal relatedness (Queller, 1997; Foster and Wenseleers, 2006; West et al., 2015;

Gardner and Grafen, 2009; Frank, 2013; Boomsma and Gawne, 2018). Inclusive

fitness theory then, as the expanded view of natural selection, explains not just

social behaviours, but the very structure and history of life itself.

Open questions

However, questions remain. First, while later transitions, such as multicellularity

and eusociality, have been well studied both empirically and theoretically, the

earliest transition, the origin of the genome, has been relatively under-explored

(Smith and Szathmáry, 1995; Levin and West, 2017b). Can we understand the

coming together of independent replicators to form a genome as being explained

by the same forces that drive later transitions? What specific features of simple

replicating molecules would have favoured the evolution of cooperation? While

replicators of the same type, or species, might have cooperated, ultimately the

genome evolved as a collection of different types of replicators, each maintaining

their own reproduction. What might have favoured such between-type cooperation?

Second, inclusive fitness theory, despite its empirical successes, has been contro-

versial for decades (for example, see Nowak et al. (2010) and replies, e.g. Abbot

et al. (2011), Bourke (2011b), and Queller (2016)). Specifically, inclusive fitness has

long been criticised for its assumptions, most notably that of additivity of fitness

effects (Cavalli-Sforza and Feldman, 1978; Uyenoyama and Feldman, 1982; Karlin

and Matessi, 1983; Queller, 1985; Allen et al., 2013). Hamilton’s (1964) original

proof assumed that the fitness effects of an actor on a recipient combine linearly

with its existing offspring number (and therefore, implicitly, with the effects of

others). This has led a number of authors to suggest abandoning inclusive fitness

altogether (e.g. Nowak et al., 2010; Nowak and Allen, 2015; Nowak et al., 2017;

Allen et al., 2013; Allen and Nowak, 2016; Allen, 2015), with some suggesting a
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return to Hamilton’s ‘unwieldy’ neighbour modulated fitness, or mean offspring

number (Okasha and Martens, 2016; Lehmann et al., 2015; Allen and Nowak, 2015).

In the extreme, recent models claim to show formally that inclusive fitness is not

maximised by natural selection under non-additivity (Lehmann et al., 2015; Okasha

and Martens, 2016). What are biologists, who have been using inclusive fitness

for decades, to make of these mathematical arguments?

And finally, to what degree is inclusive fitness theory universal? Inclusive

fitness arguments were developed with domestic organisms in mind. However,

astrobiology, the study of life on other planets, is a rapidly growing field, with

large amounts of resources being dedicated towards detecting and searching for life

on other planets (Des Marais et al., 2008; Horneck et al., 2016). The generality

of evolutionary theory might provide a powerful tool in such a search, because it

has the potential to make phenotype-level predictions, independent of chemical

details (Levin et al., 2017). To what degree do we expect natural selection to hold

on other planets? Can we expect the rise in complexity in space to be driven by

a similar form of major transition in individuality?

Thesis outline

As with any well-developed field, the frontiers tend to lie at the edges. In this

thesis, I consider some of the frontiers of the field, in time (the origin of the

genome), theory (inclusive fitness under non-additivity), and space (the universality

of inclusive fitness). Specifically:

In Chapter 2, I study the evolution of cooperation in simple molecular replicators, a

possible first step on the path towards genomes. Previous models used simulations to

argue that limited diffusion on surfaces could explain such cooperation (Boerlijst and

Hogeweg, 1991, 1995; Cronhjort and Blomberg, 1997; Szabó et al., 2002; Sardanyés

and Solé, 2007; Bianconi et al., 2013; Shay et al., 2015; McCaskill et al., 2001).

However, a standard result from social evolution theory is that limited diffusion

is not sufficient to favour cooperation (Taylor, 1992). I develop social evolution
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models to study the effects of limited diffusion on cooperation in replicators. I show

that: (i) replicators can be considered to be cooperating as a result of kin selection;

(ii) limited diffusion on its own does not favour cooperation; and (iii) the addition of

overlapping generations, a likely trait of molecular replicators, promotes cooperation.

In Chapter 3, I extend the work of Chapter 2, to consider the role of RNA biology

in cooperation between replicators more generally. Various steps in the RNA world

required cooperation (Higgs and Lehman, 2015; Levin and West, 2017a). I develop

a very simple model of RNA cooperation and then elaborate it to study three

relevant features of RNA biology. I show: (i) that RNAs are likely to express partial

cooperation; (ii) that RNAs will need mechanisms for overcoming local competition;

and (iii) in a specific example of RNA cooperation, persistence after replication and

limited offspring diffusion allow for cooperation to overcome competition. More

generally, I show how kin selection can unify previously disparate answers to the

question of RNA-world cooperation.

In Chapter 4, I move beyond cooperation between replicators of the same type,

to consider why cooperation between different types of replicators, required for the

genome, might have evolved. Existing hypotheses to solve the problem of replicator

cooperation require restrictive assumptions, such as the evolution of a cell membrane

before the evolution of a genome, or very particular patterns of diffusion on special

types of surfaces (Smith and Szathmáry, 1995; Frank, 1994; Shay et al., 2015). I

develop an alternative hypothesis to explain such cooperation. I show that the

tendency to physically associate to others and cooperative enzymatic activity can

coevolve, leading to the evolution of physically linked cooperative replicators, akin

to a primitive genome.

In Chapter 5, I turn to the problem of inclusive fitness maximisation more generally.

Inclusive fitness has long been criticised for its assumptions. For decades authors

have pointed out that mean offspring number does a better job at predicting
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gene frequency change in a wider range of scenarios. In this chapter I present

conceptual arguments for why inclusive fitness, despite its drawbacks, is a more

suitable maximand for biologists, illustrating one of the key points with a simple

model. I discuss the empirical relevance of key assumptions, and highlight the

scenarios that could cause biologists to suspect inclusive fitness failure.

In Chapter 6, I address some of the technical challenges to inclusive fitness

maximisation. Several recent papers have claimed to show the failure of inclusive

fitness maximisation under non-additivity of fitness effects (Lehmann et al., 2015;

Okasha and Martens, 2016). I extend these models, showing (i) that the authors

failed to consider the correct measure of inclusive fitness, as defined by Hamilton

(1964); (ii) how to capture inclusive fitness correctly in two specific mathematical

scenarios; and (iii) that under biologically realistic assumptions, inclusive fitness

maximisation is indeed recovered in these models.

In Chapter 7, I consider an example in which researchers have miscalculated

inclusive fitness, leading to erroneous predictions. Bebbington and Kingma (2017)

predict that begging chicks, in adjusting their signal honesty to maximise inclusive

fitness, should be indifferent to whether their parents divorce. However, they commit

an error known as double-counting. I develop formal models to show that, under

standard assumptions, divorce does matter. I discuss the existing data, and argue

that it supports the case that chicks should be less honest when their parents divorce.

I discuss the importance of using the correct inclusive fitness, and of making verbal

arguments formal to avoid errors.

In Chapter 8, I consider the universality of inclusive fitness arguments. What can

evolutionary theory tell us about alien life forms? Previous work has extrapolated

from examples on Earth, which potentially limits the arguments to a sample size

of one. I develop an argument for why aliens must undergo natural selection, and

consider what this tells us, from a theoretical perspective, about extra-terrestrials.
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Further, I argue that we might expect complex aliens to be the product of major

transitions, and suggests that this allows us to make Earth-independent predictions

about their make-up. I consider the role of evolutionary theory in the future of

astrobiological research.

Finally, in Chapter 9, I summarise the main results of Chapters 2-8. I discuss

broader implications for evolutionary theory, and future directions for origins of

life, inclusive fitness maximisation, and astrobiology research.

I have not provided a more extensive formal literature review in this introduction,

as I review the relevant literature in Chapters 2-8.
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In order for the first genomes to evolve, independent replicators had to act
cooperatively, with some reducing their own replication rate to help copy
others. It has been argued that limited diffusion explains this early
cooperation. However, social evolution models have shown that limited diffu-
sion on its own often does not favour cooperation. Here we model early
replicators using social evolution tools. We show that: (i) replicators can be con-
sidered to be cooperating as a result of kin selection; (ii) limited diffusion on its
own does not favour cooperation; and (iii) the addition of overlapping gener-
ations, probably a general trait of molecular replicators, promotes cooperation.
These results suggest key life-history features in the evolution of the genome
and that the same factors can favour cooperation across the entire tree of life.

1. Introduction
Genomes are made up of genes, or replicators, which work together to produce
an organism. These genes specialize in different tasks—for example, some pro-
duce replication machinery to copy the other genes, while others focus on
acquiring energy for this process. However, life began with independent repli-
cators, whose sole purpose was to copy themselves [1–3]. Thus, at some point,
before the last universal common ancestor, independent replicators came
together to form a rudimentary genome. At least some of these replicators
had to focus on the task of replicating others, reducing their own replication
rate in the process. Thus, to get from the first replicators to the first genome,
independent replicators must have acted cooperatively [2–4]. This poses a pro-
blem, because we expect natural selection to favour individuals that selfishly
replicate themselves. For example, imagine a mutant replicator that, rather
than help copy others, replicated itself instead, and therefore had a higher repli-
cation rate than its neighbours. All else being equal, this mutant should prevail.
So why would early replicators cooperate?

It has been argued that limited diffusion or dispersal could explain
cooperation between early replicators [5–12]. The existence of early replicators
on surfaces, such as rocks, would have led to relatively limited diffusion [3,13].
A number of simulation studies have examined this possibility, assuming that
replicators exist on connected nodes in a two dimensional lattice. In these lattice
models, when replicators replicate, their offspring can move one, two, or many
nodes away. How far offspring can travel in a given step determines whether
the system has limited diffusion or is well mixed. These simulations have
shown that limited diffusion can favour the evolution of cooperative replicators,
who help others replicate [5–12]. Limited diffusion keeps cooperators together,
and so their cooperation is directed towards other cooperators, allowing them
to outcompete non-cooperators.

However, this suggested role of limited diffusion raises two further questions.
First, limited dispersal has previously been argued to explain cooperation in
organisms ranging from bacteria to birds because it keeps relatives together
[14–20]. In these cases, cooperation is favoured because it is directed at relatives
who share the same genes, termed kin selection [14]. Can we think of this early
cooperation between replicators as being favoured by kin selection, analogous
to that in higher organisms? If so, we could make broad generalizations about

& 2017 The Author(s) Published by the Royal Society. All rights reserved.
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the factors that have favoured cooperation, across different
biological levels, as life on earth evolved.

Second, theoretical kin selection models have shown that
limited dispersal, on its own, does not favour cooperation
(reviewed by [21,22]). Although limited dispersal increases
the likelihood that cooperation can be directed towards rela-
tives, it also increases competition between relatives. Taylor
[23,24] showed that in the simplest case, these effects exactly
cancel, and that the rate of dispersal does not influence selec-
tion for cooperation. Since then, a number of models have
shown that limited dispersal can favour cooperation, but
only if additional factors are added, such as overlapping
generations, or dispersal in groups (buds), which allow the
benefits of increased relatedness to outweigh the extra com-
petition (e.g. [25–27]). Consequently, we must ask how
limited diffusion manages to favour cooperation in these
replicator models.

We develop theoretical models to address these two ques-
tions. We focus on a specific example of replicator biology,
termed the trans-replicase system, because it is one of the
simplest forms of molecular cooperation. First, we develop
a simple kin selection model to examine whether we can
think of limited diffusion as favouring cooperation in trans-
replicases by kin selection [28]. This model allows us to
compare the evolution of cooperation in a simple replicator
with models developed to explain cooperation across a range
of other taxa. Second, we develop a more spatially explicit
model, to ask how limited diffusion might favour cooperation
among replicators. We develop a relatively simple model to
capture the key features of the previous simulations, but
where we can obtain an analytical solution [5–12].

2. Heuristic overview
We start by developing the simplest possible, heuristic model.
The purpose of this is to try to capture the biology of an early
replicator using the tools of social evolution theory [29–31].
This kind of streamlined model aims to cut out all but the
most essential biological and biochemical details, to capture
a wider range of possible biologies, and identify key
parameters. We sacrifice realism for generality and insight.

We model one possible system for cooperation in replicators:
the trans-acting replicase or trans-replicase (figure 1) [12]. There
are a variety of possible biologies for early replicators, but the
trans-replicase model is one of the simplest. Trans-replicases
are replicating molecules that, upon replicating, through mech-
anisms such as alternate folding, can express one of two
phenotypes: (i) replicases, which are molecules that can copy
other replicators, or (ii) templates, which can be copied by a repli-
case but do not act as replicases (figure 1). The replicase
phenotype can be considered to be cooperative, because it
reduces its own replication rate in order to increase the replica-
tion rate of others, and the template phenotype to be relatively
selfish. An individual maintains its phenotype of being either
a replicase or a template for life, such that any given individual
is either a replicase or a template.

We assume that when a replicator is copied, the new copy
(offspring) folds to become a replicase with probability x and
a template with probability 1 2 x . Mutations could cause
individuals to express the cooperative replicase phenotype
with higher or lower probability—creating more or less coop-
erative strategies. We are envisaging phenotypic variation

generated by alternate folding, but our model captures
other ways to generate variable phenotypes. Although a
trans-replicase capable of self-sustaining in a pre-biotic
world has yet to be identified, the development of simple
RNA molecules capable of template directed synthesis
suggest their plausibility [32–37].

Individual replicators have a baseline replication rate, or
fitness, of 1. A replicase experiences a replication rate reduced
by c, which can be considered the cost of helping or cooperat-
ing with templates. If replicases cannot replicate, then c ¼ 1.
The presence of replicases increase the replication rate of a
template by a factor of by , where y is the average proportion
of replicators which are replicases over the scale at which
replicators can interact (the social group). This increase in
the template replication rate can be considered the benefit
of the cooperative or helpful act. When there are a higher frac-
tion of replicases in the social group (y ), there is a greater
likelihood of any template being helped. Replicases do not
catalyse the replication of other replicases, and so do not
provide a benefit to replicases.

We can write the expected fitness of a focal individual (w)
as the summed fitness of its replicase (1 2 c) and template
(1 þ by ) offspring, multiplied by their relative frequency,
which is x and 1 2 x , respectively, giving

w(x ,y ) ¼ x (1# c)þ (1# x )(1þ by ): ð2:1Þ

We are considering an asexual population, and so ignor-
ing mutation, the strategy or phenotype of a replicator and
the copies (offspring) that it produces will be the same, x .
Consequently, equation (2.1) can also be conceptualized as
the sum of the likelihood that a replicator developed as a
replicase multiplied by its fitness in that scenario, and the
likelihood that a replicator developed as a template multi-
plied by its fitness in that scenario. More traditionally,
equation (2.1) is conceptualized as the average reproductive
value of the focal offspring [38].

–cb

independent
replication

catalysed
replication

folding

1 – x x

1 – c1 + b

template replicase

Figure 1. Life cycle for a trans-replicase. Individuals replicate and can express
one of two phenotypes (e.g. through alternative folding patterns). With prob-
ability x they become a replicase, otherwise, with probability 1 2 x, they
become a template. All individuals have a baseline replication rate of 1. Repli-
cases incur a cost, c, in terms of replication rate, and enzymatically increase
the replication rate of templates by a factor of b. Replicases replicate at a rate
of 1 2 c, and templates replicate at a rate of 1, unless they interact with a
replicase, in which case they replicate at rate 1 þ b.
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We seek the evolutionary stable strategy (ESS), x *, which
cannot be beaten by any other strategy [39]. Taylor [29] and
Frank [31] developed an approach for determining the ESS
in social models. Assuming selection is weak, candidate
ESSs occur where the derivative, with respect to deviations
in x (also known as the ‘inclusive fitness effect’) equals zero:

dw
dx
¼ @w
@x

dx
dx
þ @w
@y

dy
dx
¼ 0: ð2:2Þ

The dy/dx term is the slope of the regression of a random
partner’s phenotype on the focal individual’s, and can be
replaced with r [29], the standard coefficient of relatedness
[40–42]. Relatedness, r, is a measure of genetic similarity
between our focal individual and the other individuals on
the patch. In our model, r is the likelihood that our focal indi-
vidual shares the same gene at a given locus with another
individual on their patch, relative to a random member of
the population. Relatedness can arise for a number of reasons,
and r represents a summary of all details about the population
structure. This kind of approach has proved useful for linking
data with theory, because a simple model can then be applied
to a variety of different biological cases, where a positive
relatedness arises for different reasons [43–47].

Replacing dy/dx with r, we calculate the ESS (x*) to be

x & ¼ rb# c
b(1þ r)

: ð2:3Þ

From the above equation, we can see that increasing relat-
edness increases the ESS value of x . Our model is agnostic to
how relatedness between interacting individuals arises and
therefore captures a variety of ways through which related-
ness could be positive. One way to achieve higher r is
through limited diffusion, because this leads to identical
copies of the gene being more likely to find themselves
near each other [14]. Thus, our result captures previous
claims that limited diffusion would favour cooperation
between replicators. Equation (2.3) is analogous to the ESS
identified in Frank’s [30] paired suicide model, but with an
arbitrary cost of cooperation.

We found that cooperation evolves (x* . 0) when rb 2 c . 0,
which is the classic result known as Hamilton’s [14] rule.
Hamilton’s rule is a relatively general result stating that a coop-
erative trait will evolve if the cost, c, is outweighed by the benefit,
b, weighted by relatedness, r [48]. This analysis, therefore, con-
firms that we can think of kin selection as the reason limited
diffusion favours cooperation between replicators, in exactly
the same way as kin selection is usually applied to explain
cooperation in other taxa, such as bacteria and animals.

3. Population structure
(a) Island model
Our above model showed that high relatedness favours
cooperation, but left open the mechanism by which high relat-
edness is generated. One possibility is through limited diffusion
of offspring copies [14], as has been argued for a wide range of
organisms, including trans-replicases [12]. We test this idea by
explicitly modelling population structure in an infinite island
model. This is a standard approach to modelling population
structure in evolutionary biology and is slightly different
from a lattice model. In a lattice model we explicitly track

distance, such that individuals might be further or closer
apart. In an island model, we do not track distance, but instead
allow individuals to stay in one place or move arbitrarily far
away. The island model has been shown to give similar results
to more explicit lattice and stepping stone structures [49].

Our infinite population is now subdivided into an infinite
number of patches, or islands. For example, we can imagine
that groups of replicators are isolated in crevices, on separate
rocks, or even in droplets [4,50]. These patches have limited
resources (e.g. nucleotides), such that they contain N individ-
uals. Individual replicators interact within these patches, and
these interactions determine their fitnesses or the number of
offspring copies they produce.

Offspring are produced in a single generation, or round,
of replication, and offspring copies diffuse to a distant
patch with probability (1 2 s). Otherwise, with probability
s, they stay on the same patch. Offspring that remain compete
randomly among themselves and with new arrivees from
other patches for the N available spots, and those that do
not secure a spot die. Thus, an individual’s fitness determines
the chances that the next generation is made up of its off-
spring. Dispersers, similarly, compete on their new patch
with other dispersers and residents for the N spots on that
patch. ‘Dispersal’ and ‘diffusion’ are usually used in the kin
selection and replicator literature, respectively, to mean the
same thing ((1 2 s))—we use diffusion for replicators.

Biological models often assume that generations are dis-
crete. This means that when offspring copies are produced,
parent copies die, such that each new generation is made
up exclusively of offspring. This may not be realistic for
simple replicators. Thus, we allow some proportion, k, of
parent individuals to survive into the next generation. Survi-
vors maintain their spot on a patch (for example, because
they are bound to one of the free binding sites). As a result,
all offspring individuals are competing for the 1 2 k fraction
of free spots on a patch.

In some ways, the patches in our model are similar to cells, in
that they allow associations to build up between individuals.
However, they are distinct from cells in that offspring disperse
independently. The diffusion rate is fixed in this model, which
is justified if it is a function of an extrinsic factor (e.g. displace-
ment by movement of the surrounding water), or a non-
varying intrinsic factor (e.g. a chemical bond that is independent
of mutation). k is fixed for similar reasons.

An individual’s fitness now depends on whether it dif-
fuses (with probability (1 2 s)) or stays (s), because this will
determine the individual’s competitive arena. If an individual
disperses, its fitness is proportional to the population average
fitness, which we assume to be 1 (the population is neither
growing or shrinking). If it stays, its fitness is relative to the
average fitness on the patch. To determine the average fitness
on the patch, it will be necessary to take into account the
average phenotype of the whole patch, including the focal
individual, which is equal to (y (N 2 1) þ x )/N, but, which,
for simplicity we will denote Z. After diffusion, the num-
ber of individuals on a patch is equal to the number of
individuals produced on a patch that stay (with probabi-
lity s) plus the number of individuals arriving from
elsewhere ((1 2 s)N ). So the total number of offspring on a
patch after diffusion is

s[N þN(bZ(1# Z)# cZ)]þ (1# s)N

¼ N[1þ s(bZ(1# Z)# cZ)]: ð3:1Þ
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These offspring then compete for the available (1 2 k) frac-
tion of places on the patch. This allows us to write the
fitness of an individual in terms of whether it stays or dis-
perses, as a function of x and y (remember that Z is a
function of x and y ):

w(x , y ) ¼ (1# k)(1# s)(1# cx þ (1# x )by )

þ (1# k)s
1# cx þ (1# x )by

1þ s(bZ(1# Z)# cZ)
þ k:

ð3:2Þ

From this equation, we can use the Taylor–Frank approach
to calculate the equilibrium strategy. However, the resulting
equation is not analytically tractable. Instead, if we assume b
and c are small, we can write a first-order approximation of
this function that can be solved analytically. We also solved
the Taylor–Frank equilibrium equation determined from
equation (3.2) numerically, and found that relaxing the
assumption of small b and c does not change the results
(figures 2 and 3). The first-order approximation is

w(x , y ) ¼ (1# k)[1# cx þ (1# x )by # (bZ(1# Z)

# cZ)s2]þ k: ð3:3Þ

The fitness components in this equation have a simple
biological interpretation. The terms on the left (inside the

square brackets) capture the primary consequences of exhibit-
ing the cooperative behaviour, as in the simpler model
(equation (2.1)). Specifically, given an individual is coopera-
tive, it incurs a cost, c (2cx ) and given it is not cooperative,
it receives a benefit, b from cooperative partners ((1 2 x )by ).
The terms on the right capture how cooperation leads to an
increase in the local competition. Specifically, extra offspring
produced by the average of the trait (Z ) on the patch displace
the focal individual, given both the extra offspring and the
focal individual remain on the patch (with probability s2)
((bZ(1 2 Z ) 2 cZ)s2). This model is analogous to a haploid
asexual model of others-only cooperation like that found
in Taylor & Irwin [25]. As replicases cannot receive bene-
fits, we are modelling what has been called a negatively
synergistic game [51].

Using the Taylor–Frank approach, we can write the
inclusive fitness effect as

dw
dx
¼ [(1# k)(# c# by # s2(G))]þ r[(1# k)(b(1# x )

# s2(H))]: ð3:4Þ

The terms in the first set of square brackets are the direct
effects of cooperation and the terms in the second set capture
the indirect effects mediated through relatives. G ¼ 2 c/N þ
b(1 2 Z)/N 2 bZ/N and H ¼ (N 2 1)(c þ b(2Z 2 1))/N
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Figure 2. The condition for the evolution of cooperation when generations overlap (k, s . 0.) The y-axis shows the benefit to cost ratio of cooperation (b/c), and
the x-axis shows the staying rate (s). The region above the solid black line is where cooperation can evolve. Open blue circles show ESS values identified from
numerically solving the equilibrium determined from equation (3.2) in the main text. The benefit to cost ratio captures the degree to which a replicase can increase
the replication rate of a template, relative to the associated decrease in autocatalytic replication that results from acting as an enzyme. Cooperation is more likely to
be favoured by lower diffusion (increasing s); greater overlap in generations (increasing k) and smaller patch sizes (decreasing N ).
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capture the secondary effects of extra offspring that stay on
the natal patch, and are decreasing functions of Z. From
this, we can calculate the ESS to be

x & ¼ cN # bNrþ bs2 # cs2 # brs2 þ crs2 þ bNrs2 # cNrs2

b(#N #Nrþ 2s2 # 2rs2 þ 2Nrs2)
:

ð3:5Þ

This gives a solution in terms of relatedness (r) and diffu-
sion rate (1 2 s), but we expect r to depend on s. Limited
diffusion (increasing s) should increase relatedness (r).
Specifically, r is determined by the diffusion rate, the survival
rate, k and the patch size, N. We can calculate r in terms of
these parameter values, and plug this value for r back into
equation (3.5) (see appendix A for details). This closes the
model [23,26] to give the equilibrium value

x & ¼ 2bks# c(2ksþN(1þ k þ s# ks))
b(1þ k)N # bs(k(N # 4)#N)

: ð3:6Þ

(b) Discrete generations
First, we consider the specific case of discrete generations
(k ¼ 0), which is the simplest possible case. When generations
are discrete, we find that

x & ¼ # c
b
: ð3:7Þ

This equation shows that, in the case of discrete gener-
ations, diffusion has no effect on the ESS value of
cooperation—the parameter s is not in equation (3.3). Further-
more, that under limited diffusion, cooperation cannot evolve
(c and b are positive, and the direction of selection at x* ¼ 0 is
negative, making pure templates the stable boundary con-
dition). This result echoes the classic result by Taylor
[23,24], which showed that, while limited dispersal increases
relatedness, this effect is exactly offset by the corresponding
increase in local competition. This can be seen in our
equation (3.4), by the two ways in which s determines the

inclusive fitness effect of cooperation. Increasing s raises r,
and therefore increases the indirect benefits gained by coop-
erating. However, increasing s also leads to the losses owing
to H and G (extra offspring on the patch) being more heavily
weighted. In the case of k ¼ 0, these two effects exactly cancel.

(c) Overlapping generations
We now consider when there is some degree of overlapping
generations (k . 0). In this case, the condition for cooperation
to evolve becomes

2ksb# c(2ksþN(1þ k þ s# ks)) . 0: ð3:8Þ

If k and s are both greater than zero—that is, if there is
some degree of overlapping generations and limited diffu-
sion—cooperation can evolve. This is because increasing k
raises r, relatedness, and therefore increases the indirect
benefits of cooperation without increasing the competitive
effects of extra offspring (equation (3.4)). Consequently,
decreasing diffusion rate (1 2 s) and increasing survivorship
(k) tend to favour cooperation (figure 2). Increasing the
benefit of cooperation, b, and decreasing the cost of
cooperation, c, make it easier for cooperation to evolve.

Decreasing patch size (N ) makes it easier for cooperation
to evolve. This is because the larger the patch size, the lower
the average relatedness on a patch (equation (A 1)). One
caveat is that we assume, deterministically, that each patch
contains both templates and replicases. As N gets smaller,
stochastic variation in the patch composition make this less
likely to hold. In the extreme, if N ¼ 1, then the patch could
only contain a template or a replicase, but not both. Conse-
quently, replicases would be paying the cost of cooperation,
when there are no templates to gain the benefit. This stochas-
tic effect would be reduced or removed if cooperation is
conditional upon being in a patch where there are templates.
An analogous problem of stochasticity in small patch
sizes has been considered with sex allocation in structured
populations (local mate competition) [45].
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Figure 3. Possible ESS values determined numerically. The figure shows the results from numerically solving the equilibrium determined from equation (3.2) in the
main text. (a) Discrete generations (k¼ 0, N ¼ 20). Blue dots indicate candidate ESSs for different parameter values. If (b,c) are both positive, there are no possible
ESS values and so cooperation cannot evolve. (b) The case of overlapping generations (k¼ 0.9, N ¼ 20). Now, in the region where (b) and (c) are both positive,
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analytical (solid line) solutions for small b,c. k¼ 0.9, N ¼ 5, b ¼ 0.5, c ¼ 0.01.
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In our above model, we assumed that survivors maintain
their spot on a patch. This is reasonable if, for example, once
a replicator finds a binding site it remains there until death.
Alternatively, we might allow survivors to remain on the
patch but to compete equally with offspring for a place. This
would be reasonable if, for example, offspring can ‘bump’
adults from a patch. A third possibility is that survivors can
disperse along with offspring, and compete globally—this
might occur if during each replication event replicators are dis-
lodged from their binding site. We show in appendix A that
neither allowing for survivors to compete for sites nor allowing
survivors to disperse qualitatively alters the results, although
both changes make cooperation more difficult to evolve.

4. Discussion
We have used the analytical tools of social evolution theory to
model a simple replicating molecule scenario: transact-
ing replicases. We have shown that cooperation between
replicators can be understood as evolving via the process of
kin selection through limited diffusion. However, we have
also shown that limited diffusion on its own does not
favour cooperation (equation (3.7)). Instead, an additional
life-history detail of simple replicators is needed—that of
overlapping generations (figure 2).

Our social evolution model illustrates two points about
replicators. First, we can view limited diffusion as favouring
cooperation in simple replicators via kin selection. Conse-
quently, the factor favouring cooperation in trans-replicases:
(i) links to a large existing theoretical literature [14,21–23],
and (ii) is the same factor that has been previously shown
to favour cooperation in a range of organisms including birds,
mammals, insects and microbes [15–20,52,53]. By clarifying
these links across taxa, we can simplify our understanding
of life, rather than having to provide different explanations
for different cases. We are not saying cooperation in replica-
tors has to be conceptualized via kin selection, just that it
can be useful to do so.

Second, both limited diffusion and overlapping gener-
ations are required to favour cooperation. Limited diffusion
leads to a build-up of relatedness, which favours cooperation
[14]. But at the same time, limited diffusion leads to increased
competition between relatives, which disfavours cooperation
[23,31,54]. Overall, in the simplest possible scenario, these
two effects exactly cancel (equation (3.7)). However, we
found that the addition of overlapping generations allows
limited diffusion to favour cooperation (figure 2). When gen-
erations overlap, this increases relatedness within patches,
but without increasing competition between relatives,
because offspring still diffuse to the same extent [25]. Specifi-
cally, increasing overlap (k) raises relatedness ((r), and
therefore increases the indirect benefits of cooperation with-
out increasing the competitive effects of extra offspring
(equation (3.4)). Consequently, when there is both limited dif-
fusion and overlapping generations, the build-up of
relatedness outweighs the increased competition between
relatives, such that cooperation is favoured (figure 2).

There are many ways to model social behaviours. One
decision is whether to assume discrete strategies, such as ‘coop-
erators’ and ‘cheats’, or to allow for continuous strategies,
ranging, for example, from completely selfish to completely
cooperative [29,39,55]. The assumption of continuous strategies

is clearly valid for animals, where traits are determined by mul-
tiple genes, but simple replicators might only have a limited
number of strategies open to them by mutation. Another decision
is whether to develop explicit simulations or analytical models.
Simulations allow greater detail to be incorporated, which can
be especially useful when considering specific systems or species.
By contrast, the analytical approach usually used in kin selection
models tends to be more streamlined, sacrificing details and pre-
cision for clarity and generality [29,31]. Further, the kin selection
approach offers a heuristic which non-mathematicians can apply
across a range of organisms [45,47]. Rather pleasingly, in the
replicator scenario examined here, the different approaches
make the same qualitative prediction [12].

The route from independent replicators to the first gen-
omes probably involved two kinds of cooperation. Early
cooperation could have been between genetic relatives, or
replicators of the same type. However, early genomes were
probably too simple to copy themselves accurately, and yet
inaccurate replication prevented genomes from getting large
enough to improve their accuracy [1]. In order for the
genome to overcome this ‘error threshold in replication’, it
is probable that different types of replicators needed to coop-
eratively copy each other. Individual replicators could remain
small enough to be copied accurately, but the collection of
replicators could become large enough to produce the kind
of enzyme machinery needed for accuracy [2]. We have mod-
elled the first kind of cooperation—between replicators of the
same ‘type’—and have shown that this can be understood as
evolving via kin selection [28]. Cooperation between different
types, however, would have required some factor to align the
interests of unrelated replicators.

To conclude, although we have phrased our model in
terms of a specific replicator system, the trans-replicase, we
expect our predictions to hold more generally for other
types of replicators. We do not yet know the actual biology
of the earliest life forms. But, while many higher organisms
may adopt a system of discrete generations, we would
expect overlapping generations to be a feature of all simple
replicators. Our results, then, would apply to various poss-
ible routes through which simple replicators could come
together to cooperate.
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Appendix A

(a) Writing relatedness in terms of model parameters
We start by determining the relatedness, at equilibrium, of a
focal individual to a random member of its patch, drawn
with replacement. This is known as whole-group relatedness
(denoted by R), because it includes the focal individual, in
contrast with others-only relatedness, which does not include
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the focal individual [42]. Note that in our model, we are deal-
ing with r, others-only relatedness, because y is the average of
the individuals on the patch, excluding the focal individual.
We can write R (whole-group relatedness), the relatedness
between two individuals drawn randomly from a patch
with replacement, as the probability that those two individ-
uals are the same individual (1/N ), and thus have
relatedness 1, plus the probability that those two individuals
are not the same ((N 2 1)/N ), and thus have the relatedness
of two random individuals drawn without replacement, or
others-only relatedness, r:

R ¼ 1
N
þN # 1

N
r: ðA 1Þ

Now we take two individuals (without replacement) on
the same patch with relatedness r, and determine the related-
ness of their representatives in the previous generation. With
chance k2 they are both survivors from the previous gener-
ation, in which case their relatedness is the same (r). With
chance 2k(1 2 k) one is a survivor and the other is a new off-
spring, which is native with probability s, in which case their
relatedness is R. Else, with chance (1 2 k)2 they are both new
offspring, are both native with probability s2, and thus have
relatedness R. We can write others-only relatedness between
two individuals in the current generation as equal to

rt ¼ k2rt#1 þ 2k(1# k)sRt#1 þ (1# k)2s2Rt#1: ðA 2Þ

Here rt is relatedness in the current generation, or time
step, and rt21 and Rt21 are others-only and whole-group rela-
tednesses, respectively, in the previous one. Setting rt ¼ rt21

we find the equilibrium others-only relatedness. Plugging
into equation (A 1), we find the equilibrium value of whole-
group relatedness, R*, to be

R& ¼ 1þ k
nþ knþ 2ks# 2knsþ s2 # ks2 # ns2 þ kns2 : ðA 3Þ

This equation for relatedness was identified by Taylor &
Irwin [25]. However, here we are modelling an others only-
trait, and thus require others-only relatedness, r. RN gives
us the number of relatives on our patch. Subtracting the
focal individual, and dividing by the total number of remain-
ing individuals (N 2 1), gives us r*:

r& ¼ n(1þ k)=((1þ k)n# (n# 1)(2k þ s# ks)s)# 1
n# 1

: ðA 4Þ

Plugging into equation (3.5) gives us equation (3.6).

(b) Allowing survivors to remain and compete for patch
sites or disperse globally

Our original model assumed that surviving parents main-
tained their places on a patch, meaning offspring competed
for the remaining 1 2 k fraction of available sites. Here we
relax this assumption. First, we allow survivors to remain
on their patch, but compete equally with offspring for avail-
able sites. Using the relatedness recursion in equation (A 2),
we calculate the ESS (assuming small b and c) to be

x&¼ (c(#1þk)(1þk)2n#k(1þk)((b#c)(#1þ2k)þ3c(#1þk)n)s

þ(#1þk)((b#c)k(1þ3k)þc(#1þ3k2)n)s2#(#1þk)2

k(bþc(#1þn))s3)

,
(b((#1þk)n(#1þk(#1þs))

(#1þk(#1þs)#s)(#1þs)#2ks(#1þk(1þ2k)þsþ(2#3k)

ksþ(#1þk)2s2))): ðA5Þ

Next, we allow survivors to disperse along with offspring.
This requires a new relatedness recursion, which we write as

rt ¼ k2s2rt#1 þ 2k(1# k)s2Rt#1 þ (1# k)2s2Rt#1: ðA 6Þ

We now determine the ESS to be

(#c(#1þk)n#c(#1þk)knsþ((#bþc)k(#1þ(#1þk)k)

þc(#1þk2)n)s2þ(#1þk)k(b#bk2þc(#1þk2þn))s3

þk((b#c)(1þ(#2þk)k(1þk))#c(#1þk)n)s4)
,

(b((#1þk)n(#1þk(#1þs)s)(#1þs2)

þ2ks2(1þk#k2#(#1þk)2(1þk)sþ(1þ(#2þk)k(1þk))s2))):

ðA7Þ

If k ¼ 0 (discrete generations), both equations (A 5) and (A 7)
revert to equation (3.7) in the text, and cooperation cannot
evolve. However, given some degree of overlapping genera-
tions and limited diffusion, cooperation can evolve, although
the condition is now more stringent.
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Abstract: Various steps in the RNA world required cooperation. Why did life’s first inhabitants,
from polymerases to synthetases, cooperate? We develop kin selection models of the RNA world to
answer these questions. We develop a very simple model of RNA cooperation and then elaborate it
to model three relevant issues in RNA biology: (1) whether cooperative RNAs receive the benefits of
cooperation; (2) the scale of competition in RNA populations; and (3) explicit replicator diffusion and
survival. We show: (1) that RNAs are likely to express partial cooperation; (2) that RNAs will need
mechanisms for overcoming local competition; and (3) in a specific example of RNA cooperation,
persistence after replication and offspring diffusion allow for cooperation to overcome competition.
More generally, we show how kin selection can unify previously disparate answers to the question of
RNA world cooperation.

Keywords: RNA cooperation; kin selection; RNA world; Hamilton’s rule; limited diffusion;
origin of the genome; scale of competition; modelling the origin of life

1. Introduction

Life very likely began as simple replicating RNA molecules [1–3]. These first replicators were
capable of little more than making copies of themselves. However, the last universal common ancestor
already contained a complex genome, wrapped inside a cell, capable of varied metabolic and replicative
tasks. Replicators in the RNA world then had many obstacles to overcome. Molecules had to
successfully copy themselves and each other. Different kinds of ribozymes, such as polymerases and
synthetases, had to evolve and stably persist. Independent replicators had to come together to form the
first genomes. Each of these steps involved various biochemical hurdles, and most of these biochemical
puzzles remain largely unsolved.

However, in addition to posing biochemical problems, many of the key steps in the evolution
of the RNA world are also problems of cooperation [4–7]. For example, in various plausible RNA
world scenarios, molecules act as enzymes to increase the replication rate of other molecules (Figure 1).
This can be considered a cooperative trait, because by acting as enzymes, these molecules reduce their
own replication rate to help copy others. A selfish mutant that receives the benefits of the enzymatic
activity of others, but does not act as an enzyme itself, would have higher fitness. Consequently,
all else being equal, we expect selfish molecules to outcompete cooperative ones. The problem is
simple: Why would a replicating molecule help copy others instead of selfishly copying itself as fast as
it could? Similar problems arise in synthestases cooperatively producing nucleotides and independent
replicators coming together to form the first genomes. Each of these issues is a different problem of
cooperation in the RNA world, and a number of explanations have been put forward to resolve these
problems, including limited diffusion, primitive cells, and spiral waves [5,6,8–17].

Life 2017, 7, 53; doi:10.3390/life7040053 www.mdpi.com/journal/life22
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Benefit to others

Time = t t+1 eventually

SOB!

XPSME

Figure 1. The problem of cooperation in the RNA world. A cooperator (black squiggle) provides a
benefit to other individuals (grey squiggle), increasing their relative replicative success at a cost to their
own relative success. Over time, all else being equal, individuals that do not incur this cost but receive
the benefits have higher replicative success, or fitness, and become better represented in the population.
How, then, does cooperation evolve?

The links between these different suggested solutions for the problem of cooperation in the RNA
world are not clear. Are they different explanations, or can we, instead, identify an overarching
framework that links them all? It is useful here to make a comparison of the literature on the evolution
of cooperation in higher organisms, ranging from animals to bacteria. Over the last 50+ years, work in
this area of ‘social evolution’ has produced relatively unified theoretical and empirical literature that
can explain cooperation across the tree of life [18–20]. One theory that could be especially relevant to
the RNA world is kin selection [6,9,17]. Hamilton showed that cooperation can be explained if it is
directed towards relatives [21]. Natural selection favours genes that are better able to get copies of
themselves into the next generation. Hamilton’s kin selection theory highlights that a gene can get a
copy of itself into the next generation by either increasing the replication of the individual it is in, or by
increasing the replication of other individuals that carry copies of that gene.

Kin selection requires that cooperation be directed towards relatives. While this can involve
mechanisms to discriminate kin from non-kin, it can also work via limited dispersal keeping relatives
together. For example, when bacteria grow clonally, a cell will be tend to be surrounded by genetically
identical cells, facilitating cooperation. This could potentially be important in the RNA world if
limited diffusion keeps copies of the same molecule together (Figure 2). Indeed, several of the models
developed to explain cooperation in the RNA world appear similar to previously developed kin
selection models. If cooperation in the RNA world can be explained by kin selection, then this would
simplify our picture of the world, unifying existing RNA models and showing how the same process
can drive biochemical and organism level evolution.

Our aim is to test the utility of using existing kin selection methodologies to explain cooperation
in the RNA world. We use a game theory approach to determine under what conditions cooperation
would be evolutionarily stable, and hence be favoured by natural selection. This approach is
deliberately simple, abstracting away biological details, to focus on key parameters that are likely to
be important across different systems. We start with the simplest possible model, and then elaborate
by adding in details that could have been important in the RNA world. Our more specific questions
are: (1) Why would cooperation have been favoured in the RNA world? (2) How will different RNA
biochemistries influence the evolution of cooperation? (3) Can we gain anything from applying the kin
selection approach to the RNA world?
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High diffusion

Low  
relatedness

Selection favours 
selfishness 

Limited diffusion

High  
relatedness

Selection favours 
cooperation 

Figure 2. Limited diffusion in the RNA world. Cooperative RNAs are depicted as black squiggles,
and selfish ones as grey squiggles. High diffusion leads to a well mixed population (low relatedness),
which favours the evolution of selfishness. Limited diffusion leads to high relatedness. Cooperators are
more likely to encounter other cooperators, and selfish individuals are unlikely to encounter cooperative
ones to exploit. Selection favours cooperation.

2. Results

2.1. A Simple Model of RNA Cooperation

We start by developing a simple model of cooperation in RNA molecules using standard kin
selection techniques [22]. We deliberately avoid tying the model to a specific RNA system, keeping it
general to capture a broad range of possible systems. A similar approach has recently been taken with
viruses [23]. We imagine that RNA molecules have some potentially cooperative trait that benefits the
other RNA molecules with whom they are interacting (social partners). For example, an RNA replicator
might act as a cooperative enzyme, increasing the replication rate of the local replicators. However, at
the same time, this cooperation comes at a cost to the individual performing the cooperation, reducing
their replication rate. For example, a cost could arise because acting as an enzyme reduces the amount
of time a molecule is available in template form for other molecules [16,24]. Consequently, there is a
trade-off here, with cooperation benefiting the group, but being costly to the individual.

In this case, the replication rate, or fitness, of an RNA molecule will be a function of its own level
of cooperation (the individual cost) and the local level of cooperation amongst the RNA molecules
it is interacting with (the group benefit). We assume that the focal RNA molecule has phenotype
x and that the average phenotype of the social partners it is interacting with is y. The phenotype
could represent the likelihood (bounded between zero and 1) or amount (unbounded) of cooperation.
For example, x could be the probability, between 0 and 1, of becoming a cooperative enzyme. A simple
way to model the costs and benefits of cooperation is to assume that our focal RNA molecule has a
baseline replication rate of Wb, which will be reduced by some function depending upon its own level
of cooperation (C), and increased by some function of the level of cooperation in the local group of
RNA molecules (B). The replication rate, w, can then be expressed as:

w(x, y) = Wb − C(x) + B(y). (1)

24
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We can think of C as the cost of the cooperative trait and B as the benefit of the trait. Equation (1)
is analogous to other models that have looked at cooperation both generally and in specific systems
such as microbes [22,25–29]. We now ask what strategy would be favoured by natural selection.
More formally, we seek the evolutionarily stable strategy (ESS) [30]. An ESS is a strategy (x∗) for which,
if all individuals in the population express it, no rare mutant variant will have a higher replication
rate (Figure 3). The ESS approach focuses on phenotypes, and assumes that, within a range set by the
modeller, all phenotypes are possible. For example, the likelihood that an RNA molecule cooperates
could be between 0 and 1. Another way of thinking about this is that the ESS approach looks at which
direction evolution would proceed by looking for the unbeatable strategy.

Fi
tn

es
s 

(w
)

Phenotype (x)

ESS, dw/dg = 0

x*

Figure 3. Visual representation of the evolutionarily stable strategy (ESS) approach. Taylor and Frank
(1996) developed an approach for identifying ESSs. An equation for fitness (y-axis) as a function of
phenotype (x-axis) is either derived or assumed. Natural selection will move populations towards
fitness peaks. At a fitness optimum, small phenotypic variations in either direction will have lower
fitness, and therefore the population will remain the same. The ESS is the phenotype (x∗) where this
occurs, and for a continuously differential fitness function, this happens at dw/dx = 0. We expect
organisms to express ESSs as a result of natural selection over time.

Candidate ESSs occur where fitness is maximized. Taylor and Frank (1996) showed that, assuming
weak selection, this happens when the derivative of fitness with respect to genotype is zero [31]:

dw
dg

=
∂w
∂x

+ R
∂w
∂y

= 0. (2)

R is genetic relatedness, which is a measure of genetic similarity [21,32,33]. What does
relatedness mean in the context of RNA replicators? In general, relatedness captures the likelihood
that two individuals share genes, and therefore it measures an individual’s vested interest (in an
evolutionary sense) in others. Genetic similarity between partners can come about a number of ways.
Thus, R is a very general parameter which captures all processes that generate genotypic associations
between individuals.

In the case of RNAs, this association could come about, for example, through limited diffusion of
offspring copies. Limited diffusion leads to identical copies finding themselves near each other, meaning R
is high. Consequently, a focal molecule’s genetic sequence can become better represented in the population
either by copying itself or its neighbours, which are likely to be identical. In the RNA world, relatedness
usually measured the proportion of interactants that had an identical sequence, but relatedness was able
to arise from any heritable correlation in RNA traits. As an example, in the simplest case of a social
group containing τ individuals with identical phenotypes and π with different phenotypes, R = τ

τ + π

(for τ individuals). This simple measure of relatedness allows us to capture many different possible
configurations of genotypes and phenotypes in a single parameter, vastly simplifying our analysis. In this
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model R is equal to dy
dx , and relatedness is a measure of phenotypic correlation—the more closely related

you are to individuals, the more similar your phenotypes will be.
Solving Equation (2) for x = y = x∗ (a monomorphic population) gives the value of the

ESS, x∗. The condition for cooperation to evolve is x∗ > 0 (because x = 0 would be no cooperation).
For Equation (1), assuming baseline fitness is 1, cooperation evolves when

RB′ − C′ > 0, (3)

where B′ = ∂w
∂y is the benefit of cooperation, C′ = ∂w

∂x is the cost of cooperating, and R is relatedness.
Equation (3) tells us that RNA cooperation will be favoured if the marginal cost of cooperation is

smaller than the marginal benefit of cooperation, weighted by relatedness between social partners.
Thus, Equation (3) captures previous results that cooperation can be favoured by limited diffusion,
spiral waves, or primitive cells. Limited diffusion and spiral waves lead to identical copies finding
themselves near each other, which generates high R [7,17]. Primitive cells generate high R by keeping
identical individuals together from one generation to the next [9].

Equation (3) also illustrates how we can think about cooperation in RNA molecules as being
favoured by kin selection. If there is a high likelihood that molecules will interact with identical
molecules (high R), then cooperation will more readily evolve. Specifically, Equation (3) is a classic
result known as Hamilton’s (1964) rule, which has been used to explain cooperation across the tree of
life [21,28,32]. In particular, a role for limited dispersal in generating a positive relatedness, and hence
favouring cooperation by kin selection, has been demonstrated in a range of organisms, including
bacteria, slime moulds, insects, birds and mammals [34–42].

2.2. Different Types of RNA Cooperation

In the above section, we were deliberately vague about the functions B and C, to keep them general.
We did this so that the model would capture a wide range of potentially cooperative traits in the
RNA world. However, different types of RNA molecules will engage in different types of cooperation,
and it can be useful to consider these more explicitly. One issue is that sometimes cooperators can also
be recipients of the benefits of cooperation and other times they are not. For example, a cooperative
polymerase might replicate a nucleotide synthetase, leading to more nucleotides in the environment,
which will benefit the focal polymerase as well as all those around it. Alternatively, by acting as a
replicase to increase the replication rate of others, a replicator might no longer be able to be copied itself,
such that it receives none of the benefits of cooperation. Do these different forms of cooperation lead
to different evolutionarily stable strategies? Does cooperation evolve to the same degree regardless of
the form it takes?

We can answer these questions by extending the previous model to explicitly model the nature
of the cooperative trait. We again imagine an RNA replicator can express some cooperative traits,
like acting as an enzyme to increase the replication rate of others, at a cost to itself. We use the term
‘cooperative’ in line with other work in the field, but since in this case replicators incur a lifetime fitness
cost to provide a benefit to others, this is ‘altruism’ in the strict sense [43]. An individual’s strategy
relates to the proportion of its offspring copies that express the cooperative phenotype. For example,
alternate folding patterns would allow different copies to express different phenotypes. A more
cooperative strategy would be one where a higher proportion of offspring acts as cooperative enzymes.

Baseline fitness is assumed to be 1. We take 0 ≤ x ≤ 1 to be the proportion of a focal individual’s
offspring copies that cooperates. For example, if x = 1, all the copies of an offspring act as cooperative
enzymes (complete cooperation). If x = 0, none of its offspring cooperate (complete selfishness).
Values between 0 and 1 are considered partial cooperation. b and 0 ≤ c ≤ 1 are the benefits and
costs, respectively, of cooperating (where here, for simplicity, we have substituted concrete effects on
replication rate for the functions in Equation (1)). For example, if an individual becomes an enzyme
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that helps replicate others, it loses c from its baseline replication rate, but increases the replication rate
of others around it by a factor b.

To distinguish between different forms of cooperation, we incorporate a new parameter, 0 ≤ β ≤ 1.
β measures the degree to which, given a molecule is cooperative, it can still receive the benefits of
cooperation (by). For example, if folding to act as an enzyme prevented a cooperator from being
replicated by other enzymes, this would be represented by β ' 0. Or if the cooperator mined some
public good, like nucleotides, which benefits the group, this would lead to β ' 1, as the cooperator can
receive the benefits of other molecules mining nucleotides (Figure 4).

Nucleotide  
synthetases

Polymerases

Cooperators can receive benefits (ß>0) Cooperators cannot receive benefits (ß=0)

Replicase

Template

Benefit to others only

Benefit others  
and self

Benefit others 
and self

(a) (b)

Figure 4. An illustration of the different types of cooperation in the RNA world. (a) Nucleotide
synthetases (light grey cuboids) make nucleotides which benefit themselves, other nucleotides,
and polymerases (dark grey spheroids). β is relatively high, because being a cooperator does not
limit a synthetase’s ability to benefit from cooperation. Similarly, polymerases can copy nucleotides
and other polymerases, and they receive benefits both by making more synthetases (which leads to
more nucleotides) and by being copied by other polymerases. (b) A cooperative replicase can copy a
template, but cannot be copied by other replicases. Thus, β = 0, because being a cooperator prevents
one from receiving any benefits from cooperation.

An individual’s fitness will be the sum of the replication rates of the fraction x of its offspring
which act as cooperators and the fraction (1− x) that is selfish:

w(x, y) = x(1− c + βby) + (1− x)(1 + by). (4)

Offspring copies that do not act as cooperators have, on average, a 1 + by relative replication rate.
Offspring that act as cooperators have a 1− c + βby replication rate, where β measures the degree to
which cooperators receive benefits. The Taylor–Frank method shows that the direction of selection is
given by

dw
dg

= 1− c + βbx− 1− bx + R(βbx + (1− x)b). (5)

First, we consider the extreme case where being a cooperator has no effect on an RNA’s ability
to receive benefits, or β = 1. In game theoretic terms this is equivalent to an additive game. This fits
the scenario, for example, in which a molecule can ‘mine’ nucleotides from the environment, which
benefits all individuals in the group, including the cooperator. In this case, Equation (5) reverts to
Equation (3), and cooperation will evolve when

Rb− c > 0, (6)

which again represents a simplified form of Hamilton’s rule. Otherwise, if β > 0, candidate ESSs are
given by

27



Life 2017, 7, 53 7 of 16

x∗ =
Rb− c

b(1 + R)− βb(1 + R)
. (7)

Here and for all subsequent analyses we assume that x∗ is bounded between 0 and 1 (checking
that the boundaries are stable when this is not true). Equation (7) is a general result for a negatively
synergistic game played by RNA molecules in which being a cooperator reduces a replicator’s ability
to be a recipient of cooperation. We find that:

1. Regardless of whether cooperative RNAs receive benefits (the value of β), the condition for
cooperation to evolve (x∗ > 0) is Rb− c > 0. This tells us that the degree to which cooperators
receive benefits has no effect on whether cooperation will evolve, although it impacts on the degree
of cooperation. Regardless, higher benefits and relatedness and lower costs are favourable for
RNA cooperation, confirming the more general model in the previous section.

2. In the extreme case in which cooperative RNAs receive no benefits (β = 0), the ESS value
of cooperation is capped at 0.5, and only partial cooperation can evolve, because complete
cooperation would mean that there were no individuals available to receive benefits. This applies,
for example, in some RNA trans-replicases, in which becoming a replicase enzyme prevents
individuals from being replicated by other replicases [16,44]. This result is analogous to the result
obtained in Frank’s (1997) model of paired sibling suicide in animals [45]. This suggests that the
evolution of the cooperative enzyme that cannot receive benefits (as in [16,24,44]) is analogous to
the evolution of sterility in higher organisms.

More generally, β determines the degree to which complete cooperation can evolve in RNAs
(Figure 5), and provides a parameter that applies across forms of cooperation in the RNA world.
Because RNA molecules are so simple, and phenotypes will often be expressed through folding
patterns, we expect low β to be common in the RNA world. Therefore, we expect complete cooperation
to be rare amongst RNAs.

Figure 5. Do cooperators receive the benefits of cooperation? The y-axis shows the ESS level of
cooperation (x∗), plotted against relatedness (R). The three lines represent three different values of β,
which measures the degree to which cooperators receive benefits. When β is high, cooperators are
equally as likely to receive the benefits of cooperative acts as non-cooperators. When β is low, acting as
a cooperative RNA limits or prevents a molecule from receiving the benefits of cooperation. When β

is low, only partial (x∗ << 1) cooperation can evolve. For all values of β, increasing relatedness (R)
increases the ESS value of cooperation. For all lines b = 0.8, c = 0.1.

2.3. Cooperation and Competition in RNA World

We have shown above that positive genetic relatedness can help favour cooperation (Equations (3),
(6), and (7)). However, we have implicitly assumed that relatives can be together for cooperative
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interactions without also competing with each other. This might not always be the case. RNA molecules
may compete for resources, like nucleotides or binding sites on a surface. Whether or not this selects
against cooperation can depend on biochemical details.

For example, limited diffusion of molecules (e.g., in [13,16,46]) leads to relatives being near each
other (high relatedness). However, it also leads to the individuals with which a replicator competes
also being relatives. In that case, competition is relatively local, as the extra individuals produced
by competition impact the local group. Alternatively, replicators might act locally to increase each
other’s replicative rates, but disperse in a vesicle to compete globally. For example, abiotic protocells
formed from amphilic molecules could divide by shearing and combine with each other [47]. In this
case, the extra copies produced by cooperation displace individuals at a global level. Exactly how do
relatedness and competition interact and impact cooperation?

We can answer this question by extending the previous model (Equations (4)), taking the case of
β = 0 for simplicity) to incorporate competition, with a new parameter, 0 ≤ a ≤ 1. a measures the
scale of competition, with a proportion a of competition occurring in the local social group, and the
remaining 1− a occurring globally [22,34,48]. For example, if a = 0, all competition occurs at the
population level, with each individual competing equally with every other individual. If a = 1,
all competition occurs within the local social group—extra offspring produced only displace local
individuals. Because we are now distinguishing between local and global competition, we must
distinguish between the average phenotype of the social group (y) and the average phenotype of the
population (ȳ):

w(x, y, ȳ) =
f

aF + (1− a)F

=
x(1− c) + (1− x)(1 + by)

a(y(1− c) + (1− y)(1 + by)) + (1− a)(ȳ(1− c) + (1− ȳ)(1 + bȳ))
.

(8)

The term in the numerator is a focal replicator’s fitness ( f ), which is a relative denominator
that measures the average fitness the focal individual competes against. The denominator is composed of
the local (F) and global (F) average fitnesses, where the relative importance of each is determined by a.

The fitness function in Equations (8) is analogous to Takeuchi et al.’s model of the origin
of genome-like molecules, which looked at the evolution of template-like, selfish molecules,
and protein-like cooperative molecules from a single starting point (though we only capture the
evolutionary, not ecological aspects of their model) [24]. In their model, replicators that act as
cooperative catalysts (protein-like molecules) cannot also act as templates (DNA-like molecules)
β = 0, and mutations vary the probability with which a replicator acts as one or the other.

The Taylor–Frank method gives the ESS to be

x∗ =
Rb− c− a(Rb− Rc)

b(1 + R)− a2Rb
. (9)

Equation (9) tells us that:

1. When competition is completely global (a = 0), the ESS reverts to the that identified in the
previous model (Equation (7), β = 0), and the condition for cooperation to evolve is simply
Rb− c > 0. This confirms our previous results, and is a qualitatively similar result to that found
by Takeuchi et al., as in their model competition is relatively global and replicators cooperate
about half the time (Equation (7), [24]).

2. As competition becomes more local (a increases), the condition for cooperation to evolve becomes
more stringent. When competition (a) is high, the competitive effects of the extra offspring
copies produced by, e.g., cooperative enzyme activity, are experienced locally. This means that in
addition to benefiting from cooperation, relatives suffer increased competition from cooperation,
making it harder for cooperation to evolve (Figure 6).
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3. When competition is completely local (a = 1), x∗ = − c
b . Since the costs and benefits are both

positive, cooperation cannot evolve.

We expect many RNA biologies to lead to local competition. This is because most RNA population
structures that have been described involve simple diffusion, which does not afford many opportunities
for exporting the benefits of cooperation globally. If this is the case, we should be on the lookout for
either: (1) different forms of RNA dispersal, other than simple limited diffusion, which could decrease
local competition; or (2) other features of RNA biology that might achieve the same effect. We provide
an example of the latter in the next section.

The above analysis also links RNA world with the wider literature on the influence of local
competition. Previous work on bacteria and insects has demonstrated how local competition can
reduce selection for cooperation [39,49,50]. Furthermore, local competition can also select for harmful
or spiteful traits that reduce the fitness of competitors [48,51–53]. We might expect to find such traits
in the RNA world.

R e l at ed n e s s (R) 

RNA 
World

Figure 6. The scale of competition in the RNA world. The y-axis shows the ESS, x∗, derived from the
model in the text for different parameter values. The x-axis is relatedness (R). The three lines represent
three different values of a, the scale of competition. When a is low, competition is relatively global.
When it is high, competition is relatively local. Increasing a reduces the ESS value of cooperation.
For all values of a, increasing relatedness favours cooperation. For all lines b = 0.8, c = 0.1.

2.4. Explicit Population Structure: Closing the Model

In our analysis above we implicitly assumed that R is independent from the other model
parameters. In reality this is unlikely to be the case. For example, limited diffusion leads to both local
competition and higher relatedness, and so a and r should be positively correlated [34,35,54,55].

We can allow for this by modelling an explicit RNA life history, the parameters of which can
then be used to calculate an estimate of relatedness in system. Incorporating specific life history
parameters and using them to calculate relatedness in the model is called ‘closing the model’. This is an
alternative to our previous models, which assumed independence between R and model parameters
(‘open’ models) [54,56]. We develop an explicit population structure model known as an infinite
island model. In an island model, an infinite population is subdivided into patches, or groups of
individuals, of size N. Island models are standard in evolutionary biology, but distinct from the lattice
approach often used in RNA models, in that we do not explicitly track distance. While this island
model approach is taken for analytical tractability, it has been shown to give qualitatively similar
results to explicit lattice structures [57].

We extend the model of cooperation in Equation (5) by explicitly incorporating two life history
parameters: offspring diffusion and parent survival. We expect both parameters to impact relatedness
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and competition. Offspring remaining nearby, and parents remaining between generations both
increase relatedness, but to different degrees, also impacting the scale of competition. An explicit
model can determine the full impact of each of these factors.

We assume parent RNA molecules produce offspring copies, and then a proportion of parents,
k, survives into the next generation, and the remaining 1− k fraction of parents dies. After reproduction,
a proportion, d, of offspring copies diffuses elsewhere, while the other 1− d fractions remain locally.
An individual’s fitness can now be decomposed into the probability it survives and has fitness 1, or dies,
and therefore its fitness is a function of whether its offspring diffuse or remain. If offspring diffuse they
compete globally, and if they remain they compete locally, against the patch average fitness. We can
write fitness as a function of the focal individual’s phenotype, x, the average phenotype of the other
individuals on the patch, y, and as the whole-group average (including the focal individual), Z ( y(N − 1) + x

N )
(see Supplementary Materials for derivation):

w(x, y, Z) = (1− k)(d)(x(1− c + by) + (1− x)(1 + by))+

(1− d)
x(1− c + by) + (1− x)(1 + by)

1 + (1− d)(bZ(1− Z)− cZ)
+ k.

(10)

Note that the RNA system captured by the fitness function in Equation (10) is analogous to Shay
et al.’s model of trans-replicases, in which two complementary strands of a trans-replicase can act as
(selfish) templates or (cooperative) replicases, which increase the replication rate of templates [16,17].
We do not explicitly track the different phenotypes of the complements, instead looking at the overall
probability a replicator is a cooperator (e.g., replicase) or selfish (e.g., template), and looking at the
evolution of this probability.

In the Supplementary Materials, we use the Taylor–Frank method to identify the ESS in terms
of the model parameters and R. We then calculate an estimate of the equilibrium value of R in terms
of the model parameters by writing a recursion for how population parameters change R from one
generation to the next. Once the equilibrium value of R is determined, we substitute back in for R to
get an ESS of

x∗ =
2bk(1− d)− c(2k(1− d) + N(2 + k− d− k(1− d)))

b(1 + k)N − b(1− d)(k(N − 4)− N)
. (11)

Equation (11) is a result we previously attained in a model of RNA trans-replicases [17]. It tells
us that:

1. Cooperation is favoured by higher parent survival (larger k), limited diffusion (lower d),
and smaller local group size (smaller N).

2. Both parent survival (k > 0) and limited diffusion (d < 1) are required for cooperation to evolve.
While discrete generations (k = 0) hold approximately for many higher organisms, we expect
overlapping generations (k > 0) to hold for most RNA systems, because we expect RNAs to
survive well after their copies’ copies have replicated. This offers a potential explanation for why
RNA molecules might have cooperated despite having a dispersal strategy that otherwise leads
to high local competition.

The approach we have used in this section is a closed modelling approach, where the relatedness
emerged from the population parameters of the model (diffusion, survival, etc.), rather than being an
open parameter. The benefit of this approach is that it reveals the exact relationship between model
parameters and cooperation. The downside is that it required being explicit about the life history and
population structure of the RNA molecules. In situations in which we know these details this approach
will be useful. Otherwise it may be useful to keep the model open, and subsume unknown population
processes in R.
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3. Discussion

We have used the analytical methods of kin selection to model cooperation in the RNA world.
We started with a deliberately simple model, abstracting away biochemical details to identify a
general process by which cooperation is favoured in the RNA world. We showed that cooperation in
RNAs, like many other organisms, is favoured by positive genetic relatedness (our R) ( Equation (3)).
Genetic relatedness can arise a number of ways, such as active kin discrimination, or just limited
dispersal (population viscosity). Previous explanations for RNA cooperation include limited diffusion,
spiral waves, and primitive cells, all of which serve to generate high genetic relatedness (Table 1).
We have shown that these previously disparate explanations can be unified under the single
explanatory framework of kin selection.

We elaborated on our most simple model by incorporating specific biological details that might
be especially relevant in RNA world. We examined whether cooperative RNAs can receive the benefits
of cooperation ( Equation (4)). We expect that it will be common for RNA cooperators to be unable
to receive the full benefits of cooperation, which suggests that complete cooperation will be rare in
the RNA world (Figure 5) [4,16,17,24]. We then modelled the scale of competition in the RNA world
(Equation (8)). The simple RNA population structures that generate high relatedness, which favours
cooperation, are also likely to lead to high local competition, which we have shown disfavours RNA
cooperation (Figure 6) (Table 1). This suggests that other life history features are likely to be important
for overcoming local competition [17]. We explored this possibility in our final model ((Equation (10)),
by examining whether cooperation can evolve under different conditions of offspring diffusion and
parent survival. We showed that for a simple RNA system, both limited diffusion and parent survival
(overlapping generations) are necessary for the evolution of cooperation ((Equation (11)).

We have made a number of assumptions that are standard in kin selection analyses, and it is worth
questioning their validity for the RNA world. One issue is that we have assumed that all phenotypes
in the strategy set (e.g., 0 ≤ x ≤ 1) are possible. With very simple RNAs this may not be the case,
as the phenotype space may not be continuous. In this case, we would need to limit the strategy
set, for example to a number of discrete strategies [30,58]. Another issue is that we have assumed
that near-equilibrium viable mutant variants have mutations of small effect (weak selection) [21,33].
However, again, the simple nature of RNA molecules may mean that mutations tend to be of large
effect [4]. In this case an explicit population genetic model could be more appropriate. Whether these
two assumptions are borne out, and how our predictions would change if they were violated, remains
to be investigated both theoretically and empirically.
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Table 1. Applying the kin selection approach to example RNA world systems. Rows show different example RNA world model systems, as well as references that
have modelled such systems. The columns show four questions which can be asked of a model system: How is relatedness generated? Do cooperators receive
benefits? What is the scale of competition? How can the predictions made by such models be tested? Subcolumns (e.g., limited diffusion, comparative) give the
answers to those questions. The X symbol shows which of the subcolumns apply to the model system in a given row.

Example Model System
Relatedness Is Generated by Do Benefits Return to Cooperators? (β) Scale of Competition (a) Testable Predictions?

Limited Diffusion Proto-Cells Other Spatial Clustering Yes (High β) No (Low β) Global (Low a) Local (High a) Comparative Experimental

Replicases in protocells [5,9,15] X X X X
Replicases on surfaces [12,13] X X X X

Trans-replicases [16] X X X X X
Nucleatase and polymerase [46] X X X X X

Origin of genome-like molecules [24] X X X X
Hyper-cycles [8,11] X X X X
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3.1. Why Bother?

We have shown that we can think of various types of cooperation in the RNA world as
being driven by kin selection, and that we can use social evolution tools to model this process.
However, an obvious question arises: If one can also model these processes using other tools such as
simulations, why bother with the kin selection methodologies that we have used here? We suggest
three main benefits.

3.1.1. Generality

First, the simple analytical nature of these models offers biological insight and generally applicable
conclusions. For example, we generated models that focused on the effects of dispersal, cooperation
type, or the scale of competition. This approach lends itself to systems in which specific biochemical
details are obscured, as is the case in the RNA world, because we do not yet know what the first
replicators looked like. Streamlined models isolate key parameter relationships and identify important
general biological features, which allows us to extend our conclusions beyond specific systems.
Further, we have found that our models make similar predictions to more explicit simulations
(e.g., Equation (9) and [24] or Equation (11) and [16]), which means that what we gain in generality
is not necessarily lost in predictive power. Finally, when very different approaches lead to the same
predictions, we gain confidence in those predictions.

3.1.2. Testability

Second, kin selection has been useful for creating a link between theory and experiments in higher
organisms, and it should offer the same for the RNA world [20,59]. Kin selection models often identify
simple relationships between parameters and traits, that can be tested with both experiments and
across-species comparative studies (e.g., [36–42,59–61]).

For example, Figure 5 could be tested through comparative work. Different replicators synthetised
in the lab will have different conformational properties: some will be more or else readable by
a polymerase when folded to act as a cooperative enzyme, or will be more else able to fold and
unfold and therefore express different phenotypes. Equation (7) makes a simple, testible prediction
about the amount of cooperation we expect to see in these different replicators. Figure 6 could be
tested experimentally in the lab (experimental evolution), by manipulating the scale of competition,
as has been done with bacteria [39]. For example, solutions of RNA replicators could be well mixed
(global competition, low relatedness), growing on surfaces (local competition, high relatedness),
or growing on surfaces but migrating distantly on the surface of beads (high relatedness, global
competition), and Equation (9) predicts the level of cooperation we expect to evolve under each of
these conditions. More generally, this approach identifies relatedness as an important parameter
to manipulate experimentally [39,41,49,50,62]. These are a handful of examples, but the link to kin
selection provides a wealth of empirical examples to draw from (see Table 1), and simple parameters
to test comparatively or experimentally.

Further, kin selection provides a simple heuristic to frame our thinking, generate verbal
predictions, and identify fruitful evolutionary problems in the RNA world, which are all advantages
for the empiricist. Take, for example, the evolution of a replicase enzyme which copies template strands
(e.g., in [16]). We do not have to think of this as cooperation being driven by kin selection. However,
doing so identifies life history features that are likely to be important (e.g., diffusion and survival),
points us to problems that may arise that have been well studied in other taxa (e.g., the link between
competition and relatedness), and makes it easy to generate predictions that can be tested in the lab
(a system of replicators with limited diffusion and parent survival should evolve cooperation, whereas
a system with limited diffusion alone should not). As origin of life experimental capabilities become
more advanced, kin selection could become an increasingly useful tool for guiding empirical work and
making testable predictions, as has been the case with animals and microbes [19,20,26,59,63,64].
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3.1.3. Conceptual Links

Finally, the kin selection approach allows us make conceptual links to other taxa, unifying our
evolutionary explanations across the tree of life. The tools we have used here are the same as those
used to study cooperation in bacteria, birds, and mammals [59,61], and we can use them to identify
common factors favouring cooperation across taxa. One advantage of this approach is that that we can
use insight from the vast existing kin selection literature to guide our thinking about the RNA world.
For example, our model of competition (Equation (8)) identified spite as a potentially important trait to
consider in the RNA world. This approach also has the advantage of simplifying our understanding of
life, providing a unifying framework rather than generating new explanations for each case. This last
advantage is a key goal of science. A number of simulation studies have already demonstrated the
utility of more complex, explicit approaches to solving problems in the RNA world (reviewed by [7]).
We are not saying that the RNA world must be conceptualised using kin selection, just that it can be
useful to do so.

Supplementary Materials: The following are available online at www.mdpi.com/2075-1729/7/4/53/s1,
Supplementary Materials: Additional Mathematical Derivations.
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The social coevolution hypothesis for the origin of

the genome

Abstract

At the start of life, the origin of the genome required individual repli-
cators, or genes, to act like enzymes and cooperatively copy each other.
The evolutionary stability of such enzymatic cooperation poses a problem,
because it would have been susceptible to parasitic replicators, that don’t
act like enzymes, but could still benefit from the enzymatic behaviour
of other replicators. Existing hypotheses to solve this problem require
restrictive assumptions that may not be justified, such as the evolution
of a cell membrane before the evolution of a genome, or very particular
patterns of diffusion on special types of surfaces. We show theoretically
that, instead, selection itself can lead to replicators grouping themselves
together in a way that favours cooperation. We show that the tendency
to physically associate to others and cooperative enzymatic activity can
coevolve, leading to the evolution of physically linked cooperative repli-
cators. Our results shift the empirical problem from a search for special
environmental conditions to questions about what types of phenotypes
can be produced by simple replicators.

1 Introduction

Even the simplest genomes are made up of hundreds of genes and thousands1

of base-pairs, and yet, by necessity, life started with single, short sequences, or2

replicators. Lacking the ability to produce large enzymes, these first replicators3

would have had high error rates in replication, preventing them from elongating4

into a genome (Eigen, 1971; Eigen and Schuster, 1977). There is a significant gap5

between the maximum size replicators could reach without large error-correcting6

enzymes, and the minimum size needed to produce those enzymes (Eigen and7

Schuster, 1977). Consequently, to bridge this gap and build a genome, different8

replicators would have had to act as enzymes to help copy each other (Eigen9

and Schuster, 1977; Smith and Szathmary, 1995). In this way, the individual10

replicators could remain small and below the error threshold, but the collection11

of replicators could grow sufficiently large to produce big enzymes.12

The problem is that a collection of cooperative replicators would have been13

susceptible to parasitic replicators that don’t act as enzymes, but are able to14

benefit from the enzymatic activity of others (Smith, 1979). All else being15
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equal, such molecular parasites (cheats) would have had a higher replication16

rate, making cooperation between replicators unstable, and hence preventing17

the evolution of a genome. What, then, can explain the maintenance of the co-18

operative enzymatic activity required for the genome to evolve? One hypothesis19

is that different types of replicators were grouped together in a primitive cell,20

or proto-cell, so that selection acted on groups of replicators (Smith and Szath-21

mary, 1995; Szathmáry and Demeter, 1987; Frank, 1994; Bianconi et al., 2013).22

An alternative hypothesis is that replicators were on some surface which limited23

their diffusion, but also led to interactions between different types of coopera-24

tive replicators (Boerlijst and Hogeweg, 1991, 1995; Cronhjort and Blomberg,25

1997; McCaskill et al., 2001; Szabó et al., 2002; Sardanyés and Solé, 2007; Shay26

et al., 2015). Both of these hypotheses favour cooperation by grouping cooper-27

ative replicators together, and hence limiting the extent to which they can be28

exploited by parasites.29

However, these hypotheses require restrictive assumptions that may not be30

justified. In order to have replicators grouped by a cell membrane, we would31

require the evolution of a cell membrane before we had a genome that was32

sufficiently complex to produce that membrane. This solves the problem of33

explaining one complex feature (cooperative replicators) by invoking another34

complex feature (cell membrane). The proto-cell could be an abiotic feature,35

such as a droplet of oil, but that would require that the division of that droplet36

was linked to the rate at which replicators copy, in a way that just happened to37

make group selection work. The limited diffusion hypothesis requires evolution38

on a particular type of surface to group replicators together in a very specific39

way, which: (i) limits diffusion, so that parasites cannot exploit replicators;40

(ii) has high enough diffusion to keep different types of replicators well-mixed;41

(iii) has some special property which ensures binding sites contain different42

types of replicators, rather than copies of identical replicators (Szabó et al.,43

2002; Shay et al., 2015). It is not clear how a surface could produce all these44

properties. In addition, many previous models require simple replicators to45

have conditional phenotypes, and only act as cooperators in certain interactions,46

which is a relatively complex behaviour for a very short sequence (Shay et al.,47

2015; Levin and West, 2017).48

We propose an alternative hypothesis, where selection itself leads to replica-49

tors grouping themselves together in a way that favours cooperative enzymatic50

activity. We hypothesise a scenario, where: (i) one type of replicator can evolve51

to act as an enzyme to help copy other replicators (cooperation); and (ii) an-52

other type of replicator can evolve to physically associate with or ‘stick’ to other53

replicators. We show theoretically that coevolution between these two traits can54

lead to cooperation between replicators being evolutionarily stable, in conditions55

where it would not otherwise be favoured. This occurs because the evolution of56

physical association allows the benefits of enzymatic cooperation to return to57

cooperators and their identical copies. This relatively simple hypothesis does58

not require restrictive features of the environment to group replicators together59

in certain ways, or the evolution of another complex feature of life, such as a60

cell membrane. Instead, selection drives the replicators to solve the problem61
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of cooperation. Consequently, our hypothesis shifts empirical focus from re-62

strictive external environmental conditions to the biology of simple replicators63

themselves.64

2 Model and Results65

2.1 The life cycle66

We imagine two different replicators, X and Y , which are independent popu-67

lations but can form XY complexes, where a complex is an interacting pair of68

replicators. For simplicity, we do not track XX and Y Y pairings, as we as-69

sume that these pairings do not affect replication rate (in the appendix we show70

that a model that explicitly tracks these pairings leads to similar conclusions).71

These replicators could be RNA-like molecules, but the model is not limited72

to the RNA-world hypothesis. The only requirement is that the molecules are73

able to self-replicate (they are ‘autocatalytic’), and can potentially act as cat-74

alysts for the replication of others (they possess ‘enzyme-like’ behaviour). We75

make no explicit assumptions about population structure except that individu-76

als may occasionally interact and these interactions may affect their replication77

rate (fitness). Consequently, our model could apply to replicators interacting on78

a surface or free-floating. The biological interactions we envisage are depicted79

in Figure 1.80

We can consider the population of replicators as divided into three popula-81

tions: X replicators on their own, Y replicators on their own, and XY com-82

plexes. The densities of these populations are free to grow and shrink, and83

these densities affect the rates at which different interactions occur. The X and84

Y replicators each have some baseline, potentially distinct rates of replication85

(ρi∈X,Y ) and destruction, or death (µi∈X,Y ). These two types of replicator form86

complexes with each other at some low baseline rate (β), and these complexes87

dissociate at some (relatively high) baseline rate (δ), or else are ended by the88

destruction of one of the replicators (notation summarised in Table 1).89

When in complexes, replicators produce new individual replicators at a rate90

(θi∈X,Y ), which we assume to be higher than their rate of replication when on91

their own. This could be due to a beneficial waste product, like a nucleotide,92

produced during replication, or a conformational change passively induced by93

the other replicator which increases the efficiency of replication. This byproduct94

benefit is measured by κ, such that θi∈X,Y = (1 + κ)ρi∈X,Y . We also assume95

that the new replicators produced by complexes can immediately pair again,96

due, for example, to proximity (rXY ). We imagine that, initially, this happens97

very rarely (though this is not required). In the appendix, we show that the98

population dynamics of these three different populations are described by:99
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d[X]

dt
= (ρX − µX) [X]− β[X][Y ] + (µY + θX + δ) [XY ]

d[Y ]

dt
= (ρY − µY ) [Y ]− β[Y ][X] + (µX + θY + δ) [XY ] (1)

d[XY ]

dt
= β[X][Y ]− (µX + µY + δ − rXY ) [XY ]

2.2 Evolutionary dynamics100

We use an adaptive dynamics approach to study the evolution of cooperative en-101

zymatic activity and physical associations in these replicators (Metz et al., 1992;102

Rand et al., 1994; Geritz et al., 1997; Dieckmann and Law, 1996; Van Baalen103

and Jansen, 2001). To do so, we follow three steps. First, we consider a mutant104

whose cooperative enzymatic activity or tendency to associate and dissociate105

differs from the resident population. Second, we determine what direction these106

traits will evolve in, by studying the spread of mutants (given by the initial107

asymptotic growth rate of a mutant with deviant trait values, or invasion fit-108

ness). Third, by allowing for successive mutants, we determine numerically the109

evolutionarily stable resting state of the population (Smith and Price, 1973).110

We show in the appendix that condition for the spread of a rare mutant in111

replicator X or Y (i ∈ X,Y ) can be expressed as112

F ′i
β′[j]

+
P ′i
M ′ij

> 1. (2)

Fi = (ρi − µi) is the replication rate of replicator i ∈ X,Y on its own,113

Pi = (µj + θi + δ) is the replication rate of i ∈ X,Y in complexes, and Mij =114

(µi + µj + δ − ρij) is loss (destruction or dissociation) of complexes. The primes115

indicate mutant values in replicator i ∈ X,Y , and mutants are denoted i′ ∈116

X ′, Y ′. Equation 2 shows how a trait can spread via its effect on the replication117

rate of a replicator on its own (F ′i ), the effect on its replication rate in pairs (P ′i ),118

the effect on the loss of complexes (M ′ij), and the effect on pairings with the119

other replicator type (β′[j]) (Van Baalen and Jansen, 2001, derived a similar120

expression for the invasion of a rare mutant). We now proceed to study the121

evolution of cooperative enzymatic activity and physical association.122

2.3 Enzymatic cooperation123

We first asked whether selection would favour replicators to act as enzymes that124

help copy other replicators. This can be thought of as evolution towards more125

cooperative replicators, which would facilitate the evolution of the genome. We126

examined this possibility by allowing replicator X to mutate in a way that made127

it better at helping copy replicator Y , by increasing the density independent128

replication of Y by a factor 1+ωd′. We assumed that this mutation would cause129
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the X replicator to be less efficient at copying itself, by reducing the replication130

rate of X by a factor 1 − d′. For example, this could be a conformational131

change which reduces X ′s autocatalytic rate, but causes X to act as a catalyst132

to increase the replication rate of Y. Consequently, we are assuming a trade-off133

between the rate at which a replicator can help copy other replicators, and the134

rate at which that replicator can copy itself.135

Replicator copies produced from complexes may immediately form pairs136

again, and it is possible that, through increasing the local density of Y replica-137

tors, an X ′ mutant increases the chance that its copies immediately pair again138

with a Y . To account for this, we assume an X ′ mutant increases the rate that139

replicators produced from complexes immediately find a partner by a factor140

1 +λd′ (where λ might equal ω but is free to vary). In the appendix, we extend141

the model to explicitly track this effect, and recover similar results.142

We found that cooperative enzymatic activity was not favoured. Specifically,143

more cooperative X ′ mutants (d′ > 0) were never able to invade a population144

of resident X and Y , and that the X population rests stably at a value of zero145

cooperation (Figure 2a). We found cooperation could not spread because it146

reduced the replication rate of the mutant, and there was no mechanism by147

which the benefit to Y could be fed back to X ′. While cooperative enzymatic148

activity increases the density of Y , the baseline association rates are sufficiently149

low that this effect is not strong enough to favour such activity. Specifically,150

cooperation reduces both terms in equation 2, by reducing both replication in151

complexes and alone (the numerators), and leaving the association with the152

other type (β′[j]) unaffected. Cooperation reduces the loss of complexes in153

the second term (M ′ij), but this is not enough to outweigh the direct cost to154

replication. This is analogous to the standard evolutionary result that, all else155

being equal, a cooperative behaviour that benefits an unrelated individual will156

not be favoured (Hamilton, 1964).157

2.4 Physical association158

We then examined the consequences of allowing the Y replicator to mutate159

in a way that causes it to associate or form complexes with the X replicator,160

increasing the baseline association rate (β) by a factor 1 + ζc′, and decreasing161

the rate at which complexes dissociate (δ) by a factor 1− ξc′ (where 0 ≥ ξ ≤ 1).162

We refer to this as an ‘association’ trait, as it can capture the possibility that163

Y ′ physically binds to X (e.g. ‘stickiness’), but also includes any kind of trait164

which increases the rate of association between X and Y ′ and/or increases the165

duration of these associations, such as a trait which induced a conformational166

change in X increasing the chance they form a pair. We allow only mutations167

in Y , holding X constant.168

We assume that this association mutation is costly, and decreases the rate at169

which Y ′ can replicate itself by a factor 1−c′, for example because, due to its new170

folding pattern, it is less easily replicated. We account for the possibility that171

this association trait increases the chance that copies produced from complexes172

immediately pair again by allowing the mutation to increase the rate of pairing173
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by a factor 1 + αc′. A baseline assumption might be that α = ζ, because this174

effect is simply due to the increase in association rate caused by the association175

mutation, but the model allows for the effect to be weaker or stronger.176

We found that association could be favoured (Figure 2b). Specifically, if177

the byproduct benefits gained by being paired with an X (κ), and the relative178

increase in association rate caused by the mutation (αc
′

c′ ) are sufficiently high179

(>> 1), successive mutations with higher values of association (c′ > 0) will180

invade a population of resident X and Y , until the association rate comes to181

rest at some equilibrium value (c∗). Some level of association is favoured because182

while it causes an immediate reduction in replication rate, this is outweighed by183

the increase in replication rate due to being in complexes with X more often.184

Specifically, association reduces the first term in equation 2 (via the numerator),185

but this is outweighed by an increase in the second term (via the denominator).186

2.5 Coevolution187

We then examined what happens when both enzymatic cooperation and asso-188

ciation are allowed to co-evolve. We did this by allowing for mutations in both189

replicators: X to evolve to be more cooperative (d′ > 0), and Y to associate190

at a greater rate (c′ > 0). To allow for coevolution, we analysed the selection191

gradient on both traits in both mutant populations simultaneously, which tells192

us which direction in state space the population is moving at any given point.193

By repeating this across all of state space for both traits, we can determine194

which direction both replicator types will evolve in.195

In the appendix we show that, when both traits are allowed to coevolve,196

selection can drive enzymatic cooperation (d∗) to its maximal value and asso-197

ciation (c∗) to a higher value than when evolving on its own (Fig. 2c). Co-198

evolution favours enzymatic cooperation when the association and enzymatic199

cooperation increase the chance that replicators produced by complexes pair200

again (λ, α >> 1), and when byproduct benefits are large (κ >> 1). Further,201

even under conditions in which association would not evolve on its own (e.g.202

when ζ = 0), if association still increases the duration of pairings (ξ > 0), then203

coevolution can favour enzymatic cooperation and association.204

This result is driven by coevolution between the two traits. In the absence205

of the association trait, cooperation is not favoured because the benefits only206

accrue to members of the other replicator type. But as association evolves, there207

is an increased chance that a cooperator’s copies both form and remain in pairs208

with an associator mutant’s copies. A cooperator increases the chance that its209

copies will find a Y partner by creating more Y copies.210

Our results show that the key factor favouring positive co-evolution between211

cooperation and physical association is that the two traits increase the chance212

that copies produced from complexes pair again. We captured this in the term213

(1+λd′)(1+αc′))ρij , which leaves unspecified exactly how the two traits increase214

immediate pairing. In the appendix, we derive an explicit model, tracking the215

individual copies produced from pairs, and modelling how they repair. The216

explicit model recovers the results of the more general model, showing that217
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co-evolution is only favoured when both traits increase the chance of pairing218

again.219

More generally, cooperation between different replicators is conceptually220

analogous to cooperation between different species in mutualisms. The X and221

Y populations of replicators can be thought of as two different ‘species’. Coop-222

eration can be favoured between species when the benefits of cooperation return223

to the co-operator or its genetic relatives (Frank, 1998; Foster and Wenseleers,224

2006; Gardner et al., 2006; Wyatt et al., 2013). In our model, the interaction be-225

tween the traits provides a mechanism for the benefits of cooperation to return226

to the cooperator’s copies, and the association trait prevents these relationships227

from breaking down. This link can be made formally with a multi-locus popu-228

lation genetic model of replicator evolution, where cooperation is driven by the229

combination of physical association and selection on the fitness of cooperator230

pairs (Supplementary Material).231

Another force which has been shown to drive such positive between-species232

co-evolution is synergy of fitness effects (Gardner et al., 2006; Queller, 2011).233

Synergy occurs when two co-operators together do better than expected because234

the whole is greater than the sum of the parts. In the appendix, we show, using235

a multi-locus model, that synergy favours cooperation. While we did not include236

this in our explicit ecological model, we expect that the addition of synergistic237

effects would further favour the evolution of cooperation.238

3 Conclusions239

We proposed and tested a hypothesis that the coevolution between enzymatic ac-240

tivity and physical associations can explain cooperation between different types241

of replicators. We showed that if one population of replicators can act as an242

enzyme to increase the replication rate of another, and the other can act to243

increase the physical associations between the two, these traits can coevolve,244

given there is some baseline byproduct benefit to being complexes. This leads245

to a population of replicators, or genes, which are both cooperative and physi-246

cally linked, the two key features of a genome. Specifically, in our scenario the247

questions of why simple replicators would come together physically (byproduct248

benefits) and how they would overcome the error threshold (cooperation) resolve249

each other.250

Our results make the evolution of a primitive genome easier to explain, by251

simplifying the conditions required. This does not mean that previous explana-252

tions are invalid, just that they may come in at different stages in the evolution253

of life. For the genome, our results suggest that we don’t need to: (a) invoke the254

cell, a potentially complex feature of life; (b) assume highly specific population255

structures on special surfaces; or (c) grant simple replicators with conditional256

phenotypes. Consequently, our result increases the kinds of environments where257

the genome can evolve. It also means that a more complex genome could have258

evolved to then produce the first cell, because our result shows how genome259

complexity could increase without a cell membrane. Finally, our results shift260
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the focus of origin of the genome questions from external features of the envi-261

ronment to biological features of replicators. Specifically, what phenotypes are262

possible in simple molecules?263
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4 Appendix A338

4.1 The model339

We need a total of seven equations to capture the ecological dynamics of both the340

residents and the mutants. From the life cycle in figure one and the description341

in the main text, this allows us to write (for the residents):342

d[X]

dt
= (((rX (1− d) η)− µX) [X])

− (β (1 + ζc) [X][Y ])

+ (((1 + κ) (1− d) rXη) + µY + (1− ξc) δ) [XY ]

d[Y ]

dt
= (((rY (1− c) η)− µY ) [Y ])

− (β (1 + ζc) [Y ][X])

+ (((1 + κ) rY (1− c) (1 + ωd) η) + µX + (1− ξc) δ) [XY ]

d[XY ]

dt
=β (1 + ζc) [Y ][X]

− (µY + µX + (1− ξc) δ − ((1 + λd) (1 + αc)) rXY η) [XY ]

Where η = 1− k([T ] = [X] + [XY ] + [Y ]) is density dependent regulation, and343

k controls its extent.344

Following the standard adaptive dynamics approach, we assume that invad-345

ing mutants are rare enough so as not to affect the dynamics of the resident346

population (Metz et al., 1992; Rand et al., 1994; Dieckmann and Law, 1996).347

Accordingly, we only need four additional equations to capture the dynamics of348

mutants in each gene (X ′ and Y ′), which are expressions for d[X′]
dt , d[Y

′]
dt , d[X

′Y ]
dt ,349

and d[XY ′]
dt . These differ from system 3 only in their values for c and d, the350

mutant trait values, which we denote with primes as c′ and d′.351

The equations for the mutant can be written in the form (Van Baalen and352

Jansen, 2001):353
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d[i′]
dt

= F ′i [i
′]− β′[i′][j] + P ′i [i

′j] (3)

d[i′j]
dt

= β′[i′][j]−M ′ij [i′j] (4)

Where Fi = (ρi − µi) is the growth of i alone, Pi = (µj + θi + δ) is the354

production of i’s from complexes, and Mij = (µi + µj + δ − ρij) is the loss of355

complexes. The primes indicate mutant values in gene i. This form for an356

invasion condition was first identified by Van Baalen and Jansen (2001). For357

illustration, we reproduce each term for replicator Y , but equivalent equations358

can be extracted for replicator X.359

F ′Y = (rY (1− c′) ((1− k ([T ]))))− µY (5)

P ′Y = ((1 + κ) rY (1− c′) (1 + ωd) ((1− k ([T ]))) + µX + (1− ξc′) δ)
M ′XY = (µY + µX + (1− ξc′) δ − ((1 + λd) (1 + αc′)) rXY ((1− k ([T ]))))

βY = β (1 + ζc′)

We can rewrite system 5 in matrix form as:360

d

dt

[
[i′]
[i′j]

]
=

[
F ′i − β′[j] P ′i
β′[j] −M ′ij

] [
[i′]
[i′j]

]
(6)

The first matrix on the right hand side of equation 6 contains all the in-361

formation we need to determine the spread of a rare mutant (Van Baalen and362

Jansen, 2001; Hurford et al., 2009). A useful decomposition of this matrix is363

the form Fi - Vi, where,364

Fi =

[
F ′i P ′i
0 0

]
,Vi =

[
β′i[j] 0

−β′i[j] M ′ij

]
(7)

According to the next generation theorem (Hurford et al., 2009), given that365

F > 0, V−1, and the spectral bound of −V is negative, the condition for a366

mutant to invade is that the spectral radius of FV−1 > 1. This condition can367

be written as:368

P ′i
M ′ij

+
F ′i
β′[j]

> 1 (8)

This is equation 2 in the main text.369

Taking the derivatives of equation 8 with respect to small changes in mutant370

trait values gives the direction of selection in each trait, which we use to produce371

Figure 2c.372

Coevolution is driven by the interaction between the two mutant trait values,373

c′ and d′. These interaction terms are contained entirely in the derivative of the374

first term of Equation (8, and it can easily be seen that d
di

(
P ′

i

M ′
ij

)
is increasing375

with respect to changes in c′ and d′.376
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4.2 Tracking same-type replicator pairs377

Above we did not track XX or Y Y pairs. This means that the above model378

holds in systems where the replicators do not form self-self complexes. We379

also conjectured that the results would approximately hold even if they do form380

such complexes, because individuals in XX and Y Y pairs do not gain byproduct381

benefits, and therefore have a lower replication rate than when inXY complexes.382

We checked this by developing a model that explicitly tracks such pairings. This383

requires two additional equations for the density of XX and Y Y complexes, for384

a total of five equations:385

d[X]

dt
= (((rX (1− d) η)− µX) [X])

− (β (1 + ζc) [X][Y ])

+ (((1 + κ) (1− d) rXη) + µY + (1− ξc) δ) [XY ]

− β[X][X] (9)

+ (µX + δ + rX (1− d) η) [XX]

d[Y ]

dt
= (((rY (1− c) η)− µY ) [Y ])

− (β (1 + ζc) [Y ][X])

+ (((1 + κ) rY (1− c) (1 + ωd) η) + µX + (1− ξc) δ) [XY ]

− β[Y ][Y ] (10)

+ (µY + δ + rY (1− d) η) [Y Y ]

d[XY ]

dt
=β (1 + ζc) [Y ][X]

− (µY + µX + (1− ξc) δ − ((1 + λd) (1 + αc)) rXY (1− k ([T ]))) [XY ]

d[XX]

dt
=β[X][X]− (µX + µY + δ − rXXη) [XX]

d[Y Y ]

dt
=β[Y ][Y ]− (µY + µX + δ − rY Y η) [Y Y ]

Where η = 1− k([X] + [XY ] + [Y ] + [XX] + [Y Y ]).386

Following the same approach as above, we derive the condition for a mutant387

in replicator type i to spread as:388

[i]β

[i]β + [j]β′

(
P ′ii
M ′ii

)
+

[j]β′

[i]β + [j]β′

(
P ′i
M ′ij

+
F ′i

[j]β′

)
> 1 (11)

The new terms, P ′ii and M ′ii, capture the production and loss of same type389

pairs, respectively. This inequality is of a similar form to Equation (8). The390

original expression for fitness is now weighted by the relative rate of pairing391

with the other type. The new component of fitness (the first term) the ratio of392
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production of same type pairs to loss of same type pairs, and is weighted by the393

relative rate of pairing with the same type.394

Numerically solving across parameter state space shows that the same re-395

sults hold as above, with cooperative enzymatic activity failing to spread on396

its own, association evolving in the absence of such activity, and the two traits397

co-evolving to higher values than when on their own (Supplementary Material).398

4.3 An explicit model of pairing399

The above model left unspecified how cooperation and association increase pair-400

ing of replicator copies, capturing the effect in the term ρij . We now adapt the401

model to a specific population structure, in order to make this effect explicit.402

Doing so necessarily requires sacrificing some of the generality of the first model,403

but what it loses in generality it gains in precision.404

We now need to track two additional populations: X’s and Y ’s that have405

been produced from pairs. This is because in order to explicitly model the effects406

of cooperation and association on pairing, we need to track the densities of copies407

produced from pairs before they become randomly mixed in the population.408

The assumptions are the same as above, except now we allow for some base-409

line rate, χ, at which copies produced from pairs immediately pair again. Oth-410

erwise they return to the independent populations of X and Y . We assume that411

the rate of pairing is increased by both cooperation and physical association, by412

a factor (1 + λd′) (1 + αc′), and is a function of the densities of copies produced,413

denoted [Xo] and [Yo]. The new system of equations describing the population414

dynamics is now:415

d[X]

dt
= (((rX (1− d) η)− µX) [X])

− (β (1 + ζc) [X][Y ]) + ψ[Xo]

d[Y ]

dt
= (((rY (1− c) η)− µY ) [Y ])

− (β (1 + ζc) [Y ][X]) + ψ[Yo]

d[XY ]

dt
=β (1 + ζc) [Y ][X]

− (µY + µb + (1− ξc) δ) [XY ] + (1 + λd) (1 + αc′) [Xo][Yo]

d[Xo]

dt
= ((1 + κ) (1− d) rXη) [XY ]− (1 + λd) (1 + αc′) [Xo][Yo]− ψ[Xo]

d[Yo]

dt
= ((1 + κ) rY (1− c) (1 + ωd) η) [XY ]

− (1 + λd) (1 + αc′) [Xo][Yo]− ψ[Yo], (12)

where η = 1− k([X] + [XY ] + [Y ] + [Xo] + [Yo]). The parameter ψ controls416

the relative rate at which copies produced from pairs return to the population417

of free X and Y .418
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Following the same approach as before, we can write system 12 in matrix419

form as:420

d

dt




[i′]
[i′j]
[i′o]


 =



F ′i − β′[j] P ′i ψ

β′[j] −M ′ij A′i[jo]
0 PR′i −A′i[jo]− ψ






[i′]
[i′j]
[i′o]


 (13)

P ′i now measures only replicators returned to the independent population421

from complexes as a result of dissociation and destruction, because copies pro-422

duced from complexes are captured in the term PR′i. A
′
i measures the associ-423

ation of copies produced from complexes, and [jo] is the equilibrium frequency424

copies produced from complexes.425

Using the next generation theorem (Hurford et al., 2009), we find the con-426

dition for a mutant to invade a resident population to be:427

ψP ′i + [jo]P
′
iA
′
i + ψPR′i

ψM ′ij + [jo]M ′ijA
′
i − [jo]PR′iA

′
i

+
F ′i
β′[j]

> 1 (14)

This equation and its derivatives with respect to changes in c′ and d′ allow us428

to analyse evolution of cooperation or physical association on their own, or their429

co-evolution. We recover the result that co-evolution can favour the evolution430

of cooperation in conditions under which it would not have evolved on its own431

(Supplementary Material). The result depends crucially on the relative rate at432

which copies produced from pairs return to the independent populations (ψ),433

with ψ ≈ 1 recovering the main results.434

5 Supplementary Material435

The model in the main text used an adaptive dynamics approach, which allowed436

us to explicitly track all of the ecological components of our system. However,437

the complexity required for such realism meant that we sacrificed the ability to438

develop simple analytical solutions. Such analytical solutions can help illuminate439

links to other problems of between-species cooperation across the tree of life.440

Here, we develop an idealised model of cooperation between two replicator441

types, keeping it as simple as possible to gain interpretable, analytical results,442

and to help frame and understand the results from the adaptive dynamics model.443

We use a multilocus methodology adopted from population genetics (Barton and444

Turelli, 1991; Kirkpatrick et al., 2002; Gardner et al., 2006).445

We imagine two replicators, X and Y. We assume that individuals interact446

in between-type pairs, such that, effectively, at any given time, the population447

is made up entirely of XY pairs. Finally, we imagine that each replicator can448

acquire a mutation which causes it to act as a cooperator. Cooperators increase449

the replication rate of their partner in the pair, at a cost (in terms of replication450

rate) to themselves. This could, for example, involve acting as an enzyme which451
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increases the replication rate of others, but, as a result of folding, decreases the452

cooperator’s ability to self replicate.453

We denote the strategy of an individual in replicator i as Ci for cooperate and454

Di for defect. A cooperator in replicator i gives a benefit, bi, to its partner, at a455

cost, ci to itself. Defectors give no benefits and incur no costs. An individual’s456

replication rate is a function of its own strategy and the strategy of its partner.457

We allow for some degree of synergy, or epistasis, by allowing for individuals458

in CC pairs to gain an additional, synergistic effect, d, which we assume is459

the same for both replicators, and can be positive or negative. For example,460

two interacting enzymes could enhance (d > 0) or inhibit (d < 0) each other’s461

activity.462

We can separately track the two effects of selection: selection at the level of463

pairs (which favours cooperators) and selection at the level of replicators (which464

favours defectors) (Gardner et al., 2006). To do this, we assume the fitness of a465

pair is the average of the fitness of its replicators. In DD pairs, the fitness of the466

individual replicators is identical, and so the group fitness measure is an actual467

count of the number of ‘offspring’ pairs produced. In all other pairs, there will468

be excess members of one replicator type produced and a deficit of another (in469

any given pair). To account for this, we assume that excess individuals of each470

gene replace missing members in other groups. This requires that the frequency471

of the cooperation mutation is the same each replicator type. Thus, although472

we count the fitness of pairs, this is only to account for group selection – pairs473

don’t actually replicate, only individuals do.474

Finally, after replication, we allow some fraction, m, of pairs to dissociate475

and re-pair at random. This is sufficient to allow us to track the change in476

frequency of the cooperation mutation in both replicator types, and the change477

in association between individuals. All else being equal, we expect costly coop-478

eration to be unable to invade. But if selection generates associations between479

cooperators, this may allow cooperation to evolve, because the cost of coopera-480

tion can be outweighed by the statistical association between being a cooperator481

and receiving cooperation in return. This is an extension of a previous model482

of between-species cooperation by Gardner et al. (2006), where here replicators,483

or genes, are individuals and we allow cooperators from each replicator type to484

have different fitness payoffs. We proceed to ask under what conditions a rare485

mutant cooperator in either or both replicator types can invade.486

We write Xi as the genetic value of cooperation in replicator i, with X = 0
for defection and X = 1 for cooperation. From the payoffs given in figure one
and the description of the life cycle in the main text, we can write the fitness,
W , of a pair of replicators as:

W = XiXj

(
2− c− s+ k + b+ 2d

2

)
+ (1−Xi)Xj

(
2− s+ k

2

)
(15)

+Xi (1−Xj)

(
2− c+ b

2

)
+ (1−Xi) (1−Xj) (1)

Using standard multilocus techniques (Barton and Turelli, 1991; Kirkpatrick
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et al., 2002; Gardner et al., 2006), we can extract selection coefficients from
Equation (15). Writing ai for the selection coefficient of cooperation in replicator
i, we get:

ai =
b−c
2 + dp

w
(16)

aj =
k−s
2 + dp

w
(17)

aij =
d

w

where mean fitness across the populations is w = 1 + 1
2p (b− c+ k − s) +

d
(
Dij + p2

)
and Dij is the association between genetic values for cooperation

across all pairs of replicators in the population. This is sufficient to allow us to
write change in frequency of cooperation in each replicator type and the change
in association between the cooperators each time step (episode of selection).
Writing pi as the frequency of the cooperators in replicator i, and using primes
to distinguish between time steps, we get:

p′i =pi + aipiqi + ajDij + aij (1− 2pi)Dij (18)

D′ij =Dij + ai (1− 2pi)Dij + aj (1− 2pj)Dij

+ aij
(
piqipjqj + (1− 2pi) (1− 2pj)Dij −D2

ij

)

System (18) accounts for the effects of group selection. Turning to selection of
replicators, and utilising the life cycle description in the main text, we can write
7 equations for the change, within groups, between generations, that results
from individual level selection. Writing ti←i as the probability that individual
n in replicator i in a given pair in generation h + 1 came from individual n in
time h, and is therefore a cooperator, and ti←k as the probability that it did
not, and is therefore a defector, we get:

ti←i = 1−Xi (1−Xj)

(
b+ c

2 + b− c

)

ti←k = Xi (1−Xj)

(
b+ c

2 + b− c

)

tj←j = 1− (1−Xi)Xj

(
k + s

2 + k − s

)

tj←h = (1−Xi)Xj

(
k + s

2 + k − s

)
(19)

tij←ij = 1−
(
Xi (1−Xj)

(
b+ c

2 + b− c

)
+ (1−Xi)Xj

(
k + s

2 + k − s

))

tij←kj = Xi (1−Xj)

(
b+ c

2 + b− c

)

tij←ih = (1−Xi)Xj

(
k + s

2 + k − s

)
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Extracting transmission coefficients (Barton and Turelli, 1991; Kirkpatrick et al.,
2002; Gardner et al., 2006) from System (19), we can write the change in fre-
quency and association due to replicator selection (within pairs) as,

p′′i = p′i −
b+ c

2 + b− c
(
q′jp
′
iq
′
i − q′iD′ij

)

p′′j = p′j −
k + s

2 + k − s
(
q′ip
′
jq
′
j − q′jD′ij

)
(20)

D′′ij = D′ij

Finally, accounting for the change in association due to diffusion (which does
not impact frequency), we write:

D′′′ij = (1− d)D′′ij (21)

We consider the invasion of a rare mutant, which allows us to linearise all487

recursions in pi, pj and Dij . We can write the change matrix for the system as,488



p′′′i
p′′′j
D′′′ij


 =



α1 0 α3

0 α5 α6

0 0 α9





pi
pj
Dij


 (22)

The condition for cooperation to spread is that at least one of the eigenvalues,489

which are the diagonal coefficients, is greater than 1. The eigenvalues are given490

by491

λ1 = 1− c
λ2 = 1− s (23)

λ3 = (1− d)
2 + b− c+ k − s+ d

2

The condition for the first two eigenvalues to be greater than 1 is simply492

that cooperation is selfish (the fitness of a cooperator paired with a defector is493

greater than the fitness of a defector paired with defector). The third eigenvalue494

gives the condition for the spread of cooperation:495

(1−m)
2 + b− c+ k − s+ d

2
> 1. (24)

The first term in brackets captures diffusion, with increasing diffusion dis-496

favouring cooperation, and the second term is the fitness of a replicator pair497

that contains two cooperators. The term on the right-hand side of the inequal-498

ity is the fitness of a pair containing two defectors. Thus, the condition for499

cooperation to evolve is that the fitness of a CC pair, weighted by the rate at500

which pairs stay together, is greater than the fitness of a DD pair. This suggests501

that two key forces in allowing cooperation to evolve are physical association502
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and selection, with increasing synergy (d) favouring cooperation. This result is503

analogous to that obtained by Gardner et al. (2006).504

Equation (24) supports and helps frame our result in the adaptive dynamics505

model: physical association and statistical associations generated by selection506

can favour cooperation between unrelated types of replicators. Equation (24) is507

a simple, easily interpreted analytical result which emerged from a model which508

made highly restrictive assumptions, including: (i) requiring that the frequency509

of the cooperative trait was the same in both replicators, (ii) forcing members510

of each species together, effectively assuming that individuals were only ever511

present in between-species pairs, and (iii) invoking an exogenous feature of the512

system, in the parameter m, which kept pairs together between generations. Our513

adaptive dynamics model relaxed all of those assumptions, by allowing traits514

in each species to evolve independently, allowing individuals to exist outside515

of pairs, and allowing the physical associations between individuals to be an516

evolving trait, and came to an analogous conclusion.517

X Y

Baseline replication rate Baseline replication rate

Y
X

Baseline + byproduct benefit
Baseline + byproduct benefit

Y
X’

Baseline + byproduct – cost of mutation

Baseline + byproduct + enzymatic benefit from X

Y’
X Baseline + byproduct

Baseline + byproduct – cost of association 
mutation

X’ Y’

Baseline –
cost of enzymatic 
cooperation

Baseline –
cost of physical 
association

Resident replicator, type X

Resident replicator, type Y

Mutant X replicator, X’, enzymatic 
cooperator

Mutant Y replicator, Y’, associator

Key

a)

b)

c)

d)

Figure 1: Interactions and fitness effects. (a) Two replicators, X and Y , each
have some baseline replication rate on their own, but can acquire mutations (X’
and Y ′) which reduce their replication rate. (b) Each replicator (X and Y )
has a higher replication rate whenever in complexes due to passive benefits
(byproduct benefits). (c) Mutant X ′ increases the replication rate of Y in
complexes (enzymatic benefit from X). (d) Mutant Y ′ increasing the rate at
which the mutant forms associations with X, and decreases the rate at which
these associations break down.
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Table 1: Summary of key notation
Notation Definition

[X] Density of replicator type X
[Y ] Density of replicator type Y

[XY ] Density of replicator pairs
ρi Total production of type i replicators on their own
θi Total production of type i replicators from pairs
ri Baseline replication rate of type i replicator
µi Rate of destruction of type i replicators
β Baseline association rate
δ Baseline dissociation rate
k Degree of density dependence
T Total density of replicators in system
η Density dependent replication, = 1− k[T ]
rij Baseline rate at which ij pairs immediately pair again
κ Byproduct benefit to being in pair
c Degree of association trait
d Degree of cooperative enzymatic activity trait
ζ Increase in association rate due to association mutation
ξ Decrease in dissociation rate due to association mutation
ω Increase in replication rate of type Y due to cooperative enzymatic mutation
λ Increase in the rate pairs re-pair due to cooperative enzymatic mutation
α Increase in the rate pairs re-pair due to association mutation
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Figure 2: The coevolution of enzymatic activity and association. Grey shaded
areas show regions of state space where selection is negative, and white areas
where selection is positive. Arrows depict the direction of evolution in state
space along neutral lines. Evolutionarily stable strategies are depicted by solid
circles. (a) The evolution of enzymatic activity in X is not favoured. In the
absence of association, cooperative enzymatic activity cannot evolve. (b) The
evolution of association in Y. In the absence of cooperative enzymatic activity in
X, some intermediate level of association in Y is favoured. (c) The coevolution
of cooperative enzymatic activity and association. Arrows depict the direction
of selection in both traits at a given point in state space. When traits are
allowed to coevolve, cooperative enzymatic activity and association both evolve
from anywhere in state space, with association reaching higher values than in
(b), and enzymatic activity evolving towards its maximal value of 1. (d) A
schematic of (a)-(c). Solid circles depict the evolutionarily stable resting point of
both populations depending on whether each population evolves independently
or evolve jointly. Coevolution favours higher values in both traits. Values for
parameters in (a)-(d) are: α = 20, λ = 20, ζ = 5, ξ = 1, ω = 20, rY = 2.3, rX =
2.1, rXY = 0.9, k = 0.01, µY = 1.1, µX = 1.1, κ = 100, β = 0.01, δ = 0.9. All
figures generated graphically from the equations described in Appendix A using
Mathematica Software version 11.3.0.0.
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Figure S1: The coevolution of enzymatic activity and association when allowing
for same-type pairs to form. Grey shaded areas show regions of state space
where selection is negative, and white areas where selection is positive. Arrows
depict the direction of evolution in state space along neutral lines. Evolutionar-
ily stable strategies are depicted by solid circles. (a) The evolution of enzymatic
activity in X is not favoured. In the absence of association, cooperative en-
zymatic activity cannot evolve. (b) The evolution of association in Y. In the
absence of cooperative enzymatic activity in X, some intermediate level of asso-
ciation in Y is favoured. (c) The coevolution of cooperative enzymatic activity
and association. Arrows depict the direction of selection in both traits at a
given point in state space. When traits are allowed to coevolve, cooperative en-
zymatic activity and association both evolve from anywhere in state space, with
association reaching higher values than in (b), and enzymatic activity evolv-
ing towards its maximal value of 1. (d) A schematic of (a)-(c). Solid circles
depict the evolutionarily stable resting point of both populations depending
on whether each population evolves independently or evolve jointly. Coevolu-
tion favours higher values in both traits. Values for parameters in (a)-(d) are:
α = 20, λ = 20, ζ = 5, ξ = 1, ω = 20, rY = 2.3, rX = 2.1, rXY = 0.9, rXX =
0.01, rY Y = 0.01, k = 0.01, µY = 1.1, µX = 1.1, κ = 100, β = 0.01, δ = 0.9. All
figures generated graphically from the equations described in Appendix A using
Mathematica Software version 11.3.0.0.
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Figure S2: The coevolution of enzymatic activity and association in an explicit
model of pairing. Grey shaded areas show regions of state space where selection
is negative, and white areas where selection is positive. Arrows depict the
direction of evolution in state space along neutral lines. Evolutionarily stable
strategies are depicted by solid circles. (a) The evolution of enzymatic activity
in X is not favoured. In the absence of association, cooperative enzymatic
activity cannot evolve. (b) The evolution of association in Y. In the absence
of cooperative enzymatic activity in X, some intermediate level of association
in Y is favoured. (c) The coevolution of cooperative enzymatic activity and
association. Arrows depict the direction of selection in both traits at a given
point in state space. When traits are allowed to coevolve, cooperative enzymatic
activity and association both evolve from anywhere in state space, with both
traits reaching higher values than in (b) and (c). (d) A schematic of (a)-(c).
Solid circles depict the evolutionarily stable resting point of both populations
depending on whether each population evolves independently or evolve jointly.
Coevolution favours higher values in both traits. Values for parameters in (a)-
(d) are: α = 20, λ = 20, ζ = 5, ξ = 1, ω = 20, rY = 2.3, rX = 2.1, rXY =
0.9, k = 0.01, µY = 1.1, µX = 1.1, κ = 100, β = 0.01, δ = 0.9, ψ = 1. All
figures generated graphically from the equations described in Appendix A using
Mathematica Software version 11.3.0.0.

22

61



62



5
Inclusive fitness is an indispensable
approximation for understanding

organismal design

63



Inclusive fitness is an indispensable approximation for
understanding organismal design

Abstract

For some decades most biologists interested in design have agreed that natural
selection leads to organisms acting as if they are maximising a quantity known
as ‘inclusive fitness’. This maximisation principle has been criticised on the
(uncontested) grounds that other quantities, such as offspring number, predict
gene frequency changes accurately in a wider range of mathematical models.
Here we adopt a resolution offered by Birch, who accepts the technical difficulties
of establishing inclusive fitness maximisation in a fully general model, while
concluding that inclusive fitness is still useful as an organising framework. We
set out in more detail why inclusive fitness is such a practical and powerful
framework, and provide verbal and conceptual arguments for why social biology
would be more or less impossible without it. We aim to help mathematicians
understand why social biologists are content to use inclusive fitness despite its
theoretical weaknesses. Here we also offer biologists practical advice for avoiding
potential pitfalls.

Keywords: inclusive fitness, biological design, fitness maximisation, δ-weak
selection, social evolution, population genetics

1. Introduction

Inclusive fitness was invented by Hamilton (1964) as an individual-level quan-
tity (page 8) that natural selection should cause organisms to act as if maximis-
ing (page 17). The idea has been controversial for many decades (Cavalli-Sforza
and Feldman, 1978) and there has been a recent explosion of controversy and
debate (there are too many papers to cite here, but e.g. see Nowak et al., 2010
and replies, e.g. Abbot et al., 2011; Bourke, 2011; Queller, 2016) . We endorse
and adopt here the resolution offered by Birch (2017a; 2017b), who accepts that
the critics (e.g. Nowak et al., 2010; Allen and Nowak, 2016) are right to point
to technical difficulties in establishing that inclusive fitness is well-defined in
a fully general theoretical model, but at the same time concludes that the ad-
vocates (e.g. Grafen, 2006; Abbot et al., 2011; Gardner et al., 2011; West and
Gardner, 2013; Queller, 2016; Marshall, 2015, 2016) have a strong enough case
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within certain assumptions (notably additivity of fitness effects) to adopt inclu-
sive fitness as an organising framework for understanding social behaviour. A
goal here is to set out in more detail why inclusive fitness is such a practical
and powerful organising framework, to such an extent that we argue the study
of social behaviour would become more or less impossible without it.

In the course of the recent debate, several authors (e.g. West and Gardner,
2013; Queller, 2016) have written very clear arguments for some of the advan-
tages of inclusive fitness, and readers are encouraged to refer to these papers
for a general discussion of the role of inclusive fitness in biology (West and
Gardner, 2013; Queller, 2016). However, our admittedly narrower focus here
is to address mathematically rooted criticisms of the assumptions required to
guarantee inclusive fitness maximisation, and the claim that measures such as
mean-offspring number do a better job at predicting gene-frequency change.
While this focus is narrower, it is also the controversial issue that continues to
prevent productive dialogue between mathematicians and empiricists. Mathe-
matical biologists making these points pay no regard to the practical arguments
made by advocates of inclusive fitness, while still pointing to these formal short-
comings as a problem. Our goal here is to meet these mathematical arguments
on their reasonable terms, and illustrate why, when interpreted in the light of
whole-organism biology, many of the problems fall away.

To achieve this, we first outline five advantages of inclusive fitness. We ini-
tially focus on these advantages under additivity, to make the points clearly in
the absence of the offending complications. We then turn to to the problem
of non-additivity, and reconsider the advantages in this scenario. Finally, we
discuss the importance of conditional behaviour in the degree to which non-
additivity raises problems in practice, expanding on and clarifying points made
previously (Grafen, 1979; Queller, 1996). We indicate how the necessary as-
sumption of additivity can be checked in practical cases, and the likely impact
of minor deviations. Anonymous, Submitted have shown formally that additive
models are consistent with a very wide range of situations, and that inclusive
fitness maximisation does occur in model circumstances where previous authors
(Lehmann et al., 2015; Okasha and Martens, 2016b) have failed to find it. Here
we focus on the less technical but broader conceptual arguments in support of
those formal results, in a way that is accessible to non-mathematicians, and
contains practical advice for empiricists.

2. Inclusive fitness under additivity

Hamilton (1964) observed that adult offspring number, a standard metric
of fitness, is affected not just by the actions of an individual but by those of
the individuals it interacts with. Hamilton pointed out that trying to mea-
sure those effects of relatives involves averaging over possible distributions of
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genotypes, which in turn involves knowing gene frequencies in the population
– a calculation he termed ‘unwieldy’ (Hamilton, 1964). However, he offered an
alternative metric, which involves taking the perspective of the focal individ-
ual and its effects on others (as opposed to others’ effects on it). He called
this value ‘inclusive fitness’, and defined it as the sum of an individual’s adult
number of offspring in the absence of any social interactions (baseline fitness;
more precisely, in the absence of social interactions in the performance of which
there is genetic variability), and certain weighted effects the individual has on
all individuals in the population, including itself. The effects are increases or
decreases in offspring number caused by the individual, and the weightings are
degrees of relatedness. Relatedness is a measure of genetic similarity between
two individuals, with an individual having a relatedness of 1 to itself and 0 to a
randomly selected member of the population. Inclusive fitness specifically does
not include the effects of others on the focal individual.

Hamilton showed, under the assumption of weak selection, that this quantity,
inclusive fitness, increases under selection, taking inspiration from Fisher’s proof
that standard fitness increases in an asocial model (Fisher, 1930; Hamilton, 1964,
1970), and modelling his technical argument on Kingman (1961). Hamilton
argued that, as a result, we should expect organisms to appear as if trying to
maximise their inclusive fitness (Hamilton, 1970). For nearly 40 years, at least
within behavioural and evolutionary ecology, most field and laboratory workers
have treated inclusive fitness as the quantity that organisms appear designed to
maximise, and tailored their studies and experiments accordingly (summarised
in, e.g. Westneat and Fox, 2010; Davies et al., 2012).

Inclusive fitness brings with it several advantages for the study of social
behaviour. Here we outline five that we think are particularly important. In
the following discussion, however, we are focusing on inclusive fitness under the
assumption of additivity (though as we will see, all but the first extend beyond
this restriction). There are two types of additivity. The first, ‘additive gene
action’, is concerned with how different alleles combine within an individual to
produce a phenotype, or social behaviour. Considering two alleles, A and B, is
the difference between being AA and AB the same as that between AB and BB
(additivity), or different (non-additivity)? The second type of additivity, which
is of relevance here, refers to additivity of fitness effects between individuals.
How does the effect of a social action combine with the existing number of
offspring of an individual? And how do the effects of different social actions
combine to affect one individual’s offspring number? Let’s say an individual
has 5 offspring in the absence of social interactions, and social partners can
choose to help that individual by giving it an extra ‘b’ offspring. Does each
instance of helping simply add the same number onto the individual’s existing
number of offspring (additivity), or do those fitness effects combine in some
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nonlinear way (non-additivity). Simple inclusive fitness models, which are used
to make predictions about animal behaviour, assume additivity. We return to
the problem of non-additivity later, as it is central to Birch’s (2017a; 2017b)
resolution of the debate.

2.1. Advantage 1: Predicting gene frequency change
The first advantage of inclusive fitness is that, under additivity, it correctly

predicts the direction of gene frequency change. Hamilton’s rule provides a
simple tool for doing so (Hamilton, 1964). Given a trait that has an effect, in
terms of adult offspring number, on its bearer, −c, and has an effect on social
interactants, b, that trait will spread in the population if rb − c > 0, where r
is the relatedness to the recipients affected by the trait. More generally, genes
whose bearers tend to have a higher value of inclusive fitness will be favoured
by natural selection (Hamilton, 1964, 1970). The rule easily extends to multiple
recipients, though it is crucial that there is just one actor. Note that we are
referring to the simple form of Hamilton’s rule derived by Hamilton (1964), in
which the fitness effects are absolute effects on offspring number, as this form
is sufficient under non-additivity. We discuss the more general form (Queller,
1992; Gardner et al., 2011) in Section 5.2.

However, this advantage is rarely important on its own. It is the connection
with other properties that makes predicting gene frequency change important
in practice. We now go on to articulate those other properties.

2.2. Advantage 2: A design principle for individuals
Inclusive fitness provides a design principle for organisms. A fundamental

question in biology (dating, in spirit if not detail, to Darwin) is how the dynamics
of gene frequency change leads to the appearance of design and adaptation in
organisms. Fisher’s Fundamental Theorem (1930) provided such a link for non-
social traits, by proving that natural selection always tends to increase mean
fitness. It sometimes then follows that organisms appear designed as if trying to
maximise that quantity. Hamilton established a similar result to Fisher’s, but
for social traits. Inclusive fitness is a quantity that, under additivity, organisms
should appear designed to maximise (Hamilton, 1964; Rousset, 2015; Lehmann
et al., 2016; West and Gardner, 2013; Lehmann and Rousset, 2014; Grafen, 2006;
Gardner et al., 2011; Queller, 1992; Taylor, 2017).

Inclusive fitness is particularly useful as a design principle because it is can be
conceptualised as an individual level property. Although it is possible to search
for design principles at the level of the gene or the group, students of behaviour
tend to predict and measure organismal phenotypes. The selfish gene approach
can be useful for certain gene level questions, such as intragenomic conflict
(Haig, 2002; Burt and Trivers, 2006; Foster, 2011; Gardner and Úbeda, 2017),
whereas group level principles have been less useful (West et al., 2007, 2008;
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Gardner and Grafen, 2009; West and Gardner, 2013). Individual level principles
are the default tool of the trade (Davies et al., 2012), and have, in part, been
successful because different loci in the genome tend to be selected in the same
direction, and genetic rebels tend to be silenced by the ‘parliament of the genes’
(Leigh, 1977; Alexander and Borgia, 1978; Strassmann and Queller, 2010; West
and Gardner, 2013). As a result, the different tissues and organs within an
individual work together for a common cause, the good of the majority group
of genes, which for shorthand we often call the good of the organism (Leigh,
1977; Haig, 2002; Burt and Trivers, 2006; Strassmann and Queller, 2010; West
and Gardner, 2013).

If there is an individual level design principle in biology, then, at equilib-
rium, organisms should look like rational actors choosing, amongst a suite of
available phenotypes, the one that maximises a certain quantity (Okasha and
Martens, 2016b). Hamilton showed that, within his assumptions, there was such
a quantity – inclusive fitness.

2.3. Advantage 3: Interpreting behaviour

Inclusive fitness provides a simple, economic interpretation of organismal be-
haviour (Hamilton, 1970; Grafen, 1984; Frank, 1998). Organisms should trade
off their own offspring against those of another individual at a rate r (related-
ness). This serves three purposes.

First, it helps generate testable predictions, even without complex mathe-
matical models. Simple verbal reasoning can lead us to predict how many eggs
a certain species of bird should lay each year, or how much food a cub should
leave for its sibling, and these predictions are then readily testable.

Second, it guides us to new study systems by suggesting what biological fea-
tures might lead to problematic or interesting cases. A heuristic for generating
predictions is exactly how a scientific field makes progress, as has been demon-
strated in the fields of behavioural ecology and evolutionary ecology (Krebs
and Davies, 1978, 1987; Charnov, 1982; Krebs and Davies, 2009; West, 2009;
Westneat and Fox, 2010; Davies et al., 2012).

Third, it helps us understand social behaviour by providing a way to reason
about adaptations. For example, it’s true that populations should be made up
of genes that are associated with a higher contribution of gene copies to the next
generation. But this doesn’t tell us much about what kinds of traits and real
life observations would defy our expectations, what population structures might
lead to particularly unusual phenomena, or what adaptations (underpinned by
many genes) might spread. Inclusive fitness offers us all of those things, by
telling us that organisms should make decisions using this simple tradeoff in
offspring.
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2.4. Advantage 4: Empirical testability

An additional benefit of this simple tradeoff is that inclusive fitness predic-
tions are testable in the laboratory and the field. Inclusive fitness, remarkably,
doesn’t require knowing the genetics of a trait (the ‘phenotypic gambit’), the
genotypes of various individuals in the population, or even gene frequencies
(Grafen, 1984; West and Gardner, 2013). We only need to know the fitness
effects of the trait and the relatedness to the recipients. In practice, pedi-
gree relatedness usually suffices (because it leads to the genes in the genome
pulling in the same direction), making experiments surprisingly feasible (West
and Gardner, 2013). This is supported by the success of the vast body of em-
pirical literature that has sprung from inclusive fitness theory (for an entry into
that literature, see: Foster, 2009; Davies et al., 2012), and for an attempt to
quantify such successes (Abbot et al., 2011, Tables 1 and 2).

2.5. Advantage 5: General applicability as to the empiricist

Hamilton (1964) made remarkably few assumptions (namely autosomal diploidy,
outbreeding, semelparity, and weak selection). This means we can study popu-
lations in which there are many types of individuals with interactions occurring
with any number of recipients. In general, our models, and therefore predictions,
don’t have to be custom fitted to each new species we study, especially useful
considering we rarely know the genetic details to do so. This not only leads to
more theoretically grounded empirical work, but provides for broad unification
across the tree of life. An aim of any science is to have simple, overarching
frameworks which work across specific details. In turn, this generality allows us
to make and test comparative predictions, which hold across populations and
species. Comparative statics are a bedrock of evolutionary biology, and the
generality of Hamilton’s theory lends itself to them (Darwin, 1871; Parker and
Maynard Smith, 1990; Harvey et al., 1991; Harvey and Purvis, 1991; Hughes
et al., 2008; Cornwallis et al., 2010; Davies et al., 2012; Fisher et al., 2017; Corn-
wallis et al., 2017). For a further discussion of extensions to Hamilton’s original
paper, which have attempted overcoming some of the few assumptions he made,
see for example Queller (1992), Grafen (2006), and Gardner et al. (2011).

3. The challenge of non-additivity

So far we have focused on inclusive fitness under additivity. Things get more
complicated when we allow for fitness effects to combine non-additively, a prob-
lem first dealt with formally in a general way by Queller (1985). Non-additivity
can arise a number of ways. For example, consider a simple two player game, in
which players can either cooperate, giving their partner a fitness increment b, or
defect. In an additive game, individuals receive b from cooperators regardless
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of their strategy. But in a non-additive, synergistic game, when two cooper-
ators interact, they get an additional, (possibly negatively) synergistic effect,
d (Queller, 1985). This might occur, for example, if two hunters are more (or
less) than twice as good as one. Non-additivity arises when the fitness effects
of social actions combine, either with the existing number of offspring of an in-
dividual, or with each other, in a non-linear manner. While effects on fecundity
may often naturally be assumed to combine additively, effects on survival are
more likely multiplicative.

3.1. Advantage 1: Predicting gene frequency change

The challenge non-additivity poses for inclusive fitness has been discussed
since at least 1978 (Cavalli-Sforza and Feldman, 1978; Uyenoyama and Feldman,
1982; Karlin and Matessi, 1983; Queller, 1985). The problem is two-fold. First,
where before we needed to only know fitness effects and relatednesses to predict
gene frequency change, we now need to know genetic make-up of the population,
including the frequency of the gene (which will change under selection). Second,
it’s no longer even clear how to define inclusive fitness. Take, for example,
the two player game described above. Inclusive fitness requires isolating the
effects of the focal individual’s genotype. But what portion of the synergistic
component, d, is the focal individual responsible for?

Without a good way to define inclusive fitness in these scenarios, many au-
thors turn to naive versions of inclusive fitness, such as ‘simple-weighted sum’,
which are definable under synergy. Simple-weighted sum sums an actor’s whole
fitness and the fitness of all other individuals, weighted by their relatedness,
which leads to double-counting of fitness effects, and is, importantly, not inclu-
sive fitness (Grafen, 1982). A number of authors have shown that, for example,
in a simple non-additive two player game, such naïve versions of inclusive fitness
wrongly predict the direction of gene frequency change (Grafen, 1979; Queller,
1985; Lehmann et al., 2015; Okasha and Martens, 2016b; Taylor, 2017).

Several authors (Grafen, 1979; Lehmann et al., 2015; Okasha and Martens,
2016b; Allen and Nowak, 2016; Frank, 2013) have also pointed out that using
Hamilton’s ‘neighbour modulated fitness’ resolves this problem in some scenarios
(although these authors don’t always acknowledge that they are dealing with
NMF, instead referring to it by other names, such as ‘Grafen-1979 payoff’, which
is just neighbour modulated fitness in a two player game). This is not surprising
as neighbour modulated fitness is simply mean number of adult offspring (it adds
to the focal individual’s fitness the offspring it would receive if its social partners
expressed the same phenotype, weighted by the probability that they will, i.e.
the population frequency of altruism enhanced or diminished by relatedness).
That it correctly predicts gene frequency change stems directly from the fact
that offspring are how genes are passed on.
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Neighbour modulated fitness’s ability to make the right prediction under
a wider range of circumstances has led several authors to suggest adopting
offspring number (under its various guises) in place of inclusive fitness (Lehmann
et al., 2015; Okasha and Martens, 2016b). However, we proceed to discuss the
ways in which mean offspring number is inferior to inclusive fitness with regards
to the other advantages.

3.2. Advantage 2: A design principle for individuals
First, offspring number is not a design principle. Hamilton’s (1964) starting

point was neighbour modulated fitness because selection acts through offspring
number. He developed inclusive fitness, despite it requiring more assumptions,
because of its conceptual and practical advantages. In particular, inclusive
fitness offers a design principle (advantage 2). It provides a link between gene
frequency dynamics and design, because organisms can appear designed to max-
imise their inclusive fitness.

The same cannot be said for offspring number. As mentioned earlier, a de-
sign principle implies that organisms should appear to adjust their phenotypes
to maximise a given quantity (Okasha and Martens, 2016b). An organism can-
not adjust its neighbour modulated fitness, as her value of neighbour modulated
fitness is outside her control. Neighbour modulated fitness is determined by the
genotypes, or identities of a focal individual’s partners. Adjusting it would
require adjusting partners’ genotypes. By analogy, offspring number is equiva-
lent to ‘being-part-of-a-group-of-four-ness’ as a design principle (as contrasted
with a simple propensity to join a group). Inclusive fitness, on the other hand,
is under the control of the individual – an offspring simply has to adjust its
own phenotype to alter its inclusive fitness (West and Gardner, 2013). Hamil-
ton (1964) showed that, at equilibrium, organisms should appear to be choosing
traits with regards to inclusive fitness, and that this results from gene frequency
change. Although critics have doubted that IF is under the individual’s control
in general, they do accept the principle under additivity (Lehmann et al., 2015;
Okasha and Martens, 2016b; Birch, 2017a,b). Thus, we lose the design principle
if we use neighbour modulated fitness, which sacrifices most of the utility of
inclusive fitness.

3.3. Advantage 3: Interpreting behaviour
Further, even if we were to stop using inclusive fitness for constructing mod-

els and designing experiments, its interpretive advantage (3) means that we
would still use it to generate ideas, choose systems to study, and interpret social
behaviour, provided the effective tradeoff is still roughly given by relatedness.
Inclusive fitness tells us that organisms should tradeoff others’ offspring against
their own at a rate r, for relatedness. These leads us to identify systems with
relatedness asymmetries, large opportunities for helping or harming, unusual
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sex ratios, and extreme population structures as systems that would be fruitful
for study. It also points us to traits that might disprove our theory. Traits that
don’t appear to abide by that valuation deserve further attention. With regard
to such exceptions, we would like to know how far the tradeoff value is pushed
away from r. We would also like to know whether different loci in the organism
have their critical r pushed to the same extent or even in the same direction.

If the tradeoff value is not changed much, and changes inconsistently at
different loci, then the complications will not alter the predictions of inclusive
fitness very much. This is why it is important that no one who offers alternatives
offers a useful interpretive principle, or explains how far the existing principle
is really compromised.

3.4. Advantage 4: Empirical testability
Even if we stopped using inclusive fitness to construct models, we would

struggle to continue our empirical work. The reason is straightforward: when
you stop using inclusive fitness, you start needing to know genetics. Here’s
why. To test a prediction from inclusive fitness theory, we must observe which
individuals act and calculate rb−c for those actors. We might use information on
who acts (and who doesn’t) to estimate b and c, by subtracting average offspring
number of non-actors from actors, and of non-recipients from recipients. More
generally, we can regress the average adult offspring number on (i) the number
of actions taken and (ii) the number of actions received. Thus even without
knowing genotypes, we can apply inclusive fitness.

For neighbour modulated fitness the situation is more complicated, and we
need to know genotypes. In the very simplest haploid two-allele model, higher
average neighbour modulated fitness of an allele, H, compared to an alternative
allele, N, tells us that H will be selected. But if strategies include rare deviant
behaviour, and therefore the opportunity to act occurs only with some small
probability δ << 1, then only knowing NMF and who acts is not sufficient;
instead, genotypes are needed. This is because an actor will rarely be a recipient,
and so the actors do worse, even though the trait may be favoured by acting on
relatives. On the basis of phenotypes, those relatives are counted in among the
non-actors, raising the NMF of non-actors (see more detailed discussion of rare
deviant behaviour in Section 4). We would need to know genotypes to add them
to the actors, and to show that possessing the tendency to act was beneficial.

To recover a maximisation principle in the field, then, we need genotypes.
Then we can obtain maximisation of NMF by averaging over the NMF of H
allele-bearers and comparing that with N-allele bearers. At this point, one
familiar with modelling may be confused, as models of NMF include related-
nesses, and a mathematically equivalent NMF version of Hamilton’s rule can be
extracted. However, in the field, relatednesses are not needed for NMF – a sim-
ple count of mean offspring number already includes this information. However,
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knowing who to count requires knowing genotypes. Specifically, to average over
bearers of the allele in question, we need to know the genotypes of the indi-
viduals we study (usually impractical) and the genetics of the trait in question
(which we rarely do in practice).

On the other hand, inclusive fitness offers the biologist a measure of pheno-
type that predicts evolutionary change. Fortunately, the phenotypic gambit, of
assuming we do not need to know the genetic architecture of a trait, has proved
remarkably successful (Grafen, 1984; West and Gardner, 2013; Davies et al.,
2012).

It is also worth noting that the NMF approach does not involve identifying
the fitness consequences of a social action. Rather, we need to know only the
genotype and the number of offspring. Indeed, one would conclude that a gene
was spreading or not, and not know whether the cause was social behaviour
or pathogen resistance or liver-enzyme activity. To study social behaviour,
we should investigate how the actions of one individual affect the number of
offspring of another – that is what social behaviour is. Alternatives to inclusive
fitness, such as neighbour modulated fitness, don’t offer the empirical utility of
inclusive fitness.

3.5. Advantage 5: General applicability as to the empiricist

Inclusive fitness offers practical advantages to the modeller. Some authors
(Nowak et al., 2010; Allen et al., 2013; Allen, 2015; Allen and Nowak, 2015;
Nowak and Allen, 2015; Akçay and Van Cleve, 2016; van Veelen et al., 2017)
have suggested abandoning inclusive fitness for what they refer to as ‘standard
natural selection’ models, which track gene frequencies. This approach is good at
predicting gene frequency change in mathematical models. However, it requires
generating a custom model for each new biological scenario. Inclusive fitness
is a single framework that works across systems, independent of many (though
of course not all) details. Hamilton’s original model is surprisingly general,
allowing both the theoretician and the empiricist to apply the ideas to systems
with arbitrary numbers of interactions and many different kinds of individuals.
This degree of generality and unity is a rare and sought after gift in the sciences.

Of course, there will always be limitations to validity, and the more these
are understood the better. Recent critiques of inclusive fitness (e.g. Nowak
et al., 2010; Allen and Nowak, 2015) might possibly be put to good use in that
direction, though few new issues of significance have been brought to light since
1978 (Cavalli-Sforza and Feldman, 1978).

4. Conditionality

Before we proceed to discussing practicalities for behavioural ecologists, a
simple model will help illustrate some of the above points. It is often pointed out
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that neighbour modulated fitness and inclusive fitness calculations are mathe-
matically equivalent, but what is less often clearly articulated is how they be-
come distinct in practice. Here, a model makes the distinction clear, and shows
how conditional behaviour brings to light the difficulties of applying NMF.

All behaviour is conditional, and models incorporating conditionality are
important for understanding one of the advantages of inclusive fitness. In the
unconditional case usually studied of inclusive fitness in a grouped population, a
standard infinite haploid model with groups of size n is first introduced, with p as
the frequency of an altruism allele, A, and using r for relatedness in the simplest
way we write the average number of other altruists in the group of a randomly
chosen altruist as nA = (n−1)(r+(1−r)p), and the average number of altruists
in the group of a randomly chosen non-altruist (B) as nB = (n−1)(1− r)p. We
assume an altruist suffers a cost of c and gives b to each other group member.

Hamilton (1964) identified two measures of fitness for predicting gene fre-
quency change. Neighbour modulated fitness (NMF) is simply a measure of
mean offspring number, which sums an individual’s fitness in the absence of
social interactions and the effects of all individuals in the population on that
individual. Inclusive fitness (IF) sums baseline asocial fitness, and the effect the
actor has on all individuals, including itself, weighted by relatedness. The mean
IF and mean NMF of A and B in this model are

NMF =

{
1− c+ nAb altruist

1 + nBb non-altruist

IF =

{
1− c+ (n− 1)rb altruist

1 non-altruist
.

When we substitute as indicated for nA and nB we obtain

NMF =

{
1− c+ (n− 1)(r + (1− r)p)b altruist

1 + (n− 1)(1− r)pb non-altruist

IF =

{
1− c+ (n− 1)rb altruist

1 non-altruist
,

and find that the mean differences for altruist minus non-altruist, which predict
the spread of altruism, are

DNMF = −c+ (n− 1)rb

DIF = −c+ (n− 1)rb.

Thus, NMF and IF predict the spread of the altruism allele in exactly the same
cases. However, note even in this simple case that NMF and IF differ: in
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particular, NMF includes the altruism provided by the background fraction of
altruists ((n−1)(1−r)pb) for both altruists and non-altruists. The sum of these
terms is the diluting factor of Hamilton (1964), and its presence in a model is
a sign that NMF rather than IF is used. For example, the important work of
Rousset (2004) on the evolution of social behaviour in structured populations
employs NMF. In recent work, in which altruists are always rare so that p =

0, the difference technically between NMF and IF can be hard to make (e.g.
Lehmann et al., 2015).

However, in a conditional model, the difference remains very clear when
altruists are rare. Now we amend our model so that in each group one individual
is selected at random to be the potential altruist, and a random other individual
is selected to be the potential recipient. The probability that the actor will be
an altruist will be pA = 1/n+((n− 1)/n)(r+(1− r)p) for the group to which a
randomly selected altruist belongs and pB = ((n−1)/n)(1−r)p for the group of
a randomly selected non-altruist. We distinguish by suffices on fitnesses (NMF

and IF ) between the fitnesses of (i) potential altruists (suffix PA) (ii) potential
recipients (PR) and (iii) unselected individuals (US). The NMF and IF are now

NMFUS = 1

IFUS = 1

NMFPR =

{
1 + pAb altruist

1 + pBb non-altruist

IFPR = 1

NMFPA =

{
1− c altruist

1 non-altruist

IFPA =

{
1− c+ rb altruist

1 non-altruist
.

Substituting as indicated for pA and pB we find that the mean differences for
altruist minus non-altruist are

DNMFUS = 0 DNMFPR = rb

(
n− 1

n

)
+
b

n
DNMFPA = −c

DIFUS = 0 DIFPR = 0 DIFPA = −c+ rb.

The obvious interpretations are that an altruist always reduces its NMF by
its action, while IF predicts that an altruist will spread if rb − c > 0. One
interesting question is which of these quantities is likely to be observable in
the absence of genetic information, if all we can observe are the actions, and
the offspring numbers of the individuals. We assume that by direct sequencing
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or pedigree information or demographic modelling we can estimate r. By ob-
serving actual actors (AA) and actual recipients (AR), compared to uninvolved
individuals, we can estimate the mean offspring number of US, AA and AR.
This yields an estimate of b (AR−US) and c (AA−US), from which we can cal-
culate inclusive fitnesses. However, owing to ignorance of p, we cannot estimate
most of the NMF values.

A second point is that it is not true that selection favours altruism if the
NMF of realised altruists is greater than the average NMF. We would need to
average in the NMF of actual recipients, but we cannot distinguish the genetic
altruists from the genetic non-altruists, so we do not know which recipients to
include in that average. Thus the correct mathematical statement that NMF
predicts gene frequency changes applies in the theoretical situation that we know
the genotypes of all the individuals, but not in the common empirical situation
where we can observe only the actions.

In a more realistic situation, in which altruism opportunities arise randomly
across the groups, and in which the chance of taking up an opportunity is ge-
netically multifactorial, the simplicity of the inclusive fitness approach remains,
while the NMF approach becomes more and more enmired. The theoretical and
usual empirical situations are thus very distinct, and these differences need to
be respected.

This simple model illustrates that even if NMF works better in a wider
range of theoretical scenarios, as has been pointed out for decades (Hamilton,
1964; Grafen, 1979; Lehmann et al., 2015) it may not be a useful practical tool.
We now turn to the question of what behavioural ecologists can make of these
challenges.

5. Practicalities for behavioural ecologists

The previous discussion suggests that, while offspring number is useful for
predicting gene frequency change in mathematical models, for those interested
in social behaviour and design, it is not a viable option. Offspring number,
being outside the control of the individual, cannot be an individual level design
principle. Further, measuring predictions using neighbour modulated fitness
usually requires knowing the relationship between genotype and phenotype, and
being able to measure genotypes, something that is for now impractical in the
field (and usually the laboratory, too). How should whole organism biologists
proceed, then, if they were to aim to work without using the concept of inclusive
fitness? We see three options.

5.1. Abandon design

The limitations of inclusive fitness has led some authors to call for abandon-
ing an individual level design principle altogether (Nowak et al., 2010; Doebeli,
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2010; Allen et al., 2013; Allen, 2015; Allen and Nowak, 2015; Nowak and Allen,
2015; van Veelen et al., 2017). However, none of these authors provide (i) an
alternative explanation for design, (ii) a consistent, unified way to generate pre-
dictions, or (iii) an adaptive principle that can be tested in the field and the
laboratory. Instead, they offer no design principle, and suggest making custom
models for each new situation, usually using metrics that will be impractical to
measure empirically, such as genotypes and the relationship between genotype
and phenotype. It is therefore unsurprising that inclusive fitness has a huge em-
pirical literature and the alternatives essentially none (Krebs and Davies, 1978,
1987; Charnov, 1982; Krebs and Davies, 2009; West, 2009; Westneat and Fox,
2010; Davies et al., 2012). This strengthens Birch’s resolution that inclusive
fitness offers a useful organising framework, and goes further in highlighting its
practical and empirical utility (Birch, 2017a,b).

While the alternative approaches are useful for theoretical models of gene
frequency change, when it comes to social behaviour, we see exquisite design,
which demands explanation. Further, theories must make predictions that can
be tested on real organisms. To be clear, we mean that hypotheses about so-
cial behaviour are tested using the working hypothesis that inclusive fitness is
maximised: we do not mean that it is usually possible to test whether inclusive
fitness is in fact maximised. That would require the same kind of genetic in-
formation that we argue is currently vanishingly rare and likely to remain rare.
For students of social behaviour, abandoning the design approach is not a viable
option. Fortunately, the design approach has been spectacularly successful. A
more detailed discussion of the utility of adaptationism can be found elsewhere
(Welch, 2017; Gardner, 2017).

5.2. A non-additive Hamilton’s rule
Another option is to rewrite Hamilton’s rule so that it makes correct pre-

dictions. Hamilton’s rule is an inclusive fitness tool used for predicting the
direction of selection. As we have said, inclusive fitness is undefined to the ex-
tent that fitness effects are strictly non-additive. Some authors have pointed
out that one option is to redefine components of Hamilton’s rule to make it
fully general, even allowing for non-additive interactions (Queller, 1985, 1992;
Gardner et al., 2011; Queller, 2011; Rousset, 2015; Taylor, 2016; Lehmann et al.,
2016; Taylor, 2017). In the standard approach, b and c are effects on offspring
number, and r is a measure of genetic similarity between two individuals. If
we replace these values with regressions on fitness, we recover a fully general
Hamilton’s rule, which does not require additivity and always correctly predicts
the direction of evolutionary change (Queller, 1992; Gardner et al., 2011; Rous-
set, 2015). Depending on the causal breakdown we desire, non-additive effects
can be incorporated into their own term (Queller, 1992, 2011), or, alternatively,
we can leave the fitness effects (b and c) unchanged, but replace r with a higher
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order relatedness coefficient, for example one that captures the relatedness be-
tween a focal individual and a pair of recipients (Taylor, 2016, 2017). Both of
these are very valuable theoretical advances, showing the complete generality of
Hamilton’s rule when parameters are chosen correctly.

However, as various authors have pointed out (Birch and Okasha, 2014;
Birch, 2014; Taylor, 2016, 2017; Allen and Nowak, 2016; Okasha and Martens,
2016a), the cost of this generality is a loss in simple interpretation of the terms.
They can no longer be understood as simple effects on offspring number, we no
longer have a simple interpretation of social behaviour, and, without knowing
genetics, the parameters are no longer easily measurable in the field and in
the laboratory. Recently some authors (Nowak et al., 2017) have confused this
general, regression form of Hamilton’s rule with the simple one discussed here.
While it’s true that this general form of Hamilton’s rule (sometimes referred to
as ‘HRG’, Birch, 2014) gains generality at the cost of empirical utility, the simple
Hamilton’s rule we’ve discussed (or versions of it), defined in terms of effects on
offspring number, is the one that has been used to enormous empirical success,
as outlined above and reviewed by, e.g., Foster (2009), Abbot et al. (2011)
(Tables 1 and 2), Bourke (2011), and Davies et al. (2012). Indeed, critics of
the general form of Hamilton’s rule have not offered an alternative that rivals
the empirical utility of standard Hamilton’s rule. The regression approach is a
powerful conceptual advance (Rousset, 2015), but not empirically useful in the
usual situation that the genetics of the individuals studied are unknown.

5.3. Using additive inclusive fitness as an approximation
A final option, then, is to use additive inclusive fitness as an approxima-

tion, and remain alert to when this approximation will fail (and by how much).
Grafen (1985) has a list of reasons why additivity is probably non-problematic
in practice. We discuss one example here, explaining how mutations of rare but
possibly large effect (similar to the population genetic notion of ‘penetrance’)
can resolve the usual problems that arise from non-additivity. This resolution
has been discussed by a number of authors in specific cases, and here we argue
for it being a potentially general solution (Queller, 1996; Grafen, 1979; Birch,
2017a).

Non-additivity creates a problem for inclusive fitness in that fitness effects
(and therefore, changes in gene frequency) are no longer wholly attributable to
a focal genotype. For example, consider a simple two player game with discrete
strategies, where each player can choose to play either Cooperate (to give b
at cost c) or Defect, and where when two cooperators interact they receive an
added effect, d. A cooperator will have many occasions on which she encounters
another cooperator, and how likely these occasions are depends on the degree of
relatedness, or assortation, in the population (r). If we imagine a mutant in the
population that played Cooperate instead of Defect, increasing r increases the
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likelihood that its partner’s strategy will also be Cooperate, and inclusive fitness
fails to take this alteration in the partner’s behaviour into account. As a result,
a naïve version of inclusive fitness makes the wrong prediction in a discrete,
non-additive, two-player game (Grafen, 1979; Okasha and Martens, 2016b).

However, if strategies are not discrete but continuous, where a player can
choose to cooperate a fraction π of occasions, the situation changes. Now, a
variant strategy plays Cooperate π + δ portion of occasions. In other words,
it plays Cooperate instead of Defect on one occasion out of many, and the
probability that it is the same occasion its related partner also plays Cooperate
instead of Defect (because of the mutant strategy – it may often play Cooperate
in absolute terms) is very low (Grafen, 1979).

This principle extends beyond simple two-player games. More generally,
when the genetic component of the variability in how individuals act on any
given occasion is proportionally low (which implies the δ-weak selection of Wild
and Traulsen, 2007), we can use inclusive fitness to make accurate predictions.
In this case, the only way r impacts the direction of selection is through an
actor’s vested interest in its social partners. When this type of variability is
high, r also determines assortation of strategies, which inclusive fitness does not
capture. Fortunately, a low genetic component of variability will be the norm
for populations near equilibria, where it is usually reasonable to suppose we
study organisms (Fisher, 1930; Grafen, 1985), a point endorsed by Birch 2017a;
2017b). Thus, for traits of interest to behavioural ecologists, inclusive fitness
should often make the correct predictions even under non-additivity.

The mathematical importance of δ-weak selection has been discussed else-
where (e.g. Wild and Traulsen (2007); Peña et al. (2015); Taylor and Frank
(1996) Anonymous, Submitted). Our point here is to explain the kinds of bi-
ological scenarios that deliver this mathematical convenience, extending brief
verbal arguments by Grafen (1979) and Queller (1996). In a companion pa-
per (Anonymous, Submitted), we formalise this otherwise verbal argument and
discuss two recent papers that look for inclusive fitness maximisation but fail
to find it (Lehmann et al., 2015; Okasha and Martens, 2016b), both coming to
the conclusion that expected offspring number (‘uB ’ in Lehmann et al. (2015)
and ‘Grafen 1979’ in Okasha and Martens (2016b)) is a better measure. Anony-
mous, Submitted show that probabilistic mixing of phenotypes recovers inclusive
fitness maximisation.

We also note that this type of probablistic mixing may also resolve some
questions about how inclusive fitness moves from the level of the trait to the
individual. Queller (1996) has argued that certain types of non-additivity can
make defining inclusive fitness at the individual-level difficult, because different
measures are required for different traits. Specifically, when individuals adopt
different roles in an interaction, it is not always clear how to assign offspring
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number to the control of one actor, analogous to the challenges of assigning
offspring number when there is synergy between traits. In the absence of a
formal analysis, we suspect that this type of non-additivity will also be resolved
by allowing probabilistic mixing. In the meantime, we are reassured that Grafen
(2006) allowed different types of social actions, including unique roles, and still
recovered inclusive fitness maximisation.

Finally, we have assumed that intra-organismal conflicts (e.g. genomic im-
printing) are not pulling organisms away from inclusive fitness optima. The
effect of conflict on inclusive fitness equilibria is interesting, but beyond the
scope of this paper (for an entry into that literature, see, e.g. Haig, 2002; Fos-
ter, 2011; Gardner and Úbeda, 2017). Genetic conflict would indeed very likely
require genetic genetic knowledge to investigate.

5.4. Monitoring assumptions
Of course, effective non-additivity may not always hold. Fortunately, theory

tells us what to be on the lookout for. For example, recent environmental
change may mean populations are not near equilibria, and therefore additive
genetic variability may be high. This is a caveat that applies to all evolutionary
biologists, not just those studying social dilemmas. More specifically, we might
suggest that students of social behaviour be on the lookout for clear assortation
of actions in nature.

As we have said, non-additivity is problematic when there is strong assorta-
tion of actions, because inclusive fitness calculations don’t take that additional
effect of relatedness into account. This is something a field or laboratory worker
can observe. For example, consider a population of birds in a wood. If relatives
are not interacting, we wouldn’t expect strategies to be correlated. However, if
relatives do interact, but the genetic component of the variability in how indi-
viduals act on any given occasion is proportionally low (the δ-weak selection of
Wild and Traulsen, 2007) we still wouldn’t expect actions to correlate between
interacting individuals. The reason, as stated above, is that the chances of two
interacting relatives expressing the deviant action on the same occasion are low.
To be clear, we use the phrase ‘on the same occasion’ to illustrate the point,
but technically it does not refer to a set of different occasions that always arise
(in which case non-additivity can arise even when only one individual possesses
the trait), but rather to different possible occasions, only one of which arises
(when non-additivity weakens because the chance of both being deviant is a
lower order probability).

If we do observe clear assortation of deviant actions between partners in
nature, it can be taken as a red flag that individuals may be engaged in a
discrete game, and in this case, inclusive fitness may give the wrong answer
(if the payoffs are also strongly non-additive). This kind of discreteness might
be most likely to arise in bacteria, because they are more likely to have single
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gene phenotypes. It may turn out that situations that generate problems for
inclusive fitness are rare in nature. Either way, they do not require abandoning
inclusive fitness. Instead, they serve as specific caveats for which to be on the
lookout when conducting experiments.

It’s worth considering one more aspect of the failure of inclusive fitness.
Take, for example, situations in which inclusive fitness won’t hold, due to high
high additive genetic variability and strongly non-additive fitness effects. Are
these exceptional cases consistent, in the sense that they make some consistent
prediction as to how we should expect organisms to look or behave? Should they
be more social than inclusive fitness predicts? Should they value the effects of
their actions on others at r+ some predictable σ? Queller (1985) has suggested
that in some cases, including simple two player games, the sign of the non-
additive component, d, contains some information about the direction selection
will proceed in.

More generally, two questions are relevant to empirical biologists exploring
this issue. Is there some design principle other than inclusive fitness, or is
inclusive fitness the central target, with exceptional cases unpredictably moving
organisms off the mark in varying directions? And if there is some other central
target, does it differ from inclusive fitness in a way we could reliably measure?
We surmise, in the absence of relevant work, that deviations depend on details of
the genetics in an unilluminating way (unless one happens to know the genetics),
though of course we would very interested in any theoretical argument that
claims to show the contrary.

6. Conclusion

If we are interested in exact predictions of gene frequency change in mathe-
matical models, offspring number is the measure of fitness we should use. How-
ever, if we are interested in social behaviour and design, and in particular be-
haviour and design in nature, we should use inclusive fitness under approximate
additivity. It does have some limitations. But the alternatives are worse. And
despite its limitations, inclusive fitness has many great conceptual and practi-
cal advantages for biologists. Further, as we have argued here and illustrated
elsewhere (Anonymous, Submitted), some of the theoretical limitations may dis-
appear under biologically realistic scenarios.

If inclusive fitness is applicable, then all biological principles of social be-
haviour are equivalent to it. If inclusive fitness is not applicable, then we need
to know genetics and therefore there can be no biological principle of social
behaviour. Thus, the significant questions are: how good an approximation is
the inclusive fitness approach, and does it allow the subject of social biology
to exist? For the moment, it is consistent with what little we know that the
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approximation is reasonable, and the empirical successes of social biology back
up this conclusion.

Thus, the continuation of work with inclusive fitness is founded on a so-
phisticated notion of what assumptions are required for exactness of inclusive
fitness, the consequences of likely deviations, and the assurance from empirical
successes that the working hypothesis is by and large satisfactory. The cost
of the nuance of this notion is that it is not easily captured in a fully general
model. But it is conceptually more suited to the various roles inclusive fitness
plays within biology than the mathematically general models of population ge-
neticists. Not only is inclusive fitness a powerful organising framework (Birch,
2017a,b), but without it, we would have no useful theoretical approach for un-
derstanding social behaviour in the laboratory, in the field, and in comparative
work.
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Extending the range of additivity in using inclusive
fitness

Abstract

Inclusive fitness is a concept widely utilised by social biologists as the quantity
organisms appear designed to maximise. However, inclusive fitness theory has
long been criticised on the (uncontested) grounds that other quantities, such as
offspring number, predict gene frequency changes accurately in a wider range
of mathematical models. Here we articulate a set of modelling assumptions
that extend the range of mathematical models under which inclusive fitness
maximisation holds. We extend recent analyses that failed to find inclusive fit-
ness maximisation in a formal model. We show (i) that previous authors have
not used the correct inclusive fitness, (ii) how to capture inclusive fitness cor-
rectly, and (iii) that under the assumption of probabilistic mixing of phenotypes,
inclusive fitness is indeed maximised in these models. We hope that in articu-
lating these modelling assumptions and providing formal support for inclusive
fitness maximisation, we help bridge a widening gap between empiricists and
theoreticians, demonstrating to mathematicians why biologists are content to
use inclusive fitness, and offering one way to utilise inclusive fitness in general
models of social behaviour.

Keywords: inclusive fitness, biological design, fitness maximisation, δ-weak
selection, social evolution, population genetics

1. Introduction

Inclusive fitness is an individual-level quantity identified by Hamilton (1964),
which he showed, under some assumptions, to increase due to the action of
natural selection. Hamilton pointed out that adult offspring number is affected
not just by the actions of an individual but by those of the individuals it interacts
with. He observed that measuring those effects involves averaging over possible
distributions of genotypes, which in turn involves knowing gene frequencies in
the population, neither of which are simple or readily available calculations
(Hamilton, 1964). Accordingly, he turned to an alternative metric, ‘inclusive
fitness’, which involves taking the perspective of the focal individual and its
effects on others (as opposed to others’ effects on it).
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Hamilton (1964) provided a verbal definition for inclusive fitness as follows:
the sum of an individual’s adult number of offspring after it has been ‘stripped
of all components which can be considered as due to the individual’s social envi-
ronment’, and a weighted sum of the ‘quantities of harm and benefit which the
individual himself causes’ to the offspring numbers of others. The weightings are
degrees of relatedness. Relatedness is a measure of genetic similarity between
two individuals (r=1 for identical twins, r=0 for random population member,
including possibility of self in finite populations). The exact definitions of the
fitness effects and of relatedness differ in different formal treatments. For nearly
40 years, at least within behavioural and evolutionary ecology, most field and
laboratory workers have treated inclusive fitness as the quantity that organ-
isms appear designed to maximise, and tailored their studies and experiments
accordingly (summarised in, e.g. Westneat and Fox, 2010; Davies et al., 2012).

However, since at least 1978 (Cavalli-Sforza and Feldman, 1978), the concept
of inclusive fitness has been controversial, criticised most notably for assuming
additivity of fitness effects. The type of additivity we discuss here refers to how
the effects of different social actions combine to affect one individual’s offspring
number. Under non-additivity, these effects may combine in some non-linear
way. The well known challenge for inclusive fitness is that under non-additivity
changes in gene frequency are no longer wholly attributable to a focal genotype.
Since at least 1979 authors have pointed out that, in such scenarios, mean off-
spring number does a better job at predicting gene frequency change (Grafen,
1979). Two recent papers (Lehmann et al., 2015; Okasha and Martens, 2016b)
potentially lend support to both claims, looking for inclusive fitness maximi-
sation, failing to find it, and identifying mean offspring number (in the guise
of neighbour-modulated fitness, the calculation Hamilton termed ‘unweildy’) as
a more successful alternative. Readers are referred to Submitted (Anon) for a
detailed discussion of why mean offspring number is not a useful maximand in
practice, and therefore why extending the range of inclusive fitness’s application
would be of interest. Here we focus on the latter task.

We reanalyse these two models (Lehmann et al., 2015; Okasha and Martens,
2016b), articulating a new set of modelling assumptions which lead to the re-
covery of inclusive fitness maximisation. First, we point out that in both cases,
the inclusive fitness measure used by the authors is not the natural one that
arises from Hamilton’s verbal definition. Second, we introduce a way of under-
standing Hamilton’s verbal definition and capturing it mathematically that has
been used before but not fully articulated (Grafen, 1979). The precise mathe-
matical definition of inclusive fitness depends on the specific settings. However,
in defining it precisely in specific cases below we aim to help mathematical biol-
ogists find the precise definition in their own setting. Third, we articulate a set
of modelling assumptions that allows a very wide application of the additivity
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assumption, showing that in the models developed by Lehmann et al. (2015)
and Okasha and Martens (2016b) inclusive fitness is indeed maximised.

In doing so, we are following a recent resolution offered by Birch (2017),
who argues that the critics (e.g. Nowak et al., 2010; Allen and Nowak, 2016;
van Veelen et al., 2017) are right to point to technical difficulties in establish-
ing that inclusive fitness is well-defined or that natural selection leads to ‘as-if
maximisation’, in a fully general theoretical model. However, Birch argues that,
within certain assumptions, notably additivity of fitness effects, inclusive fitness
is close enough to being ‘right’ to justify its use as organising framework for
understanding social behaviour. We strengthen Birch’s resolution by extending
the range of scenarios in which inclusive fitness can be applied. The significance
of articulating modelling assumptions lies in the process by which biological
ideas become transferred into mathematics. If biologists fail to explain clearly
enough what they are doing, then the machinery of mathematics is capable
of yielding unbiological answers that are hard for biologists to interpret or re-
spond to. In controversies caused by failure of communication, biologists can
be grateful for the work of philosophers in acting as intermediaries (Okasha and
Martens, 2016a; Birch, 2017).

2. Okasha and Martens (2016)

Okasha and Martens (2016b) analyse a version of the Hawk-Dove game
played between relatives (they focus on the simpler cooperation game, but we
keep the discussion general here as the conclusions hold for both). Their goal
was to look with mathematical precision at the question of whether inclusive
fitness is maximised at equilibrium. Our first point is that neither of the two
fitness functions they define corresponds to Hamilton’s inclusive fitness, and
we show what the third function is below. Our second point is that, when we
allow all probabilistic mixtures of Okasha and Martens’ strategies also to be
strategies, this third function is indeed maximised.

2.1. Do they consider inclusive fitness?

Okasha and Martens’ (2016b) first utility function, which they refer to as
inclusive fitness, is

U(i, j) = V (i, j) + rV (j, i), (1)

where r is relatedness, and V (i, j) is an individual’s payoff when playing strategy
i against a partner who plays j. It is immediately apparent that this is not
inclusive fitness, but something more akin to simple weighted sum fitness. It
measures the actor’s whole payoff plus r times its partner’s whole payoff, and
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therefore does not partition offspring number by causation. They find that this
utility function is not maximised, which is not surprising, as it is not inclusive
fitness.

Their second utility function, which they call ‘Grafen 1979’, is expressed as
follows:

U (i, j) = rV (i, i) + (1 − r)V (j, i). (2)

This payoff function, identified by Grafen (1979), is simply mean number
of offspring, and, as expected, Okasha and Martens (2016b) find that that the
strategy with the highest value increases in frequency, and establish links be-
tween evolutionary dynamics and as-if maximisation. Clearly, neither of these
utility functions is inclusive fitness as defined by Hamilton (1964).

2.2. What is the correct expression for inclusive fitness?
In order to ask whether inclusive fitness is maximised, we must write a

third utility function, which sums the effect on personal payoff of expressing the
strategy and the relatedness weighted difference to partner’s payoff as a result
of actor expressing the strategy, according to Hamilton’s 1964 definition. To
do this, we write k as a default, ‘non-social’ strategy, and therefore can express
inclusive fitness as:

U(i, j) = V (i, k) + r (V (j, i) − V (j, k)) . (3)

Providing a ‘non-social’ strategy (k) allows us to apply Hamilton’s definition
of inclusive fitness, and this overcomes a problem that may have prevented
mathematical modellers in the past from using that definition. A key additional
point is that in testing for invasion, we employ the incumbent as the non-social
phenotype. This device articulates an approach used by Grafen (1979, p.907).

2.3. Is inclusive fitness maximised under probabilistic mixing?
The problem of non-additivity remains. Consider the simple two player

cooperation game with discrete strategies, analysed above, where each player
can choose to play either Cooperate or Defect. Relatedness, r, is the measure
of genetic similarity between players discussed above. In a simple two player
game like this, r is also measures assortation between strategies. If we imagine
a mutant in the population that played Cooperate instead of Defect, increasing
r increases the likelihood that its partner’s strategy will also be Cooperate,
and inclusive fitness fails to take this alteration in the partner’s behaviour into
account. When fitness effects depend on the partner’s genotype, as in the case
of non-additivity, this oversight matters.
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However, a simple verbal argument made elsewhere (Submitted, Anon; Grafen,
1979, final paragraph on p.906) suggests that this problem may dissolve in some
biologically relevant scenarios (note that although Grafen, 1979, explained the
second term in his equation (10) incorrectly, the formulae are correct). For ex-
ample, consider the case where strategies are not discrete but continuous, where
a player can choose to cooperate a fraction π of occasions. Now, a variant strat-
egy plays Cooperate on a fraction π + δ of occasions, where δ << 1 . In other
words, it plays Cooperate instead of Defect on one occasion out of many, and the
probability that it is the same occasion its related partner also plays Cooperate
is very low (Grafen, 1979).

Grafen (1979, p.907) has already shown that, when we allow for probabilis-
tic mixing of strategies, inclusive fitness correctly predicts the direction of gene
frequency change in the simple game above, and this resolves the problem iden-
tified by Okasha and Martens (2016b). In the appendix, we provide a proof for
this simple cooperation game, recovering the links between as-if inclusive fitness
maximisation and gene frequency change.

In summary, Okasha and Martens’ 2016b ‘inclusive fitness’ function is not
inclusive fitness. The natural expression for inclusive fitness arising from Hamil-
ton’s 1964) definition is our equation (3). Under probabilistic mixing, this cor-
rect inclusive fitness is indeed maximised.

3. Lehmann et al. (2015)

The game analysed above is a simple two player game. In some ways, this is
very general, because it allows us to make few assumptions about life cycle or
population structure (namely that the chance of meeting an identical strategy
depends only on r and p, which are both independent). However, it is a restricted
sort of interaction, in which r is a parameter rather than an endogenous feature
of the model. We now turn to a recent rigorous population genetic analysis,
which is in some ways more general, and which makes similar claims to Okasha
and Martens (2016b).

Lehmann et al. (2015) consider an infinite island model of haploid individ-
uals on patches of a fixed size. An individual’s fitness is a function of its own
strategy and the profile of strategies to be found amongst its neighbours, where,
for our purposes, strategy sets are confined to real numbers. There is assumed to
be no class structure and there is permutation invariance of the elements of the
profile of neighbour strategies (which rules out associating with relatives more
than associating with random members of the group). Individuals are asexual
and haploid, and offspring migrate with some positive probability. Generations
may be discrete or overlapping, but adults do not migrate. Otherwise, no as-
sumptions are made about fecundity, survival, or competition. This allows for
any type of games to be played on the patches, and any type of strategies to
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be employed. Thus, despite the highly specific population structure, the model
is otherwise quite general, granting Lehmann et al. their ‘wide latitude’. Ac-
cordingly, any conclusions drawn from the model about the maximisation of
inclusive fitness are of interest.

The approach is then as follows. Consider a mutant individual and the
conditions that must hold for this mutant strategy to invade the population. In
an infinite island model, any mutant will either ultimately go extinct or go to
fixation in the population. Thus, we can identify the uninvadability condition
for a strategy. The question then becomes, is there a utility function for which
the following is true: the strategies that maximise the utility function are the
same as the strategies that satisfy the uninvadability conditions. If so, it can be
said that, at equilibrium, organisms appear as if trying to maximise said utility
function (Lehmann et al., 2015; Okasha and Martens, 2016b).

3.1. Do they consider inclusive fitness?

Lehmann et al. (2015) define three such candidate utility functions, but our
first point will be that none of them corresponds to Hamilton’s verbal definition
of inclusive fitness with our interpretive principle, a fourth function that we
exhibit below. Our second point is that, once we allow probabilistic mixtures of
Lehmann et al.’s strategies also to be strategies, this fourth function is indeed
maximised at equilibrium.

First, Lehmann et al. (2015) identify the utility function uA, which they
refer to as inclusive fitness.

uA (xi,x−i, 1x) = w (xi,x−i, 1x) + r (x̄, x̄)
∑

j 6=i

w (xj ,x−j , 1x). (4)

w (xi,x−i, 1x) is the offspring number of an focal individual, i, expressing strat-
egy xi in a patch where the strategies of the individuals other than i are repre-
sented as x−i, where, recalling that the mutant is at zero frequency, the distri-
bution of the whole population (1x) is assumed to be monomorphic for x and
r (x̄, x̄) is relatedness (with x̄ being the average strategy in the population).
It is immediately apparent then that uA is not inclusive fitness, but instead a
version of ‘simple-weighted sum’ fitness (Grafen (1982)). It measures an indi-
vidual’s personal offspring number plus a weighted sum of the offspring of all its
social interactants, and therefore fails to isolate the actor’s effects, as Hamilton
(1964) intended.

Lehmann et al. (2015) then turn to a second utility function, uB , which they

6
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refer to as ‘average personal fitness’,

uB (xi,x−i, 1x) =
N∑

k=1

∑

x̃−i∈Pk(x−i)

w (xi, x̃−i, 1x) qk (x̄, x̄), (5)

where Pk is the subset of hypothetical neighbour strategy profiles such that
k − 1 neighbours have a strategy identical to the focal individual, and qk is the
probability of that profile (Lehmann et al., 2015). uB is a version of neigh-
bour modulated fitness (i.e. simply mean offspring number), as it counts an
individual’s offspring number incorporating the effects of its social partners.
Note, of course, that Okasha and Martens’ ‘Grafen-79’ payoff (our equation 2)
is the simple two player game version of Lehmann et al.’s uB (5), as both are
mean offspring number. Lehmann et al. consider a third function, uC , which we
don’t reproduce here as it is simply neighbour modulated fitness under a special
assumption about the link between offspring number and material payoffs.

Lehmann et al. find a much closer fit between the uninvadability conditions
from the dynamic model and the first and second order conditions for ‘as-if’
maximisation by individuals for uB than uA (Lehmann et al., 2015). This is
not surprising, as we expect this to hold for mean offspring number, and it
parallels Okasha and Martens’ finding about Grafen-1979. However, none of
these functions is inclusive fitness as Hamilton (1964) outlined, and therefore
their analysis cannot satisfactorily interrogate inclusive fitness maximisation.

3.2. What is the correct expression for inclusive fitness?

Instead, we require a fourth function, which we will call uIF . In line with
Hamilton (1964), to obtain uIF we must sum three components: baseline asocial
fitness, the difference to personal fitness as a result of the strategy, and related-
ness weighted difference to social partners’ fitnesses as a result of the strategy.
Recalling our principle, from the previous example, of adopting the incumbent
as the non-social strategy for inclusive fitness purposes, this can be written,

• Baseline asocial fitness – the average for an x-player, so

w
(
x,xN−1, 1x

)
,

where xN−1 indicates that all other group members play x,

• The difference to own personal fitness as a result of action, y:

+ w (y,x−i, 1x) − w (x,x−i, 1x) ,

where the distribution of x−i is taken from that for y-players.

7
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• The difference to others’ personal fitnesses as a result of action, weighted
by relatedness:

+ r (y, x)
∑

j 6=i

(w (x,x−i−jy, 1x) − w (x,x−i−jx, 1x)),

where, x−i−jy indicates that all but two play x, and one other plays y,
meaning that in x−i−ji, x−i−j is the distribution of the N − 2 remaining
members of a patch, taken from the ‘experience’ of the recipient of a y-
player, and the i (x or y) is the known strategy of the other individual.
r(y, x) is relatedness from the perspective of a y player in a population of
resident x players. The assumption of permutation invariance (made by
Lehmann et al. (2015)) ensures that there is only one kind of relatedness
on the patch, namely to a random other patch-mate.

In total, then, we can express the inclusive fitness goal function as:

uIF (y, x) =w
(
x,xN−1, 1x

)
(6)

+ w (y,x−i, 1x) − w (x,x−i, 1x)

+ r (y, x)
∑

j 6=i

(w (x,x−i−jy, 1x) − w (x,x−i−jx, 1x))

3.3. Is inclusive fitness maximised under probabilistic mixing?

In section 2.3, we offered a verbal argument for the biological importance
of low additive genetic variability. Here, we formalise this argument by extend-
ing Lehmann et al.’s (2015) model to allow for such continuous variation in
strategies, and analyse the first and second order conditions for evolutionary
uninvadability and maximisation of inclusive fitness (uIF ). We do this by con-
sidering a mutant strategy ỹ, in which a mutant displays the deviant behaviour
with some small probability, ε, and otherwise, with probability (1− ε), behaves
like a resident (x), which we can write in a natural notation as ỹ = (1−ε)x+εy.

We proceed to ask whether evolutionary uninvadability = utility maximisa-
tion, which is true if the first and second order conditions for uninvadability and
utility maximisation are the same. Following Lehmann et al. (2015), we write
the lineage fitness of the mutant as:

W (ỹ, x) =

N∑

k=1

(
N − 1

k − 1

)
qk (ỹ, x)w

(
ỹ, ỹ(k−1),x(N−k), 1x

)
(7)

WhereW is the lineage fitness of the mutant, w is the personal fitness of the
mutant expressing ỹ in a patch with k − 1 other mutants and N − k residents

8
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displaying x, in a population otherwise monomorphic for x. qk is the probability
that the neighbour profile of the focal mutant will consist of k−1 other mutants.
Lehmann et al. (2015) have shown that, for x to be uninvadable, it must be that
y = x is a local maximum of W .

In the appendix, we find the first order condition for uninvadability under
our probabilistic mixing condition (the first partial derivative of W ) to equal
the first order condition for utility maximisation (the first partial derivative of
uIF ), and the same for the second order conditions. Therefore as a result of gene
frequency dynamics, at equilibrium organisms appear as if trying to maximise
inclusive fitness. Due to the ‘wide latitude’ afforded by the approach, this result
holds some generality for inclusive fitness maximisation.

In summary, Lehmann et al. (2015) did not analyse inclusive fitness as de-
fined by inclusive fitness. We derive the natural expression above in equation
(6). We show in the appendix that under probabilistic mixing, the correct in-
clusive fitness is indeed maximised.

We expect our result to hold for other recent analyses which have identified
mean offspring number as a successful maximand (e.g. Allen and Nowak, 2015),
if we adopt our newly articulated modelling approach of regarding the incumbent
as Hamilton’s “nonsocial” case, and of allowing all probabilistic mixtures of
elements in the original strategy set. An interesting future step would be to try
to extend our result to more general population structures. Our articulation of
these additional conditions will, we hope, help mathematicians and biologists
understand each other better in future.

4. Discussion

Inclusive fitness has formed the bedrock of a vast body of empirical litera-
ture (for an entry into that literature, see: Foster (2009); Davies et al. (2012),
and for an attempt to quantify such successes Abbot et al. (2011), Tables 1
and 2). However, it has long been criticised for its assumptions, most notably
additivity of fitness effects, and its failure in such scenarios to predict gene
frequency change as well as mean offspring number (sometimes referred to as
‘neighbour-modulated fitness’). Recent papers have purportedly lent support to
such claims with general mathematical models (Lehmann et al., 2015; Okasha
and Martens, 2016b). However, we have shown that such models fail to cor-
rectly capture inclusive fitness, and that when the correct expression is used,
under the assumption of probabilistic mixtures of phenotypes inclusive fitness
maximisation is recovered.

The biological significance of the ‘probabilistic mixtures’ assumptions is im-
portant to understand. Some of what follows is at the moment our own intuition,
and obtaining mathematical proofs of precise versions would be extremely use-
ful. First, uncontroversially, it will usually be conceivable that the assumption

9
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is true in any particular example, and cannot be ruled out. Second, we conjec-
ture that the possible deviations from the assumption will not tilt the biology
in any particular direction, and thus we can consider the equilibrium under the
probabilistic mixtures assumption as a central case. The fact that this central
case applies without knowledge of the genetics across such a wide range of possi-
bilities is very important in regarding social biology as possible without detailed
genetic knowledge. Finally, when the assumption is not true, we posit there will
usually be no dynamic equilibrium: rather, alleles will be able to invade and
change frequencies continually, with the behaviour of the population constantly
changing. Furthermore, the behaviour predicted by the probabilistic mixtures
model will be a focus of the orbits of the dynamically changing population mean
behaviour.

We expect that the importance of probabilistic mixtures of phenotypes may
extend to more general scenarios in which the genetic component of the vari-
ability in how individuals act on any given occasion is proportionally low (which
implies the δ-weak selection of Wild and Traulsen, 2007), because it removes
the assortation effect of r. We expect this scenario to be the norm for popula-
tions near equilibria (or, more precisely, near a point at which a monomorphic
population is uninvadeable by any one of set of mutations that code for all
nearby phenotypes), where it is usually reasonable to suppose we study organ-
isms (Fisher, 1930; Grafen, 1985; Birch, 2017).

The technical mathematical requirements of building rigorous population
genetic models are considerable. They often require focusing on quite detailed
special cases that are in themselves quite complex, or on abstract mathematical
concepts representing the limits of the proof, which are quite complex, and
often require adopting a very precise mathematical mode of reasoning. It is not
surprising that linking back to general concepts in less technically demanding
areas of biology often seems to prove difficult. In extending these models and
formalising our verbal arguments, we hope to make it easier for future modellers
to make links to the general and verbally expressed conceptual theory when they
build precise mathematical population genetic models.

Empirical successes provide some assurance that the working hypothesis of
inclusive fitness is by and large satisfactory. Here we hope to have lent some
formal support for such assurance. Further, we hope that our mathematical
arguments will allow future modellers to have a better understanding of the
reasons many biologists remain content to use inclusive fitness. This better
understanding could even in principle allow productive interactions between
subdisciplines of biology whose dialogue hitherto has been less productive than
might be desired.
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Appendix A. Okasha and Martens

Okasha and Martens (2016b) analyse the simple cooperation game described
in the text, in which an altruist donates b to its partner at a cost c, and when
two cooperators are paired they each receive an additional benefit, d. Under
our probabilistic mixing assumption, a mutant altruist (A) cooperates with
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some small probability, ε, and otherwise, with probability (1 − ε), behaves like
a resident (S) and defects.

From the payoffs of the game outlined above, we can use the least squares
regression approach (outlined by Gardner et al. (2011)) to extract parameters
from the population data to determine the the change in frequency of an altruism
allele (∆p). Eliminating higher orders of ε, the condition for altruism to increase
in frequency is

rb− c > 0 (A.1)

where r is the standard kin selection coefficient of relatedness (and the scaling
factor, ε, has been eliminated because it does effect equilibria). If rb − c < 0

altruism decreases in frequency, and if rb− c = 0 there is no change in p.
From the payoffs of the game and our definition of inclusive fitness (equation

3), the Nash Equilibrium of the game is (A,A) if rb − c > 0. If rb − c < 0

then (S, S) is a Nash Equilibrium, and if rb − c = 0 all pairs of strategies
are Nash Equilibria. Thus there is a correspondence between the evolutionary
dynamics and as-if maximisation behaviour. Specifically, the conditions for a
gene to spread in frequency correspond to the conditions for a strategy with
the same effects to be a Nash Equilibrium. Thus we can consider organisms,
at equilibrium, to appear as though maximising their inclusive fitness (Okasha
and Martens, 2016b).

Appendix B. Lehmann et al.

Following Lehmann et al. (2015), and the assumptions outlined in the text,
we consider an infinite island model of haploid individuals on patches of size N .
We extend Lehmann et al.’s (2015) analysis, and consider a mutant strategy ỹ,
in which a mutant displays the deviant behaviour with some small probability,
ε, and otherwise, with probability (1 − ε), behaves like a resident (x): ỹ =

(1 − ε)x+ εy.

Appendix B.1. First order conditions
We can rewrite equation 7, by the definition of q and p from Lehmann et al.

(2015), as,

W (ỹ, x) =
N∑

k=1

pk (ỹ, x)w
(
ỹ, ỹ(k−1)x(N−k), 1x

)
, (B.1)

where pk is the probability that a randomly drawn mutant has k − 1 other
lineage members in its patch. A strategy x is uninvadable if, given x, ỹ = x is
a local maximum of W (ỹ, x).
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Taking the first derivative with respect to deviations in y, we get:

∂W (ỹ, x)

∂y

∣∣∣∣
y=x

=
N∑

k=1

∂

∂y
pk (ỹ, x)w

(
ỹ, ỹ(k−1)x(N−k), 1x

)∣∣∣∣
y=x

(B.2)

+
N∑

k=1

pk (ỹ, x)
∂

∂y
w
(
ỹ, ỹ(k−1)x(N−k), 1x

)∣∣∣∣
y=x

(B.3)

The first term is equal to 0 because at y = x we can factor out the fitness
term, and

∑N
k=1

∂
∂ypk (ỹ, x) = ∂ (1) = 0.

Turning to the second term, we now allow for a total k mutants and an
independent chance, ε, of each of them displaying the deviant behaviour. This
gives:

∂W (ỹ, x)

∂y

∣∣∣∣
y=x

= (B.4)

N∑

k=1

pk (ỹ, x)
∂

∂y

k∑

h=0

(
k

h

)
εh (1 − ε)

k−h
(
h

k
w
(
y, xn−hyh−1, 1x

)
+
k − h

k
w
(
x, xn−h−1yh, 1x

))∣∣∣∣
y=x

,

where h is the number of mutants displaying the deviant behaviour. We can
express the binomial as,

(
k

h

)
εh(1 − ε)k−h ≈





(1 − kε+O(ε2)) h = 0

kε+O(ε2) h = 1

O(ε2) h ≥ 2

(B.5)

Eliminating higher order terms of ε gives:

∂W (ỹ, x)

∂y

∣∣∣∣
y=x

= (B.6)

N∑

k=1

pk (ỹ, x)
∂

∂y

[
(1 − kε)w

(
x, xN−1, 1x

)
+ kε

(
1

k
w(y, xN−1, 1x) +

k − 1

k
w(x, xN−2y, 1x)

)]∣∣∣∣
y=x

+O
(
ε2
)

We now adopt the notational convention of Lehmann et al (2015) that
w(y, x−1, 1x) should be regarded as having N + 1 arguments for the purpose
of differentiation. Thus we can take a partial derivative of up to the N +1th ar-
gument (though only actually use up to N). This allows us to take the derivative
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of one individual’s offspring number with respect to the behaviour of other single
members of the group. By permutation invariance, and following Lehmann et
al. (2015) in denoting wj as the derivative of w with respect to its jth argument
we get:

∂W (ỹ, x)

∂y

∣∣∣∣
y=x

=ε

(
N∑

k=1

pk (ỹ, x) (k − 1)wN

(
x, xN−1y, 1x

)
)

(B.7)

+ ε

(
N∑

k=1

pk (ỹ, x)w1

(
y, xN−2, 1x

)
) ∣∣∣∣

y=x

And from the definition of relatedness, r (Lehmann et al. (2015)), r (ỹ, x) =∑N
k=1

pk(ỹ,x)(k−1)
(N−1) we obtain a first order condition of:

∂W (ỹ, x)

∂y

∣∣∣∣
y=x

= (B.8)

ε

(
w1

(
x, xN−1, 1x

)
+ (N − 1)

N∑

k=1

pk (x, x) (k − 1)

(N − 1)
wN

(
x, xN−1, 1x

)
)

= ε
[
w1

(
x, xN−1, 1x

)
+ (N − 1) r (x, x)wN

(
x, xN−1, 1x

)]
= 0.

Appendix B.2. Second order condition

The second order condition is given by the second derivative:

∂2W (ỹ, x)

∂y2

∣∣∣∣
y=x

=

N∑

k=1

∂2

∂y2
pk (ỹ, x)w

(
ỹ,yk−1xN−k, 1x

)∣∣∣∣
y=x

+ 2
N∑

k=1

∂

∂y
pk (ỹ, x)

∂

∂y
w
(
ỹ,yk−1xN−k, 1x

)∣∣∣∣
y=x

(B.9)

+
N∑

k=1

pk (ỹ, x)
∂2

∂y2
w
(
ỹ,yk−1xN−k, 1x

)∣∣∣∣
y=x

The first term of the RHS of the equation equals 0 because at y = x we can
factor out the fitness term, and

∑N
k=1

∂2

∂y2 pk (ỹ, x) = ∂2 (1) = 0.
Turning to the second term, we already have the partial derivative of w

(above) as: εkwj

(
y1, xN−1, 1x

)
. Using the definition of pk from Lehmann et al.

(2015), we write:
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∂

∂y
pk (ỹ, x) =

∂

∂y

ktk (ỹ, x)
∑N

h=1 hth (ỹ, x)
(B.10)

=

∂
∂yktk (ỹ, x)

(∑N
h=1 hth (ỹ, x)

)
− ktk (ỹ, x) ∂

∂y

∑N
h=1 hth (ỹ, x)

(∑N
h=1 hth (ỹ, x)

)2 ,

where tk(ỹ, x) is the number of demographic periods (‘sojourn time’) the lin-
eage consists of k individuals. To get an expression for ∂

∂y tk (ỹ, x), we use the
matrix, Q, from which tk is derived, as defined in the Supplementary Material
of Lehmann et al. (2015)). Q is a matrix whose i, jth entry is the probability a
patch with j mutants becomes a patch with i mutants in the next demographic
period. To obtain the formula, we need a symbol Ri−f,j−h,h(y, x) for the prob-
ability that the j − h non-deviant mutants contribute i − f individuals to the
next time step. The probability of going from j to i mutants is then

Qij(ỹ, x) =πj0Qij(x, x)+

j−1∑

h=1

πjh

(
1 −

N∑

k=1

Qk,h (y, x) +Ri(j−h)h(y, x)

)
+

j−1∑

h=1

πjh

i−1∑

f=1

(
Qf,h(y, x) +R(i−f)(j−h)h(y, x)

)
+ (B.11)

j−1∑

h=1

πjh

(
Qi,h(y, x) + 1 −

N∑

k=1

Rk(j−h)h(y, x)

)
+

πjjQij(y, x)

where h represents the number out of a total j mutants that display the be-
haviour y, and πjh is the probability that a group with j mutants will have h
individuals displaying the behaviour. The Q matrices capture individuals con-
tributed by the deviant displaying mutants, and the R matrices capture mutant
individuals contributed by mutants acting as residents.

Now we apply our assumptions that only a small fraction ε of mutants dis-
play, and that the chances of displaying are all independent. This gives us

πjh =

(
j

h

)
εh(1 − ε)j−h ≈





(1 − jε+O(ε2)) h = 0

jε+O(ε2) h = 1

O(ε2) h ≥ 2

(B.12)

Substituting and eliminating higher orders of ε, we get:
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Qij(ỹ, x) =Qij(x, x)+ (B.13)

jε


−Qij(x, x) + 1 −

N∑

f=i+1

Qf,1 (y, x) + 1 −
N∑

k=i+1

Rk(j−1)1(y, x)




If A is the NxN matrix of the form:



0 1 1 ... 1

0 0 1 ... 1
...

...
...

...
...

0 0 0 ... 1

0 0 0 ... 0




and B is the NxN matrix of the form:




1 1 1 ... 1

0 0 0 ... 0
...

...
...

...
...

0 0 0 ... 0




and C is the NxN matrix of the form:



0 1 0 ... 0

0 0 1 ... 0
...

...
...

...
...

0 0 0 ... 1

0 0 0 ... 0




And writing J for the NxN matrix with the vector j as the diagonal and
otherwise zeroes, and 1 as an NxN matrix of ones, and R1 for the matrix with
entries Rk,j,1 (representing the probability a patch with j non-deviant mutants,
in the presence of 1 deviant mutant, becomes a patch with k mutants), we can
write Q as:

Q(ỹ, x) =Q(x, x)+ (B.14)

ε (−Q(x, x) + 1 − A (Q (y, x) B) + 1 − (AR1(y, x)) C) J

Now, tk (ỹ, x) is taken from the first column of (I −Q(ỹ, x))
−1. From the

binomial theorem for matrices (Arias et al. (1990)),
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(I −Q(ỹ, x))
−1

= (I −Q(x, x))
−1 − (B.15)

ε (I −Q(x, x))
−1

((Q(x, x) − Ω) J) (I −Q(x, x))
−1

+ o(ε2),

where Ω = 1 + A (Q (y, x) B)−1 + (AR1(y, x)) C. Thus, writing T (ỹ, x) as the
matrix (I−Q(ỹ, x) that contains as its first column the vector of tk’s, we write:

∂

∂y
T (ỹ, x) = −ε

(
T (x, x)

∂

∂y
((A (Q (y, x) B) + (AR1(y, x)) C) J) (T (x, x))

)

(B.16)

It follows from assumptions in Lehmann et al. (2015) (namely that x and y
are real numbers) that the derivatives above are bounded except at a countable
number of points, and thus the above expression is of order ε. Since the tk’s are
taken from equation B.16, the derivative of tk with respect to y is of order ε,
which means that equation B.10 is of order ε, and thus line 3 of equal B.9 is of
order ε2. This gives:

∂2W (ỹ, x)

∂y2

∣∣∣∣
y=x

=
N∑

k=1

pk (ỹ, x)
∂2

∂y2
w
(
ỹ,yk−1xN−k, 1x

)∣∣∣∣
y=x

(B.17)

Following the same steps as above (equations B.4-B.8) , we can write the
second order condition as:

∂2W (ỹ, x)

∂y2

∣∣∣∣
y=x

(B.18)

=
N∑

k=1

pk (ỹ, x)
∂2

∂y2

[
(1 − kε)w

(
x, xN−1, 1x

)
+ kε

(
1

k
w(y, xN−1, 1x) +

k − 1

k
w(x, xN−2y, 1x)

)]∣∣∣∣
y=x

= ε
[
w11

(
x, xN−1, 1x

)
+ (N − 1) r (x, x)wNN

(
x, xN−1, 1x

)]
< 0.

Appendix B.3. Utility maximisation

Turning to our utility function, uIF , wewrite uIF (ỹ, x) as:

uIF (ỹ, x) =w
(
x,xN−1, 1x

)
(B.19)

+ w (ỹ,x−i, 1x) − w (x,x−i, 1x)

+ r (ỹ, x)
∑

j 6=i

(w (x,x−i−j ỹ, 1x) − w (x,x−i−jx, 1x))
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Noting that when ε is small, r (ỹ, x) = r (x, x), we find the first and second
order conditions to be:

∂uIF (ỹ, x)

∂y

∣∣∣∣
y=x

= ε
[
w1

(
x,xN−1, 1x

)
+ r (x, x) (N − 1)wN

(
x,xN−1, 1x

)]
= 0

(B.20)

∂2uIF (ỹ, x)

∂y2

∣∣∣∣
y=x

= ε
[
w11

(
x,xN−1, 1x

)
+ r (x, x) (N − 1)wNN

(
x,xN−1, 1x

)]
< 0

(B.21)

The first and second order conditions for uninvadability and utility maximi-
sation are identical.
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 2 

Honest signalling and the double counting of inclusive fitness 2 

 3 

Abstract 4 

Inclusive fitness requires a careful accounting of all the fitness effects of a particular 5 

behaviour. Verbal arguments can potentially exaggerate the inclusive fitness 6 

consequences of behaviour, by including the fitness of relatives that was not 7 

caused by that behaviour, leading to error. We show how this this ‘double counting’ 8 

error can arise, with a recent example in the signalling literature. In particular, we 9 

examine the recent debate over whether parental divorce increases parent-offspring 10 

conflict, selecting for less honest signalling. We found that, when all the inclusive 11 

fitness consequences are accounted for, parental divorce increases conflict 12 

between siblings, in a way that can select for less honest signalling. This prediction 13 

is consistent with the empirical data. More generally, our results illustrate how 14 

verbal arguments can be misleading, emphasising the advantage of formal 15 

mathematical models. 16 

 17 

Impact Summary 18 

Evolutionary theory predicts that organisms should adopt traits that increase their 19 

inclusive fitness, a measure of fitness that includes contributions to relatives, and 20 

this idea underpins a wide range of empirical biology. But knowing how traits 21 

actually impact inclusive fitness requires a careful accounting of all the effects of a 22 

trait. A common mistake in calculating inclusive fitness is known as ‘double 23 

counting’, in which the effects of a trait are counted twice, and this has been shown 24 

to lead to incorrect predictions. We show how this problem arises and how it can be 25 
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avoided. We illustrate the point with a recent paper about begging in birds, which 26 

uses inclusive fitness to claim that divorce should have no impact on how honest 27 

baby birds are when begging for food. We show that this paper commits the double 28 

counting error, and develop mathematical models which avoid the error. The 29 

models predict that divorce, via its effects on inclusive fitness, should cause baby 30 

birds to be less honest when signalling their need. This occurs because divorce 31 

causes future siblings to be only half-siblings. We show that this prediction is 32 

supported by the empirical data. More generally, our results illustrate the risks of 33 

verbal reasoning and the benefits of developing mathematical models to clarify 34 

predictions. Inclusive fitness is a powerful tool in social biology which can guide 35 

empirical work and make testable predictions. This paper aims to help clarify how to 36 

use inclusive fitness correctly.  37 

 38 

Introduction 39 

Evolutionary theory predicts that selection for honest signalling can be reduced 40 

when there is greater conflict between individuals (Grafen, 1990; John Maynard 41 

Smith & Harper, 2003). This prediction can be hard to test with studies on single 42 

species, because the factors that determine conflict may not vary sufficiently to 43 

produce detectable variation (Popat et al., 2015). Caro et al. (2016) circumvented 44 

this problem with a comparative study across 60 species of birds, and examined 45 

whether greater conflict led to a weaker correlation between the intensity with which 46 

offspring beg and their long-term need (less honest signalling). In support of theory, 47 

Caro et al. (2016) found that offspring signalled less honestly when: (i) they face 48 

competition from current siblings; (ii) their parents are more likely to breed again; (iii) 49 
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parents are more likely to die or divorce (change mating partners between breeding 50 

bouts). 51 

Bebbington & Kingma (2017) questioned one aspect of the third result with a 52 

verbal argument. Caro et al (2016) had argued that divorce should increase parent-53 

offspring conflict because it means that future siblings, produced after the divorce, 54 

will only be half-siblings. This reduction in relatedness between siblings increases 55 

parent-offspring conflict (Hamilton 1964; Trivers 1974). In contrast, Bebbington & 56 

Kingma argued that divorce should have no impact on offspring honesty since an 57 

individual will gain two sets of half siblings, cancelling out the effects of losing one 58 

set of full siblings. Instead, they suggested a number of alternative hypotheses that 59 

could explain the data. 60 

 We show here that Bebbington & Kingma’s argument makes what is termed 61 

the ‘double-counting error’ (Grafen, 1982, 1984; Queller, 1996). When considering 62 

the inclusive fitness consequences of divorce, they summed across all the siblings 63 

that were produced in the future. This leads to error because offspring are counted 64 

multiple times, as part of the fitness of multiple individuals. Instead, when 65 

considering the evolution of a trait, we need to focus on the specific consequences 66 

of variation in that trait, the ‘inclusive fitness effect’ (Frank, 1998; Grafen, 1982, 67 

1984; Hamilton, 1964; Queller, 1996; Taylor, 1989, 1990; West, Griffin, & Gardner, 68 

2007). 69 

 We present a simple inclusive fitness model to show how Bebbington & 70 

Kingma’s conclusion was based upon double-counting. We then use a neighbour-71 

modulated fitness approach to model this case more formally. Finally, we consider 72 

empirical support for the alternative hypotheses proposed by Bebbington & 73 
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Kingma. Our overall aim is to use an analysis of this particular problem to examine 74 

more general issues about how problems such as double counting can arise from 75 

simple verbal arguments. 76 

 77 

Inclusive fitness and double counting 78 

Caro et al. (2016) argued that if the parents of an individual divorce, then that 79 

individual will be half as related to future siblings, and so will be selected to obtain 80 

more resources in the short term from their parents, through less honest signalling. 81 

Bebbington & Kingma (2017) argued that this prediction should not hold, because 82 

divorce would also lead to that individual having twice as many siblings, because 83 

each parent goes on to raise a separate brood. Bebbington & Kingma argued that 84 

these two effects, twice as many offspring that are half as related, would exactly 85 

cancel, and so individuals should be indifferent to the likelihood that their parents 86 

will divorce. 87 

 However, what matters in the eyes of selection is the inclusive fitness effect 88 

of a trait, and not the total number of relatives produced (Hamilton 1964). Inclusive 89 

fitness does not include all the offspring produced by relatives, only those which are 90 

a result of the behaviour of the individual whose fitness we are measuring (see 91 

figure 3 in West et al. 2007, or Box 11.4 of Davies et al. 2012). So for example, if the 92 

helping behaviour of an actor leads to the beneficiary of that help producing another 93 

offspring, then that offspring would be counted in the inclusive fitness of the actor 94 

(indirect benefit) but not the beneficiary. To count that offspring both times, or even 95 

more if we also considered other relatives, is the double-counting error (Grafen 96 
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1982; Queller 1996). Bebbington & Kingma (2017)’s argument makes this double-97 

counting error. 98 

 To illustrate this in simple terms, imagine a baby bird that signalled that it 99 

needed less food, and hence provided a marginal fitness benefit B to each parent, 100 

and the parents pass this benefit on future offspring (Figure 1). Put simply, the 101 

parent invests less in the current brood, and more in the future brood. In the case of 102 

monogamy, a baby is related to its future (full) siblings by 0.5, these receive a 103 

benefit of 2B (B from each parent), and therefore the total inclusive fitness effect is 104 

2B x 0.5 = B. In the case of divorce, two sets of half-siblings, related by 0.25, each 105 

receive B, and the total inclusive fitness effect is 2 x 0.25 x B = 0.5B. Therefore, 106 

birds should be less honest in the case of divorce.  107 
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 108 

Figure 1. Divorce favours dishonesty because it causes offspring to be less 109 

invested in their future siblings. A proper counting of inclusive fitness requires 110 

isolating the direct effects of the trait, shown in green. Under monogamy, the 111 

effect the offspring has on its parents remains with both parents, and then is 112 

doled out to full siblings. In the case of divorce, the effects are divided 113 

between separated parents, and then doled out to half-siblings.   114 

 115 

Bebbington & Kingma (2017)’s argument was wrong because it would require 116 

that the 2B given to the original parents translates to 2B in each of the remarriages. 117 

Phrasing the problem in terms of offspring number, without divorce a baby bird 118 
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gives, for example, an extra offspring to its mom and an extra offspring to its dad, 119 

which translates to two full siblings (2 x 0.5). Under divorce, this translates to two 120 

half-siblings (2 x 0.25). Bebbington & Kingma (2017)’s argument requires that, under 121 

divorce, the extra offspring given to mom and dad somehow double.  122 

 It is possible that that if divorce is common then the other parent may also 123 

be contributing an extra B, but that does not matter—it is not the consequence of 124 

the behaviour of the individual whose behaviour we are examining. Hamilton (1964) 125 

was the first to realise the potential for this confusion, and so he explicitly 126 

addressed it in his original definition of inclusive fitness, where he stressed the need 127 

to strip all components of fitness “which can be considered as due to the 128 

individual’s social environment”, and to focus on the “fractions of the quantities of 129 

harm and benefit which the individual himself causes”. In the case we are 130 

considering, Hamilton’s point means multiplying the benefit for future broods, after 131 

divorce, by B and not 2B. The potential for this double counting error has been 132 

highlighted by Grafen (1982; 1984), Queller (1996), and others (West et al. 207; 133 

Davies et al. 2012). 134 

 To provide another way of thinking about this problem, instead of a baby bird 135 

providing a benefit B to their parent, we can think of the baby bird as reducing the 136 

parents’ overall resources. Each parent starts with V resources, and fitness is a 137 

function of the average resources of the parents. A baby can reduce its parents’ 138 

resources by some fraction, f (0<f<1), such that they enter the next breeding season 139 

with (1-f)V resources. Assuming these resources are taken equally from each 140 

parent, a baby takes fV/2 resources from each parent. In the case of monogamy, a 141 

baby takes fV/2 + fV/2 = fV  from its full siblings (r=0.5), and therefore the effect is -142 
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0.5fV. In the case of divorce, a baby take fV/2 from each of its two half sibling 143 

broods (r=0.25), such that the total effect is -0.25fV. From an inclusive fitness 144 

perspective, using up resources has a smaller negative inclusive fitness effect in the 145 

case of divorce. 146 

 147 

A neighbour-modulated fitness model 148 

Inclusive fitness theory requires a careful accounting of all the fitness effects of a 149 

particular behaviour, which can be complicated when reasoning verbally (Frank, 150 

1998; Gardner, West, & Wild, 2011; P. D. Taylor, Wild, & Gardner, 2007; Peter D 151 

Taylor & Frank, 1996). As illustrated above, and by previous discussions of the 152 

double counting error, this could lead to behavioural consequences being 153 

incorrectly added or missed (Grafen 1982; Queller 1996). A solution to this is to 154 

develop theory with the neighbour-modulated fitness method of Taylor & Frank 155 

(1996; Frank, 1997, 1998; Rousset, 2004; Taylor et al., 2007), which provides a 156 

powerful and relatively simple way to derive an expression for the fitness 157 

consequences of a behaviour. 158 

 We use the neighbour modulated fitness method to theoretically examine 159 

whether the potential for divorce should influence the behaviour of an offspring. We 160 

take a Maynard Smith (1991) approach, and deliberately develop a very simple 161 

model, to illustrate the general point in an accessible way, rather than a more 162 

complicated signalling model that would be less easy to follow. 163 

We assume that there are only two years of breeding. There is a probability d 164 

that parents ‘divorce’ between these two years, in which case they pair up with 165 

another divorced parent in their second year. We assume that an offspring in the 166 
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first year of breeding can extract a proportion 𝑓 of its parents’ total resources, and 167 

that parents give the remaining (1 − 𝑓) of their resources to offspring in the second 168 

year. We wish to find if the amount of resources that the offspring should extract in 169 

their first year, f, is influenced by the divorce rate d. 170 

 The fitness, w, of an individual is a function of its own strategy (𝑓), the 171 

strategy of its full sibling, 𝐹'()),  the strategy of its half-sibling, 𝐹*+)', and the 172 

population wide average,  𝑭𝒑𝒐𝒑	is: 173 

 174 

𝑤1𝑓, 𝐹'()), 𝐹*+)', 𝑭𝒑𝒐𝒑3 = 𝑓 5(1 − 𝑑)11 − 𝐹'())3 + 𝑑 8
91:;<=>?@3A	1:;𝑭𝒑𝒐𝒑3B

C
DE	              (1) 175 

 176 

We wish to find the evolutionarily stable strategy (ESS), which is the strategy that 177 

cannot be beaten by any other strategy, and so would be stable under natural 178 

selection (Maynard Smith & Price, 1973). We assume that relatedness is equal to 179 

1/2,1/4, and 0, for full siblings, half siblings and a random member of the population 180 

respectively. Using the Taylor and Frank’s (1996) methodology, we find that the ESS 181 

is: 182 

 183 

                                                                                                       (2) 184 

 185 

In this case, divorce always matters, with increasing divorce rate causing babies to 186 

take more resources from their parents (Figure 2). This result formalises Caro et al.’s 187 

(2016) prediction that a greater likelihood of divorce leads to offspring being 188 

f * = 8
3 (4 − d)
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favoured to extract more resources from their parents, and therefore being selected 189 

to signal less honestly. 190 

 191 

 192 

Figure 2. Divorce increases the optimal level of resources an offspring should 193 

take from its parents, a proxy for honesty of signalling (Equation 2).  194 

 195 

 196 

The real world  197 

Caro et al. (2016) found that offspring signalled less honestly when their parents 198 

were likely to divorce or die. They combined data from divorce and death because 199 

they shared a theoretical basis, with both leading to future offspring produced by 200 

parents being half-siblings. Furthermore, in that data set, there was no significant 201 

difference between the influence of divorce and death. 202 
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Based on the incorrect argument that divorce rates should not matter, 203 

Bebbington & Kingma (2017) proposed three alternative mechanisms that might be 204 

driving the patterns found by Caro et al. (2016): 205 

(1) Pair bond duration could be confounded by clutch size and offspring 206 

competition. This is a valid concern, as brood size and the likelihood of parents 207 

breeding together again are correlated. However, Caro et al. (2016) specifically 208 

accounted for this by controlling for brood size in their analyses. Furthermore, we 209 

tested for collinearity by calculating variance inflation factors for Caro et al. 2016’s 210 

model, and found low VIF values for all fixed effects well below the established cut-211 

off of 10, or the more stringent cut-off of 3 (brood size VIF: 1.83; future reproduction 212 

VIF: 2.14; full vs. half siblings VIF: 2.44; Montgomery, Peck, & Vining, 2013; Zuur, 213 

Ieno, & Elphick, 2009). This indicates that brood size did not confound Caro et al. 214 

2016’s analyses. 215 

 (2) Divorce could be linked to competition for mates, making offspring 216 

dishonesty the result of higher levels of competitiveness in adults. There are no data 217 

to support this claim. Even if adult competitiveness was correlated with offspring 218 

competitiveness as a result of pleiotropy, selective pressures (e.g. divorce) acting 219 

on juvenile competitiveness should still shape behaviour, and we would still expect 220 

the qualitative differences in honesty predicted by Caro et al. (2016), More generally 221 

there is no theoretical reason to expect adults and offspring to be incapable of 222 

behaving differently at different times in their life. More generally, the suggestion 223 

that offspring and adult behaviour would have to be correlated in this way was an 224 

incorrect criticism of parent-offspring conflict theory (Dawkins, 1976; Godfray, 1995; 225 

Trivers, 1974).  226 
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 (3) Divorce could be linked to parents’ investing less in their current offspring, 227 

because short-term pair bonds raise conflict between parents (“scramble 228 

competition”). This is not an alternative to kin selection, as the influence it has on 229 

signalling is driven by an analogous decrease in relatedness. If conflict reduces the 230 

resources parents provide to offspring, this should enhance the effect of divorce on 231 

offspring dishonesty. Furthermore, even if this occurred, the effect would be small 232 

relative to the halving of relatedness cause by divorce.  233 

 The above discussion illustrates two general points regarding alternative 234 

explanations. First, we need to consider the effect size of alternative explanations. 235 

Given that divorce decreases the relative value of future siblings by ½, alternative 236 

explanations would need equally strong selective pressures to outweigh this 237 

influence. Second, hypotheses with more empirical support are more likely to be 238 

true. None of Bebbington & Kingma’s (2017) alternative mechanisms have data to 239 

support them, whereas Caro et al.’s (2016) hypothesis does.  240 

 241 

Future Extensions 242 

Our above model was an idealised simplification, which aimed to illustrate the point 243 

that in the simplest case, divorce matters for offspring behaviour. There are a 244 

number of ways in which this model could be elaborated, to provide more specific 245 

predictions for scenarios of particular empirical interest. For example: the effects of 246 

signalling on parents’ resources could be multiplicative, not additive; the effects on 247 

each parent might differ, potentially leading to intragenomic conflict; likelihood of 248 

divorce could vary with parental quality; or divorced parents might not breed again, 249 

or might breed with a lower quality individual. Another possibility is that death can 250 
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have a more complicated influence than divorce, because the death of one parent 251 

halves both relatedness to, and the number of future siblings. 252 

Bebbington & Kingma (2017) considered one such extension, in which 253 

divorce raises the fitness of parents, following a comparative study by Culina et al. 254 

(2015). To eliminate the effect of divorce on offspring honesty, divorce would have 255 

to at least double the fitness of divorced parents (see our modelling section above). 256 

In contrast to this, Culina et al. found that divorce increased fitness by an average 257 

of only 37% more nestlings or fledglings, in a representative sample of 15 species. 258 

We investigated the possibility that the fitness consequences of divorce might 259 

eliminate the effect of divorce on honesty with an exploratory analysis on 15 260 

species where there is data on both honesty and the fitness consequences of 261 

divorce. We found that, even when taking fitness consequences into account, and 262 

with a much smaller sample size, divorce still had a significant effect on offspring 263 

honesty (pMCMC = 0.0476*, n = 15 species, MCMCglmm model including 264 

phylogeny, study, species, brood size, future reproduction, the fitness consequence 265 

of divorce, and the likelihood of divorce and/or parental death). Future work could 266 

test the role of fitness consequences of divorce more thoroughly, or explore some 267 

of the other alternatives suggested above. 268 

 269 

Conclusions 270 

To conclude, we suggest two take home messages regarding the application of 271 

inclusive fitness theory to specific biological cases. First, care must be taken when 272 

formulating verbal predictions. Formal models can help resolve ambiguities and 273 

clarify predictions. Second, progress can be hindered when alternative mechanisms 274 

122



 15 

or additional factors are mistaken for competing hypotheses. For example, the 275 

distinction between scramble competition and kin selection is a false one, as the 276 

former rests in part on the latter. Future progress is likely to be maximised by the 277 

interplay between theory and data. 278 
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Abstract

Making predictions about aliens is not an easy task. Most previous work has focused on
extrapolating from empirical observations and mechanistic understanding of physics, chem-
istry and biology. Another approach is to utilize theory to make predictions that are not tied
to details of Earth. Here we show how evolutionary theory can be used to make predictions
about aliens. We argue that aliens will undergo natural selection – something that should
not be taken for granted but that rests on firm theoretical grounds. Given aliens undergo
natural selection we can say something about their evolution. In particular, we can say some-
thing about how complexity will arise in space. Complexity has increased on the Earth as a
result of a handful of events, known as the major transitions in individuality. Major transi-
tions occur when groups of individuals come together to form a new higher level of the indi-
vidual, such as when single-celled organisms evolved into multicellular organisms. Both
theory and empirical data suggest that extreme conditions are required for major transitions
to occur. We suggest that major transitions are likely to be the route to complexity on other
planets, and that we should expect them to have been favoured by similarly restrictive con-
ditions. Thus, we can make specific predictions about the biological makeup of complex
aliens.

Introduction

There are at least 100 billion planets in our Galaxy alone (Cassan et al. 2012), and at least 20%
of them are likely to fall in the habitable zone (Petigura et al. 2013), the region of space capable
of producing a biosphere. Even if 0.001% of those planets evolved life, that would mean
200 000 life-harbouring planets in our Galaxy; and it would only take one alien life form
for our conception of the Universe to change dramatically. It is no wonder, then, that hundreds
of millions of dollars have recently been invested in astrobiology research (Schneider 2016),
the USA and Europe have rapidly growing astrobiology initiatives (Des Marais et al. 2008;
Horneck et al. 2016), and myriad new work has been done to try and predict what aliens will
be like (Benner 2003; Davies et al. 2009; Rothschild 2009; Rothschild 2010; Shostak 2015). The
challenge, however, is that when trying to predict the nature of aliens, we have only one sample
– Earth – from which to extrapolate. As a result, making these predictions is hard.

So far, the main approach to making predictions about extra-terrestrial life has been rela-
tively mechanistic (Domagal-Goldman et al. 2016). We have used observations about how
things have happened on the Earth to make statistical statements about how likely they are
to have happened elsewhere. For example, certain traits have evolved many times on the
Earth, and so we posit that extraterrestrial life forms will converge on the same earthly
mechanisms. Because eye-like organs have evolved at least 40 times (von Salvini-Plawen &
Mayr 1977), and are relatively ubiquitous, we predict that they would evolve on other planets,
too (Conway Morris 2003; Flores Martinez 2014). Similarly, we have used a mechanistic
understanding of chemistry and physics to make predictions about what is most probable
on other planets. For example, carbon is abundant in the Universe, chemically versatile,
and found in the interstellar medium, so alien life forms are likely to be carbon-based
(Cohen & Stewart 2001). These kinds of predictions come from a mixture of mechanistic
understanding and extrapolating from what has happened on the Earth. There is no theoretical
reason why aliens could not be silicon-based and eyeless.

An alternative approach is to use theory. When making predictions about life on other pla-
nets, a natural theory to use would be evolutionary theory. Evolutionary theory has been used
to explain a wide range of features of life on the Earth, from behaviour to morphology. For
example, it has allowed us to predict when some organisms, especially insects, should manipu-
late the sex of their offspring, to produce an excess of sons or daughters, how some birds
should forage for food, and why males tend to be larger than females (Darwin 1871;
Clutton-Brock & Harvey 1977; Davies & Houston 1981; West 2009; Davies et al. 2012). If
life arises on other planets, then the evolutionary theory should be able to make similar pre-
dictions about it. Neither approach – theoretical or mechanistic – is more or less valid than the
other. But each has different advantages and can be used to make different sorts of predictions.
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Here, we examine how theoretical and mechanistic approaches
can be combined to better understand what to expect from alien
life. We consider whether aliens will undergo natural selection,
and what implications would follow if they do. That aliens
undergo natural selection is something often taken for granted,
but which needs justification on firm theoretical grounds. We
then turn our attention to a specific subset of aliens: complex
ones. We examine how complexity has arisen on the Earth, and
make predictions about how complexity would arise elsewhere
in the Universe. Finally, we describe some biological features we
would expect to find in complex extraterrestrial life.

Natural selection

On Earth

Darwin (1859) showed that just a few simple features of life on
Earth lead to evolutionary change via natural selection.
Individual organisms differ in how they look and act – there is
natural variation. These differences are heritable – offspring
tend to look and act like their parents. These heritable differences
are linked to differential success – some individuals, as a result of
how they are made or behave, leave more offspring than others.
These three features, with heritable variation leading to differen-
tial success, result in natural selection (Darwin 1859; Fisher 1930).
Any traits or behaviours linked to the greater production of off-
spring (higher fitness or success) will build up in the population
over time. As the environment changes, different traits lead to
higher success. This leads to changes in the population or evolu-
tionary change.

Thus, the ingredients required for natural selection are incred-
ibly simple. Given a collection of entities (a population) that has:

(1) heredity; (2) variation; and (3) differential success linked to
variation, then natural selection will follow. The entities that are
more successful will become more prevalent in the population,
as a result of being ‘selected’. Natural selection does not depend
on a specific genetic system (Darwin knew nothing of modern
genetics) or a specific genetic material, elemental makeup or
planet-type. Given that 1, 2 and 3 exist, natural selection occurs
(Fig. 1).

Natural selection not only explains evolutionary change, it also
explains adaptation. When we look around at the natural world,
we cannot help but see what looks like design: a giraffe’s neck
is for reaching high up leaves, a stick insect’s body for camouflage,
a tree’s leaf for photosynthesizing. Organisms look designed or
‘adapted’ for the world in which they live. Through the gradual
selection of small improvements, traits associated with success
in the environment accrue in the population. Consequently,
over time, natural selection will lead to organisms that appear
as if they were designed for success in the environment. The
clause ‘as if’ is key here – natural selection leads to the appearance
of design (adaptation), without a designer (Grafen 2003; Gardner
2009).

In fact, natural selection is the only explanation we have for
the appearance of design without a designer (Gardner 2009).
Other processes can cause evolutionary change. For example,
a mutation can cause a change from one generation to the
next. But, without natural selection, random mutation is incred-
ibly unlikely to produce the complex traits that we see around
us, like limbs or eyes. Things that appear purposeful, such as
limbs, organs and cells, require the gradual selection of
improvements.

Another way to say this is that natural selection is unique
because it is a directional force. The entities that increase in
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Fig. 1. Natural selection. Natural Selection operates if three conditions are satisfied: variation, differential success linked to variation and heredity. Here, we illus-
trate with an example: the evolution of long necks in giraffes. (i) Initially, there are natural variations in giraffes’ neck lengths. (ii) Longer-necked giraffes have access
to more food, high up in the trees and so live longer to have more offspring. (iii) Giraffes’ offspring resemble their parents. As a result of (i), (ii) and (iii), the popu-
lation gradually shifts to be dominated by long-necked giraffes.
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representation in the population are a specific subset of the popu-
lation – those that are better at replicating. Natural selection
increases fitness (Fisher 1930). As a result of these ‘successful’
entities accruing in the population, over time entities become
adapted for the apparent purpose of success. They look like ‘well-
designed’ machines, with the ‘purpose’ of their ‘design’ being suc-
cessful replication.

In space

Natural selection is the only way we know to get the kinds of life
forms we are familiar with, from viruses to trees. By familiar, we
are not restricting ourselves to life forms that look earthly. Instead,
they are familiarly life-like in the sense that they stand out from
the background of rocks and gases because they appear to be
busy trying to replicate themselves. A simple replicator could
arise on another planet. But without natural selection, it won’t
acquire apparently purposeful traits like metabolism, movement
or senses. It won’t be able to adapt to its environment, and in
the process, become a more complex, noticeable and interesting
thing.

We can ask, then, will aliens undergo natural selection?
Evolutionary theory tells us that, for all but the most transient
and simple molecules, the answer is yes. Without a designer,
the only way to get something with the apparent purpose of rep-
licating itself (something like a cell or a virus), is through natural
selection. Consequently, if we are able to notice it as life, then it
will have undergone natural selection (or have been designed by
something that itself underwent natural selection).

It is easy to quibble about the definition of life, and as some
authors have pointed out, trying to do so can reveal more about
human language than about the external world (Cleland &
Chyba 2002). Our goal here is not to thoroughly define life. We
adopt a functional stance – what separates life from non-life is

its apparent purposiveness, leading to tasks such as replication
and metabolism (Maynard Smith & Szathmáry 1995). Further,
without natural selection, entities cannot adapt to their environ-
ment, and are therefore transient and will not be discovered. If
we identified an extra-terrestrial entity that we deemed to be a for-
eign life form, but that had no degree of adaptedness, this predic-
tion would not hold.

Picture an alien (Fig. 2). If what you are picturing is a simple
replicating molecule, then this ‘alien’ might not undergo natural
selection (Fig. 2a). For example, it could replicate itself perfectly
every time, and thus there would be no variation, and it would
never improve. Or it might have such a high error rate in replica-
tion that it quickly deteriorates. If we count things like that as life,
then there could be aliens that do not undergo natural selection.
But if you are picturing anything more complex or purposeful
than a simple molecule, then the alien you are picturing has
undergone natural selection (Fig. 2b). This is the kind of predic-
tion that theory can make. Given heredity, variation and differen-
tial success, aliens will undergo natural selection. Or, more
interestingly, without those three things, aliens could not be
more complicated than a replicating molecule. Given an adapted
alien, one with an appearance of design or purpose, it will have
undergone natural selection.

Complexity

What is complexity?

We have established that aliens will undergo natural selection. It
also seems reasonable that, given the sliding scale from replicating
molecules to large creatures with many ‘body parts’, and beyond,
some alien discoveries would be more interesting than others. In
particular, the more complex the aliens we find, the more interest-
ing and exciting they will be, irrespective of whether they appear
anything like the life forms on the Earth. Something similar to a
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Fig. 2. Picture an alien. These illustrations represent different levels of adaptive complexity we might imagine when thinking about aliens. (a) A simple replicating
molecule, with no apparent design. This may or may not undergo natural selection. (b) An incredibly simple, cell-like entity. Even something this simple has suf-
ficient contrivance of parts that it must undergo natural selection. (c) An alien with many intricate parts working together is likely to have undergone major
transitions.
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colony of Ewoks from Star Wars or the Octomite in Fig. 4 would
likely be more interesting than a simple chemical replicator.

Complexity is difficult to define, and there is certainly no hard
and fast rule about what is and is not complex. In biology, it is
common to define complexity in terms of functional parts.
Things with more parts taking on more tasks and containing
more functional interactions are more complex (Maynard Smith
& Szathmary 1995; Corning & Szathmáry 2015). A tree is more
complex than a virus, and a beehive is more complex than a pro-
tein. Importantly, with organisms as with machines, the parts
need to be working towards a common purpose, such as assem-
bling a car or surviving to reproduce. Again, our goal here is
not to provide definitions. The challenge comes at the boundaries,
for example between a virus and a cell, where the definitions
become murky. In the following sections, we are not focusing
on the boundaries, but things, like the vast majority of life on
the Earth, which clearly have a multitude of parts working in con-
cert. Astrobiology is a largely empirical field, and the kinds of
things programs like SETI are searching for are undeniably
complex.

Complexity on Earth

What do we know about how complexity arises on the Earth? The
theory of natural selection itself is silent about whether complexity
will arise. The theory is useful for making predictions about what
kinds of conditions or environments will lead to what kinds of
evolutionary adaptations – not for making long-term predictions
about the form of specific traits or creatures. However, recent
advances in the field of evolutionary biology have shed light on
how complexity has arisen on the Earth, on what points on the
tree of life this has happened, and on what theoretical conditions
favour it (Maynard Smith & Szathmáry 1995; Queller 1997;
Bourke 2011; West et al. 2015).

In particular, the evolution of complex life on the Earth
appears to have depended upon a small number of what have
been termed major evolutionary transitions in individuality. In
each transition, a group of individuals that could previously rep-
licate independently cooperate to form a new, more complex life
form or higher level organism. For example, genes cooperated to
form genomes, different single-celled organisms formed the
eukaryotic cell, cells cooperated to form multicellular organisms,
and multicellular organisms formed eusocial societies (Maynard
Smith & Szathmáry 1995; Queller 1997; Bourke 2011; West
et al. 2015).

Major transitions

Major transitions on the Earth

Major evolutionary transitions are defined by two features. First,
entities that were capable of replication before the transition can
replicate only as part of a larger unit after it (interdependence).
For example, the cells in our bodies cannot evolve back into
single-celled organisms. Second, there is a relative lack of conflict
within the larger unit, such that it can be thought of as an organ-
ism (individual) in its own right (Queller & Strassmann 2009;
West et al. 2015). For example, it is common to think of a single
bird as an individual, and not as a huge community of cells each
doing their own thing.

Major transitions are important because the new higher-level
organisms that they produce can lead to a great jump in

complexity. For example, the evolution of multicellularity
involved a transition from an entity with one part (the single-
celled organism) working for the success of itself, to an entity
with many parts (the multicellular organism), working for the
success of the whole group. The cells can now have very different
functions (a division of labour), as each is just a component of a
multicellular machine, sacrificing itself for the good of the group,
to get a sperm or egg cell into the next generation. As a result,
diverse specialized forms such as eyes, kidneys, and brains were
able to develop. The rise in complexity on Earth has been
mediated by a handful of such jumps, when units with different
goals (genes, single cells, individual insects) became intricately
linked collectives with a single common goal (genomes, multicel-
lular organisms, eusocial societies). Increases in complexity can
also occur through mutations, gene duplications, or even whole
genome duplications, but these are not major transitions. These
other changes tend to be reversible and gradual, while major tran-
sitions are irreversible and cause large leaps in complexity.

The identification of major evolutionary transitions was an
empirical observation about how complexity has increased on
earth (Maynard Smith & Szathmáry 1995). The next step was to
use evolutionary theory to provide insight about when (or
under what conditions) we can expect major transitions to
occur (Maynard Smith & Szathmáry 1995; Queller 1997;
Gardner & Grafen 2009; Bourke 2011; West et al. 2015). Major
transitions involve the original entities completely subjugating
their own interests for the interests of the new collective. This
represents an incredibly extreme form of cooperation. Think of
the skin or liver cells in your body sacrificing for your sperm or
eggs, or the worker ants in a eusocial colony sacrificing for the
queen. Evolutionary theory tells us what conditions lead to such
extraordinary cooperation.

What conditions drive major transitions?

Consider a multicellular organism, such as yourself. Why don’t
your hand and heart cells try to reproduce themselves, as opposed
to helping your sperm or egg cells? The answer involves genetic
similarity or ‘relatedness’ (Hamilton 1964). Your hand cells con-
tain the same genes as your sperm cells because they are clonal
copies. A hand cell could in principle get the same fraction of
its genes into the next generation (all of them) by either copying
itself, or by helping copy the sperm cells. A similar phenomenon
occurs in eusocial insects, such as some ants, bees, wasps and ter-
mites. A worker termite can pass on half her genes to her off-
spring. But a random sibling in the colony (her brother or
sister) also contains, on average, half her genes. Thus, a worker
can get the same fraction of gene copies into the next generation
by reproducing or by helping her mother, the queen, to reproduce
(Hamilton 1964; Boomsma 2009). Helping their mother is likely
to be more efficient than reproducing on their own, and so our
termite can better get their genes into the next generation by help-
ing rather than reproducing (Hamilton 1964; Queller &
Strassmann 1998; Bourke 2011).

These are two examples of alignment of interests. The ‘inter-
ests’ are evolutionary interests in getting genes into future genera-
tions. The hand and the sperm cells both act as if they ‘want’ to
get copies of their genes into the next generation, because as we
discussed above, natural selection will have led to them being
adapted in this way (Grafen 2003; Gardner 2009). The interests
between them are aligned because they share the same genes.
When individuals share genes, we say that they are genetically
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related. Relatedness is a statistical measure of the extent to which
individuals share genes (Grafen 1985).

In the case of eusocial ant colonies and human bodies, the
interests are aligned through genetic relatedness. But there are
other ways for evolutionary interests to be aligned. Consider, for
example, a mutualism between two species. Some aphids carry
bacteria in their gut (Moran 2007). The aphids provide the bac-
teria with sugars and other nutrients to survive and the bacteria
provide the aphids with vital amino acids missing from their
diet. The aphid and the bacteria do not share the same genes,
but neither can reproduce without the other. To reproduce itself,
the aphid has to help reproduce the bacteria and vice versa. Again,
their evolutionary interests are aligned.

The very cells that make up our bodies – known as eukaryotic
cells – evolved through a similar kind of alignment of interests
(Margulis 1970; Thiergart et al. 2012; Archibald 2015). Early in
the evolution of life, one bacterial species engulfed another.
Over time, the two species took on different roles, with one spe-
cializing in replication and the other in energy production. The
nucleus of our cells is the descendant of the former, and the mito-
chondria the latter. Neither can reproduce without the other.
Their interests are aligned through reproductive dependence on
each other.

All cooperation in nature requires alignment of interests (West
et al. 2007). Consider, for example, flower pollination by bees. The
bee benefits by receiving food from the flower, and the flower
benefits by being pollinated. But major transitions are a particu-
larly extreme form of cooperation. Compare the pollination scen-
ario to the cells within the flower or the bee. Major transitions
involve organisms cooperating so completely that they give up
their status as individuals, becoming parts of a whole (Queller
& Strassmann 2009). Unsurprisingly, then, major transitions
require the extreme condition of effectively complete or perfect
alignment of interests (Gardner & Grafen 2009; West et al. 2015).

It is also useful to consider the biology of organisms that do
not have interests sufficiently aligned, and thus where conflict
remains and major transitions have not occurred. For example,
in single-celled organisms, we can compare non-clonal coopera-
tive groups of things like slime moulds with clonal groups such
as those that make up multicellular organisms such as humans
and trees. These non-clonal groups have evolved only relatively
limited division of labour, and never complex multicellular organ-
isms (Fisher et al. 2013). Numerous experimental studies have
shown that this is because in non-clonal groups non-cooperative
‘cheats’ can spread, limiting the extent of cooperation (Griffin
et al. 2004; Diggle et al. 2007; Kuzdzal-Fick et al. 2011;
Rumbaugh et al. 2012; Pollitt et al. 2014; Popat et al. 2015;
Inglis et al. 2017).

Thus, there must be something in place to maintain the align-
ment of interests (Bourke 2011; West et al. 2015). Evolutionary
theory can suggest what these somethings would have to be. In
multicellular organisms, the something is the single-celled bottle-
neck (Buss 1987; Queller 2000). Multicellular organisms start each
new generation as a single-celled zygote, such that all the cells in
the resulting body are clonal (it could also be a spore giving rise to
a haploid cell). Eusocial insect colonies evolved from colonies
founded by a singly mated queen (Boomsma 2007, 2009, 2013;
Hughes et al. 2008). If the queen had multiple mating partners,
a worker would have half-sisters, and be less related to her siblings
than her offspring, breaking down the alignment. The monogam-
ous mating pair is the eusocial colony’s equivalent of a zygote or a
bottlenecking event (Boomsma 2013). With unrelated units, like

mitochondria and the nucleus, the individual parts must be
co-dependent for joint reproduction (Foster & Wenseleers 2006;
West et al. 2015) – which can be thought of as a different form
of bottleneck. The rarity of conditions like these – conditions
under which alignment is so complete – explains the rarity of
major transitions in individuality in the history of life.

Biology of organisms that have undergone major transitions

Do the conditions required for major transitions tell us anything
about the biology of organisms that have undergone major transi-
tions? Yes. Organisms are a nested hierarchy, where each nested
level is the vestige of a former individual (Fig. 3). Eusocial ant col-
onies function as a single individual, but are made up of multicel-
lular organisms. Those organisms themselves are made up of cells.
In turn, those cells resulted from the fusion of two simple species
early in evolution. Each of those organisms had a genome that
evolved from the union of the individual, replicating molecules.

Further, at each level of the hierarchy, there must be something
to align the interests of the parts. This usually happens through
some form of population bottlenecking. When the parts are
related, it is a relatedness bottleneck, such as the single-celled
stage in multicellular organisms, or the singly mated female in
the social insects (Boomsma 2009, 2013; West et al. 2015).
When the parts are unrelated, it is usually another form of a
bottleneck, such as enforced vertical transmission with joint
reproduction (Foster & Wenseleers 2006; West et al. 2015). We
use the term ‘bottleneck’ to refer to new generations being
founded by a strict unit (the zygote, the mutualist pair, etc.),
but another way to think of this is that the parts require each
other for reproduction (e.g. the soma and the germ line, or the
mitochondria and the nucleus). Other, further aligners may be
required (e.g. in multicellular organisms, there may need to be
a cap on somatic mutations), but these are more likely to be life-
form specific.

To conclude so far, empirical observation tells us that com-
plexity has increased on earth through major transitions.
Evolutionary theory tells us that for major transitions to occur,
the conflict must be eliminated. The theory also tells us what con-
ditions lead to the elimination of conflict. The empirical data
agree with the predictions of the theory, in that major transitions
have only occurred in the extreme conditions that effectively
remove conflict (Boomsma 2007; Hughes et al. 2008; Fisher
et al. 2013; West et al. 2015; Fisher et al. 2017).

Complex aliens

Complexity and major transitions in space

We can now ask: what does the major evolutionary transition
approach tell us about aliens? Will extraterrestrial life undergo
major transitions? Not necessarily. Natural selection cannot pre-
dict a specific course of evolution. However, as we have said, we
might be particularly interested in complex aliens. Complexity
requires different parts or units working together towards a com-
mon goal or purpose. Under natural selection, units are selected
to be selfish, striving to replicate themselves at the expense of
others. Theory tells us that for units to unite under a common
purpose, the evolutionary conflict between them must effectively
eliminate (Gardner & Grafen 2009; West et al. 2015).

Once again, picture an alien (Fig. 2). If you are picturing some-
thing like unlinked replicating molecules or undifferentiated blobs
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of slime, then your aliens might not have undergone major tran-
sitions. But if what you are picturing has different parts with spe-
cialized functions, then your alien is likely to have undergone
major transitions (Fig. 2c). What matters is not that we call
them ‘major transitions’, but rather that complexity requires mul-
tiple parts of an organism striving to the same purpose, and that
theory predicts that this requires restrictive conditions (Gardner
& Grafen 2009; West et al. 2015). Consequently, if we find com-
plex organisms, we can make predictions about what they will be
like.

Are there other ways to get complexity? To do so, natural
selection would have to sculpt separate parts with unique func-
tions out of a single replicator. Could, for example, the alien
equivalent of a single copy of a gene, housed in one ‘cell’ generate
the equivalent of limbs and organs? If so, it would disprove our
prediction. However, both empirical (major transitions are how
complexity has increased on Earth) and theoretical (functional
parts requires the elimination of conflict) evidence support the
argument that complex aliens will have undergone major
transitions.

The biology of complex aliens

Given that complex aliens will have undergone major transitions,
we can make a number of predictions about their biology (Fig. 4).

1. They will be entities that are made up of smaller entities – a
nested hierarchy of individuality with as many levels as com-
pleted transitions. This could mean a collection of replicators,
like the first genomes on the Earth, or some hideously complex
nesting of groups on a planet where many more transitions
have occurred than on our own. For example, you might
imagine a ‘society of societies’, where many different social col-
onies collaborate, with each society specializing on different
tasks, such that they are completely dependent on each
other. Versions of the simpler entities are likely to be found
free-living on the planet as well.

2. Whatever the number of transitions, there will be something
that aligns interests, or eliminates conflict within the entities,
at the level of each transition.
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Fig. 3. Major Transitions. Life started with naked replicating molecules, and has since undergone a series of major transitions. Arrows show the occurrence of major
transitions in individuality. Dotted arrows represent transitions between dislike things and solid lines represent transitions between like things. Callouts show
examples of the present-day organisms that have undergone that transition but no further ones. (a) As we have not yet identified the earliest replicators,
Spiegelman’s monster, a simple replicating RNA molecule, is shown as an example candidate. (b) A single-celled bacteria, such as Escherichia coli. (c) A single-celled
eukaryote, like Blepharisma japonicum. (d) A multicellular organism, like frogs. (e) An obligate eusocial colony, such as honeybees. (f) Secondary endosymbiosis
events, such as the origin of the chloroplast. (g) Further endosymbiosis events, such as those leading to Dinoflagellates. (h) Obligate interspecific mutualisms, such
as between aphids and buchnera bacteria. (i) Obligate mutualisms between a multicellular organism and eusocial colony, such as between leaf-cutter ants and
fungi. All images courtesy of Wikipedia.
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3. Theory suggests that some sort of population bottlenecking
will be key to aligning interests. Bottlenecking is not necessar-
ily the only way to eliminate conflict, but it is probably the
easiest evolutionary route to take. In particular, it does not
require additional mechanisms of enforcement, such as kin
discrimination, policing or randomization. The specific kinds
of bottlenecking will depend on whether like or dislike units
are united.
a. When like entities come together, interests can be aligned

through a bottleneck similar to our single-celled bottle-
neck in multicellular organisms or the single mating
pair in eusocial colonies, which maximizes relatedness
between entities.

b. If the organisms are made up different types of entities,
we can expect something similar to the bottleneck that
forces mitochondria and nuclei to pass to the next gener-
ation together, with joint reproduction. By trapping indi-
viduals together over evolutionary time, their interests
become aligned.

c. Some aliens, like us, may contain both types of conflict
reduction, for having both like and dislike types joined
within them.

Conclusion

When using evolutionary theory to make predictions about extra-
terrestrial life, it is important to avoid circularity. Our chain of

argument is: (1) Extraterrestrial life will have undergone natural
selection. (2) Knowing that aliens undergo natural selection, we
can make further predictions about their biology, based on the
theory of natural selection. In particular, we can say something
about complex aliens – that they will likely have undergone
major transitions. (3) Theory tells us that restrictive conditions,
which eliminate conflict, are required for major transitions. (4)
Consequently, complex aliens will be composed of a nested hier-
archy of entities, with the conditions required to eliminate conflict
at each of those levels.

When making predictions about aliens, we must take advantage
of our entire scientific toolkit. Mechanistic understanding is a good
way to extrapolate from what we see on Earth. The theory is a good
way to make predictions that are independent of the details of the
Earth. Combining both approaches is the best way to make predic-
tions about the many hundreds, thousands or millions of hypo-
thetical aliens. Now we just need to find them.
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9
Discussion

Summary of Results

The preceding chapters each contained their own discussion. Accordingly, in this

chapter I briefly summarise the main results, highlight some general points that

emerge, and discuss future directions.

Chapter 2: The evolution of cooperation in simple molec-
ular replicators

In Chapter 2, I considered the evolution of cooperation early in life’s history. Before

the origin of the genome, life likely consisted of simple molecular replicators that

could do little more than act like enzymes to copy themselves or each other. Acting

as an enzyme requires folding in such a way that potentially prevents one from

being replicated as a template by others. As a result, there is a trade-off between

enzymatic activity and replication rate. All else being equal, we expect parasitic

replicators, acting only as templates, to invade the population. Previous work

has suggested that limited diffusion on surfaces, which is a plausible scenario for

early life, could maintain cooperative enzymatic activity by clustering cooperators

together (Boerlijst and Hogeweg, 1991, 1995; Cronhjort and Blomberg, 1997; Szabó

et al., 2002; Sardanyés and Solé, 2007; Bianconi et al., 2013; Shay et al., 2015;
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McCaskill et al., 2001). However, if replicator cooperation is being driven by the

same forces that favour cooperation in higher organisms, i.e. kin selection, this

presents a puzzle. A standard result in kin selection theory is that limited diffusion

is not a sufficient force to favour cooperation (Taylor, 1992).

I developed social evolution models of a system of simple molecular replicators.

(i) I showed that we can understand cooperation in simple replicators as being driven

by kin selection favouring positive enzymatic activity between related, or identical

replicators. (ii) I showed that, as expected, limited diffusion is not sufficient to

favour the evolution of cooperation. (iii) I showed that, instead, both overlapping

generations and limited diffusion are required for cooperation to evolve. This

explains previous results, revealing implicit assumptions that were key to the

success of cooperation in earlier models. It also highlights the biological importance

of an unusual feature of replicator life-history: their extreme degree of overlapping

generations. Finally, it forms links to an entire body of well-developed theory:

social evolution. Such links simplify our understanding of life, limiting the need

to invoke separate explanations for different phenomena.

Chapter 3: Kin selection in the RNA world

In Chapter 3, I extended the work of Chapter 2 to consider problems of cooperation

in early life more generally. The leading hypothesis for the the first evolving system

of living things is the RNA world hypothesis. This hypothesis posits that, in the

beginning, life consisted solely of RNA molecules acting as both templates and

replicases. Various steps in the RNA world required cooperation, including the

enzymatic activity discussed above, the co-existence of different kinds of ribozymes,

and ultimately cooperation between different types of replicators to form a genome.

However, there has previously been no overarching framework for understanding

these problems, and they have been treated on a case by case basis.

I incorporated RNA cooperation into a kin selection framework. I developed

models to highlight the potential importance of key features of RNA biology. First,

I showed that one key factor in the evolution of RNA cooperation is the degree



9. Discussion 139

to which cooperators can receive the benefits of cooperation. Simple replicators

might be somewhat unusual in the tree of life in that acting as a co-operator may

prevent one from receiving cooperation. This is different from the usual distinction

between whole-group and others-only cooperation (Pepper, 2000). Whole-group

cooperation occurs when some fraction of the cooperator’s benefits return to the

cooperator itself (e.g. a public good). Others-only cooperation occurs when the

benefits of the cooperator’s action do not return to the cooperator (e.g. a donation

of food), but the cooperator may still receive benefits from its social partner. The

case I considered in Chapter 3, which is relevant to the RNA world, is when, by

acting as a cooperator, the focal individual cannot receive benefits from anyone,

including its social partner. I showed that the degree to which this is true is a

major factor in determining the degree to which cooperation can evolve.

Second, I generalised the results of Chapter 2 to show that the scale of

competition determines the degree to which cooperation can evolve in replicators.

This is particularly important in an RNA world, in which the simple mechanisms

that generate relatedness, such as limited diffusion, also generate local competition.

RNA replicators will need additional mechanisms, such as overlapping generations

or elastic environments, to escape such competitive effects (Lehmann and Rousset,

2010). Third, I re-derived the results of Chapter 2 as a specific case of this model,

placing those results in the broader framework I developed. Finally, I used this

framework to unify previously disparate work on questions of cooperation in the

RNA world, suggesting directions for future empirical studies. A key point is that

simple, streamlined models like the ones presented in this chapter can highlight

important biological features of the RNA world, guiding empirical work.

Chapter 4: A social coevolution hypothesis for the origin
of the genome

In Chapter 4, I developed and tested a new hypothesis for the origin of the

genome. Chapters 2 and 3 focused on cooperation between replicators of the

same type. But ultimately the origin of the genome required cooperation between
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replicators of different types. Previous work has invoked either highly specialised

population structures or the presence of a cell to explain such cooperation, neither

of which may be justified.

I argued that a simpler alternative explanation is that selection itself can drive

the associations needed to jump-start the evolution of the genome. I hypothesised

that if one type of replicator can act as a cooperative enzyme, and the other can act

to physically associate, or stick to, other replicators, these two traits might coevolve,

leading to a system of physically linked cooperative replicators. I tested this

hypothesis using theoretical models. I showed that, given some passive byproduct

benefits between replicator types, the tendency to physically associate and the

tendency to act as an enzyme to replicate others can coevolve, leading to higher

levels of cooperation and association than when either evolves on its own.

These results make the evolution of the genome easier to explain. We do not

need to invoke a cell, a potentially complex piece of biology, to explain the genome.

Indeed, by showing how a primitive genome could arise from simple biology, the

results potentially free us to invoke the genome to explain the cell. Further, by

minimising the need to invoke highly specialised population structures, these results

expand the range of environments where the genome could have evolved. Finally,

they shift the focus of genome-origin questions from being about external features of

the environment, something we may never know, to biological features of replicators,

something we can, increasingly, explore in synthetic biology laboratories.

Chapter 5: Inclusive fitness is an indispensable approxima-
tion for understanding organismal design

In Chapter 5, I addressed criticisms of inclusive fitness. Inclusive fitness has long

been criticised for its assumptions, most notably additivity, and on the grounds

that other measures of fitness, such as mean offspring number, do a better job at

predicting gene frequency change in a wider range of scenarios. These criticisms have

been around for decades, but have grown more common in the last decade. I outlined

five advantages inclusive fitness offers as a biological maximand, including predicting
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gene frequency change, offering a design principle, helping interpret behaviour, easing

empirical work, and providing a single explanation for behaviour across a wide

range of scenarios. I provided conceptual arguments for why alternatives, such as

mean offspring number, are less useful in all ways except predicting gene frequency

change. Further, I provided a verbal argument for why probabilistic mixing of

phenotypes means that even this one advantage of other measures falls away in

the face of biologically realistic assumptions. Finally, I offered some practicalities

for behavioural ecologists, in particular for how to monitor assumptions so that

one can be aware of the scenarios in which inclusive fitness might lead astray. In

doing so, I hope to have clarified some issues that have remained obscure in the

literature, and to have offered some assurance to biologists in the continuation

of their use of inclusive fitness.

Chapter 6: Extending the range of additivity in using in-
clusive fitness

In Chapter 6, I addressed recent mathematical models which claimed to show the

failure of inclusive fitness maximisation. Hamilton’s original model showed, under

the assumption of additivity of fitness effects, that inclusive fitness increases due to

the action of natural selection. The idea has long been criticised for that assumption,

and two recent formal analyses claim to show that when this assumption is relaxed,

and non-additivity is allowed, inclusive fitness is not maximised (Lehmann et al.,

2015; Okasha and Martens, 2016). I: (i) showed that in both cases, the authors

failed to analyse the correct inclusive fitness, as Hamilton defined it; (ii) illustrated

how to mathematically capture the correct inclusive fitness in these two models,

suggesting a more general approach to capturing inclusive fitness in population

genetic models; (iii) showed that, under a set of biologically plausible assumptions,

inclusive fitness is indeed maximised. The biologically plausible assumption is that

organisms’ strategies include all probabilistic mixtures of strategies, an argument

presented verbally in Chapter 5. I discussed the potentially wide ranging applicability

of this assumption in biology.
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Taken together, these results suggest a wider range of applicability of inclusive

fitness, illustrate how mathematical biologists might go about incorporating inclusive

fitness in highly technical arguments, and provide formal support for the widespread

use of inclusive fitness thinking in empirical work. More generally, the dialogue

between mathematicians and empirical biologists seems to have grown increasingly

disparate in recent years. I hope that this work provides a bridge, such that social

biologists can understand why inclusive fitness has appeared to fail in some models,

and mathematical biologists can more appropriately incorporate the relatively

nuanced idea of inclusive fitness into their models.

Chapter 7: Honest signalling and the double counting of
inclusive fitness

In Chapter 7, I addressed a recent paper which claimed that kin selection has no

effect on the honesty of signalling in birds (Bebbington and Kingma, 2017). Caro

et al. (2016) argued that divorce should decrease the honesty of signalling in baby

birds, because it decreases their relatedness to future siblings. In a reply, Bebbington

and Kingma (2017) argued that Caro et al. (2016) miscalculated inclusive fitness,

and that the ‘correct’ inclusive fitness predicts indifference to divorce. I showed

that Bebbington et al’s (2017) verbal argument was wrong, committing an error

known as double counting. I developed formal models to demonstrate this point.

These predict that, under standard assumptions, baby birds should indeed adjust

their behaviour according to divorce, and the data support this prediction. I argued

that the alternative explanations proposed by Bebbington and Kingma (2017) are

either invalid or not competing explanations. This highlights the importance of

using the correct inclusive fitness when trying to understand, explain, and predict

social behaviours. It also illustrates the importance of using formal models to clarify

what can otherwise be murky or vague verbal arguments. Finally, it illustrates the

importance of inclusive fitness theory as a framework. Verbal arguments can lead

to different predictions, and the assumptions of mathematical models can be hard

to parse. The simplicity and interpretive value of inclusive fitness, when measured
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correctly, can tell us what behaviours to expect, therefore offering a short-cut to

identifying potential red-flags or miscalculations.

Chapter 8: Darwin’s aliens

In Chapter 8, I considered the universality of natural selection, inclusive fitness, and

major transitions in individuality. Astrobiology, which aims to answer questions

of fundamental interest to humanity, is a rapidly growing field, a major goal of

which is to make predictions about aliens. Previous work has largely relied on

a mechanistic understanding of chemistry and physics, or on extrapolating from

convergent evolution on Earth, which suffers from a sample size problem, because

data points on earth are not independent.

I developed a series of arguments about how we might incorporate evolutionary

theory into this prediction-making toolkit. (i) I provided an argument for why

aliens will undergo natural selection, something which has often been either ignored

or taken for granted. (ii) I argued that this allows us to use evolutionary theory to

make predictions about aliens, which are potentially independent of Earth specific

details, as they arise from logical features of the algorithm of natural selection.

(iii) I argued that if we are particularly interested in complex aliens, we might

expect them to be the product of major transitions in individuality. This is because

such major transitions are how individual units collaborate to form more complex

units. (iv) I argued that, because such transitions require extreme conditions due to

the nature of the adaptive process, this fact allows us to make further predictions

about aliens’ biological structure and evolutionary history. For example, complex

aliens will likely be a nested hierarchy of units, where those units were previously

independent organisms, with mechanisms to minimise evolutionary conflict between

them. Taken together, these arguments suggest that we may know more about

aliens than previously thought, and suggest a larger role for evolutionary theory in

making astrobiological predictions that escape the sample-size problem.
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Emerging Themes and Future Directions

Early evolution

The results presented in this thesis suggest that cooperation near the start of life can

be firmly incorporated into an inclusive fitness framework, and that doing so can

be helpful. Compared to later major transitions, origin of the genome research has

been somewhat scattered. Some of the work has used the inclusive fitness thinking

that underpins the major transitions framework, but ignores many of the relevant

biological features of early life, such as the need for unrelated types or the simplicity

of replicator biology (e.g. Frank, 1994). Alternatively, work that has been attuned

to the biology of early life has not utilised inclusive fitness thinking, occasionally

rediscovering problems that are well known in social evolution, or missing solutions

that have been identified in that field (e.g. Shay et al., 2015; Boerlijst and Hogeweg,

1995). Minimising the need for separate explanations for disparate phenomena is

a major goal of evolutionary biology, and science more generally. This does not

invalidate previous work – a plurality of approaches can only be beneficial. It simply

suggests that making the links to an overarching framework can be useful, too.

Specifically, Chapters 2-4 highlight the value of bringing the genome into the

major transitions fold. Doing so illuminated the key life history details of simple

replicators that are likely relevant to the evolution of cooperation, something that

can be obscured in complex simulations that are not motivated by a heuristic

framework. Further, it revealed that a unifying theme for cooperation at the

start of life is the presence of associations between replicators. This suggests that

we may not need to invoke a cell or a highly specialised population structure to

achieve these associations, and pointed to an alternative solution: the biology

of the replicators themselves. Future empirical work, then, can focus on what

phenotypes are possible in such simple replicators.

Chapter 4 presented a new hypothesis for the origin of a primitive genome.

Ultimately, the evolution and maintenance of the genome required complete mutual

dependence between the replicators, or genes. A future step would be to model
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this problem, in order to understand what factors could drive the evolution of such

interdependence. Recent work on the evolution of division of labour suggests that

kin selection models can predict the circumstances under which mutual dependence

evolves (Cooper and West, 2018). This work considered related individuals, and

an application to multiple replicator species would be of interest.

Finally, Chapter 4 suggested that we may not need to invoke a cell to explain

the genome, as a primitive genome can evolve without one. This is satisfying, as it

was previously unclear how a cell might evolve without being able to be produced

by a complex collection of genes. The exciting possibility here is that, once the

genome evolves, it is potentially free to produce a cell. This leaves open the question

of how the cell and the genome might coevolve.

Inclusive fitness theory

Inclusive fitness theory has long been plagued by criticism, despite its empirical

successes (Foster, 2009; Westneat and Fox, 2010; Davies et al., 2012; Queller,

2016; Bourke, 2011b). As these criticisms become increasingly mathematical, it

can be hard for biologists to know what to make of the competing arguments.

Chapters 5 and 6 suggest that inclusive fitness holds more widely than some

mathematical biologists have suggested. They also highlight the importance of

capturing inclusive fitness correctly, according to Hamilton’s verbal definition

(Hamilton, 1964). Chapter 7 confirmed that this latter problem still affects some

areas of empirical biology as well.

A key point of these sections is that inclusive fitness is a powerful organising

framework that aids social biology. Calling it a framework might imply that it

is merely a conceptual aid. After all, a framework like the major transitions

framework aids empirical work, makes links across the tree of life, and simplifies

the task of explaining disparate phenomena. However, there is as of yet a single

general model to predict when a major transition in individuality occurs. Inclusive

fitness, then, deserves a special status as a framework, because in addition to
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those conceptual attributes, it also can be used as a predictive tool across an

impressively wide range of scenarios.

Chapter 6 suggests that this range is wider than some mathematical biologists

have claimed. However, I proved inclusive fitness maximisation under a general

population structure with restricted pairwise interactions, and under general

interactions but with a restricted population structure. A more general treatment,

demonstrating inclusive fitness maximisation under general population structures

and interactions, would be of interest for future work.

Astrobiology

Astrobiology has the aim of answering questions that are of fundamental scientific,

philosophical, and human interest. Are we alone in the universe? What features of

life are universal? Where should we look for life in space, and how can we detect it?

With advancing technology, it’s becoming increasingly possible to design and launch

probes and telescopes that have the potential to discover alien life. I’ve argued

that evolutionary theory is a powerful tool for this search, providing predictions

that are potentially independent of details of Earth. One example, provided in

this thesis, concerns major transitions in space.

Future work could develop game theoretic models of alien strategies, including

relevant behaviours such as dispersal and signalling. Doing so requires formalising

questions about what conditions allow us to model something as an evolutionary

agent, identifying a fully general maximand that we can use to predict stable

strategies, and providing a mutation-selection-independent theory for the origin

of adaptation. A promising area for this final question is in information theory.

The link between natural selection and information theory has already been made,

revealing that we can conceptualise natural selection as causing organisms to

accrue information about their environment (Frank, 2012b). Can we incorporate

information theoretic dynamics of natural selection into an optimisation programme,

to identify an information theoretic maximand? If we can, we may fully free
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our agent-based models from life from Earth, which would be a tremendous coup

for the search for life elsewhere.

Concluding remarks

Two themes have emerged from this thesis. First, inclusive fitness is a powerful

organising framework and predictive tool. It was largely developed with higher

organisms in mind. But as the reach of behavioural ecology extends to ever stranger

organisms, such as bacteria, viruses, and even RNA replicators, inclusive fitness

offers a tool to understand these new systems. Incorporating them into an existing

framework can avoid re-discovering old problems, expediently point to solutions to

new questions, and provide a heuristic for judging results and guiding empirical work.

In the process, formal models can clarify thinking and avoid unnecessary mistakes.

However, if these models become too estranged from biology, it becomes easier to

lose sight of the motivating principles. Doing so can lead to leaving out assumptions

which might greatly simplify the analysis, or to making simple errors, such as

miscalculating inclusive fitness. Biology without rigour becomes lost, but rigour

without biology becomes meaningless.

Second, applying inclusive fitness to the fringes can help elucidate the theory itself.

Simple replicators might have high mutant rates, or their possible phenotypes might

be far apart in phenotype-space. Aliens may not have DNA, or they may lack familiar

physical boundaries between organisms. How do these exotic features impact natural

selection? To what degree can we expect these organisms to appear designed as if to

maximise their inclusive fitness? In studying systems where standard assumptions

are violated, we are forced to consider the importance of these assumptions. This

can expand or contract the theory’s remit – either way the remit is sharpened.

Biologists are fortunate among scientists to be in possession of remarkably

simple theories that can explain a vast range of phenomena. Foremost among these

is the expanded view of natural selection, that which takes into account social

interactions: inclusive fitness theory. Extending this theory to its edges, in time,

theory, and space, is a worthwhile pursuit.



148



Appendices

149





A
Modeling relatedness and demography in

social evolution

151



COMMENT AND OPINION

doi:10.1002/evl3.69

Modeling relatedness and demography in
social evolution
Guy A. Cooper,1,2,∗ Samuel R. Levin,1,3,∗ Geoff Wild,4 and Stuart A. West1

1Department of Zoology, University of Oxford, Oxford OX1 3PS, United Kingdom
2E-mail: guy.cooper@zoo.ox.ac.uk
3E-mail: samuel.levin@zoo.ox.ac.uk

4Department of Applied Mathematics, University of Western Ontario, London, Ontario N6A 3K7, Canada

Received February 19, 2018

Accepted June 18, 2018

With any theoretical model, the modeler must decide what kinds of detail to include and which simplifying assumptions to make.

It could be assumed that models that include more detail are better, or more correct. However, no model is a perfect description

of reality and the relative advantage of different levels of detail depends on the model’s empirical purpose. We consider the

specific case of how relatedness is modeled in the field of social evolution. Different types of model either leave relatedness as

an independent parameter (open models), or include detail for how demography and life cycle determine relatedness (closed

models). We exploit the social evolution literature, especially work on the evolution of cooperation, to analyze how useful these

different approaches have been in explaining the natural world. We find that each approach has been successful in different areas

of research, and that more demographic detail is not always the most empirically useful strategy.

KEY WORDS: Closed models, demography, evolutionary theory, life cycle, modeling, open models, population structure,

relatedness.

Theoretical models are often used to help explain how organisms

behave in the natural world (Westneat and Fox 2010; Davies et al.

2012). In the field of social evolution, we use theoretical models

to make predictions about and to ultimately understand behaviors

that affect the fitness of individuals other than the actor (Hamilton

1964; Frank 1998; Bourke 2011). For example, we use models to

predict when it is advantageous for individuals to cooperate; we

use models to uncover the factors that contribute to the origin of

selfish, altruistic, and even spiteful behaviors; and we use models

to account for variation in the tendency to help both within and

between species.

Perhaps the most influential model in social evolution

was proposed by Hamilton (1964) and showed that genetic

relatedness can be a key factor in explaining the adaptive value

of social behaviors. Genetic relatedness is the probability that

a social partner shares the same gene at a given locus relative

to that of a random individual sampled from the population

(Hamilton 1964, 1970; Grafen 1985). In large outbreeding

∗Joint first authors.

populations, full siblings are related by ½, half-sibs by ¼, and

so on (Grafen 1985). Individuals are favored to help relatives as

this provides an indirect opportunity to further spread identical

copies of their genes into the next generation. Over the last 50

years, relatedness has proven to be a fundamental concept for

explaining social behavior across the tree of life, and theoretical

models employing genetic relatedness have formed a cornerstone

of social evolution (Frank 1998; Rousset 2004; West 2009;

Bourke 2011).

The way in which relatedness is captured in theoretical

models can be divided into two approaches, termed “open” and

“closed” models (Box 1) (Taylor and Frank 1996; Frank 1998;

Rousset 2004; Gardner and West 2006; Lion et al. 2011). In an

open model, relatedness is left as an independent parameter that

can be directly tuned by the theoretician without affecting the

other features of the model. In a closed model, the modeler goes

an extra step, to make specific assumptions about how population

structure and life cycle determine relatedness. For example, the

modeler might specify how model parameters, such as dispersal

from the natal patch, the extent to which generations overlap, or

1
C© 2018 The Author(s). Evolution Letters published by Wiley Periodicals, Inc. on behalf of Society for the Study of Evolution
(SSE) and European Society for Evolutionary Biology (ESEB).
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the degree of monogamous mating impact relatedness from one

generation to the next.

A potential problem with open models is that relatedness is

not necessarily an independent variable (Taylor 1992a, 1992b).

The factors that determine relatedness can influence other im-

portant factors. For example, patterns of dispersal and whether

generations overlap can affect both relatedness and the relative

marginal costs and benefits of social traits. Consequently, assum-

ing that relatedness is an independent parameter in an open model

could give misleading predictions. In contrast, closed models can

take account of how different parameters are correlated, and so

could be argued to be more correct or internally consistent. Closed

modeling has become the most common approach in the field of

social evolution, and has been suggested as the preferable method

(Lehman and Rousset 2010; Lion et al. 2011). This raises the

question of whether open models should be used.

Our aim is to critically analyse the utility of both open and

closed approaches. Our starting point is two propositions, which

we presume are widely agreed upon: (1) All models are wrong,

in that they are not an exact representation of the natural world.

(2) The usefulness of any model is determined by its ability to

help explain the natural world. These two points are trivially true,

but there has been little guidance in the literature for empirically

minded theoreticians on when to develop one type of model

over the other. We first examine the theoretical trade-offs of each

approach and consider how they may be appropriate for different

empirical questions. We then consider a few areas where open

and closed models have been developed, including cooperation,

sex allocation, and dispersal. We evaluate the success of each

approach in explaining empirical patterns in these areas, to see if

any lessons can be drawn for future research.

BOX 1: Open and closed: A toy
model

We develop a simple model of public goods, first with an

open and then a closed approach, to illustrate the two meth-

ods. We model the most general form of a public good, fol-

lowing Hamilton (1964), Taylor (1992a, 1992b), and Frank

(2010). We take an inclusive fitness approach because the fit-

ness derivations are simpler in this case, though an equivalent

direct (neighbor modulated) fitness approach can be found in

Taylor et al. (2007) and Levin and West (2017b).

Open Model: Some organism, such as a microbe, pro-

duces some costly public good, the benefits of which are shared

between its social partners and itself. Examples in nature of

public goods include the production and release of molecules

by bacteria that scavenge for iron or digest protein (Griffin

et al 2004; Diggle et al 2007). Because the production of the

public good is costly to the individual, we might expect nat-

ural selection to favor individuals that do not incur the cost

of production, but reap the benefits of good-producing social

partners. Thus, we are interested in the conditions that would

favor the evolution of the public good producing trait.

We assume an infinite population of individuals subdi-

vided into social groups of size N (the infinite island model).

Individuals can produce the public good at some private fe-

cundity cost, c, which provides some fecundity benefit, b, to

all individuals on the patch (including the focal individual).

Hamilton (1964, 1970) showed that a trait will spread if its

inclusive fitness effect, WIF, is greater than 0 (WIF > 0), where

the inclusive fitness effect of an actor’s trait is its effect on all

individuals in the population, weighted by relatedness of the

actor to those affected individuals (including the actor itself),

or “recipients.” In this case, the trait has a negative cost to the

actor (with relatedness 1), and the relatedness to recipients is

r, the average whole group relatedness in a social group (as

opposed to others-only relatedness). Thus, the trait will spread

if:

rb − c > 0,

which is a simple form of Hamilton’s (1964) rule with b and c

as simple additive fitness effects, as opposed to the general, re-

gression form of Hamilton’s rule (Gardner et al. 2011b). This

is an open model, in which the mechanism by which r is gen-

erated is undefined. Positive relatedness in this model could

come about through limited dispersal, kin recognition, partner

choice, or any other process that generates genetic correla-

tions within social groups. However, if r is correlated with the

other model parameters (b and c), the predictions of this model

might not be very useful for explaining variation in nature.

Closed Model: We might, for example, be interested in

the case in which relatedness is generated through limited dis-

persal. We can capture this by incorporating a new parameter,

d, which measures the proportion of offspring that disperse

from their natal social group (with a fraction (1-d) remaining

in the group). Following Taylor (1992a), we must now take

into account not only the offspring produced as a direct result

of public goods production, but also those offspring indirectly

displaced as a result of the cooperative trait. An individual that

expresses the public good trait incurs a fecundity cost, c, with

relatedness 1, and provides a fecundity benefit, b, to recipients

whose average relatedness is r. These extra (b – c) offspring

remain in the social group with probability (1 – d), in which

case the individuals they displace are also native with prob-

ability (1 – d), and therefore have relatedness r. The overall

inclusive fitness effect, then, is

WI F = rb − c − r (1 − d)2(b − c).
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The above is still an open model, assuming independence

between relatedness and model parameters. This illustrates

that in principle, up until this point open and closed models can

incorporate the same amount of demographic detail (though

in practice, open models often do not). Taylor (1988, 1992a)

showed how we can close the model by making additional

assumptions. Specifically, he calculated relatedness in terms of

the demographic parameters of the model (d & N). We can do

this by writing the following population genetic recursion for

the change in relatedness in a social group from one generation

to the next:

rt+1 = 1/N + rt (1 − d)2(N − 1)/N .

Where the first term is the chance that two randomly

sampled individuals on the patch are the same individual, and

have relatedness one, and the second term is the chance they

are different individuals both native to the patch, and therefore

have the relatedness from the previous generation. Solving for

the equilibrium value of relatedness, and plugging into the

inclusive fitness effect above, we find the condition for the

trait to spread is:

b/N > c.

This is Taylor’s classic result—that the dispersal rate has

no impact on whether the trait will spread.

Extensions: we can extend this closed model a number of

ways to look at the impact of different life histories and explicit

demographic parameters (Table 2). We do this by rewriting the

fitness function and recalculating our estimate of relatedness

accordingly. As one example, Taylor and Irwin (2000) allowed

for overlapping generations by including a parameter s, the

probability that a parent survives into the next generation. The

inclusive fitness effect becomes:

WI F = (1 − s)[(rb − c) − r (1 − d)2(b − c).

Plugging in the equilibrium relatedness value, calculated

in terms of s, d, and N, the condition for the public good trait

to evolve becomes:

b/c > N − (N − 1)[(2s(1 − d))/((2−d)(1 + s))].

The Scale of Competition
Open models can be used to provide an alternate way to

look at the factors that arise in closed models (Frank 1998,

Gardner and West 2006). For example, Frank (1998) devel-

oped a model for incorporating competition into an open

model, by subsuming the scale of competition into benefit

term of Hamilton’s rule:

RB − C > 0

Where R = r, C = c, and B = b – a(b – c), and a is the

proportion of competition that happens locally.

Queller (1994) developed a similar approach in which

competition is subsumed into the relatedness parameter:

R B − C > 0

Where B = b, C = c, and R = (r – ar)/ (1 – ar), and

therefore relatedness is not to an average member of the pop-

ulation but to an average competitor. Both the Queller (1994)

and Frank (1998) approaches recover Taylor’s (1992a) result

as a specific case (see Gardner and West (2006) for further

discussion).

The Trade-offs of Open and Closed
Models
Open and closed modeling approaches differ in how they treat re-

latedness. Across nature, there is a wide diversity of life cycles and

demographic structures that can generate relatedness between in-

teracting individuals (Hamilton 1964; Frank 1998; Rousset 2004).

Some well-characterized examples include:

1. Kin discrimination–if individuals can somehow distinguish

relatives from nonrelatives and preferentially direct coopera-

tion toward them, then this can generate positive relatedness

between actor and recipient (Sharp et al. 2005; Mehdiabadi

et al. 2006).

2. Dispersal patterns–limited dispersal, or dispersing as groups

of relatives, can keep relatives together and hence generate

positive relatedness between interacting individuals, in the ab-

sence of any kin discrimination (Hamilton 1964).

3. Mating patterns–monogamy or lower levels of polyandry

can increase the relatedness between interacting siblings

(Boomsma 2007; Hughes et al. 2008; Cornwallis et al. 2010,

2017; Lukas and Clutton-Brock 2012a).

OPEN MODELS

An open model is agnostic about which of the above factors (or

others) are responsible for the generation of relatedness between

individuals. Instead, relatedness is deliberately left as an indepen-

dent factor that can be tuned directly by the modeler. The benefit

of this approach is that it can generate predictions that should hold

across many systems, regardless of which specific demographic

processes are responsible for relatedness between interacting

individuals. Thus, if the model predicts that investment in a public

good will increase for higher relatedness, then this should hold

just as well in systems that employ kin discrimination, limited

dispersal or monogamous mating in the generation of relatedness.

The downside of an open approach is that relatedness is not

necessarily independent of other factors. For example, relatedness

can be an important driver of the evolution of dispersal, but

relatedness also crucially depends upon dispersal (Taylor 1988;

Frank 1998). Open models miss such feedbacks (West et al.

2002; Lehmann and Rousset 2010). Consequently, open models

may gain widespread applicability, but at a cost of demographic

precision.
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CLOSED MODELS

Closed models
In contrast, a closed model specifies the precise way in which

population dynamical processes generate genetic relatedness

(Table 2). In doing so, concrete assumptions must be made about

the exact life cycle and demography of the system and how these

factors contribute to the relatedness of interacting individuals.

The benefit of a closed-model approach is that it allows a

specific question to be answered about a characterized system,

in which the processes that generate relatedness are known. Any

feedback effects between parameters or traits of the model with the

underlying genotypic assortment in the population are captured by

the model. Furthermore, because the population-genetic assump-

tions about relatedness are clearer, closed models lend themselves

to tweaking and altering assumptions or parameters in a way that

allows theoreticians to build a family of related models, for which

the intermodel relationships are apparent (Table 2).

However, the final step of closing a model involves determin-

ing precisely how a specific demography generates relatedness.

Consequently, any conclusions drawn might only be applicable

to that or a limited number of scenarios. This gives a precise so-

lution, but it might be precisely irrelevant to what occurs in the

real world. In fact, the way that relatedness arises in natural sys-

tems is frequently not well understood, arising from a convoluted

combination of factors and processes. As such, the additional

demographic assumptions that make closed models solvable are

sometimes so idealized that they may add less realism to the

model than might otherwise be expected (Taylor 1992a, 1992b;

Gardner and West 2006; Lehman and Rousset 2010; Table 2).

Consequently, closed models gain precise demographic detail,

but at a cost of broader applicability.

OPEN VERSUS CLOSED

The differences between open and closed models can be illus-

trated graphically. Figure 1 graphs the relatedness (R) between

interacting individuals versus the extent to which density depen-

dent competition is at the scale of the local patch (a; Frank 1998).

An open model can allow both these parameters to vary indepen-

dently (the entire parameter space). A closed model determines

how these parameters are related for a specified demography (one

line on the figure). There are many different possible demographic

scenarios and corresponding closed models (different lines on the

figure). We provide some examples, which illustrate how different

demographic assumptions can qualitatively change whether and

how R and a are linked. This figure also illustrates how an open

model can be used as a “meta-model” to examine how different

closed models work and relate to each other (Frank 1998).

While there is a rough correlation between “open and closed”

and “simple and complex,” this is not always the case. In prin-

ciple, closed models are nested within open models–up until the

Figure 1. The relation between open and closed models. Frank

(1998) developed an open model to show how local competition

could reduce selection for cooperation between relatives. He used

a parameter “a” to measure the scale at which density-dependent

competition occurs, which can range from completely global (a =
0) to completely local (a = 1). In this figure, a is plotted against

relatedness (R). Frank allowed these two variables to vary inde-

pendently, and so his model encompasses the entire plane (shaded

gray). In a closed model, we assume a specific demography and life

history, and this causes a and R to be correlated in a specific way,

leading to a particular curve in the plane (dark lines). For example,

Closed model 1 is Taylor’s 1992a model, closed model 2 is Tay-

lor and Irwin’s (2000) overlapping generations model, and closed

models 3 and 4 are Gardner and West’s 2006 budding dispersal

model, for a fixed budding dispersal rate and range of migration

rates, and a fixed migration rate and range of budding dispersal

rates, respectively. Adapted from Gardner and West (2006).

point of specifying relatedness, a closed model is open (Box 1).

However, in practice, not all open models are one step away from

being a closed model as the demography that determines related-

ness and is required to close the model may not be specified at

all (Wild 2011). Open models may instead include other ecolog-

ical factors or otherwise unlinked demographic details and thus

can be arbitrarily complex. Furthermore, in closed models, the

interplay between different factors can sometimes lead to simpler

predictions, as some parameters drop out of the analysis (Pen and

Weissing 2000). Consequently, the difference between open and

closed models may often be less of a distinction in complexity

rather than a differing emphasis in the kinds of details that are

included.

The above is a conceptual discussion of the relative trade-offs

of open and closed modeling. However, the utility of different the-

oretical approaches is not a philosophical question, it is something

that needs to be empirically tested. What matters is the interplay
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between theory and data. Luckily, such an analysis is possible, via

the extensive theoretical and empirical literature on the evolution

of cooperation.

The Evolution of Cooperation: An
Illustrative Example
A behavior or trait is defined as cooperation if it provides a benefit

to another individual, and has evolved at least partially because of

this benefit (West et al. 2007b). Cooperation poses an evolutionary

problem because, all else being equal, it would reduce the relative

fitness of the co-operator, and hence be selected against. There is

a rich theoretical and empirical literature explaining the factors

that can favor cooperation (Sachs et al. 2004; West et al. 2007a;

Bourke 2011).

OPEN MODELS OF COOPERATION

A potential explanation for cooperation is that it is directed

toward relatives, who also carry the gene for cooperation. By

helping a relative reproduce, an individual is still passing copies

of its genes to the next generation, just indirectly. This process,

which is usually termed kin selection, was first modeled by

Hamilton (1964) (Box 1). Hamilton showed that an altruistic

cooperative trait will evolve if the fitness cost to the cooperator

(C) is smaller than the fitness benefit (B) to the recipient, where

the benefit to the recipient is weighted by the relatedness (R) of

the cooperator to the recipient: RB – C > 0.

This result, known as Hamilton’s rule, is an open model.

Relatedness is a parameter (R) that is treated as independent of the

other parameters of the model. There is no specification of how a

positive R arises. As such, there are a number of population—and

individual-level mechanisms that could generate a given R value.

Hamilton’s rule has been employed to explain a wide range

of traits across the tree of life (Table 1). It has been used to explain

behavior, and variation in behavior, across diverse taxa, including

bacteria, slime moulds, insects, birds, and mammals. The be-

haviors considered include many different forms of cooperation,

policing, division of labor, dispersal, and harming behaviors such

as killing or cannibalism. Furthermore, this includes cases where

positive relatedness, or variation in relatedness, arises from a va-

riety of factors, including limited dispersal, level of polyandry

(promiscuity), kin discrimination and how groups are formed. In

many cases, open models for more specific traits have also been

developed (Table 1).

Closed models of cooperation
The open models discussed above black-boxed the mechanism

that generated relatedness, and implicitly assumed that related-

ness was independent of other model parameters. Over the last

30 years, many modelers interested in cooperation have instead

employed closed models (Table 2).

Hamilton (1964) recognized that population viscosity via

limited dispersal is a key mechanism for generating the positive

relatedness values that can favor cooperation in Hamilton’s rule.

At the same time, however, limited dispersal can also increase

competition between relatives, which reduces the relative benefit

of helping relatives (Hamilton 1971, 1975). It is possible to put

this local competition into an open model by adding an extra

independent parameter or parameters (Grafen 1984; Frank 1998;

Grafen and Archetti 2008). For example, RB-C-R2D2, where R2

is the average relatedness between the actor and the individuals

that suffer from increased competition and D2 is the cost to these

individuals (Grafen 1984). However, when parameters such as R

and R2 or B and D2 are determined by the same factors, they

will be correlated. Consequently, keeping them as independent

parameters could give misleading predictions. For example, if

limited dispersal increases both R and R2, then we might not

expect a higher relatedness (R) to lead to higher cooperation.

Taylor (1992a) developed a closed model of cooperation that

considered the explicit effects of social group size and dispersal

rates. He then estimated the value of relatedness as generated by

the specific life-history details of the model. In a landmark result,

he found that the dispersal rate had no influence on the evolution of

cooperation. In Taylor’s model, the effect of increased relatedness

and competition exactly cancel. As such, Taylor’s closed model

predicted that a decrease in dispersal (and therefore an increase

in relatedness) would not favor cooperation as predicted by the

simple form of Hamilton’s rule. As well as this specific result,

for that exact life history, Taylor’s model makes a general point

about how we need to consider both cooperation and competition

between relatives.

Taylor’s model has since been expanded into a number of

other closed models that tweak the life history in some manner

(Table 2). In many of these cases, the specific life cycle allows

limited dispersal to increase relatedness (R), without being exactly

cancelled by a decreased benefit to relatives (B). Consequently, in

these models, limited dispersal can favor cooperation. For exam-

ple, Taylor and Irwin (2000) found that overlapping generations

increase relatedness without inflating the costs of competition.

This happens because there is a population-level mechanism (par-

ent survival) for genetic associations to accrue in the absence of

extra offspring remaining on the patch and competing (Box 1).

However, these closed models have had relatively little

impact on our empirical understanding of specific biological

cases. There is only one empirical example from the natural

world where the data suggests that the influence of dispersal rates

on relatedness and competition exactly cancel out–competition

for mates between male fig wasps (West et al. 2001). The closed

models stimulated experimental evolution studies in bacteria,
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Table 1. Examples of some of the phenomena where an open model approach (Hamilton’s rule) has helped us understand biological

phenomena.

Taxa
Trait/Phenomena

explained
Cause of variation

in R Empirical approach More specific open models

Bacteria Public goods
(extracellular
factors)

Dispersal pattern Experimental evolution
(Griffin et al. 2004)

Brown 1999; West and
Buckling 2003; Dionisio
and Gordo 2006; Frank
2010

Bacteria Quorum sensing Dispersal pattern Experimental evolution
(Diggle et al. 2007;
Rumbaugh et al. 2012;
Pollitt et al. 2014; Popat
et al. 2015)

Brown and Jonstone 2001

Bacteria Killing (bacteriocins) Kin discrimination,
dispersal pattern

Experimental (Inglis et al.
2009)

Gardner et al. 2004

Bacteria Symbiotic benefit Dispersal pattern
(transmission)

Comparative (Fisher et al.
2017)

Frank 1996a

Birds and
mammals

Cooperative breeding Level of polyandry Comparative (Cornwallis
et al. 2010; 2017; Lukas
and Clutton-Brock
2012a, 2012b)

Charnov 1981

Birds and
mammals

Cooperation Kin discrimination Observational,
experimental,
comparative (Komdeur
1994; Russell and
Hatchwell 2001; Griffin
and West 2003; Komdeur
et al. 2004; Sharp et al.
2005; Cornwallis et al
2009)

–

Fungus Cooperation Group formation, kin
discrimination

Experimental evolution
(Bastians et al. 2016)

–

Insects Eusociality Level of polyandry Comparative (Hughes et al.
2008)

Charnov 1978, 1981;
Gardner et al. 2011a;
Alpedrinha et al. 2013,
2014; Rautiala et al.
2014; Liao et al. 2015,

Insects Policing Level of polyandry Experimental, Comparative
(Wenseleers and Ratnieks
2006a, 2006b; Ratnieks
et al. 2006)

Ratnieks 1988; Wenseleers
et al. 2004a, 2004b

Insects Killing Haplodiploidy,
dispersal pattern,
kin discrimination

Observational, experimental
(Grbic et al. 1992; Giron
et al. 2004a, 2004b)

–

Insects Reproductive restraint Level of polyandry Observational, comparative
(Wensellers and Ratnieks
2004)

Wenseleers et al. 2003,
2004a

Salamanders Cannibalism Kin discrimination Experimental (Pfennig and
Collins 1993; Pfennig
et al. 1994, 1999)

–

(Continued)
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Table 1. Continued.

Taxa
Trait/Phenomena

explained
Cause of variation

in R Empirical approach More specific open models

Slime moulds Fruiting bodies Dispersal pattern, kin
discrimination

Observational, experimental
evolution, genomic
(Mehdiabadi et al. 2006;
Gilbert et al. 2007;
Kuzdzal-Fick et al. 2011;
Ostrowski et al. 2015;
Noh et al. 2018)

–

Social groups
of cells
(across
taxa)

Division of labor,
sterile cells

Dispersal pattern Comparative (Fisher et al.
2013)

Cooper and West 2018

Our list is illustrative, not exhaustive, and we provide examples of the consequences of variation in only a single parameter (R). More specific open models

are often constructed for specific traits. In many cases, some form of Hamilton’s rule emerges as a prediction and is useful for interpreting these models

(Taylor and Frank 1996; Frank 1998). For some other traits, such as sex allocation, the results are still interpreted with kin selection, but Hamilton’s rule per

se is less useful for interpretation. Studies focusing on the consequences of variation in other parameters (B, C), and whether Hamilton’s rule is satisfied, are

reviewed elsewhere (Bourke 2011, 2014).

examining how patterns of dispersal can influence both related-

ness and competition (Griffin et al. 2004, Kümmerli et al. 2009).

However, these studies can be seen as “wet simulations” that

validate theory, but do not actually measure the consequences

of competition in nature. Further, the role of demographic

details has been discussed but rarely tested in a number of taxa,

including RNA replicators, birds, and killer whales (Hatchwell

2009; Johnstone and Cant 2010; Croft et al. 2017; Levin and

West 2017a).

OPEN VERSUS CLOSED

Why have open models been more useful for explaining specific

empirical examples of cooperation? We suggest seven, nonmutu-

ally exclusive possibilities: (i) a closed model specifies a certain

demography, narrowing the organisms to which it can be applied;

(ii) closed models include an additional layer of demographic

detail, which can make them more complex, and harder for em-

piricists to apply (or at least, they appear to); (iii) open models

can offer intuitive heuristics, like Hamilton’s rule, which can be

applied broadly, generate simple predictions, and facilitate inter-

pretation of results; (iv) open models make predictions in terms

of R, which will often be a relatively easy parameter to mea-

sure; (v) open models disentangle causal effects in similar way

to experiments that try to manipulate single factors while keep-

ing everything else fixed; (vi) open models can focus on other

biological details of potential interest, rather than demography

(e.g., partner sanctions, or how cooperative benefits are shared;

West et. all 2002; Cooper and West 2018); and (vii) there may

not be enough two-way interactions between those developing the

theory and those collecting the data.

The utility of the different approaches can also be illustrated

by imagining a hypothetical scenario in which theoretical work

on cooperation had started with Taylor’s (1992a) closed model.

In this case, we would have been left with the prediction that

limited dispersal (higher relatedness) does not favor cooperation.

Empirically this is clearly not the case, as limited dispersal ap-

pears to play a key role in favoring cooperation in a broad range

of taxa (Table 1). But, at the same time, Taylor’s model has been

incredibly influential in its own right. The point is that Taylor’s

closed model was useful when discussed against an open model

(Hamilton’s rule). Hamilton’s rule said relatedness matters, and

it clearly does (Table 1). Taylor’s model showed that, in certain

cases, things could be more complicated as competition can

reduce selection or even negate selection for cooperation between

relatives. This helped us explain the data from fig wasps and

stimulated experiments on bacteria (West et al. 2001; Griffin

et al. 2004; Kümmerli et al. 2009), and led to a large body of

theoretical work (Lehmann and Rousset 2010; Van Cleve and

Lehman 2013; Van Cleve 2015; Peña et al. 2015). Furthermore,

the combination of open and closed models in this area also

spurred work on how local competition can favor spiteful harming

behaviors (Gardner and West 2004; Gardner et al. 2004; 2007;

Lehmann et al. 2006).

Beyond Cooperation
How useful have open and closed models been more generally?

Another area of social evolution where there has been productive

interplay between theory and data is the study of how organisms

allocate resources to male and female offspring, termed sex
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Table 2. Examples of the ways that Taylor’s (1992a) model has been extended to incorporate additional biological details (nonexhaus-

tive).

Theoretical models Process modeled
When does limited dispersal favours

cooperation?

Taylor 1992a Patch elasticity Always
Taylor and Irwin 2000, Irwin and Taylor

2001, Levin and West 2017b
Overlapping generations When generations overlap

Gardner and West 2006, Lehmann et al.
2006, Lehmann et al. 2007, Traulsen
and Nowak 2006

Budding dispersal When individuals are more likely to
disperse together than singly
(budding).

Rogers 1990 Selective emigration If altruists are more likely to emigrate
Gardner 2010, Johnstone and Cant 2008 Sex-specific dispersal When the sex with higher variance in

fitness is (slightly) more likely to
disperse

Lehmann et al. 2008, Johnstone 2008 Caste-specific dispersal When different castes (e.g. queen and
worker) have different dispersal rates,
reproductive values, and dispersal
timings

Alizon and Taylor 2008 Empty sites When there are empty sites on patches
El Mouden and Gardner 2008 Conditional helping When co-operators adjust their

behaviour conditional on whether they
disperse

Taylor 1992b, Kelly 1992, Queller 1994,
Gardner and West 2006

Various timings of cooperation
and competition

Under some but not all demographic
timing schemes

Yeh and Gardner 2012 Different ploidies Under some but not all ploidies
Rodrigues and Gardner 2012, 2013a, b Heterogeneity in patch quality,

group size, and individual
quality

When patches vary spatially and
temporally in patch quality and group
size, and (under some circumstances)
when individuals vary in quality

Perrin and Lehmann 2001 Kin discrimination When individuals can actively
discriminate kin

We focus here on analytical models (rather than simulations), as these allow us to the see the explicit role of different parameters. We focus on island

models, as opposed to spatially explicit models (e.g., lattice or stepping stone), as the added mathematical complexity of these models makes it harder to

interpret parameter relationships, without necessarily revealing patterns that can’t already be identified in simpler island models (Lehmann and Rousset

2010). A number of other models have used different approaches (e.g., lattice models, cellular automata, evolution on graphs) to identify a number of other

factors that can alleviate the effects of local competition (e.g., van Baalen and Rand 1998; Mitteldorf and Wilson 2000; Ohtsuki et al. 2006; Lehmann et al.

2006; Grafen 2007; Taylor et al. 2007; Lion and Gandon 2009).

allocation (West 2009). Within this area, the two relevant success

stories are: (1) local mate competition (LMC)–how population

structuring, with competition for mates between related males,

selects for female biased sex ratios (Hamilton 1967); (2) sex

allocation driven by relatedness asymmetries in haplodiploid

social insects (Trivers and Hare 1976; Boomsma and Grafen

1991). Closed and open models have driven research in these

two areas respectively, demonstrating that, in different fields, one

approach has sometimes been more useful than the other.

Hamilton (1967) showed that if n diploid females lay eggs

on a patch, if mating then occurs on this patch, and if only the fe-

males disperse to compete globally, then the evolutionarily stable

strategy is to invest a fraction (n-1)/2n of resources into female

offspring. The beauty of this closed model is that it is an excellent

approximation of the life history of many species, and leads to a

prediction in terms of one parameter that is often relatively easy

to measure (n). A closed model works so well here, because clear

morphological features, such as nondispersing wingless males,

enforce life-history features that facilitate mathematical simplifi-

cations. Hamilton’s LMC model has proved extremely useful for

explaining variation in sex allocation, both within and between

species (West 2009). Furthermore, theory has been extended in nu-

merous directions to account for life history and demographic de-

tails relevant to certain species (West 2009). Alternative open for-

mulations of Hamilton’s LMC equation are possible, which focus

on the relatedness between male and female offspring on a patch,

but these can be less easy to apply (Frank 1998; Nee et al. 2002).

Boomsma and Grafen (1991) showed that, in haplodiploid so-

cial insects, workers are favored to adjust the colony sex allocation

in response to the relatedness structure within their colony. They

8 EVOLUTION LETTERS 2018

159



OPEN AND CLOSED MODELS OF RELATEDNESS

produced an open model, and outlined how relatedness structure

could be determined by a number of demographic factors, includ-

ing queen mating rate, queen number, worker reproduction and

queen replacement. Their model is able to explain considerable

variation in sex allocation, between colonies (split sex ratios), in

response to these factors (West 2009). A single open model could

be applied across, and therefore unify, a number of different sce-

narios, where different features of the demography drive “split

sex ratios.” Together, these examples from sex allocation high-

light that, for distinct empirical questions, different approaches

have been more useful.

There are other areas where open or closed models have

been more important for the development of theory. For example,

closed models have dominated theoretical work on the evolution

of dispersal, because the dispersal rate is both the trait under selec-

tion and the determinant of relatedness (Taylor 1988; Frank 1998;

Gandon 1999; Gandon and Michalakis 1999; Gandon and Rousset

1999; Rousset 2004). Another example is the evolution of viru-

lence, where early models tended to be open whereas later models

are predominately closed (Frank 1996b; Gandon and Michalakis

2000; Wild et al. 2009; Alizon and Lion 2011; Lion 2013). How-

ever, neither of these fields has led to a similar interplay between

theory and data, possibly because most of the theory was not de-

veloped to address specific empirical patterns (Crespi and Taylor

1990; Innocent et al. 2010).

Finally, there are also parameters other than relatedness that

could be left open or closed. For example, in models where pop-

ulations are structured into different classes—such as age, sex, or

size—reproductive values are usually treated as closed. However,

open models could be developed in these cases by employing

a conservation of reproductive value criterion. Because total re-

productive value of the population is constant, an increase in the

reproductive value of one individual necessitates exact compen-

satory changes in the reproductive value of others, allowing the

modeler to keep this as an open parameter (e.g., Wild and West

2007). Exactly how our analysis extends to these other questions

remains unclear.

Guidelines
An obvious take home is that the different approaches have differ-

ent utilities. But this is a bit vague and obvious. Can a summary

of our above discussion provide more specific guidelines?

Open models have proved more useful when we want to con-

sider cases where multiple demographic and life-history details

can influence relatedness. For example, how limited dispersal, kin

discrimination, and female mating rate influence the evolution of

cooperation, or how queen mating rate, queen number, and queen

replacement influence the evolution of split sex ratios (Hamilton

1964; Boomsma and Grafen 1991). In these cases, an open model

can be applied broadly across diverse taxa, with very different

life cycles. In addition, open models have been useful for pro-

viding conceptual unification, and intuitive heuristics for guiding

empirical work.

Closed models have proved particularly useful when a single

demographic factor is more universally important. For example,

how the number of females laying eggs per patch influences sex

allocation (Hamilton 1967). In such cases, a closed model can be

applied broadly across different taxa, which share this key aspect

of their life cycle. In addition, closed models have been useful

conceptually for disentangling the roles of different demographic

parameters.

More generally, with all these considerations, the emphasis

should always be on the interplay between theory and data, and

how the theory will be used to help us explain the natural world.

When developing theory, there are a number of empirically mo-

tivated questions to be asked. What aspect of the empirical data

can’t be explained by existing theory and needs a new model?

What are the parameters that empirical work suggests need more

attention? Do we want to make broad predictions across species

with different life cycles, or for a single species with a specific life

cycle? The advantage of more empirically minded development

of theory is clearly illustrated by the success of closed models

developed to examine sex allocation (local mate competition),

compared to those for cooperation and dispersal. In particular, the

extensions of basic local mate competition theory have proven

very useful precisely because their development was driven by

cases where the data and/or life-history assumptions did not fit

existing theory (West 2009).

Conclusions
To conclude, open and closed models are complementary and not

competing approaches. Ultimately, we must ask what the modeler

is prepared to give up, and what they want to gain, which will

depend on the modeler’s empirical aim. Sylvain Gandon pointed

out to us that an analogy here can be made with the analysis

of statistical data. If the addition of an extra variable does not

significantly improve the explanation of the data, then the more

detailed model, with that extra variable, can be a less good model,

as judged by statistical measures such as AIC. An important goal

should be to develop a model with the minimal level of detail

required to answer a specific biological question (May 2004).

Evaluating whether to use an open or closed model is then simply

a matter of determining where that minimal level of detail falls

with respect to demography and population structure.

Finally, this debate touches on a recurring theme in behav-

ioral and evolutionary ecology, where there are numerous exam-

ples of different potential approaches. Some examples include
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population genetics versus game theory, general versus specific

models in game theory, or experimental studies on a specific

species versus across species comparative studies (Harvey and

Purvis 1991; Parker and Maynard Smith 1990; Davies et al. 2012).

All of these cases have generated arguments that one approach is

“better” or “more correct” than the other whereas, in reality, the

different methodologies have different strengths and weaknesses

and are each appropriate in different scenarios.
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