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1  | INTRODUC TION

A central idea in evolutionary theory is that natural selection 
shapes organisms through a process of cumulative improvement 
(Darwin, 1859; Dawkins, 1986). Although this is the widely accepted 
explanation for complex and well-adapted organismal design in na-
ture, it has proven difficult to establish a general criterion for what 
qualifies as an improvement in adaptive design. This is a serious issue, 
for much of the theory’s predictive and explanatory power hangs 
on its characterization of what properties of organisms are selected 
for. Given that most adaptive phenotypic change is underpinned by 
gene-frequency change (Fisher, 1930), we might expect organisms 
to evolve properties that help them spread their genes. But what 
are those properties? Hamilton (1964) made the brilliant insight that 

an individual organism can propagate its genes not only through its 
own reproduction (direct fitness) but also by aiding its relatives that 
share the same genes (indirect fitness). He proposed that evolution 
favours phenotypes that maximize each organism’s inclusive fitness, 
defined as follows (p. 8): ‘Inclusive fitness may be imagined as the 
personal fitness which an individual actually expresses […] after it 
has been first stripped and then augmented in a certain way. It is 
stripped of all components which can be considered as due to the indi-
vidual’s social environment, leaving the fitness which he would express 
if not exposed to any of the harms or benefits of that environment [em-
phasis added]. This quantity is then augmented by certain fractions 
of the quantities of harm and benefit which the individual himself 
causes to the fitnesses of his neighbours. The fractions in question 
are simply the coefficients of relationship […]’.
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Abstract
A fundamental task of evolutionary biology is to explain the pervasive impression of 
organismal design in nature, including traits benefiting kin. Inclusive fitness is consid-
ered by many to be a crucial piece in this puzzle, despite ongoing discussion about 
its scope and limitations. Here, we use individual-based simulations to study what 
quantity (if any) individual organisms become adapted to maximize when genetic 
architectures are more or less suitable for the presumed main driver of biological 
adaptation, namely cumulative multi-locus evolution. As an expository device, we 
focus on a hypothetical situation called Charlesworth’s paradox, in which altruism is 
seemingly predicted to evolve, yet altruists immediately perish along with their altru-
istic genes. Our results support a recently proposed re-definition of inclusive fitness, 
which is concerned with the adaptive design of whole organisms as shaped by multi-
locus evolution, rather than with selection for any focal gene. They also illustrate how 
our conceptual understanding of adaptation at the phenotypic level should inform 
our choice of genetic assumptions in abstract simplified models.
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After much debate (Abbot et  al.,  2011; Birch & Okasha, 2015; 
Nowak & Allen,  2015; Nowak et  al.,  2010) about the usefulness 
and limitations of Hamilton’s inclusive fitness concept (henceforth 
IFHamilton), Fromhage and Jennions (2019) advocated an alternative 
concept which does not involve any ‘stripping’ of fitness components 
as described in Hamilton’s quote above. Instead, inclusive fitness is 
the sum of an individual’s own offspring (including any accrued due 
to the behaviour/phenotype of relatives), plus its effects on its rela-
tives’ number of offspring, weighted by relatedness. They called this 
the ‘folk definition of inclusive fitness’ (IFfolk) because it has been 
used informally by biologists for decades (Alcock, 2005; Mayr, 1991; 
Wilson, 1975; Zimmer & Emlen, 2016). The main advantage of IFfolk 
is that, unlike IFHamilton, it does not rest on the restrictive assumption 
that causal effects are additive (i.e. that the effects of an individual’s 
actions are independent of the phenotypes of others; for discussion 
of additive causality at the level of organisms rather than alleles, see 
Birch, 2016, 2019). Another key feature of IFfolk is that its proposed 
merit as a phenotypic maximand (i.e. a quantity which organisms 
shaped by natural selection should appear designed to maximize) is 
based on the postulate that multi-locus long-term evolution tends 
to follow the genome’s ‘majority interest’ (Hammerstein,  1996; 
Leigh, 1971). This postulate does not require that all positively se-
lected genes conform to Hamilton’s rule rb−c > 0 (where r is relat-
edness and –c and b are changes caused to the reproduction of ‘self’ 
and ‘other’), because short-term change driven by particular genes 
can be overturned in the long run by the combined effects of many 
genes (the so-called ‘parliament of genes’; Leigh, 1971).

Despite encouraging signs that IFfolk is provoking a rethink (e.g. 
Queller, 2019), we have gained the impression from discussions with 
colleagues that many still struggle to fully grasp its meaning and 
import. For example a recurring objection is that, rather than being 
built on the notion of an organism’s inclusive fitness (as represented 
by the definition of IFHamilton above), modern social evolution theory 
(e.g. Frank, 1997; Rousset, 2015) is built on the notion of a focal al-
lele’s inclusive fitness effect (a measure of selection at the gene level), 
and that there is hence no need to amend any perceived limitations 
of IFHamilton. While we agree that IFHamilton is indeed little used by 
modellers (cf. Q31 in Fromhage & Jennions, 2019), there are at least 
two reasons why focussing exclusively on selection at the gene level 
misses something important.

Firstly, the notion of optimal or ‘adaptive’ phenotypes is widely 
used by biologists, for example to generate testable hypotheses and 
to explain specific traits in terms of general principles. This notion 
hinges on the existence of a criterion of good phenotypic design. In 
particular, many biologists assume that an optimal phenotype is that 
which maximizes an individual’s inclusive fitness – in the sense that 
feasible alternative traits and behaviours (e.g. when induced experi-
mentally) would cause inclusive fitness to be lower. This notion con-
cerns whole organisms and their causal effects, not particular genes. 
Hence, there is a gap between measures of gene-level selection and 
the ways in which inclusive fitness is actually used by biologists.

Secondly, since the true genetic complexity of adaptive evolu-
tion will usually defy full mathematical description, mathematical 

analyses must make simplifying assumptions which from case to 
case may be more or less appropriate for modelling this process. In 
particular, if we find a given allele to be positively selected, there is 
no guarantee that the associated phenotypic change will be aligned 
with the Darwinian tendency of cumulative improvement which 
presumably we should aim to model. Yet unless we understand at 
a conceptual level what drives cumulative improvement, and what 
property is being improved, we have no means of judging which ge-
netic assumptions succeed in capturing that process. Hence, calcu-
lations of gene-level selection are no substitute for identifying what 
phenotypic design principle (if any) is inherent in natural selection.

In the present study, we compare genetic architectures, imple-
mented with individual-based simulations, to look at what quantity 
(if any) individual organisms become adapted to maximize. These ge-
netic architectures vary in how well they capture the presumed main 
mechanism of biological adaptation, namely cumulative multi-locus 
evolution. As an expository device, we consider a classic example 
designed to illustrate the limitations of inclusive fitness.

2  | CHARLESWORTH’S PAR ADOX

McElreath and Boyd (2008) describe the following hypothetical situ-
ation inspired by Charlesworth’s (1978) classic population-genetic 
study: ‘Consider a species of bird in which young have the option of 
staying behind and helping their parents care for the next season’s 
young rather than going out and trying to found their own nests. 
In this particular species, a situation arises each generation allow-
ing an individual to sacrifice its own life to save the lives of four of 
its younger full siblings. Thus b = 4, c = 1, and r = 0.5. According 
to Hamilton’s rule, this behaviour should evolve (4 × 0.5 > 1), yet it 
cannot. In any individual in which the mutation arises, the allele will 
be destroyed.’ Following conventional wisdom, McElreath and Boyd 
(2008, p. 99) identify as the solution to this paradox its violation of 
the ‘weak selection’ assumption presumed to be implicit in the no-
tion of inclusive fitness: namely that Hamilton’s rule (and, by exten-
sion, inclusive fitness) only applies for genes with a negligible effect 
on fitness. By contrast, Fromhage and Jennions (2019) have argued 
that their version of inclusive fitness theory applies to multi-locus 
evolution involving genes of various effect sizes, thus requiring no 
general assumption of ‘weak selection’.

To revisit Charlesworth’s paradox in the light of IFfolk theory, let 
us envisage a large (infinite) genetically uniform population in which 
the propensity for altruism is p. That is, each individual exhibits al-
truism with independent probability p. For simplicity and to match 
Charlesworth’s assumption, let brood size Nbrood be sufficiently large 
to neglect stochastic effects; in particular, we ignore the possibil-
ity that all offspring in a given brood might sacrifice their lives si-
multaneously, such that no sibling is left to benefit from the help. 
We follow Charlesworth’s (1978) ‘model 1’ in assuming that each 
altruist provides b fitness units (in total) to its nonaltruistic siblings, 
which does not necessarily mean (contra McElreath & Boyd’s inter-
pretation) that helping saves the recipient’s life. The total benefit of 
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altruism per brood is then given by pNbroodb, and the expected total 
benefit received per nonaltruistic sibling is.

Hence, the direct fitness of a nonaltruist is baseline + B, where 
baseline is the baseline fitness that would occur in the absence of 
help. According to Fromhage and Jennions (2019), IFfolk includes all 
of a focal individual’s (relatedness-weighted) causal effects on its 
direct and indirect reproduction, compared to the counterfactual 
where the focal individual does not exist (as would occur, for ex-
ample if the focal individual had died at conception). Accordingly, a 
nonaltruist’s IFfolk is given by

where the term –rB represents a fitness loss imposed on its siblings 
through participating in kin competition for available benefits. That is, 
if the focal nonaltruist had not existed, hence had not claimed any help 
for itself, then this help (of value B) would instead have benefited some 
other sibling(s) (of relatedness r). This formulation reflects the assump-
tion that the focal nonaltruist’s existence does not affect the number 
of helpers, who would have just helped someone else if the focal indi-
vidual had been unavailable. Under this assumption, any given benefit 
obtained by a focal nonaltruist necessarily corresponds to an equal 
benefit withheld from others. An altruist’s inclusive fitness is given by

reflecting the assumption that its only causal effect (compared to 
its nonexistence) is to generate benefit b for a sibling. Fromhage and 
Jennions (2019) predicted that long-term evolution favours pheno-
types yielding higher IFfolk such that, at evolutionary equilibrium, IFfolk 
should be maximized in the sense that no individual could increase its 
IFfolk if it unilaterally switched to an alternative phenotype. In the pres-
ent case, this means that any stable mixture of altruists and nonaltru-
ists (i.e. a mixed ESS (Maynard Smith, 1982)) must occur at a frequency 
of altruism where IFfolk

[

no altruism
]

= IFfolk
[

altruism
]

. Equalizing 
Equations (2) and (3), solving for p and adopting the convention of 
measuring b in units of baseline (implemented by setting baseline = 1 
without loss of generality), we thus obtain the evolutionarily stable fre-
quency of altruism:

This is the prediction based on IFfolk theory which we will now 
test using simulations. While the specific behaviour modelled is hy-
pothetical, it is intended to represent the broad and ubiquitous cate-
gory of adaptive ‘goal directed’ behaviours. Such behaviours tend to 
be complex in that they involve coordinated sensomotory routines 
that only plausibly arise by the Darwinian principle of cumulative im-
provement, rather than by a single chance mutation. Hence, when 

studying the evolutionary origin of such behaviour, only simulations 
allowing for gradual, cumulative evolution – which, however, does 
not exclude strongly selected genes – have a reasonable a priori 
claim to biological realism.

3  | SIMUL ATIONS

We consider genetic systems that vary in the number and type of 
both ‘primary’ loci encoding the propensity for altruism, and ‘regu-
latory’ loci that may suppress the phenotype encoded by primary 
loci (see Figure S1 for a schematic). The simulations proceed in tmax 
discrete nonoverlapping generations, each following the flow chart 
given in Figure S2.

3.1 | Genes and phenotypes

For simplicity, we assume haploid genetics (again following 
Charlesworth, 1978). Each individual has Lprimary primary loci poten-
tially coding for altruism and Lregulatory regulatory loci potentially cod-
ing for suppressing altruism. Loci are characterized by their allelic 
values, which are either discrete (0 or 1) or quantitative (between 
0 and 1). In a given simulation, all loci of the same type (i.e. primary 
or regulatory) have the same type of allelic values (i.e. discrete or 
quantitative), but primary versus regulatory loci may differ in num-
ber and allelic type. Phenotypes are independently determined for 
each individual according to its genotypic propensity for altruism, 
which specifies its probability of behaving altruistically. An indi-
vidual’s propensity for altruism is its mean allelic value among pri-
mary loci, multiplied by the probability (equal to 1 minus the mean 
allelic value among regulatory loci) that regulatory genes will not 
suppress the altruistic phenotype. So, high allelic values at primary 
loci lead to a high altruism propensity unless counteracted by high 
allelic values at regulatory loci. In the special case with no regula-
tory loci (Lregulatory = 0), altruism propensity is determined by primary 
loci alone. In the first generation, the population is initialized with 
all allelic values set to 0 for all primary and discrete regulatory loci. 
To speed up convergence, however, quantitative regulatory loci are 
initialized with randomly sampled values from a uniform distribution 
between 0 and 1.

3.2 | Reproduction

In each time step, Nmatings mating pairs are assembled by sampling 
individuals randomly with replacement (i.e. allowing individuals to 
mate multiply) according to their individual-specific mating pro-
pensity Pmating (see below). For simplicity, we do not model distinct 
sexes (i.e. individuals are hermaphrodites). Each pair produces Nbrood 
offspring which inherit alleles by unlinked Mendelian inheritance. 
Mutations then occur independently at each locus (of each offspring) 
with probability μ. When a gene mutates, its allelic value switches 

(1)B =
pNbroodb

Nbrood (1 − p)
=

pb

(1 − p)

(2)IFfolk
[

no altruism
]

= baseline + B − rB

(3)IFfolk
[

altruism
]

= rb,

(4)p =
rb − 1

b − 1
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from 0 to 1 or vice versa (for discrete loci), or a new allelic value is 
sampled from a uniform distribution between 0 and 1 (for quantita-
tive loci). Then, phenotypes are determined as described above.

3.3 | Social interactions

Because altruists are assumed to sacrifice their life to aid their sib-
lings, they never enter the next generation. Instead, they each pro-
vide a benefit b, such that the total benefit per brood equals b times 
the number of altruists. This total benefit is then divided evenly 
among all nonaltruistic siblings within the same brood. When an 
individual receives a benefit of magnitude B, it is assigned mating 
propensity Pmating = 1 + B. Mating propensities are then used as sam-
pling weights in determining mating success in the next generation 
(see above), which translates into expected reproductive success. 
For example, if an individual obtains a benefit of value B = 1, this 
corresponds to an increment of one unit of baseline fitness; so the 
individual’s expected reproductive success is approximately doubled 
compared to what it would have obtained otherwise.

3.4 | Default settings

All simulations use Nmatings = 10,000 (but see Figure S3), thereby fix-
ing population size, and μ = 0.0001 (but see Figure S4). The number 
of primary loci was set either to 1 or 50 (but see Figure S5), where 
the value 50 was chosen because it appears sufficient to model ap-
proximately continuous trait expression even when allelic values are 
discrete. The number of regulatory loci was set either to 0 or 1 or 
50. We use Nbrood = 10 (but see Figure S6), which is sufficiently large 
to render unlikely the possibility of all offspring in a given brood 
expressing altruism at the same time. For example, with an altru-
ism propensity of p = 0.44 (the highest mean value observed in our 
simulations), the probability of all 10 offspring behaving altruistically 
was 0.4410 = 0.0003.

4  | RESULTS

In most cases, altruism frequencies evolved to closely match predic-
tions from IFfolk theory (Figures  1–3). The two notable exceptions 
occur when there is only one discrete primary locus and either no 
(Figure 1a), or one discrete regulatory locus (Figure 2a). Otherwise, 
our main results approximately match analytical predictions, and do 
so ever more closely as the mutation rate μ is lowered, and as tmax, 
Nmatings and Nbrood are increased (Figures S3–S6). In simulations dif-
fering only in initial allelic values at a quantitative regulatory locus, 
there is convergence to the predicted phenotype despite persistent 
differences at the genotypic level (Figure 3). Here, allelic values at 
the regulatory locus usually (but not always) stayed close to their ini-
tial level (Figure 3, first panel), while suitable complementary values 
evolved at the primary locus (Figure 3, second panel).

5  | DISCUSSION

We mostly found close agreement between our simulations and pre-
dictions of IFfolk theory (Figures 1–3). The two notable exceptions 
are cases with only one or two loci with discrete alleles (Figures 1a 
and 2a). In order to understand these results, envisage a situation 
where a rare altruism allele arises in an otherwise selfish population. 
The causal effect of expressing this allele (compared to the counter-
factual of not expressing it) is to generate, at cost c = 1 to the focal 
individual, an indirect benefit (say, b = 4) in a sibling (r = 0.5). This 
amounts to a positive net effect (0.5 × 4 – 1 > 0) on the focal individ-
ual’s IFfolk, indicating that an increase in the propensity for altruism is 
in the genome’s ‘majority interest’ and should be selected for in the 
long run under multi-locus evolution. This argument invokes what 
Fromhage and Jennions (2019) called ‘Hamilton’s phenotypic rule’, 
which provides a criterion for whether a given phenotypic change 
increases a focal individual’s IFfolk. Note that, whereas IFfolk evalu-
ates the causal effects of an organism as a whole (compared to its 
absence), Hamilton’s phenotypic rule evaluates the causal effect of a 
given phenotypic change (compared to no change). So, if phenotypic 
changes that satisfy Hamilton’s phenotypic rule tend to be selected 
for, then whole organisms should tend to become adapted to maxi-
mize their IFfolk.

In contrast, under the assumptions of Figure 1a (with one discrete 
primary locus), selection favours the nonaltruistic allele. This occurs 
because the altruistic allele is always expressed (i.e. has full pene-
trance), which, combined with the fact that only nonaltruists receive 
help, biases the flow of social benefits towards nonaltruistic geno-
types. The nonaltruistic allele therefore qualifies as what Fromhage 
and Jennions’ called a ‘mirror effect rogue gene’. This is an allele that 

F I G U R E  1   Evolution of altruism under genetic systems without 
regulatory loci and (a) 1 discrete primary locus; (b) 1 quantitative 
primary locus; (c) 50 discrete primary loci; and (d) 50 quantitative 
primary loci. Coloured lines show mean values across 10 replicate 
simulations, for each of 3 levels of benefit b. Dashed lines indicate 
predictions from IFfolk theory (calculated from eq. 4 with r = 0.5). 
Evolved altruism levels closely match predictions in (b)-(d) but not (a) 
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reduces the IFfolk of the organisms expressing it, but is still selected 
for due to the biased flow of social benefits arising under high levels 
of penetrance. However, consistent with the prediction that mirror 
effect rogue genes are of little importance in multi-locus evolution 
(Fromhage & Jennions, 2019), altruism readily evolves when the rigid 
genetic constraints operating in Figures 1a and 2a are relaxed. This 
is made possible by genes having imperfect penetrance, which can 
realign the flow of social benefits with the genome’s ‘majority in-
terest’. Further rogue genes can then no longer invade, indicating 
that they are best viewed as a manifestation of a genetic constraint 
rather than of a genetic conflict (Queller, 2019).

We also found that alternative regulatory mechanisms can 
evolve to produce the same optimal phenotype (Figure  3), such 
that high levels of altruism propensity (as encoded by primary loci) 

select for high levels of altruism suppression and vice versa. This il-
lustrates the classic idea, sometimes called the ‘genetic theory of 
relativity’ (Mayr,  1963), that a gene’s selective value depends on 
its genetic background. This idea has sometimes been used (e.g. 
Gould, 2002; Sober, 1984) to challenge the ‘gene selectionist’ view 
that gene-level selection holds the key to understanding phenotypic 
evolution (Williams, 1966; Dawkins, 1976; for a recent defence, see 
Queller, 2020). In the light of IFfolk theory in general and Figure 3 
in particular, we argue that – notwithstanding its gene-level under-
pinnings – the ‘big picture’ of what is selected for at the organism 
level is not fully captured by gene-level considerations. Focussing 
on organisms pinpoints the design principle that guides phenotypic 
evolution (regardless of many genetic details: e.g. Figure 3), and this 
allows us to draw a crucial distinction between cases where this 
principle can or cannot operate (e.g. Figure 1a). Once this distinction 
is made, it becomes easy to see that selection for genes to increase 
their number of copies is not the same thing as selection for organ-
isms to maximize their inclusive fitness (contra, e.g. Dawkins, 1978). 
Of course, at some level, this is common knowledge. For example, 
although almost any maladaptive trait could evolve if encoded by 
a segregation-distorter gene, nobody takes that to imply that we 
cannot predict anything about phenotypic evolution. Instead, there 
is (implicit) agreement that that’s just the wrong kind of genetic as-
sumption to make for studying adaptive evolution. But if that is the 
case, then what is the right kind of genetic assumption? In particu-
lar, is assuming fair meiosis sufficient to ensure biologically plausible 
outcomes? We think not, but invite our readers to make up their own 
minds in the light of our present findings.

To eliminate a source of ambiguity, we note that there exist dif-
ferent types of evolutionary explanations that are relevant in this 
context. Rosales (2005), drawing on Sober (1983), distinguishes his-
torical explanations, which show how an event to be explained was 
produced through a specific sequence of earlier events, from ‘modal’ 
explanations, which show how an event would have occurred regard-
less of which actual history transpired among a range of possibili-
ties. We do not doubt that gene-level selection (in combination with 
chance and mutation pressure) can provide historical explanations 

F I G U R E  2   Evolution of altruism under genetic systems with 
one discrete primary locus and (a) 1 discrete regulatory locus; (b) 1 
quantitative regulatory locus; (c) 50 discrete regulatory loci; and (d) 
50 quantitative regulatory loci. Coloured lines show mean values 
across 10 replicate simulations, for each of 3 levels of benefit b. 
Dashed lines indicate predictions from IFfolk theory (calculated from 
eq. 4 with r = 0.5). Evolved altruism levels closely match predictions 
in (b)-(d) but not (a) 

F I G U R E  3   Evolution of altruism with 1 quantitative primary locus and 1 quantitative regulatory locus, the latter being set to different 
starting values (evenly spaced between 0 and 1) for each replicate simulation (coloured lines). In the rightmost panel, the dashed line at 
p = 0.33 indicates the prediction from IFfolk theory (calculated from eq. 4 with r = 0.5 and b = 4). Evolved altruism levels closely match the 
prediction despite large enduring differences at the genotype level
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for all our simulation outcomes. Yet to also explain why genetic de-
tails don’t matter for (say) the converging outcomes of Figure  3c, 
we need to invoke improvement of whole-organism design as their 
unifying feature. Likewise, when seeking to explain real-world adap-
tions, even full knowledge of genetic history (which in any case is 
forbiddingly hard to come by) can be no substitute for identifying 
the general forces and principles which have shaped that history. In 
our view, recognizing the complementarity of these explanatory ap-
proaches makes the difference between ‘good’ reductionism, which 
means explaining a thing in terms of what it reduces to (e.g. its parts 
and their interactions), and what Dennett (1995) called ‘greedy’ re-
ductionism, which occurs when trying to skip whole layers or levels 
of theory. We should add that these remarks take nothing away from 
the value of using the ‘gene’s eye view’ (Ågren, 2021; Dawkins, 1976) 
as a thinking tool for generating evolutionary hypotheses.

Those long convinced that adaptation leads to increased inclu-
sive fitness will rightly ask what is gained by replacing the traditional 
IFHamilton concept with IFfolk. To answer this question, compare the 
predicted altruism frequency of Equation (4) with a similar prediction 
based on IFHamilton. We obtain the latter prediction by proceeding as 
before, except that we now exclude from eq. 2 the term (+ B) rep-
resenting received benefits that ‘can be considered as due to the indi-
vidual’s social environment’ (Hamilton, 1964, p. 8). (For other ways to 
interpret Hamilton’s ‘stripping procedure’, which would not change 
our conclusions, see Fromhage & Jennions,  2019, section 7). This 
yields p = 1−rb as the predicted frequency of altruism, amounting 
to the biologically absurd prediction that altruism should decrease 
when it becomes more beneficial. This prediction arises because a 
nonaltruist’s negative causal effect on its siblings (through parti
cipating in kin-competition for available benefits) increases with b, 
while the counteracting advantage of receiving more benefits is 
excluded. One could object to this calculation by pointing out that 
IFHamilton is committed to an additive model of causality (Birch, 2016, 
2019), which contradicts our assumption that a focal individual’s 
phenotype can affect what it receives from others. We agree, but 
still wish to illustrate how badly IFHamilton can fail when its restrictive 
assumptions do not hold, as is often the case in nature.

We emphasize that our prediction based on IFfolk fully agrees 
with several standard methods of evolutionary modelling. Namely, 
our eq. 4 corresponds to Charlesworth’s (1978) eq. 25 which was 
derived from a (weak selection) population-genetic model (where 
in Charlesworth’s notation, our parameters p and b correspond to 
p*/(p* + 1) and k, respectively, and r = 0.5 is implicit), and it can also be 
recovered with Taylor and Frank’s (1996) ‘direct fitness method’. This 
may seem surprising considering that especially the latter method 
is often discussed in a context of IFHamilton maximization. However, 
since these methods focus on selection for incremental phenotypic 
change – without directly attending to Hamilton’s ‘stripping proce-
dure’ – there is in fact nothing contradictory about the finding that 
they predict an equilibrium at which organisms turn out to maximize 
IFfolk rather than IFHamilton.

Inspired by common simplifying assumptions of theoretical 
models, many discussions of inclusive fitness theory invoke a false 

dichotomy between ‘weak’ and ‘strong’ selection, while neglecting 
the much more realistic possibility that genes of various effect sizes 
(hence subject to various strengths of selection) jointly affect the 
course of evolution. This has led to a widespread view that selec-
tion must generally be weak for inclusive fitness arguments to apply. 
Fromhage and Jennions (2019) reject this claim, and our results sup-
port their view: genes of various effect sizes (including large effects) 
acting together select for IFfolk – maximizing behaviour (Figures 1b, 
2b-d, and 3).

Recently, Lehmann and Rousset (2020) conducted a population-
genetic analysis about when individuals should maximize their inclu-
sive fitness. They concluded that the essential role of weak selection 
‘precludes […] a general rational actor-centered representation 
of adaptation’. Yet that conclusion must be viewed in light of the 
fact that their study neglected the possibility of simultaneous oc-
currence of genes with various effect sizes, as opposed to what we 
present here. Moreover, Lehmann and Rousset’s version of (organis-
mal) inclusive fitness (their Equation 4) did not actually measure the 
combined direct and indirect reproductive success of an organism 
as a whole. What is normally meant by the inclusive fitness of an in-
dividual organism captures ‘the effects of his lifetime’s set of deeds 
[as compared to] a hypothetical lifetime of total inaction – as though 
he had never been conceived’; Dawkins, 1982, p. 186). By contrast, 
while Lehmann and Rousset’s direct fitness component implicitly in-
cludes all of an individual’s own offspring (in agreement with IFfolk), 
their indirect fitness component includes only the marginal effect 
‘stemming from a single […] gene copy switching to expressing a 
copy of the [weakly selected] mutant instead of the resident allele’ 
(Lehmann & Rousset, 2020, p. 723). In other words, among a focal in-
dividual’s effects on its relatives, all those effects not stemming from 
a particular mutant gene (but rather from established kin-selected 
adaptations) are excluded! This makes Lehmann and Rousset’s maxi-
mand neither an absolute nor a marginal measure of reproductive 
success (cf. Q18 in Fromhage & Jennions, 2019), but rather a mixture 
of both: it is absolute with regard to direct fitness, yet marginal with 
regard to indirect fitness. In our view, despite being mathematically 
valid (as are countless other functions that are all maximized by the 
same phenotype; cf. Q26 in Fromhage & Jennions, 2019), this ‘half-
marginal’ formulation of IF seems needlessly counter-intuitive. For 
example, it implies that a sterile worker ant’s IF would be approxi-
mately zero – give or take some weak effect of a mutant allele; and 
that a worker bee’s IF would approximate her direct fitness from lay-
ing the occasional unfertilized egg, despite her phenotypic design 
being overwhelmingly dedicated to obtaining indirect fitness. It is 
worth adding that, although Hamilton’s (1964) mathematical model 
made no explicit distinction between an allele’s marginal effect and 
an organism’s overall effect (due to his simplifying assumption that 
all of an organism’s social effects were attributable to a single allele), 
Hamilton’s verbal definition suggests that he invented the concept 
of inclusive fitness specifically for the purpose of capturing the lat-
ter aspect. If this is so, then we think IFfolk preserves the spirit of 
Hamilton’s idea better than Lehmann and Rousset’s half-marginal 
formulation does.
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A similar half-marginal formulation of IF, with similar draw-
backs, was proposed by Levin and Grafen (2021). Their version 
sums three components, namely ‘baseline asocial fitness, the dif-
ference to personal fitness as a result of the strategy, and related-
ness weighted difference to social partners’ fitnesses as a result of 
the strategy’ (Ibid., p. 5). Here, the phrase ‘as a result of the strat-
egy’ refers to the difference arising from expressing the mutant 
strategy y instead of the ‘incumbent strategy’ x played by almost 
all other individuals in the population. Like Lehmann & Rousset’s 
version, this excludes effects of established adaptations (i.e. those 
which mutant and incumbent strategies have in common), and so 
does not capture an organism’s overall effects. In addition, it faces 
the difficulty that ‘baseline asocial fitness’ is merely a theoretical 
abstraction that cannot be measured in practice. (To see this, ask 
yourself what a concrete biological example might look like of an 
organism having no effects whatsoever on its relatives. Should it 
disperse so far as to never meet, nor indirectly compete with, any 
relatives? No, because this very act of dispersal would itself qualify 
as a social act, in the sense of making a difference to the relatives in 
question. Hence, in practice, there may be no way for an organism 
to completely avoid having social effects of one kind or another.) 
Apart from its ‘asocial’ component – which in any case is inessential 
while assumed constant – Levin & Grafen’s IF boils down to a crite-
rion for the pairwise comparison of phenotypes. As such, it cannot 
be interpreted as a measure of individual performance which ‘each 
organism appears to be attempting to maximise’ (Hamilton, 1964, p. 
1) by means of its causal effects on the world.

In conclusion, if IFfolk correctly identifies the organismal design 
principle guiding cumulative improvement in nature, then our find-
ing that it cannot operate under overly simplistic assumptions is a 
cautionary note for modellers. We can hardly expect models to pro-
vide valid biological insights about long-term evolution unless their 
assumptions are informed by our best conceptual understanding of 
how adaptative evolution works (Queller, 2019). At the same time, 
the finding that gene-level selection sometimes opposes natural se-
lection’s improving tendency stymies any theoretical ambitions to 
prove, in the style of (some interpretations of) Fisher’s fundamental 
theorem (Fisher, 1930; Grafen, 2015), that natural selection will un-
failingly tend to improve organismal design whenever there is addi-
tive genetic variance.
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