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Individuals vary in their cognitive performance. While this variation forms
the foundation of the study of human psychometrics, its broader importance
is only recently being recognized. Explicitly acknowledging this individual
variation found in both humans and non-human animals provides a novel
opportunity to understand the mechanisms, development and evolution of
cognition. The papers in this special issue highlight the growing emphasis
on individual cognitive differences from fields as diverse as neurobiology,
experimental psychology and evolutionary biology. Here, we synthesize
this body of work. We consider the distinct challenges in quantifying indi-
vidual differences in cognition and provide concrete methodological
recommendations. In particular, future studies would benefit from using
multiple task variants to ensure they target specific, clearly defined cognitive
traits and from conducting repeated testing to assess individual consistency.
We then consider how neural, genetic, developmental and behavioural fac-
tors may generate individual differences in cognition. Finally, we discuss the
potential fitness consequences of individual cognitive variation and place
these into an evolutionary framework with testable hypotheses. We intend
for this special issue to stimulate researchers to position individual variation
at the centre of the cognitive sciences.

This article is part of the theme issue ‘Causes and consequences of
individual differences in cognitive abilities’.

1. Introduction

All animals learn, remember and integrate information in order to reach
decisions and behave appropriately, but how, why and when these cognitive
abilities evolve remains uncertain. One reason for this uncertainty is that
research in animal cognition has frequently ignored individual differences
and this precludes our understanding of how natural selection sifts individ-
ual differences leading to evolutionary changes. Instead, the study of
cognition in animals has traditionally taken one of three (non-exclusive)
forms. First, particular model species (e.g. pigeons or rats) have been used
to investigate the mechanisms underpinning specific cognitive processes.
This has typically used laboratory paradigms involving prolonged training
of batches of individuals to complete tasks aimed to elucidate fundamental
learning principles. Second, the comparative approach tests species or popu-
lations with the same, or purportedly similar, tasks to understand when in
evolutionary history particular cognitive processes may have emerged and
what ecological or social conditions may facilitate these processes. The abil-
ities of a sample of individuals within a population or species are pooled and
considered representative of the whole grouping. Finally, within a species,
the abilities of particular, often highly enculturated, ‘genius’ individuals
are explored in great detail in order to establish the presence of, or limits
to, particular cognitive capacities. From these instances of presence or
absence, broader patterns of evolution may be suggested and inferences
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drawn about the adaptive benefits of possessing such cog-
nitive abilities for the species, based on its ecology and
social behaviour. While progress has been made in under-
standing both fine-scale cognitive mechanisms and broad-
scale evolutionary patterns using these methods, it is hard
to understand the evolution of cognitive abilities through
natural selection when we ignore inter- and intra-individ-
ual variation in cognitive abilities.

While individual differences have been central to human
psychology since the early 20th century [1], research on
non-human animals has, until recently, tended to ignore the
variation amongst individuals. Over the last decade, there
has been a growing focus on intraspecific variation in
non-human animals [2]. This is perhaps influenced by (i) the
behavioural ecology approach originating in the 1980s, which
explicitly considered natural selection on individual pheno-
types [3]; (ii) the more recent studies of animal personality,
which emphasize individual differences across correlated
suites of behaviours [4]; (iii) the development of statistical
(mixed) modelling techniques that permit explicit consider-
ation of individual differences; and (iv) the development of
technology permitting fine-scale tracking of individuals’ move-
ments and interactions [5]. This special issue draws together
recent theoretical and empirical developments in the emerging
field of individual variation in cognition.

As cognitive abilities cannot be directly observed, they
must be inferred through careful experimentation. Measur-
ing individual cognitive variation poses particular logistical
and analytical challenges because it requires repeated test-
ing of known individuals under standardized conditions,
in a way that allows for noise caused by differences in,
for example, motivation, attention and prior experience to
be identified, quantified and/or removed (experimentally
or statistically). Papers in the first section of this special
issue explore these methodological aspects further [6,7].
Given these difficulties likely to be encountered when
measuring individual differences in cognitive abilities,
why should we go to the trouble of doing so?

By measuring the cognitive abilities of individuals, we
can address otherwise intractable questions regarding the
mechanisms, development and evolution of cognition.
For instance, how is the ontogeny of cognitive phenotypes
shaped by the physical or social environment? What is the
relationship between personality and cognitive perform-
ance? Does an individual’s ability to solve cognitive
problems influence its ability to survive and reproduce?
This special issue examines both the causes and conse-
quences of individual variation in cognitive abilities.

The second section of the special issue examines a range
of causes of individual differences. First, by understanding
the genetic heritage of an individual [8,9] and fine-scale
aspects of their brain morphology and neurology in conjunc-
tion with an understanding of their unique developmental
history [10-13], we can begin to understand how individual
differences within a population originated. An individual’s
experiences throughout its life may constrain its ability to
invest in the growth and maintenance of neuronal tissues
[14,15], influence its life-history trajectory and provide differ-
ential opportunities to experience cues, acquire information
and sample rewards, which may shape a range of cognitive
processes [14,16]. Therefore, the current physical and/or
social environment may have both immediate and long-
term effects on an individual’s cognitive abilities [10-13].

It is not clear whether such effects are fixed or plastic and sus-
ceptible to later changes in the environment. We encourage
researchers to track changes in an individual’s cognitive abil-
ities over time under a variety of relevant environmental
conditions (e.g. [17]).

The third set of papers in the special issue explores the
evolutionary consequences of individual cognitive variation,
by considering whether individuals” cognitive abilities influ-
ence their fitness [18—20] and thus whether natural selection
may act on these abilities and contribute to their evolution (if
they are heritable) [21,22]. Currently, most studies have tested
relationships between individual cognitive performance and
single assays of fitness (but see [23-25] for examples where
multiple assays of cognitive performance have been related
to fitness), and in most studies the relationship has been posi-
tive (summarized in [20]). Although here we conveniently
separate cause from consequence, we recognize that there
may be feedback loops between the causes of individual cog-
nitive variation and their fitness consequences in a dynamic,
evolutionary landscape. For example, an individual’s social
environment may shape its cognitive performance, which in
turn influences its reproductive success [13,18], which could
then shape the social environment of its offspring.

In the sections below we describe the three main focuses
of our special issue and their accompanying papers in more
detail, and provide suggestions for fruitful progress in the
field of individual differences in cognition.

2. Quantifying individual differences in cognitive
performance

Quantifying individual differences in cognitive ability is
difficult because it requires inferring psychological
processes and abilities from observing behaviours, usually
involving unnatural, experimental test apparatus or con-
ditions. Attempts to measure individual differences in
cognitive abilities require careful experimental and analytical
design [26-28].

(a) Reducing noise

One common approach to quantifying individual differences
has been to administer ‘problem-solving tasks’ that measure
whether an animal does or does not perform a novel action,
often to gain access to food. However, performance on pro-
blem-solving tasks can be difficult to interpret because the
putative cognitive processes involved have not been clearly
identified (for extensive discussion of these issues, see [28]).
In contrast, in psychometric tests, individuals must make sev-
eral decisions, where correct and incorrect choices are defined
a priori [29], such that learning or memory can be demon-
strated by deviations from random probabilities [29,30].
Typically, each task explicitly targets one cognitive process
that has been well-described in the psychological literature.
Nevertheless, individual variation in performance may also
be confounded by non-cognitive factors (e.g. hunger, motiv-
ation, breeding status, environmental conditions). Many
recent papers have pointed out the importance of distinguish-
ing signal from noise by controlling for such factors by
standardizing conditions or explicitly accounting for their
effects in statistical analyses [21,26,31]. In comparative
studies, noise can be reduced by averaging across multiple
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individuals, assuming that each differs randomly in, for
example, their attention, motivation or prior experience.
Critically, averaging is not possible when considering the
performance of individuals and consequently it is important
that non-cognitive sources of individual variation are con-
trolled or accounted for. For instance, in captive studies one
can ensure individuals have been food-deprived for an equiv-
alent amount of time (e.g. [32-34]; although this does not
control for inter-individual differences in basal metabolic
rate [34]). In the wild it is sometimes possible to account for
differences in food intake or body mass [18]. We can also
attempt to control for the effects of prior experience by
presenting stimuli or contingencies that are likely to be
novel to all subjects [26]. One way to increase subjects’
attention to the cognitive task at hand and reliance on cog-
nitive processing might be to increase the costs of making
mistakes. For example, in a spatial memory task, increasing
the costs of exploration (e.g. by weighing down lids cover-
ing food wells [35]) may increase the benefits of relying on
memory rather than random search. The level of control
over testing conditions required means that working with
wild populations can be especially problematic. Therefore,
it is encouraging that in at least one species, the perform-
ance of captive individuals on a reversal task closely
matches that of their wild conspecifics [36], suggesting
that both test contexts may offer viable alternatives. An
important next step is to determine whether, at the individ-
ual level, performance is consistent when tested in captivity
versus in the wild (c.f. [37]).

(b) Repeatability

One means of addressing (although not eliminating) con-
founds is to assess individual consistency through repeated
testing [31]. If we measure an individual once, and it makes
more errors in remembering a rewarded location than a con-
specific, this could be because it has ‘worse” spatial memory
or because it happened to be distracted. However, if we
measure individuals repeatedly and we find that some indi-
viduals perform consistently better than others, this may be
indicative of a stable phenotypic trait that selection can act
upon. It is, therefore, vital that individuals are tested repeat-
edly to determine genuine among-individual phenotypic
variation. However, certain confounds may also be consistent
over time and so these would also consistently confound per-
formance. This is an issue that has received a great deal of
attention in the literature on animal personality [38], yet is
only just beginning to be recognized in studies of animal
cognition.

Measures of repeatability provide a way of assessing
individual differences by quantifying among- and within-
individual variation [39]. Cauchoix et al. [6] provide the
first meta-analysis of recently published studies and a
large number of unpublished datasets reporting individual
repeatability on a variety of cognitive tasks. They find low
to moderate levels of repeatability when individuals are
measured several times on the same task (temporal repeatabil-
ity; e.g. [40]). These modest estimates (R = 0.15-0.28) may be
due in part to carry-over effects of learning and memory. For
example, if all individuals learn over repeated attempts at the
same task, then this can reduce among-individual variance
and thus repeatability. Another approach is to present indi-
viduals with tasks that differ in their physical characteristics

but are designed to measure the same cognitive trait by [ 3 |

having the same causal contingencies (contextual repeatabil-
ity; e.g. [7,14]). Indeed, Cauchoix et al. [6] find slightly,
though not significantly, higher estimates of contextual
repeatability (R = 0.20-0.27). Most studies have conducted
only single repeats of tests; it remains to be determined how
adding further repeat variants of a test increases the reliability
of the measure of cognitive ability.

(c) Assessing test validity

Developing different tasks that measure the same cognitive
ability is more difficult than it appears. For instance, in this
issue Volter et al. [7] explicitly examine individual perform-
ance in two tasks that are widely assumed to measure
inhibitory control (or self-control, i.e. the ability to inhibit
pre-potent behavioural responses): the detour-reaching
task and the A-not-B task. A recent high-profile study [41]
found that across species, average performance on the two
tasks was positively correlated and showed a strong,
positive correlation with average brain size. This was inter-
preted as suggesting that increases in brain size across
evolutionary time underlie the evolution of increased self-
control [41]. To determine whether the tasks genuinely
measured the same cognitive trait, Volter ef al. [7] re-ana-
lysed these and other datasets at the individual level,
consistently finding no correlation between individual
performance on tasks measuring inhibitory control. This
suggests that (i) correlations across species do not necess-
arily imply that the same pattern holds within species and
(ii) that, contrary to common assumption, these two tasks
do not necessarily measure the same ability (see also [42]).
Volter et al. [7] advocate triangulating across batteries of
tasks by measuring individuals’ patterns of mistakes as a
marker of the limits of their abilities in a particular cognitive
domain (see also [43]). It remains unclear whether the lack
of correlation between performances in tasks deemed a
priori to test the same cognitive process is due to differential
demands on cognitive processes or differential effects on
attention, or non-cognitive factors such as motivation.

(d) Domain-generality versus modularity

A related issue is whether individuals are also consistent in
their performance across different cognitive domains. As
Dubois et al. [44] highlight in this issue, human psychometric
studies consistently show strong positive correlations in
individuals’ performance on a disparate range of tasks (e.g.
verbal comprehension, reasoning, working memory). These
results suggest that common information processing mechan-
isms may underlie performance across different cognitive
domains, often referred to as general intelligence or ‘g’ [29].
In contrast, the animal cognition literature has tended to
favour a modular approach, emphasizing specific cognitive
adaptations to specific ecological problems (e.g. spatial
memory as an adaptation to the challenges of food cache
recovery [45,46]). However, in recent years, researchers have
also begun to turn their attention to the potential for cross-
domain individual consistency in non-human animals [30].
Although this consistency in non-human animals is also
sometimes referred to as ‘g’, it is important to note that
animal psychometric tests often incorporate very different
types of tasks, methodologies and statistical approaches to
human psychometrics. Indeed, it has been suggested that in
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humans, test batteries primarily test reasoning or rule extrac-
tion while those used with animals primarily focus on
associative learning and memory [47]. Thus, while there are
superficial similarities between human general intelligence
and animal ‘general cognitive performance’ [48,49], these
may not necessarily reflect the same underlying cognitive
architecture. Interpretation is made harder because the likeli-
hood of extracting a single component indicative of a general
ability is highly susceptible to the exact set of tasks that are
included in the test battery [50].

3. Considering causes of individual differences
in cognitive abilities

Although unwanted noise may explain some of the variation

observed between individuals in their cognitive perform-

ance, a growing number of studies have now provided

evidence for consistent inter-individual variation in cogni-

tive performance [6]. However, the exact mechanisms

underlying individual differences in cognition are not yet
well understood in any species.

(a) Neural correlates

As cognition is a manifestation of neuronal processing, one
may expect individual differences in cognitive performance
to reflect individual differences in the brain. Total brain
volume is a widely reported correlate of intelligence in
humans, but as Dubois ef al. [44] point out, this tells us
little about the neuronal mechanisms involved. Instead,
they investigated whether variation in intelligence in
humans may be due to differences in brain activity. They
found that 20 per cent of the variance in general intelligence
could be explained by differences in resting-state activity pat-
terns distributed across brain networks. Critically, these
individual differences were not due to activity in any particu-
lar anatomical structure or network, but resulted from
connectivity across the brain as a whole. The extent to
which individual cognitive differences in other species are
reflected in similar brain connectivity patterns is yet to be
determined (but see [51]). Moreover, it is important to note
that correlations between individual differences in brain
activity and cognitive performance do not in themselves
reveal the mechanisms underlying this variation. Ideally,
one could test causal hypotheses with experimental manipu-
lations of brain structure/functioning, but of course this
would not be ethically feasible in humans.

(b) Heritability

One important source of consistent individual differences in
cognition is genetic inheritance. Studies on humans have
generated extensive evidence for heritability of general intel-
ligence [52,53], and there is a small but growing number of
studies exploring the heritability of neural and cognitive
phenotypes in other animals [54,55]. Moreover, several exper-
imental studies have shown that artificial selection for
cognitive traits or brain size can drive directional changes
across generations [56—59]. However, understanding the
heritability of cognitive performance (and its evolutionary
consequences; see below) is far from straightforward, as dis-
cussed by two papers in this special issue [8,9]. As heritability
is assessed by partitioning variance between environmental

and genetic components, heritability estimates are highly
dependent on the local environment. For example, Sauce
et al. [8] show strong heritability of cognitive performance
in mice raised in standard laboratory conditions, while in
groups of mice exposed to environmental enrichment, the
increased environmental variance component leads to herit-
ability estimates of effectively zero. Heritability estimates
may also be highly specific to particular cognitive traits. For
example, Sorato et al. [9] show that in red junglefowl, Gallus
gallus, reversal learning performance is moderately heritable,
while discrimination learning and cognitive judgement
biases (i.e. optimism/pessimism) are not. Exploring the gen-
etic covariance between multiple behavioural and cognitive
traits is an important avenue for future research [60]
to understand the evolutionary implications of individual
differences in cognition.

(c) Influences of the physical environment

Laboratory research on non-human animals may provide
an important avenue to understand cognitive differences,
because we can experimentally control the physical environ-
ment in which individuals develop and are tested. This is
critical because the physical environment can alter neural
development and cognitive abilities. In this issue, Pike et al.
[12] tested the effect of environmentally induced brain plas-
ticity on cognitive performance in juvenile wild-caught
sticklebacks, Gasterosteus aculeatus. Fish reared in a visually
restricted environment grew relatively larger olfactory bulbs
but smaller optic tecta than fish reared in clear water. When
fish were provided with conflicting chemical and visual infor-
mation regarding the location of neighbouring shoals of
different sizes, fish with larger olfactory bulbs relied more
on the chemical information, while fish with relatively
larger optic tecta relied more on visual information. This
illustrates how the physical environment in which an individ-
ual develops can mould brain structure and, consequently,
their acquisition and use of information.

More subtle aspects of the physical environment may
also prove influential. Food availability and stressors may
shape the microbial communities in an individual’s gut. As
Davidson et al. [61] point out in this issue, the gut micro-
biome could in turn have profound but as yet poorly
understood influences on the development and maintenance
of brain function, and hence on cognitive performance.

Effects of the physical environment can generate inter-
individual differences in cognitive performance even over
relatively short time scales. For instance, as Sauce et al.
[8] show in this issue, only 16 days of environmental
enrichment were sufficient to generate a substantial improve-
ment in cognitive performance in laboratory mice when
compared to control mice reared in standard laboratory
conditions. These findings illustrate the importance of
taking individuals’ developmental histories (including
previous experiences with other experimental tests [2],
and natal habitat in the wild [55]) into consideration
when interpreting data on individual cognitive differences.

(d) Influences of the social environment

For many animals, the development of cognitive performance
is also likely to be influenced by their social environment. The
negative effects of social isolation on cognition are well estab-
lished [62]. In this special issue, Dalesman [11] shows that the
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effects of social isolation may be contingent on previous
social experiences: in tests of long-term memory in pond
snails, only those populations that had been maintained
in groups suffered weakened long-term memory formation
following social isolation.

In highly social species, it is not just the presence or
absence of conspecifics that is important for cognitive
development, but the diversity and range of social experi-
ences individuals are exposed to throughout their lives.
Sociality has long been seen as a key driver of cognitive
evolution; the Social Intelligence Hypothesis [63,64]
argues that the need to navigate the challenges of social
life generates selection for increased brain size and elevated
cognitive performance in species that show differentiated
social relationships. In this issue, Ashton et al. [18] argue
that these social challenges may have effects not only over
evolutionary time, but also within the lifetimes of individ-
uals. They describe how, for Australian magpies Cracticus
tibicen dorsalis, growing up in a larger group seems to generate
challenges that promote cognitive development [23]. While
the Social Intelligence Hypothesis typically emphasizes the
importance of social challenges for the evolution of social cog-
nition (e.g. third-party recognition, transitive inference, theory
of mind), Ashton et al.’s [23] findings show that social factors
may also influence more domain-general cognitive traits
(e.g. associative and reversal learning, spatial memory and
inhibitory control).

It is not just the size of groups that may influence cogni-
tive abilities but also the fine-scale patterns of association and
interaction occurring within them. For example, developmen-
tally stressed zebra finches, Taeniopygia guttata, exclusively
copied unrelated adults whereas control birds copied their
parents in learning to solve a novel food puzzle [65,66]. In
this special issue, Boogert et al. [10] show that these effects
also extend to the acquisition of a sexually selected trait:
song, which male zebra finches typically learn from their
fathers. While overall song copying accuracy did not vary
across experimental conditions, developmentally stressed
chicks spent more time with non-kin and copied their fathers’
songs less accurately. These results emphasize that social fac-
tors can influence cognitive performance by facilitating inter-
individual differences in strategies of information acquisition
and use. More broadly, given the critical role of song learning
in reproductive fitness, they illustrate how developmental
conditions influence cognitive processes which in turn
shape the cognitive and behavioural phenotypes which
then come under selection.

One crucial yet often neglected point is that the causal
arrow between social factors and cognitive performance
may point both ways. In this issue, Wascher et al. [13] suggest
that an individual’s cognitive performance and/or knowl-
edge state may both influence its position within its social
network and be influenced by the social position that an indi-
vidual occupies. We consider that the interplay between
cognitive ability and the social environment is one particular
area where studies of individual differences in cognitive abil-
ities provide a unique perspective, not available to more
traditional comparative studies. Crucially, the reviews in
this special issue demonstrate that when assaying individual
differences in cognitive ability, we need to account for the
social environment, both current and past, and this environ-
ment comprises both coarse measures (group size) and
more subtle measures (specific dyadic relationships/network

structure), all of which can both shape cognitive abilities and
arise from the abilities of individuals. In studies of free-living
animals, our ignorance of fine-scale details of an individual’s
social history may account for some of the unexplained vari-
ation in cognitive abilities we observe between individuals.
However, the social interactions observed may be more repre-
sentative of those genuinely experienced by animals subjected
to selection in the wild.

(e) Personality

Several authors have suggested that personality differences,
typified by stable, consistent, individual differences in be-
haviour across time and contexts [38], are likely to generate
variation in the ways in which individuals gather and act
on information, resulting in ‘cognitive styles” [31,67]. For
example, fast explorers have been suggested to rapidly
form associations when exposed to a new set of cues, result-
ing in the formation of inflexible behavioural routines. They
are thus expected to outperform slow explorers in initial dis-
criminations between stimuli, but to be outperformed in
reversal learning tests. Although there has been some initial
support for these predictions, the meta-analyses by Dough-
erty & Guillette [68] in this special issue show that results
are inconsistent across species. Relationships between cogni-
tive performance and personality traits may even vary at the
intraspecific level: Dalesman [11] shows that, in pond snails,
the relationship between exploratory behaviour and memory
formation varies both across populations (i.e. wild-caught
versus laboratory-reared) and social test conditions (isolation
versus group). Aspects of an individual’s personality are sus-
pected to correspond to their cognitive abilities, but given
these variable results, it is important not to assume that
there are relationships which consistently take a particular
form or are always consistent within the same population
across time [55]. Instead, covariance should be measured
and tested explicitly in each study population, ideally at
multiple points in time.

Personality differences may also be relevant when consid-
ering what we are measuring in cognitive tests. For example,
when an individual makes multiple ‘mistakes” during a test
of reversal learning, the common interpretation is that it
must not have learned the new stimulus-reward contingency.
However, an alternative interpretation is that differences in
success in a reversal learning task reflect not (just) differences
in learning performance, but individual differences in infor-
mation gathering strategies. Future studies would, therefore,
benefit from considering whether individuals exhibit stable
differences in their information sampling strategies, and if
5o, how these relate to measures of both personality and
cognitive test performance.

4. What are the consequences of individual
variation in cognition?

A central reason for focusing on individual differences in

cognition is that this variation provides the raw material on

which natural selection can act. If individual differences are

stable and heritable, phenotypes that enhance fitness may

evolve through natural selection. Several papers in this

special issue, therefore, examine relationships between indi-
vidual cognitive performance and proxies of fitness,
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including reproductive success [23], survival [19,20] and
body condition [19]. Huebner et al. [19] studied problem-
solving and spatial memory, and the relationships with
body mass index and survival in a wild population of grey
mouse lemurs (Microcebus murinus). While body mass index
at the time of testing did not impact problem-solving
speed, faster problem-solvers gained more mass during the
dry season compared with slower solvers, suggesting a poss-
ible causal link between this metric and foraging success in
the wild. However, the number of errors individuals made
in a maze did not predict body mass index or its change,
nor survival, thereby providing no support for a role of
spatial learning ability in determining survival during the
dry season. Madden et al.’s [20] findings remind us that elev-
ated performance on cognitive tests will not always result in
increases in fitness, and may be maladaptive, as the net
benefits depend on prevailing conditions [69]. Indeed, rever-
sal learning performance was negatively related with
survival in captive-reared pheasants, Phasianus colchicus,
released into the wild. Interestingly, this result is in line
with predictions from models on the adaptive value of learn-
ing (e.g. [70]), because the tested pheasants had stable access
to consistent artificial feeders, which may have reduced the
value of information about food. Ashton et al. [18] discuss
the relationship between performance on a battery of cogni-
tive tasks and female reproductive
Australian magpies [23]. Individual differences in cognitive

success in wild
performance were highly repeatable, and were positively
associated with reproductive success; these elements thus
set the scene for possible selection on general cognitive abil-
ities. However, the process of selection may not be
straightforward. Differences among individual magpies
only appeared at 200 days of age, indicating an important
role of plasticity (in this case the size of group in which the
juvenile was raised) in determining cognitive phenotypes. It
is thus possible that general cognitive performance exhibits
low heritability and does not lead to selection despite links
with reproductive success, or is heritable but is heavily moder-
ated by the developmental environment, for instance, via
strong genotype X environment interactions.

(a) Evolutionary implications

The implications of linear relationships between ecological/
social conditions, cognitive performance and fitness are
important: if a cognitive phenotype is truly advantaged (or
disadvantaged) over other phenotypes in the population,
there could be directional selection for traits underlying the
observed variation in cognitive performance. However,
strong directional selection on any trait is rarely detected in
the wild [71]; the proportion of studies expected to detect a
significant linear relationship between cognitive performance
and fitness over a reasonable number of reproductive
events is thus quite low. It is perhaps surprising that pro-
portionally so many (published) studies (summarized in
[20]) exploring this relationship report positive relation-
ships even when sample sizes are generally small and
cognitive assays likely rather noisy. Instead of directional
selection, given the costs associated with information gath-
ering and processing, stabilizing selection on cognitive
traits may occur more commonly in natural populations.
This suggests that, in addition to examining linear relation-
ships between fitness proxies and cognitive performance,

researchers should also investigate quadratic relationships,
although statistical power may often be prohibitive [22,72].

Linear relationships between cognitive performance and
fitness lead to an interesting question: if the best (or worst)
performers enjoy fitness benefits, why is there still variation
in the population? For instance, was there a recent change
in the costs—benefits balance associated with a particular
cognitive trait and hence the response to selection is still
ongoing? Is the population facing fluctuating selection, such
that contrasting phenotypes are advantaged in different
years? Alternatively, the observed covariation between
cognitive performance and single fitness proxies may not cor-
respond to overall fitness outcomes. Field researchers can
only very rarely measure lifetime reproductive success
because tracking known individuals throughout their lifetime
is logistically challenging. Laboratory-based researchers may
find it hard to collect ecologically relevant measures of fit-
ness. Consequently, a given fitness component that is
measured could well be traded-off against another com-
ponent that is not measured (e.g. offspring quantity versus
quality). Furthermore, a given cognitive trait may positively
affect some component of fitness but act to reduce another,
resulting in no net selection (e.g. [73]).

Cognitive traits may also fail to respond to selection if
they are correlated with other aspects of the phenotype
that bear different fitness consequences. For example,
neural structures such as large brains or regions underlying
cognitive abilities and information processing itself are ener-
getically expensive [74]. Therefore, the benefits derived from
improved cognitive abilities must offset the costs imposed by
their underlying physical bases. Furthermore, organisms are
under multivariate selection pressures; selection on corre-
lated traits can impact evolutionary change of any single
trait, and these correlations can themselves be under selec-
tion [75] An important task for students of individual
variation in cognitive abilities is thus to map correlations
between multiple cognitive traits (e.g. [9]), and between cog-
nitive and other traits (e.g. behavioural: [76]; physiological:
[10,61]; neurological: [44]), and eventually, to examine multi-
variate selection on a set of traits [77]. In this special
issue, Madden et al. [20] report on the moderating effect
of body mass on the link between associative learning per-
formance and survival. This highlights the importance of
considering other important (non-cognitive) determinants
of fitness in conjunction with cognitive abilities when
assessing micro-evolutionary patterns for cognitive traits.

The resolution of optimal solutions within populations can
be achieved using a game theory approach in which the best
individual solution depends on the behaviour of others in
the population. Models have examined the evolutionary emer-
gence of learning polymorphisms in the context of the
producer-scrounger game. In some theoretical treatments
([78], but see [79]), the equilibrium population was composed
of only a fraction of learners who collect information about the
value of behavioural alternatives before deciding which one to
play. When environmental conditions change, the behavioural
adjustments of learners are sufficient to restore equilibrium
proportions of producer and scroungers, thereby preventing
the fixed phenotypes from paying a cost for their lack of plas-
ticity. As is the case for a variety of behaviours (e.g. aggression,
cooperation) the adaptive value of cognitive abilities may
depend on the behaviour of others. Consequently, frequency
dependence may be an important cause for the evolutionary
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(@)

Test convergent validity—do the tasks
that we use consistently and repeatedly
capture the FCA that we believe we are

(b)

Test repeatability, robustness of the FCA
and individual drivers of plasticity—how
does the FCA of an individual change over

measuring? time and/or circumstances?
A B B B B
1,23 starved rationed satiated
(e.g. detour (e.g. A-not-B (e.g. A-not-B (e.g. A-not-B (e.g. A-not-B
cylinder task) task) task) task) task)
cognitive
ability (FCA)
(e.g. inhibitory
control)
B B
number
morphology (e.g. A-not-B personality survival (e.g. A-not-B of
task) task) offspring
(© (d)

Test contributions to causes of individual
differences in FCA-how do cognitive and
non-cognitive factors relate to the FCA in
isolation and in conjunction with each
other?

Test how the FCA may relate to
(multiple) fitness outcomes—by what
mechanisms might the FCA or task
influence fitness and what trade-offs
occur?

Figure 1. Conceptual representation of the four research approaches that can inform our understanding of the causes and consequences of individual variation in
cognitive abilities. (a) Multiple tests: several variants of a test (A, B, C) are used in order to assess convergent validity. Repeatability of performance is also estimated,
at least for the focal test (B1, B2, B3). (b) Multiple states: a test (B) is administered under varying levels of internal or external states. These could be experimentally
manipulated (e.g. food deprivation) or observational (e.g. samples at 0, 100 and 200 days during development), in order to assess the robustness of individual ranks
in performance and identify drivers of plasticity in cognitive ability. () Multiple traits: other traits are quantified, in order to identify phenotypic and genetic
correlations with the cognitive ability of interest (B). (¢) Multiple fitness proxies: several components of lifetime reproductive success are measured in order to
examine potential trade-offs amongst them, or contrasting links between fitness proxies with the cognitive ability of interest (B).

maintenance of individual differences in cognition. This would
appear to be a fruitful area for further research utilizing both
empirical and modelling approaches.

One well-established approach to testing evolutionary
hypotheses that has been productive in studying non-cognitive
traits involves the consideration of life-history theory. This
approach attempts to quantify fitness peaks associated
with different investment strategies. Trade-offs inevitably
occur when time and energy are limited; some trade-offs
seem common across taxa and traits, including investment
in current versus future reproduction, offspring quality
versus quantity and survival versus reproduction [80]. A
range of phenotypic traits related to cognitive abilities can
map onto these trade-offs, including morphology, physi-
ology and behaviour. For instance, bird species that
develop more slowly tend to live longer, possess larger
brains relative to their body mass and are more innovative
than species that develop rapidly [81]. These trade-offs can
also be observed at the individual level. For instance,
female guppies, Poecilia reticulata, artificially selected for
increases in brain size enjoyed a survival advantage in the
presence of predators [82], but this investment in the nervous
system seemed to be traded-off against investment in the
innate immune system [83] and the size of the digestive
tract (cf. expensive tissue hypothesis [56]). Trade-offs can
thus lead to the emergence of alternative strategies, which
outcompete others on some fitness components but not

others, thereby leading to the maintenance of variation
within populations. Alternative strategies would be pre-
dicted to result in a statistical interaction between cognitive
performance and a correlated trait when explaining fitness;
for instance, learning may be more positively associated
with survival in subordinate individuals compared with
dominants if subordinates gain more from learned infor-
mation due to reduced access to resources (i.e. ‘necessity
drives innovation” hypothesis [84]). Because life-history
trade-offs can occur under any selection regime (positive,
negative, or stabilizing selection), they represent an impor-
tant theoretical framework that can be co-opted to derive
predictions on contrasting links between cognitive performance
and fitness components.

5. Conclusion

Acknowledging and appreciating the variation in cognitive
abilities between individuals, including the factors that
cause it and the consequences that it imparts, provides the
basis for a novel and powerful approach to understanding
the evolution of cognition, whether focusing on general
cognitive abilities or performance in a specific cognitive
domain. However, as we and other authors in this special
issue highlight, the measurement of the cognitive abilities
of individuals is inherently difficult and highly susceptible
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to extrinsic factors both at the time of testing and during ear-
lier development. In addition, the fitness gains manifest
specifically through cognitive abilities may be hard to deter-
mine and be highly dependent on particular elements of the
selection environment. Consequently, we suggest that in
order to progress, research programmes wishing to measure
individual cognitive abilities and determine their causes and
consequences should wuse the following approaches
(figure 1): (1) Multiple tests to assess convergent validity of
the test: although it is usually not possible to determine
that a given cognitive process has been targeted effectively,
the use of different tasks, stimuli dimensions and sets of
cues, should reduce the probability of misspecification and
may also help to reduce the impact of confounding variables.
(2) Multiple internal and external states: this is akin to the
method of ‘systematic variation’ [85] and examines the
robustness of individual ranks in performance in a given
task when variables related to internal state (e.g. hunger,
reproductive status) and external context (e.g. test room, lab-
oratory versus field) vary. Unfortunately, this type of
experiment is rarely done, possibly because of issues associ-
ated with estimating repeatability of cognitive performance
[6,31]. (3) Multiple traits: cognitive traits may covary with
other aspects of the phenotype, including personality traits.
Exploring the different hypotheses for this covariation (e.g.
genetic correlation, common underlying physiological trait
or confounding variable) will be critical for our understand-
ing of the evolution of cognitive traits under constraints
stemming from multivariate selection pressures. (4) Multiple
fitness proxies: this approach allows tests of hypotheses
based on life-history trade-offs, and thus can reveal complex
ways in which cognitive abilities influence survival, repro-
duction and the transmission of genes between generations.

While implementing all four approaches may be difficult
for any single research group, we argue that each of them is
worth pursuing on its own, because findings along any one
of these lines of research will benefit understanding and

advancement in others. Furthermore, we suggest that [ 8 |

relationships between cognitive abilities and fitness measures
are not always intuitive, and neither are the factors which
may cause individual variation in such abilities. Conse-
quently, we can see value in hypothesis-driven exploratory
studies examining potential correlations between cognitive
performances, potentially plausible causal factors and puta-
tive fitness outcomes. Clearly such correlations must be
treated with caution, yet they may provide important novel
insights and route maps that can help develop further
hypotheses on the causes and consequences of individual
variation in cognition. We can also see great value in meth-
odological studies that improve the precision and accuracy
of cognitive tests, and confirm the relationships between
behaviours in the tests and the underlying cognitive pro-
cesses that they are intended to reveal. As this young field
develops, so too will the underlying theory and experimental
techniques. Methods, and to a lesser extent empirical results,
have already been the subject of reviews and some debate
[21,22,26-28,46]. Critically, it is now imperative to draw
together empirical findings and start to formulate and develop
explicit hypotheses and overarching conceptual and theor-
etical frameworks explaining the causes and consequences
of individual differences in cognitive abilities.
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