
royalsocietypublishing.org/journal/rspb
Research
Cite this article: McNamara JM, Wolf M.
2022 Social interaction can select for reduced

ability. Proc. R. Soc. B 289: 20221788.
https://doi.org/10.1098/rspb.2022.1788
Received: 8 September 2022

Accepted: 26 September 2022
Subject Category:
Evolution

Subject Areas:
behaviour, evolution

Keywords:
public goods game, polymorphism,

evolutionary game theory, personality,

comparative advantage
Author for correspondence:
John M. McNamara

e-mail: john.mcnamara@bristol.ac.uk
© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.6238479.
Social interaction can select for reduced
ability

John M. McNamara1 and Max Wolf2,3

1School of Mathematics, University of Bristol, Fry Building, Woodland Road, Bristol BS8 1UG, UK
2Department of Biology and Ecology of Fishes, Leibniz Institute of Freshwater Ecology and Inland Fisheries,
Müggelseedamm 310, Berlin 12587, Germany
3Science of Intelligence, Research Cluster of Excellence, Marchstr. 23, Berlin 10587, Germany

JMM, 0000-0002-4235-3045

Animals, including humans, differ in a wide range of physical and cognitive
abilities ranging from measures of running speed and physical strength to
learning ability and intelligence. We consider the evolution of ability when
individuals interact pairwise over their contribution to a common good.
In this interaction, the contribution of each is assumed to be the best given
their own ability and the contribution of their partner. Since there is a
tendency for individuals to partially compensate for a low contribution by
their partner, low-ability individuals can do well. As a consequence, for
benefit and cost structures for which individuals have a strong response to
partner’s contribution, there can be selection for reduced ability. Furthermore,
there can be disruptive selection on ability, leading to a bimodal distribution
of ability under some modes of inheritance.
1. Introduction
Humans differ in a wide range of physical and cognitive abilities ranging from
measures of running speed and physical strength to learning ability and
intelligence [1–6]; similar differences can be found in many other animal species
[7–12]. One might naively expect the fitness benefit (payoff) that an individual
receives when performing a specific task would increase with its ability at the
task. While this will be true if the task is a ‘game against nature’, in this paper,
we show that this need not always be the case when the task involves a
competitive interaction with others.

Many decisions are made in a setting in which the best action of an individual
depends on the actions of others. As an example, suppose that two parents pro-
vision their common young. Then assuming diminishing returns for increased
provisioning (at high levels of provisioning) and individual costs of provisioning,
the optimal rate of provisioning byone parent increases as the rate of provisioning
of its partner decreases. If individuals respond to the provisioning rate of their
partner by changing their own provisioning rate, then a low-ability parent may
do well since its partner may partially compensate for its lack of provisioning.
In fact, as we show, under some assumptions about responding, low-ability
individuals may do better than high-ability individuals in the population.

We present a model in which the ability of an individual is genetically deter-
mined. Individuals from a large population meet pairwise at random and play a
public goods game. Each adjusts its contribution to the common good to be the
best given its own ability and the contribution of its partner, so that contributions
are in Nash equilibrium. We investigate the evolution of ability under this
assumption. As we will show, for some cost structures, selection can lead to
reduced ability in the population. Furthermore, there can be disruptive selection
so there is a tendency for the evolved distribution of abilities to be bimodal.

As with all modelling, conclusions depend critically on assumptions. We
return to examine these assumptions in the Discussion. Our main effects rely
on individuals revealing their true ability to their partner. This might be
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Figure 1. The effect of the ability of a single rare mutant individual on behaviour and performance. Resident population members all have ability a = 0.5. (a) The
Nash equilibrium efforts of the mutant and its resident partner. (b) The benefit, cost and net payoff of the mutant. The payoff to a resident (horizontal dotted red
line) is also shown. Benefit and cost functions given by equations (2.2) and (2.3) where p = 1.25. (Online version in colour.)
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because ability is directly observable (as when ability
increases with body size). Alternatively, ability might be
revealed through behaviour. As we discuss, there is then
selection on individuals to hide their ability if they are able
to do so—a possible focus for future work.
2. The model
We consider a large population where each individual is
characterized by an ability trait a, where 0≤ a≤ 1. Individuals
meet pairwise at random (they cannot choose their partner)
and play a public goods game in which each chooses the
effort they expend on the common good. The payoff to an
individual of ability ~a that expends effort ~e when partner
expends effort e is

W~að~e, eÞ ¼ Bð~eþ eÞ � Kð~a, ~eÞ, ð2:1Þ
where the common benefit Bð~eþ eÞ depends on the sum of
the efforts of both individuals and the cost paid Kð~a, ~eÞ
depends on an individual’s ability and effort. We assume
that the common benefit is an increasing but decelerating
function of the total effort. The cost paid is an increasing
and accelerating function of the effort, with the cost paid
for a given level of effort decreasing with ability. The mar-
ginal cost of extra effort is less for a high-ability individual
than for a low-ability individual (electronic supplementary
material, section S1.1). In economic terms, high-ability indi-
viduals have a comparative advantage [13]. Figures are
based on the functions

BðetotÞ ¼ 2etot�ðetotÞ2 for etot , 1, with BðetotÞ ¼ 1 for etot � 1,

ð2:2Þ
and

Kða, eÞ ¼ ð2� aÞ ep, ð2:3Þ
where the cost parameter p satisfies p > 1. These functions are
illustrated in electronic supplementary material, section S1.2.

We assume that when individuals of abilities ~a and a pair,
the effort of each maximizes its payoff given its own ability
and the effort of its partner. This characterization uniquely
specifies the Nash equilibrium efforts e�ð~a, aÞ and e�ða, ~aÞ of
the ~a and a individuals, respectively (electronic supplemen-
tary material, section S3).
Ability is genetically determined, and is hence inherited
(with possible mutation). We consider the evolution of ability
using the framework of adaptive dynamics [14]. Suppose
that almost all population members have ability a; i.e. a is
the resident population strategy. A rare mutant with ability
~a almost always pairs with a resident, so that the payoff to
the mutant is

Vð~a, aÞ ¼ Bðe�ð~a, aÞ þ e�ða, ~aÞÞ � Kð~a, e�ð~a, aÞÞ: ð2:4Þ

3. Invasion fitness results
Here, we consider a single mutant individual within a resi-
dent population. We analyse how the effort and payoff of
the mutant changes as its ability increases. In general, the
effort of a mutant increases and the effort of its resident part-
ner decreases as the ability of the mutant increases (electronic
supplementary material, section S3.4). The sum of the efforts
of the pair, and hence value of the common good, increases as
mutant ability increases (electronic supplementary material,
section S3.4). Figure 1 illustrates a specific case. In this case,
the changes in efforts are so strong that the mutant’s payoff
decreases with its ability.

Figure 2a shows the strength of selection on ability
(electronic supplementary material, section S4.1) for cost par-
ameter p = 1.25. In this case, selection is in the direction of
reduced ability for all abilities, so that a = 0 is the unique
convergence stable ability. The full pairwise invasibility
plot (PIP [14]) shows that for high resident ability all
lower-ability mutants do better than residents, while some
high-ability mutants can invade when the resident ability is
low (figure 2d ). Figure 2b,e shows the corresponding plots
for the case p = 1.5. In this case, there is selection to a conver-
gence stable value of ability that lies between 0 and 1, with
disruptive selection at this convergence stable point. For
higher values of p there can be selection for maximization
of ability, so that a = 1 is the unique convergence stable
point (figure 2c,f ).

The above cases illustrate that selection may or may not
be for reduced ability, depending on the cost-benefit struc-
ture. If individuals were playing a ‘game against nature’, in
that their abilities and actions did not affect the action of
their partner, then selection would always be towards
increased ability (electronic supplementary material, section
S2). Here, however, we are considering a game in which
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Figure 2. Invasion analysis for three cost functions. K is given by equation (2.3) with p = 1.25 in (a,d ), p = 1.5 in (b,e) and p = 2.0 in (c,f ). (a–c) The strength and
direction of selection on ability (electronic supplementary material, section S4.1). (d–f ) Pairwise invasibility plots [14]. In these plots, an ability is the resident ability
if almost all population members have this ability. The grey area indicates when a rare mutant can invade the resident population. Benefit function given by
equation (2.2). (Online version in colour.)
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the partner adjusts its effort in response to the effort of the
focal individual. The degree of adjustment is then crucial
(electronic supplementary material, section S4.2). When the
cost function is given by equation (2.3) responsiveness is
greater in the case p = 1.25 than when p = 2.0 (electronic sup-
plementary material, section S4.3), leading to the difference in
results in these cases.
4. Evolutionary simulation results
We complement our invasion analysis with evolutionary
simulations in which ability is allowed to evolve (electronic
supplementary material, section S5). When reproduction is
sexual, in each of the cases p = 1.25, 1.5 and 2.0 median ability
evolves to (approximately) the corresponding convergence
stable value, regardless of initial ability (figure 3). In these
cases, the form of inheritance (the infinitesimal model
[15]—see electronic supplementary material, section S5)
ensures a unimodal distribution of abilities at all times. In
contrast, if reproduction is asexual, a bimodal distribution
of abilities evolves when the corresponding PIP plots indicate
disruptive selection (figure 4).
5. Discussion
We have analysed a model in which population members
pair up to play a public goods game. Within a pair, the con-
tribution of each individual to the common good (its effort) is
assumed to be the best given its own ability and the effort of
its partner (efforts are in Nash equilibrium). We have
assumed that the common benefit function has diminishing
returns, so that it is optimal to compensate for a partner’s
lack of effort by increasing own effort. When pair members
are highly responsive to each others’ efforts, with a strong
tendency to compensate for the lack of effort of the partner,
we have shown there can be selection to reduce ability. Our
results are in line with recent research finding that neglecting
key state variables underlying behaviour (here: ability) can
give rise to dramatically different predictions [16–18].

Our assumption that the effort expended on the common
benefit has diminishing returns seems reasonable in many
situations. For example, when two parents care for their
common young, we might equate effort with the rate of
food provisioning to the young. Survival of the young
would then typically increase with the sum of the efforts of
the parents, but there would be diminishing returns. In this
example, we could equate ability with foraging ability, and
might expect a parent to partially compensate for the poor
provisioning rate of a low-ability partner by increasing its
own effort (cf. [19]). Although we have restricted our analysis
to two-player public goods games, there are many other situ-
ations in which low ability might be advantageous. For
example, if a group needs to remain vigilant for predators
while foraging, and one individual is known to be poor at
spotting predators because of poor eyesight, then it might
be worth for others to increase their vigilance to compensate.
The poor eyesight individual may then spend little time on
vigilance and get more food than other group members.
Similarly, if a group is defending its territory against intru-
ders, then fighting ability might equate with size. The Nash
equilibrium strategy of group members might then be to
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Figure 3. Evolution of ability simulated for a sexually reproducing population. Plots show the median ability and 95% quantiles. The cost K is given by equation
(2.3) with p = 1.25 in (a), p = 1.5 in (b,c) and p = 2.0 in (d ). In (a) and (b) initially all population members have ability a = 1. In (c,d ) initially all population
members have ability a = 0. Benefit function given by equation (2.2). (Online version in colour.)
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have the largest individuals at the fore of the fighting. Small,
low-ability individuals may then do better than larger group
members. These examples suggest that there could be selec-
tion for reduced ability in other settings.

Our model ignores effects of ability on fitness outside the
focal public goods game. These residual fitness effects will
tend to counteract any advantage to low ability in the
public good game. Evolved levels of ability will be deter-
mined by both factors, as well as deleterious mutational
effects that will tend to reduce ability. Phenotypic ability
may also be affected by developmental noise [20].

In those cases investigated, when there is selection for
reduced ability there is also disruptive selection. The distri-
bution of abilities that is predicted to evolve then depends
strongly on the genetic system and mode of inheritance [21].
We have illustrated two extreme cases (figures 3 and 4), but
whatever the form of inheritance, we might expect disruptive
selection will tend to broaden the distribution of abilities.

We have assumed that population members pair at
random. If instead we had allowed partner choice, then pre-
dictions would depend on the distribution of abilities in the
population. If we consider evolution in an essentially mono-
morphic population, then there is little variation in ability
and hence little to be gained by being choosy. For this
reason, the equation for adaptive dynamics (that describes
the evolution of ability in an essentially monomorphic popu-
lation) is unaltered if there are any costs of rejecting a partner,
although pairwise invasibility plots are altered (electronic
supplementary material, section S4.4). However, if there
were substantial variability in ability in a population, as in
our simulation of evolution in an asexual population
(figure 4), then allowing partner choice might have a strong
effect, especially if the costs of being choosy were small.
This could be investigated using a sequential choice model
in which acceptance thresholds and ability co-evolve.

The assumption that efforts are in Nash equilibrium is key
to our predictions. This assumption may be reasonable when
individuals know the ability of their partner (as well as their
own ability). Rather than assuming a Nash equilibrium, we
have additionally investigated the co-evolution of ability
and the rules for choosing effort in a pair when abilities are
known (electronic supplementary material, section S6). This
model again predicts evolution to low abilities when the
cost parameter is p = 1.25. In some cases, such as fighting abil-
ity, the size of partner may be highly correlated with ability,
so that the assumption that individuals know the ability of
their partner seems reasonable. This may explain how and
why differences in many physical abilities like physical
strength and fighting ability—which can be assessed visually
by humans and other animals [22–25]—can emerge and
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Figure 4. Evolution of ability simulated for an asexually reproducing population. Plots show the distribution of abilities after 10 001 generations. The cost K is given
by equation (2.3) with p = 1.25 in (a), p = 1.5 in (b) and (c), and p = 2.0 in (d ). In (a,b) initially all population members have ability a = 1. In (c,d ) initially all
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be maintained by natural selection, despite their apparent
fitness disadvantages.

Differences in cognitive abilities are widespread in the
animal kingdom, ranging from individual differences in par-
ticular cognitive abilities to differences in general cognitive
abilities, and such differences are heritable and correlated to
fitness [26–29]. Cognitive abilities may be recognized by
interaction partners (especially in repeated interactions—but
see below) and whenever this is the case, the same mechan-
ism that we described above could trigger reduced ability
or the emergence of adaptive differences in cognitive abilities
between individuals.

Some abilities, such as aspects of cognitive ability, may
not be easily observed, but are potentially revealed by the
performance of an individual in a task. It may then be advan-
tageous for individuals of high ability to hide their ability by
deliberately performing poorly in the task, even though this
incurs an immediate cost. Previous models have predicted
this behaviour during parental care [30], during reputation
formation [31] and in a public goods game [32]. Further
work might investigate whether individuals are predicted
to deliberately perform poorly in one task (which may not
be a game) in order to gain an advantage when they interact
socially over another task.
Data accessibility. The programmes used to generate the figures can be
found at Zenodo (doi:10.5281/zenodo.7143007) [33]. The data are
provided in electronic supplementary material [34].
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