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Cognition has evolved to allow organisms to process, use and store information in
their natural environment. Yet, cognitive abilities are traditionally measured in controlled
laboratory conditions to obtain consistent and accurate measurements. Consequently,
little is known about the actual effect of natural environmental variation on cognitive
performances. Being able to modify cognitive performance according to environmental
conditions (e.g., plasticity of attentional performances according to current predator
densities) could provide evolutionary advantages. In this mini-review, we compile
evidence for what we call “cognitive performance plasticity” (i.e., flexible adjustment
of cognitive performance in response to the current environment). We then discuss
methodological approaches associated with measurement of cognitive performance
plasticity and cognition in general. Finally, we discuss the implications of acknowledging
plasticity in cognitive performance, including a better understanding of the reproducibility
crisis observed in cognitive sciences (Open Science Collaboration, 2015) and new
lines of inquiry into the evolution of cognition and the adaptive value of cognitive
performance plasticity.
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WHY CONSIDER CONTEXT IN COGNITIVE SCIENCES?

The recent growing interest of cognitive ecologists in an evolutionary ecology of cognition
(Cauchoix and Chaine, 2016; Morand-Ferron et al., 2016; Boogert et al., 2018) and the emergence
of environmental psychology (Stern, 2000; Sörqvist, 2016) raises the question of how current social
or ecological conditions influence measures of cognitive performance. Whereas the impact of early
environmental conditions on the development of cognitive abilities has recently been examined
(Ebbesson and Braithwaite, 2012; Buchanan et al., 2013; Murphy et al., 2014; Ashton et al., 2018),
we still know little about the effect of ongoing environmental variation on cognitive performance.
Indeed, cognitive scientists traditionally conduct tests in controlled laboratory environments with
homogenous social and physical contexts (Fize et al., 2011; Roitblat, 2014). By contrast, natural
environments where cognitive traits have evolved are complex and dynamic such that cognitive
performances recorded in one setting might not describe all possible expressions of the cognitive
ability of interest but only its expression in that particular setting (Figure 1A).

Laboratory conditions during testing might thus only represent one of many possible
environments, or worse, be out of the range of natural environments for a given species (Niemelä
and Dingemanse, 2014) such as isolating gregarious species, increasing stress levels by taking
individuals in captivity, or removing predation risk for prey species. Consequently, cognitive
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FIGURE 1 | Examples of reaction norms for plasticity in cognitive performance
elicited by current environmental factors. (A) Cognitive performance from each
of four individuals (I1–4) and the population response (Mean) as a function of
three different environmental conditions (E1, E2, and E3). Vertical lines
represent standard errors across trials on the same individual in the same
environment and highlights the need for repeated measurements of cognition
for each individual in each environment. If individuals are tested in E2 only, little
variation in cognitive performances would be detected among individuals. If a
different lab tests individuals in a similar, but not identical environment (e.g.,
E3), there would be a clear lack of correspondence in results contributing to
the reproducibility crisis at both the individual and population levels. (B)
Examples of environmental factors that might influence cognitive performance
including social factors (e.g., number of observers/group size), physical
factors (e.g., weather/season) and internal factors (i.e., reproductive
status/hormonal state).

performance recorded under such conditions may not reflect
cognitive performance expressed in nature (Niemelä and
Dingemanse, 2014; McCune et al., 2019; but see Cauchoix et al.,
2017). Furthermore, individuals might differ in their response to
laboratory testing conditions if, for example, there are individual
differences in response to stress (Ebner and Singewald, 2017).

An alternative to highly controlled laboratory settings is
to acknowledge that cognitive performance might vary with
environmental conditions and to measure and report those
variations (i.e., cognitive performance plasticity). Therefore,
instead of testing an individual in one standardized condition,
we could measure an individual’s cognitive performance in
different natural (or artificial) conditions (e.g., social vs. non-
social, temperature gradient, etc.) to take into account plastic
responses at the individual and population levels (Voelkl and
Würbel, 2016; Barragan-Jason et al., 2018a; Caza and Atance,
2018). Such an approach would not only enable a more accurate
measure of cognitive abilities, teasing out repeatable and plastic
components (Dingemanse et al., 2010), but could also help

us better understand the adaptive value of plastic cognitive
responses. Plasticity in cognitive performance follows the concept
of phenotypic plasticity in evolutionary biology which describes
how a given genotype expresses different phenotypes under
different environmental conditions (Bradshaw, 1965; Pigliucci,
2001; West-Eberhard, 2003). Plasticity in cognitive performance
could borrow the conceptual framework from the field of
“behavioral plasticity” which refers to the ability to flexibly
adjust a behavior in response to environmental variations (e.g.,
temperature, elevation, etc; Dingemanse et al., 2010) including
the notion of “social competence” which refers to the ability to
flexibly adjust a behavior to best match a given social context
(Taborsky and Oliveira, 2013). We believe that by focusing on
plasticity in cognitive performance, rather than trying to limit
variation during measurement of cognitive performance, we
stand to gain a much richer understanding of cognition as a
whole, how it is used in natural environments, and how it evolves
under natural selection.

EVIDENCE FOR PLASTICITY IN
COGNITIVE PERFORMANCE

A number of different environmental factors could cause shifts
in cognitive performance for the same individual or genotype.
We provide examples below divided into three broad categories
- social context, physical environment, and internal factors - as a
first step in synthesizing and then better understanding plasticity
in cognitive performance (Figure 1B).

The effect of the current social context on cognitive
performance includes some of the best documented examples
of plasticity in cognitive performance (Figure 1B). For instance,
nine-spined sticklebacks engaged in a social learning task are
more likely to copy the foraging choice of the larger of two
groups they observe (Pike and Laland, 2010). Indeed, across
a broad variety of species from insects to humans, the age,
sex, size and social status of demonstrators also influence social
learning (Rendell et al., 2011). Similarly, partner characteristics
in chimpanzees (Suchak et al., 2018) and the social environment
(presence or absence of female observers) in humans (Tognetti
et al., 2016; Kelsey et al., 2018) greatly influences performance
in cooperative and altruistic tasks. Less intuitively, social context
can also modify performance in non-social cognitive tasks.
For example, group size (number of individuals present on
the site) seems to affect the efficiency of passerines engaged
in a problem solving task in the wild (Chabaud et al., 2009;
Morand-Ferron and Quinn, 2011) as well as success in a spatial
discrimination task (Langley et al., 2018) in pheasants. In human
children, the presence of an experimenter in a testing room
modulates the expression of self-control (Barragan-Jason et al.,
2018b). Similarly, the presence of conspecifics in baboons affects
performance in a cognitive control task (Huguet et al., 2014).
While most of the above studies contrast groups of individuals
placed in each context, the last three (pheasants, children,
baboons) specifically tested the same individuals in two different
social contexts and clearly demonstrate how current/ongoing
environmental variables can modify cognitive performance at the
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individual level (Huguet et al., 2014; Barragan-Jason et al., 2018b;
Langley et al., 2018).

The current physical environment can also modulate cognitive
performance (Figure 1B). Weather, pressure and temperature
can affect working memory performance in humans (Keller et al.,
2005) and mate choice copying in fruit flies (Dagaeff et al.,
2016). Similarly, exposure to extreme environments (e.g., heat,
hypoxia, and cold stress) impacts the expression of a number
of cognitive functions in humans (Taylor et al., 2015). The
emerging field of environmental psychology attests to growing
interest in how the environment impacts cognitive performance
(Stern, 2000; Sörqvist, 2016). One striking result from this new
literature is that in humans, experiencing nature seems to almost
instantaneously affect learning performances (Kuo et al., 2019).
Changes in the physical environment of an area due to season
can likewise influence cognitive performance. Seasonal plasticity
in bird brains and in particular in the adult song system has been
known for decades (Tramontin and Brenowitz, 2000). Increases
in song rate during spring when males need to attract mates
and defend territories is supported by important plasticity in
neural nuclei involved in song production (Ball et al., 2004). New
evidence suggests that brain activity related to executive function
(i.e., working memory) tasks is also affected by season in humans
(Meyer et al., 2016). Similarly, season modulates attention and
spatial performance in african striped mouse (Maille et al., 2015).
At a finer time scale, time of day can affect learning and memory
performance in rats (Winocur and Hasher, 1999).

Internal factors, such as health, reproductive status, stress,
motivation, mood, and hunger among other possibilities could
also dramatically affect cognitive performance (Figure 1B). The
impact of motivation on cognitive performance has been a
preoccupation of cognitive scientists for decades (Padmala and
Pessoa, 2010; Morand-Ferron et al., 2016;, Cauchard et al.,
2017). For example, short-term fasting decreases psychomotor
speed and executive functioning in humans (Sansone and
Harackiewicz, 2000; Benau et al., 2014). On the contrary, short-
term high fat food intake can deteriorate performance of rats in
a maze test (Murray et al., 2009). Effects of stress on learning,
memory, and cognitive flexibility is also well documented
(Roozendaal et al., 2009; Schwabe et al., 2012; Seehagen et al.,
2015; Goldfarb et al., 2017). Infection may also affect cognitive
performance in humans (Boivin and Giordani, 1993; Kihara
et al., 2006), mice (Desruisseaux et al., 2008), and birds (Dunn
et al., 2011). Other internal factors such as reproductive status
and hormonal levels modify both cognitive performance and
neurophysiological activity (Figure 1B; Buckwalter et al., 1999;
O’Reilly et al., 2004; Amin et al., 2006; Little, 2013; Sundström
Poromaa and Gingnell, 2014). Finally, exposure to hazardous
chemicals can also have important effects on cognition. For
instance, acute exposure to even a low dose of pesticides directly
impairs working memory in bees (Samuelson et al., 2016).

It is important to acknowledge that during cognitive testing
all these environmental factors, grouped here in social, physical
and internal categories, are likely to play a role in cognitive
performance (Morand-Ferron et al., 2016). Furthermore, these
different factors might also interact and produce different effects
on cognition depending on their combination. For instance, the

effect of weather on cognition is season dependent in humans
(Keller et al., 2005). Positive relationships between higher
temperature or barometric pressure (i.e., pleasant weather) on
memory (i.e., digit span) modulated by the time spent outdoors
only holds during the spring. In fact, the testing environment
will always contain a specific value for each environmental
category and most if not all combinations are possible. While
understanding the simple effects of a given factor should be an
initial goal in studies of plasticity in cognitive performance, we
can already begin thinking about the more complex experimental
designs needed to look for interactive effects of two or more
environmental factors on cognitive performance.

METHODS TO MEASURE PLASTICITY IN
COGNITIVE PERFORMANCE

In order to understand the causes and consequences of
individual differences in cognitive abilities, cognitive ecologists
are increasingly interested in measuring cognitive performance
of animals directly in their natural environment (Figure 2A;
Pritchard et al., 2016; Cauchoix et al., 2017; Boogert et al., 2018).
Such an approach is ideal to evaluate how natural variation in
the environment affects cognitive performance (Morand-Ferron
and Quinn, 2011) but it requires a large number of repeated
measurements on given individuals across contexts, which is
challenging. The development of new technologies for automated
and voluntary testing of cognitive abilities on free-ranging
animals directly in their natural environment (Figure 2A) now
allows us to record large numbers of trials for individuals in
the wild (Fagot and Bonté, 2010; Gazes et al., 2013; Morand-
Ferron et al., 2015; Cauchoix et al., 2017; Sonnenberg et al., 2019),
although some bias may still exist in which individuals choose to
participate. Moreover, the same kind of RFID (radio frequency
identification) testing device (Figure 2A) which automatically
identifies an individual during testing can be used to measure
fine grained social interactions of free ranging birds and infer
social structure or dominance hierarchy (Aplin et al., 2012; Evans
et al., 2018). Such systems could be coupled with environmental
sensors that constantly monitor physical environmental variables
ranging from simple meteorological variables to air pollution
(Ripoll et al., 2019) or even sensors to monitor individual
weight as a proxy for condition (Larios et al., 2013; Hou et al.,
2015). Together, these types of data provide us with repeated
measures of cognitive performance for given individuals under
a broad array of social and environmental settings which can
then be used to understand plasticity in cognitive performance
using the “behavioural reaction norm” approach (Dingemanse
et al., 2010; Morand-Ferron et al., 2016). A similar approach
in human cognitive psychology could use real-time tests and
environmental sensors on smartphones (Dufau et al., 2011;
Harari et al., 2017).

The correlational nature of such measurements in the wild
do, however, have some limitations that could be complemented
with experiments conducted in the laboratory or large semi-
wild enclosures under controlled settings. Measurements of free
ranging animals in the wild described above make it difficult to
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FIGURE 2 | Methods to study plasticity in cognitive performance and its adaptive value (i.e., evolution of reaction norms). (A) Automated cognitive testing devices
can gather repeated data from the same individual in natural contexts. Examples include operant boxes to study associative and reversal learning in wild birds
(Morand-Ferron et al., 2015; Cauchoix et al., 2017), smartphone applications for cognitive tasks (e.g., executive function task), and automated learning devices for
monkeys: ALDM (Fagot and Bonté, 2010; Claidière et al., 2017). (B) Plasticity can then be described by linear (or non-linear; e.g., Figure 1A) reaction norms.
Selection can act on phenotypically plastic traits just as with normal traits except that selection will act on the reaction norm rather than a specific trait over the long
term. Here we illustrate a population of genotypes that show a plastic expression of the phenotype across different environments (each line), and if selection favors
increased values of the phenotype, the reaction norms that produce lower phenotypes will be eliminated over time. Note that selection can act primarily in one
environment and therefore on the phenotype expressed in that environment, regardless of expression in other environments. Under such conditions, selection could
be less efficient or slower in causing population change. In the case of cognition, the variety of expressions possible for an organism that is frequently in different
environments could cause selection to act much more quickly on the shape of the reaction norm rather than exclusively on expression in one environment.

infer causality and may make it impossible to test independent
effects of each environmental gradient. In such cases, controlled
experiments that manipulate the social, physical or internal
environment in the lab, as initially developed for rodent studies
in biomedical research (Turner and Burne, 2013), could provide
a complementary understanding. Virtual reality (Schoeller et al.,
2018) or video playbacks (Snijders et al., 2016; Smit and van Oers,
2019) could provide an ideal tool to document responsiveness of
cognitive performance to artificially controlled contexts in the
lab. Other methods could include testing the same individual
in a few different controlled environments by manipulating
physical features (e.g., temperature), ecological features (e.g.,
predation risk), social context (e.g., group size), or internal state
(e.g., hormonal manipulations) in the lab. Such experimental
manipulation in the wild may also be possible. For instance,
Cauchard et al. (2016) manipulated infection status of nesting
great tits to evaluate the impact of parasitism on problem-
solving performances. Finally, controlled experiments are the
only way to understand how different contexts interact to
influence cognitive performance through fully factorial designs
crossing multiple levels of each environmental feature. Such
experiments are ambitious in scale, but would provide us with a

unique understanding of whether each environment has additive
effects on cognition or complex non-linear impacts.

In practice, measuring plasticity in cognitive performance
implies measuring one cognitive ability (e.g., attention, memory,
etc.) in a few different contexts (Figures 1, 2B). Such contexts
can be different categories (i.e., in presence or absence of
a predator) or contexts that vary quantitatively in a specific
dimension (e.g., temperature, group size; Figure 1B). Sample
sizes depend on the goals of the project, but linear descriptions
of plasticity, called reaction norms (Dingemanse et al., 2010),
require multiple measures of each individual in each testing
environment, which can be a challenge (Martin et al., 2011). For
example, a study including 3 environments might ideally have
3 or more measures for each individual in each environment
to control for the effects of noise or measurement error,
implying more than 9 tests per individual. Such standards
might be possible to reach for cognitive tasks in which
individuals usually go through a high number of trials (Fagot
and Bonté, 2010; Morand-Ferron et al., 2015) and often perform
successive cognitive tasks (Cauchoix et al., 2017). Data from
either observational or experimental approaches can then be
analyzed much like behavioral plasticity using a mixed-model
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approach borrowed from quantitative genetics to partition
phenotypic variation into its between-individual and within-
individuals components (Dingemanse et al., 2010; Dingemanse
and Dochtermann, 2013). This so called ‘behavioral reaction
norm’ approach allows us to disentangle measures of individual
consistency (personality or repeatability) and responsiveness
to the environment (plasticity; Figures 1A, 2B). We recently
used this approach to document the repeatability of individual
differences in cognitive performances (Cauchoix et al., 2018) but
it has not been applied yet to document plasticity in cognitive
performance within a population. A powerful feature of this
approach is that inclusion of a random slope in the mixed model
allows individuals to vary differently according to environmental
conditions which generates a description of plasticity for each
individual (Figure 1A). The slope or shape of these individual
reaction norms provides us with a trait - plasticity in cognitive
performance - that can then be related to other features such as
success later in life (Figure 2B; for a discussion of the benefits and
challenges of this approach, see Houslay and Wilson, 2017).

IMPLICATIONS AND FUTURE
DIRECTIONS

If plasticity in cognitive performance is more than just noise
as we have argued here, then directly studying it could provide
new insight into past findings and would open whole new lines
of research in cognitive sciences and cognitive ecology. For
example, plasticity in cognitive performance could help resolve
the reproducibility crisis in psychological sciences through an
understanding of environmental variables that might generate
differences between studies (Van Bavel et al., 2016; Voelkl and
Würbel, 2016). Indeed, although recent studies report that some
factors including contextual sensitivity (i.e., variations in time,
culture and location) influence reproducibility, the effect of
many other environmental factors on cognitive performance still
need to be tested (Voelkl and Würbel, 2016). In addition, we
still do not know how often cognitive performance is actually
sensitive to the environment (i.e., plastic), if some cognitive
abilities are more sensitive than others, and to what degree
individuals vary in cognitive performance plasticity. While direct
study of this phenomena would be ideal, systematically recording
and reporting environmental variables in cognitives studies
would enable future meta-analyses to answer such questions
on a large scale.

If such plasticity is common, as we believe it is, there are
important implications for the evolution of cognition. There
is now a growing interest in linking individual variation in
cognitive performance to fitness in wild non-human populations
(Boogert et al., 2018), but plasticity in cognitive performance
would modify our view of how selection acts on cognitive traits.
Under what social and ecological conditions do we expect to see
the evolution of plastic cognitive performance rather than fixed,
invariant performance? The degree of plasticity in a population
depends primarily on how stable the environment is and whether
there are reliable cues to make plastic adjustment advantageous
(Pigliucci, 2005). Variable environments with predictable cues to

trigger plastic expression will favor high plasticity whereas stable
environments or a lack of reliable cues will favor fixed phenotypic
expression. Similarly, we might expect that the benefits of plastic
modification of cognitive performance will depend on natural
environmental variation which make it adaptive or maladaptive
(Greggor et al., 2019). For instance, being able to modify
attentional performance according to level of predation risk that
can vary among seasons, time of day, and foraging areas, would
enable an individual to allocate more time to feeding rather than
vigilance (Lima and Bednekoff, 1999).

Furthermore, selection on plastic cognitive performance
would act on reaction norms (Figure 2B) rather than the mean
trait which can have important implications for evolutionary
trajectories (Price et al., 2003; Duckworth, 2009). A stable
environment will lead to low plasticity since selection will act on
expression in one environment rather than the whole reaction
norm which can lead to canalization of the trait in the long term.
However, if the environment is naturally variable, then plasticity
can be preserved as selection acts on different expressions of the
phenotype in each environment and therefore on the shape of
reaction norms rather than the mean. Likewise, plasticity will be
preserved only if shifting the phenotypic expression provides a
good match to the given environment and this match depends
critically on reliable environmental cues to generate the correct
phenotypic expression. These considerations will have important
consequences for the role that cognition plays in adaptation
to new environments including both colonization and climate
change (Chevin et al., 2010; Chevin and Hoffmann, 2017). If
the prior environment was variable, there might be sufficient
plasticity to allow a decent fit to the new environment if the
environmental cues triggering phenotypic expression are still
appropriate (Lyon et al., 2008). In this case, plasticity could buffer
against the negative effects of a new environment relative to a
fixed phenotype, but will also mean the population takes longer
to adapt to that new environment since selection on a reaction
norm is generally thought to be weaker (Forsman, 2015).

Ignoring plasticity in cognition also carries costs such
as concluding that there is low within population variation
in cognitive performance (E2 in Figure 1A) or incorrectly
describing evolutionary dynamics on plastic traits (Chaine and
Lyon, 2008). In contrast, adopting a plasticity perspective adds
complexities to experimental protocols, but has no influence
on interpretation when traits are fixed. Given the potential
for new insights into both cognition and ecology, we believe
that a shift in perspective to plastic rather than fixed cognitive
performance is critical.
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