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Cognitive variation is proposed to be the fundamental underlying factor that drives
behavioral variation, yet it is still to be fully integrated with the observed variation at
other phenotypic levels that has recently been unified under the common pace-of-life
framework. This cognitive and the resulting behavioral diversity is especially significant
in the context of a social group, the performance of which is a collective outcome
of this diversity. In this review, we argue about the utility of classifying cognitive traits
along a slow-fast continuum in the larger context of the pace-of-life framework. Using
Tinbergen’s explanatory framework for different levels of analyses and drawing from
the large body of knowledge about honeybee behavior, we discuss the observed
interindividual variation in cognitive traits and slow-fast cognitive phenotypes from an
adaptive, evolutionary, mechanistic and developmental perspective. We discuss the
challenges in this endeavor and suggest possible next steps in terms of methodological,
statistical and theoretical approaches to move the field forward for an integrative
understanding of how slow-fast cognitive differences, by influencing collective behavior,
impact social evolution.
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INTRODUCTION

In the classic story of the tortoise and the hare, we learn about two distinctly different personalities
and the lesson that speed does not always matter, and an individual can be as successful doing
things slowly. Understanding questions regarding phenotypic variations such as why some animals
are slow and others are fast is a fundamental question in biology that has a long history in terms
of r and k selection and life history theory (MacArthur and Wilson, 1967; Pianka, 1970; Stearns,
1976). Such slow-fast differences in behavior, both between and within a species, have been modeled
under the pace-of-life syndrome (POLS) framework (Ricklefs and Wikelski, 2002; Réale et al., 2007,
2010), which proposes a suite of contrasting phenotypic traits to characterize this slow-fast axis
(Figure 1). In this framework, a slow pace-of-life, characterized by life history traits such as slow
growth, delayed reproduction and high survival, and a fast pace-of-life, marked by fast growth, early
reproduction and low survival, are functionally mediated by a large set of correlated physiological
and behavioral traits.

Frontiers in Ecology and Evolution | www.frontiersin.org 1 December 2021 | Volume 9 | Article 766414

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.766414
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.766414
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.766414&domain=pdf&date_stamp=2021-12-21
https://www.frontiersin.org/articles/10.3389/fevo.2021.766414/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-766414 December 18, 2021 Time: 10:28 # 2

Naug and Tait Slow-Fast Phenotypes and Social Evolution

FIGURE 1 | A summary of the predicted integration between the slow-fast
pace-of-life axis at different phenotypic levels (life-history, physiology and
behavior) and the slow-fast cognitive axis defined by the speed-accuracy
trade-off, with examples of a few traits at each level (after Réale et al., 2010;
Sih and Del Giudice, 2012). Specifically with respective to cognition, traits in
bold letters are those for which the empirical data met theoretical predictions,
those in italics did not meet predictions, and the remaining are those that were
not tested (Tait and Naug, 2020).

Behavioral variation correlates to slow-fast life history
differences through a risk-reward trade-off in which the higher
expression of certain behaviors can bring more rewards, but
at the cost of higher risk (Stamps, 2007; Wolf et al., 2007).
Behaviorally, fast individuals are those who can engage in more
risk-taking behaviors that allow them to gather resources more
rapidly and thereby express the traits associated with a faster
life history, compared to slow individuals. Since behavioral
output is an outcome of underlying cognitive mechanisms, these
slow-fast behavioral differences are proposed to be outcomes
of a speed-accuracy trade-off in terms of decision-making
(Chittka et al., 2009; Sih and Del Giudice, 2012; Jolles et al.,
2020). Fast decisions made with little information are subject
to higher inaccuracy but can result in greater and more
immediate rewards while slower decisions made with more
information are predicted to improve accuracy but come at
the cost of immediacy. The cognitive axis resulting from this
trade-off predicts fast individuals to broadly demonstrate rapid
learning, lower sampling and poor retention of information,
relative to slow individuals (Figure 1). Although a link between
behavioral and cognitive variation has been demonstrated to
some extent (Amy et al., 2012; Cole et al., 2012; Dougherty and
Guillette, 2018; Tait and Naug, 2020), most of these studies are
still limited in their scope and examining the covariation of
multiple cognitive traits with other phenotypic traits remains a
significant challenge.

This recent interest in a covariance between cognitive
and behavioral variation is mostly focused at the between-
individual level within a species (Carere and Locurto, 2011;

Thornton et al., 2014; Griffin et al., 2015; Boogert et al., 2018).
In contrast, the consequences of this individual level covariance
structure have rarely been studied at the level of a group,
even though the pace-of-life framework provides a convenient
basis to understand this interplay (Dammhahn et al., 2018).
Group living provides an opportunity to potentially relax the
constraints placed upon the individual by the tight correlation
among a set of traits that define the trade-offs in terms
of risks or rewards and speed or accuracy (Figure 2). This
extends the idea that at the collective level, any phenotypic
variation allows the collective phenotype to show a greater
range of response to a variable, complex and multivariate
environment (Piersma and Drent, 2003; Woods, 2014). However,
the final expression of the collective phenotype can be more
complex than predicted because the different phenotypes
in a social group may modulate the performance of each
other (Webster and Ward, 2011; van den Bos et al., 2013).
Negative frequency dependent processes can increase the
performance of a phenotype when it is rare while positive
frequency dependent processes can decrease the performance of
a rare phenotype.

For a comprehensive understanding of any biological
question, it is important to take an integrative approach
that encompasses both proximate (how?) and ultimate
(why?) levels of analyses. In this review, we therefore use
“Tinbergen’s four questions” approach (Tinbergen, 1963)
to address cognitive variation at four different levels—
functional value, evolution, causation and development.
Using this background, we argue that social insects,
especially honeybees, provide ideal model systems to
pursue integrative studies that span these different levels of
inquiries at different levels of biological organization, using
the pace-of-life as the central framework to understand the
importance of slow-fast differences in cognition in the social
context. We review our current understanding regarding
cognitive variation in honeybees and identify existing gaps
in knowledge, offering suggestions regarding potential
methodological and statistical approaches that can help
close these gaps.

INTERINDIVIDUAL VARIATION IN
COGNITIVE TRAITS AND COGNITIVE
PHENOTYPES IN SOCIAL INSECTS

Social insect colonies are comprised of significant morphological,
physiological and behavioral variation among individuals,
differences which underlie the observed division of labor that
is widely considered to be at the heart of their extraordinary
ecological success (Oster and Wilson, 1978; Beshers and Fewell,
2001). Although variation in cognitive traits is less studied,
one of the best examples of such interindividual variation
that is known to be correlated across multiple phenotypic
levels comes from the extensive study of low and high strains
of pollen hoarding honeybees (Pankiw and Page, 2000; Page
et al., 2012). The two strains differ in their sensorimotor
and learning abilities such that the high strain bees have
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FIGURE 2 | Hypothetical correlation between two traits, (A,B) at the individual
level that leads to possible slow (blue) and fast (red) phenotypes. This can lead
to an individual being constrained in its phenotypic expression, defined by its
tightly associated trait values for (A,B). However, a group composed of both
slow and fast phenotypes, by being able to express trait values at different
points on the slow fast axis, is able to relax these constraints at the collective
level.

higher sensitivity to sugar and water, a higher performance
on odor- and tactile based associative learning tasks as
well as an earlier age of first foraging, higher levels of
vitellogenin and ovary development, a suite of traits referred
to as the foraging syndrome (Page et al., 1998, 2006). The
strong association among several learning traits and their
correlation with other behavioral and life history traits are
linked through a common genetic architecture of overlapping
quantitative trait loci (QTLs) that show broad epistatic and
pleiotropic effects (Page et al., 2012). These QTLs are also
associated with insulin-insulin like signaling (IIS) and target
of rapamycin (TOR) pathways, which have broad effects
in nutritional signaling and regulation of behavior across a
wide range of taxa, indicating the fundamental integration
of cognition with a variety of traits at different levels of
the phenotype. These observations, however, bring up the
important question about the nature of causal relationships
among these multitude of traits and it has been shown
that differences in learning ability are largely explained
by differences in sucrose sensitivity—a physiological trait
(Scheiner et al., 2005; Roussel et al., 2009). Interindividual
variation in cognitive traits has also been documented in
other bees (Spaethe et al., 2007; Raine and Chittka, 2008;
Muller and Chittka, 2012; Klein et al., 2017) and it is
important to ask if this variation is similarly correlated to
differences at other phenotypic levels as what is observed
in the honeybees.

Although simple associative learning, due to the relative ease
with which it can be measured, is the most commonly used
trait to describe the cognitive phenotype of an individual, it
is somewhat limited in its scope and one has to go beyond it
if we are to understand the functional relevance of cognitive

variation (Giurfa, 2015). Honeybees do show variation in other
learning traits such as reversal learning (Bhagavan et al., 1994;
Carr-Markell and Robinson, 2014; Cook et al., 2019) and
aversive learning (Junca et al., 2019), and these different types
of learning measures are correlated at the individual level such
that there is a negative relationship between associative and
reversal learning, and between appetitive and aversive learning
abilities. Apart from these learning traits, little is known about
similar variation with respect to other cognitive traits other
than some limited work showing interindividual variability in
terms of risk-sensitivity (Mayack and Naug, 2011), sampling
and novelty preference (Katz and Naug, 2015), all of which
are connected to energetic state. Using this as a background,
it was more recently shown that several of these cognitive
traits covary in a manner that largely meets the predictions
of the speed-accuracy trade-off and results in slow and fast
cognitive phenotypes such that fast bees are described by high
associative learning and high preferences for novelty and risk,
compared to slow bees (Tait and Naug, 2020). These cognitive
differences also translated to functional differences in behavior
and life history traits—fast bees transitioning to a forager
role at an earlier age than slow bees. These findings suggest
that slow-fast cognitive phenotypes describe broad differences
among individuals in a variety of cognitive traits and provide
a window into how cognitive variation fits into the pace-of-
life framework.

There are two distinct foraging phenotypes in honeybees—
scouts that gather new information about the resource
environment and recruits which use that information (Seeley,
1983; Biesmeijer and De Vries, 2001). These two phenotypes can
therefore be considered functionally equivalent to producers and
scroungers (Katz and Naug, 2016), which allows us to consider
how different cognitive phenotypes might occupy distinct
social roles in a broader ecological framework (Katsnelson
et al., 2011). The ability of producers to acquire information
through personal experience should be reflected in their high
performance on an individual learning task while the ability of
scroungers to do the same by observing conspecifics should be
reflected in their high performance on a social learning task.
Given that individual learning should require higher levels of
sampling (Kurvers et al., 2010; Rosa et al., 2012), one would
predict that scouts represent the slow cognitive phenotype
which spends more time gathering information. While this
seems to be substantiated by the slower learning seen in scouts
(Cook et al., 2019), it stands in contrast with their observed
preference for novelty (Liang et al., 2012), which aligns more
with what is expected of the fast cognitive phenotype (Sih and
Del Giudice, 2012). Such inconsistencies highlight the fact
that the original predictions of the slow-fast cognitive axis
might not be as universal, an issue that we feel is also partly
related to the challenge of clearly defining the cognitive traits
themselves, an issue which we discuss later in more detail.
In addition, the scout/recruit behavioral axis might also be
plastic over the foraging lifespan of an individual bee, subject
to its developmental, social and resource environment, which
can lead to inconsistencies in the cognitive traits measured in
these two phenotypes.
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COGNITIVE DIVERSITY: ADAPTIVE
VALUE OF SLOW-FAST COGNITIVE
PHENOTYPES IN A GROUP

The historic and continued fascination with social insects
is primarily to do with the fact that they are considered
superorganisms due to their collective performance based on
the tight integration among colony members (Wheeler, 1911;
Wilson, 1971; Kennedy et al., 2017). This view of insect
societies has been addressed in terms of several phenotypic traits
(Lumsden, 1982; Southwick, 1983; Behmer, 2009; Gillooly et al.,
2010) including cognition (Franks, 1989; Seeley, 1989; Couzin,
2009; Menzel, 2012; Feinerman and Korman, 2017). Phenotypic
diversity among colony members (Jeanne, 1988), which allows
flexibility and resilience to environmental heterogeneity and
perturbations, promotes group productivity and fitness (Jones
et al., 2004; Mattila and Seeley, 2007; Oldroyd and Fewell,
2007; Wray et al., 2011; Modlmeier et al., 2012) although
there are studies which suggest that the effects of diversity
could be more complex (Moritz and Page, 1999; Arathi
and Spivak, 2001; Baer and Schmid-Hempel, 2001; Mugel
and Naug, in press). Models of division of labor and task
allocation addressing how interindividual behavioral variability
affects group performance (Beshers and Fewell, 2001), have,
however, included relatively little on the specific role of
cognitive variation on collective performance. Even the recent
interest in understanding the significance of interindividual
variability within a social insect colony (Pinter-Wollman,
2012; Bengston and Jandt, 2014; Jandt et al., 2014; Jeanson
and Weidenmuller, 2014; LeBoeuf and Grozinger, 2014; Jandt
and Gordon, 2016) has not explicitly addressed the role of
cognitive differences among individuals and its significance for
social evolution.

The observed interindividual variation in cognitive traits at
the colony level (Page et al., 2006; Muller and Chittka, 2012;
Junca et al., 2014; Smith and Raine, 2014; Tait et al., 2019) can
be described in terms of a speed-accuracy trade-off (Chittka
et al., 2003). The functional consequences of this trade-off are,
however, ambiguous—while one study suggested that fast and
inaccurate foragers, which are more indiscriminate in their
choice between rewarding and non-rewarding flowers, can collect
resources at a higher rate (Burns, 2005), another showed that
such foragers end up with a lower lifetime collection (Evans
et al., 2017). Although the results of these two studies are not
easily comparable given their different experimental designs,
they suggest that slow and fast cognitive strategies might have
different costs and benefits associated with them. Colonies that
maintain a cognitively diverse workforce therefore might be
able to show an overall higher efficiency in resource acquisition
(Burns and Dyer, 2008).

The positive influence of cognitive diversity on collective
foraging is most likely mediated by the resource landscape,
which has a strong influence on foraging dynamics (Waddington
et al., 1994; Steffan-Dewenter and Kuhn, 2003; Couvillon et al.,
2015). Since slow and fast cognitive phenotypes differ with
respect to how they gather and use information, a more

challenging or scarce resource environment can enhance the
value of producing new information, while a more rich or
clumped resource environment can reduce its value and provide
an advantage for scrounging. In a social foraging context, the
collective performance of the group can therefore be viewed
in the framework of a Genotype × Environment interaction,
where the genotype specifies the relative frequency of each
cognitive phenotype in the group and the environment refers
to the spatial and temporal distribution of resources. Despite
the long history of theoretical work on this topic (Caraco and
Giraldea, 1991; Vickery et al., 1991; Luttbeg and Sih, 2010),
actual empirical tests of how the performance of different
cognitive strategies is influenced by the resource environment
are extremely rare, largely because of their challenging nature
(King et al., 2009).

COMPARATIVE COGNITION:
EVOLUTION OF SLOW-FAST COGNITIVE
PHENOTYPES

Our understanding of the functional relevance of cognitive
variation can strongly benefit from studies at the interspecific
level (Chittka et al., 2012; Rosati, 2017; Wenseleers and
van Zweden, 2017). Although the initial studies that placed
behavioral and life history traits along a slow-fast axis made
use of interspecific comparisons (Promislow and Harvey, 1990;
Wiersma et al., 2007), the same approach has not been used as
much to understand similar variation in cognitive traits across
species. Since interspecific differences in cognition represent
adaptations to differences in ecological factors (Healy et al.,
2009; Sheehan and Tibbetts, 2011; Cauchoix and Chaine, 2016),
understanding such differences in terms of a slow-fast axis
would be an important step toward identifying its evolutionary
significance. In the context of a social group, we know little
regarding whether the link between individual and collective
cognition is modulated by ecological factors.

However, interspecific comparisons of cognitive traits can
be confounded by the fact that any observed differences across
species could be attributed to assays or experimental conditions
that are not equally relevant for each species. One therefore
needs to exercise good judgment in terms of the experimental
design and the species that are chosen for such studies. It has
also been pointed out that seemingly similar cognitive capacities
might be mediated by entirely different neural mechanisms
and therefore behavioral studies must be complemented with
research at a proximate level (Chittka et al., 2012). Neuroecology,
the comparative study of mechanisms that underlie cognitive
capacity, has provided robust support for the adaptive nature of
cognitive differences in social insects in terms of brain evolution
(Kamhi et al., 2016; Godfrey and Gronenberg, 2019). Based on
these findings that support the classic idea that social evolution
is one of the strongest drivers of brain evolution (Dunbar, 1998;
Dunbar and Shultz, 2007), social insects are particularly suited to
understanding how cognitive trait evolution is related to sociality.

Although honeybees have served as a classic model of
cognition research (Menzel, 2012; Giurfa, 2015), our extensive
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knowledge regarding their cognitive capacity is largely derived
from studies with Apis mellifera, with little known about the
cognitive traits of other honeybee species. Comparative studies
of cognition across these different species offer an excellent,
yet untapped, experimental opportunity that can give insights
into the role of ecological factors on cognitive variation at both
the individual and the collective levels. The two cavity nesting
species, A. mellifera and A. cerana, have been described as “fast”
due to their shorter lifespan, higher metabolic rate and faster
behavioral “tempo” compared to the two open nesting species, A
dorsata and A. florea, described as “slow” (Seeley, 1985; Dyer and
Seeley, 1991). In fact, Seeley (1985) speculated about clusters of
functionally related traits that could identify causal relationships
between ecology and social organization and how such a goal
could be realized with a comparative trait-oriented approach
across the four species. The slow-fast phenotypic axis offers
exactly that opportunity in terms of a unifying framework that
can be used to measure a large set of traits at different phenotypic
levels and systematically test if the slow-fast differences among
these species also extend at the level of cognition and if the
covariance among traits is shaped by the ecological differences
among these species.

A comparative approach inspired by this framework was
recently used to test if the observed slow-fast cognitive differences
among A. mellifera individuals (Tait and Naug, 2020) are
consistent across the other honeybee species and if there are
slow-fast cognitive differences among these species that match
differences in their behavior, life history and ecology (Tait
et al., 2021). The results suggest some consistency in the traits
that define the slow-fast cognitive axis within each of the
four species—specifically, individuals which are fast learners
also show higher preference for novelty compared to those
who are slow. However, interspecific differences in cognitive
traits did not correlate to slow-fast differences in life history
and nesting ecology as it was A. florea (slow “tempo”) and
A. cerana (fast “tempo”) which were found to cluster together
as a distinct group, characterized by their lower associative
learning and higher risk preference than A. dorsata (slow
“tempo”) and A. mellifera (fast “tempo”) which formed a separate
cluster. Instead, it was found that these interspecific cognitive
differences correlate to differences in absolute brain size—A.
dorsata and A. mellifera, the two species with higher associative
learning also have significantly larger brains than A. cerana
and A. florea (Gowda and Gronenberg, 2019; Tait et al., 2021).
Although the analysis of this observed relationship is somewhat
rudimentary, these results highlight the importance of integrating
measurements from multiple phenotypic levels to understand
the basis of cognitive differences across species. The two species
with larger brains, A. dorsata and A. mellifera, also have both a
larger colony size and a more complex foraging niche in terms
of its spatiotemporal complexity, compared to A. florea and
A. cerana (Seeley, 1985; Dyer and Seeley, 1991). It is therefore
worth asking if the evolution of slow-fast cognitive traits is
related to social and environmental complexity, which are widely
recognized as important drivers of cognitive evolution (Roth and
Pravosudov, 2009; Roth et al., 2010), which includes evidence

from social insects (Farris and Schulmeister, 2011; Farris, 2016;
Kamhi et al., 2016).

ENERGETICS OF COGNITION:
MECHANISTIC BASIS OF SLOW-FAST
COGNITIVE PHENOTYPES

If brain size is an important determinant of cognitive capacity
(Chittka and Niven, 2009), it becomes important to understand
the neural mechanisms that shape slow-fast differences in
cognitive traits. There are substantial energetic costs associated
with neural processing and differences in cognitive capacity
are predicted to be fundamentally derived from variation in
brain metabolic activity (Laughlin et al., 1998). This mechanistic
connection between cognitive capacity and energy use allows us
to test if slow-fast differences in cognitive traits are shaped by
differences in metabolic rate at both the intra- and interspecific
levels. Combined with the knowledge that behavioral traits such
as aggression are also correlated to metabolic activity in the
brain (Rittschof et al., 2018), this will help connect the slow-fast
cognitive axis to the common energetic link that characterizes the
broader pace-of-life axis (Careau et al., 2008; Mugel and Naug,
2020).

In honeybees, energetic availability can drive differences
in associative learning (Jaumann et al., 2013), risk sensitivity
(Mayack and Naug, 2011), exploration-exploitation tendency
(Katz and Naug, 2015, 2016) and impulsivity (Mayack and Naug,
2015), each of which is part of the slow-fast cognitive axis.
A growing body of work shows that differences in associative
learning and memory are robustly related to metabolic activity
in the brain, as measured with cytochrome oxidase (COX), a
metabolic marker of neuronal activity (Déglise et al., 2003).
The well-known link between cognitive differences and levels
of various neurotransmitters (Mercer and Menzel, 1982; Giurfa,
2006; Cook et al., 2019) could also be reflective of such
differences in brain metabolic activity since energy use is
regulated through the same signaling pathways (Roeder, 2020).
By combining measurements of variation in both whole-body
metabolic rate and brain ATP capacity with performance on
cognitive assays, one can test whether the slow-fast differences
in cognitive phenotypes are fundamentally related to a difference
in metabolic capacity.

A link between cognitive capacity and energy use suggests
that the collective cognitive capacity of a social group would
be fundamentally influenced by the variation in metabolic
rate within the colony. However, such a relationship can be
complicated by the fact that collective cognition is proposed
as a mechanism for relaxing the energetic constraints on
cognition at the individual level (Lihoreau et al., 2012; Feinerman
and Traniello, 2016; Feinerman and Korman, 2017; Coto and
Traniello, 2021). In social insects, increasing social complexity
is correlated to a decrease in brain size at the individual
level and it is argued that distributed cognition can allow for
investment in functionally specialized brain regions, ultimately
lowering brain metabolic costs (O’Donnell et al., 2015). In
ants, socially complex species have larger brains but a lower
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energetic activity in the higher order processing centers such
as mushroom bodies (Kamhi et al., 2016). These results suggest
that individual energetic constraints related to learning and other
slow-fast cognitive differences may not be reflected as easily
in social insects and emphasizes the importance of identifying
the mechanisms that link individual cognitive capacity to
collective cognition.

COGNITIVE PLASTICITY:
DEVELOPMENTAL ANALYSIS OF
SLOW-FAST COGNITIVE PHENOTYPES

What adds to the difficulty of understanding and defining
the cognitive capacity of an individual is its plasticity, subject
to influences from both the current and the developmental
environment (Thornton and Lukas, 2012; Buchanan et al., 2013;
van den Bos et al., 2013; Davidson et al., 2018; Cauchoix et al.,
2020). These include influences of the nutritional, physical and
social components of the environment, which acting through
various epigenetic modifications and signaling pathways, can
shape brain development, function and neural plasticity (Murphy
et al., 2014). Environmental variability plays a major role in the
covariance among different traits (Sgrò and Hoffmann, 2004;
Wright et al., 2019) and it is proposed that the predicted
slow-fast trait correlations are more likely to be observed
in unfavorable environments (Hämäläinen et al., 2021). Such
developmental effects on the adult phenotype can be either plastic
(permanent environment effects) or flexible in the short term
(reversible plasticity). Developmental effects may be adaptive
if they result in a phenotype that is better fitted to the
environment the individual is likely to experience as an adult—
the so called Predictive Adaptive Response (PAR) hypothesis,
according to which a match between the developmental and
the adult environments leads to positive effects and a mismatch
leads to adverse effects on various phenotypic traits (Gluckman
and Hanson, 2004). Despite the strong support for such
developmental effects on various phenotypic traits, including
some work on honeybees (Wang et al., 2016), studies focusing
on the patterns of slow-fast cognitive traits in an environmental
context are rare.

Developmental effects are likely to be particularly relevant
in social insects because the age-based division of labor is a
developmental process that is both plastic and is accompanied by
several important changes in cognitive traits (Ben-Shahar et al.,
2000; Cabirol et al., 2018). In honeybees, several studies show the
influence of birth weight and early social experience on sucrose
responsiveness and associative learning (Pankiw et al., 2004;
Scheiner, 2012; Arenas et al., 2013; Mortensen and Ellis, 2018;
Tsvetkov et al., 2019) but we lack the knowledge about similar
effects on other cognitive traits. The use of social information
can be shaped by resource unpredictability during development,
pre-natal stress leading to copying behavior in adulthood and
post-natal stress leading to the opposite effect (Boogert et al.,
2013). Since social information use is one of the key parameters
that defines the scout-recruit behavioral axis or the slow-fast
cognitive axis, these results suggest promising research avenues

to understand the inconsistencies that are sometimes seen in the
expression of these cognitive phenotypes. Developmental effects
on cognitive traits are especially relevant in the current context
of the influence of anthropogenic changes and other stressors on
behavior (Decourtye et al., 2005; Gómez-Moracho et al., 2017).

CHALLENGES AND SOLUTIONS: A
ROADMAP FOR FUTURE WORK

Methodological Approaches
One of the most challenging aspects of establishing a detailed and
robust cognitive axis is the measurement of multiple cognitive
traits in multiple contexts, made even more difficult in social
insects due to the relatively short worker lifespan. Perhaps one of
the most appealing aspects of using honeybees as a model system
for the study of cognitive variation is the ability of the well-
established laboratory-based Proboscis Extension Reflex (PER)
assay to measure several cognitive traits in a large number of
individuals with a high throughput. The PER assay consists of
presenting a bee with an odor, a conditioned stimulus (CS),
followed by a sucrose reward, an unconditioned stimulus (US),
in a series of trials and measures learning ability as the number
of conditioned responses (CR), instances when the bee extends
its proboscis to the CS prior to the US delivery (Bitterman et al.,
1983). While this assay is conventionally used for measuring
various types of learning, including discrimination learning
(Smith et al., 1991) and reversal learning (Chandra et al., 2000),
it can also be adapted to measure a variety of more complex
cognitive traits such as risk-sensitivity (Shafir et al., 1999; Mayack
and Naug, 2011), sampling and novelty preference (Katz and
Naug, 2015; Tait and Naug, 2020). These assays have also been
adapted for use in the other honeybee species (Ali et al., 2021;
Tait et al., 2021), an important consideration if we are to extend
the comparative study of cognitive phenotypes in honeybees.
The appetitive PER assay, and the closely similar, aversive Sting
Extension Reflex (SER) assay (Vergoz et al., 2007), also allow
us to control for differences in motivational state that might
otherwise confound the measurement of cognitive traits in field-
based assays.

Experimental evolution and artificial selection approaches can
be powerful tools in uncovering how a phenotypic trait might
be shaped by specific selection pressures. Studies in cognitive
variation have, however, lagged in this regard probably due
to the large number of traits that are required to define the
cognitive axis, their plasticity and the likely small heritability
component in these traits due to the complex genetic architecture
of cognition. The honeybee, being the only social insect that has
been successfully bred for specific traits, allows extraordinary
opportunities to select and breed for specific phenotypic traits
using instrumental insemination techniques. Using the heritable
variation in associative learning (Brandes, 1988, 1991; Laloi and
Pham-Delegue, 2010), genetic lines with differences in their
associative learning or reversal learning ability have been bred
(Brandes and Menzel, 1990; Bhagavan et al., 1994; Chandra
et al., 2000; Ferguson et al., 2001). Such cognitive lines can
allow us to rigorously test the nature of the covariance structure
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among different cognitive traits and partition it into genetic
and environmental effects. These lines can enable us to test the
functional influence of various cognitive traits at the individual
level as well as allow the possibility of creating experimental mixes
of different cognitive phenotypes to test how cognitive differences
scale up from the individual to the collective level to influence
group-level performance and life history (Cook et al., 2020).

Statistical Approaches
Cognitive phenotypes, defined as consistent individual
differences in several cognitive traits, also pose a challenge
in terms of statistical analysis. Since these phenotypes are
described by multiple traits that covary with each other, the
complexity of the multivariate cognitive trait space needs to
be captured by data reduction techniques such as principal
component analysis (PCA), which can be used to identify
specific cognitive traits that explain the largest differences among
different cognitive phenotypes (Keagy et al., 2011; Mazza et al.,
2018; Tait and Naug, 2020). PCAs, used to study interindividual
variation within a species, however, are not appropriate when
comparing the variation between species because individuals
of a species are more similar to each other than those from
other species. A related technique, canonical variate analysis
(CVA), which maximizes the separation of a priori defined
groups, rather than the individuals within each of them, is
more appropriate for such interspecific comparisons (Campbell
and Atchley, 1981; Carter and Feeney, 2012; Tait et al., 2021).
Such statistical non-independence arising from phylogenetic
inertia (Harvey and Purvis, 1991; Sherry, 2006) could also
be addressed by using a phylogenetically corrected analysis
such as the phylogenetic generalized least squares (PGLS)
method (Székely et al., 2013). With the measurement of multiple
cognitive traits, it also becomes important to understand the
causal relationships among these different traits and the use
of Structural Equation Models (SEM) or path analysis can
allow us to extract such relationships. Studies on cognitive
phenotypes, which mostly rely on simple covariance analyses,
need to see a wider adoption of these more sophisticated
statistical approaches.

In terms of collective performance, groups are generally
compared using statistical models that are focused on the
parameters of mean or variance. Such analyses are, however,
unable to offer any insights into the possible mechanisms that
mediate the effects of phenotypic diversity. In this context,
a rarely used technique based on the Price equation, which
identifies the different mechanisms that underlie the effects of
diversity more specifically, can be used to analyze the influence
of diversity on performance (Loreau and Hector, 2001; Takahashi
et al., 2018). In this approach, the effect of inter-individual
variation or heterogeneity on group performance is quantified
as a diversity effect, which is then further partitioned into a
complementarity effect, the influence of interactions between
different phenotypes, and a selection effect, the disproportionate
influence of a phenotype. A recent study used this technique
to explore the influence of metabolic diversity in honeybees
to find that the effects of diversity on collective performance
can be complex (Mugel and Naug, in press) and it remains

an exciting prospect to use a similar approach in studies of
cognitive diversity.

Modeling Approaches
The speed-accuracy trade-off, which is considered as the
underlying basis for the slow-fast cognitive axis, is a classic
paradigm that addresses how animals manage these two
constraints at the same time in a manner that maximizes the
benefit to cost ratio of a decision. Numerous models describing
such decision-making processes show a parallel between
individual and collective decision-making where populations
of neurons or individuals accumulate evidence for alternative
choices and a decision is made for a specific alternative once
the population reaches a threshold for that alternative (Bogacz,
2007; Marshall et al., 2009; Pelé and Sueur, 2013). These decision-
making models are therefore more fundamentally tied to models
of optimal sampling and learning, which predict that an animal
should sample more and therefore learn more slowly, but more
accurately, if the cost of making a wrong decision is large or
if the cost of waiting to make a decision is low, both of which
in turn are tied to the variability in the environment (Stephens,
1987, 1989, 1991). Sampling and the statistical property of the
central limit theorem (CLT), which posits that the estimate of
the true mean (accuracy) improves with sample (group) size,
is also what explains the improved performance of a collective
unit as against an individual. However, it is important to note
that this outcome of CLT is based on the assumption of a
random sample, which in this context would refer to a random
assortment of cognitive phenotypes. Using specific distributions
to model cognitive heterogeneity within a group, it would be
instructive to generate testable predictions about how diversity
of slow-fast cognitive phenotypes would influence the sampling
process and how that in turn would affect the collective cognitive
performance of the group.

Since the basis of collective cognition lies in a group of
heterogeneous individuals interacting together, it has frequency-
dependent outcomes that can be modeled using a game-theoretic
approach, which allows us to predict the performance of each
morph based on its relative frequency and how that in turn shapes
the performance of the entire group. While the inclination to
learn can be strongly influenced by the frequency of learners
and non-learners in a group, only a handful of studies has
examined the evolution of learning or any other cognitive
parameter and its consequence on collective performance in a
game-theoretic context (Giraldeau, 1984; Dubois et al., 2010;
Katsnelson et al., 2012; Aplin and Morand-Ferron, 2017).
Modeling approaches like these can be productively combined
with statistical approaches that can analyze the details of the
diversity effects in empirical data as described above. The scarcity
of studies in this framework probably stems from the fact that we
largely lack the ability to create experimental groups with specific
compositions of different cognitive phenotypes, an endeavor
which can be accomplished by the ability to generate selection
lines as discussed earlier.

Finally, we feel that a major, but mostly overlooked, problem
in the field of animal personality and animal cognition in general,
is a lack of coherent and consistent definitions of different
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traits. Overlapping definitions sometimes lead to the same traits
being measured in different ways, which means that they are
not statistically independent of each other and can lead to
inconsistent patterns about how these traits covary. For example,
many studies measure exploration, activity and neophilia as three
independent “eco-cognitive behavioral traits,” but unless defined
and assayed carefully, the magnitude of these three traits could
interdependently follow from each other. A lower preference for
novelty could also be expressed as a lower level of sampling,
which in turn may also lead to poorer learning, a covariance
structure that is not only non-independent but also one that
does not exactly match both model predictions (Sih and Del
Giudice, 2012) and empirical data (Tait and Naug, 2020) about
slow-fast cognitive phenotypes. Similarly, “reaction to a novel
object” is frequently used as a definition of exploration, but it
is also used as a measure for boldness even though the latter
might be more specifically to do with an individual’s reaction to
a risky situation. Risk itself is defined in terms of tendency of
an individual to expose itself to a predator (Ferrari, 2014) or a
preference for variability (Tait and Naug, 2020; Tait et al., 2021).
The biological mechanisms driving these diverse behaviors could
be very different and might lead to very different predictions
about how they might co-vary with each other. This problematic

issue is partly a consequence of the fact that cognitive processes
are not directly measurable and can only be inferred by assessing
a change in behavior (Barron et al., 2015; Griffin et al., 2015;
Mazza et al., 2018). In this setting, process-based models can be
informative about how these traits might be linked to each other,
allowing us to see if these numerous traits are outcomes of a single
fundamental cognitive process, such as sampling, or if they can
vary independently of each other.

These obfuscations about how different cognitive traits are
defined and measured point to a larger problem of how a set of
cognitive traits is predicted to covary with each other to define
different cognitive phenotypes. Models of the speed-accuracy
trade-off, which is used as the major framework to conceptualize
decision-making and the existence of slow but accurate and fast
but inaccurate cognitive phenotypes (Sih and Del Giudice, 2012),
have not considered broader and influential ideas regarding
trade-offs. According to life history theory, trade-offs are a
combined outcome of differences in both resource acquisition
and allocation such that negative correlations between traits are
produced only when individuals vary mainly in their allocation
while positive correlations between the same traits can be
seen when individuals vary mainly in their acquisition (Van
Noordwijk and De Jong, 1986; Reznick et al., 2000). Since

FIGURE 3 | Possible alternative Y models of information (I) acquisition and its allocation to speed (S) and accuracy (A) in terms of either (A) an allocation model in
which there is low inter-individual variation in information acquisition but high variation in its allocation, resulting in a scenario where (1) individuals invest more in
accuracy at the expense of speed, or (2) vice versa, resulting in a negative relationship between speed and accuracy, or (B) a performance model in which there is
high inter-individual variation in information acquisition but low variation in its allocation, resulting in a scenario where (1) individuals have a greater total amount of
information that can be allocated to speed and accuracy, or (2) individuals have a lower total amount of information that can be allocated to speed and accuracy,
resulting in a positive relationship between speed and accuracy.
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information can be considered as a resource, the same framework
also applies in the context of decision making (Figure 3).
Therefore, if individuals vary mainly in their ability to acquire
information, as it is likely to be if it is correlated to traits such
as metabolic rate and energetic capacity as might be expected
from the pace-of-life hypothesis, it can produce a positive
correlation between speed and accuracy, which might explain the
seemingly contradictory absence of a trade-off between speed and
accuracy during learning in some studies (Raine and Chittka,
2012; Mamuneas et al., 2015; Chang et al., 2017). Only when
individuals similar in their information acquisition ability vary
in how they allocate this information, should one see the more
commonly expected trade-off between speed and accuracy. Since
differences in acquisition are more likely to be manifested in some
environments than others (Reznick et al., 2000), it means that
the expression of the speed-accuracy tradeoff could be restricted
to specific types of information environments. This also implies
that the nature of covariation among different cognitive traits
could be driven by Gene x Environment interactions, leading to
possible polymorphisms in terms of different suites of covarying
cognitive traits.

CONCLUSION

Collective cognition has long been a topic of major interest
to biologists and information scientists and a large body of
both theoretical and empirical work has firmly established
that groups can generally acquire and process information
more efficiently and accurately than it is possible for single
individuals. These findings about collective cognition closely
parallel what is seen for collective traits at other phenotypic
levels such as behavior and physiology so that it is now an
established fact that collective action generally results in more
robust outputs that are more stable to perturbations. Given
this background, we feel that it is time now to move beyond
this and take the next major step toward integrating these

findings to a broader theoretical framework that can connect
cognition to other levels of phenotypic variation at multiple levels
of biological organization. The pace-of-life framework, which
aims to place suites of phenotypic traits including cognition
on a common slow-fast axis, seems particularly suited to this
enterprise, allowing us to understand both the mechanistic and
functional integration across these traits, which is important if
we are to understand the role of cognition in collective behavior
and social evolution. Applying the framework at the group level
allows us to understand how the constraints posed upon the
individual by the covariance among different cognitive traits
might be relaxed by collective action. Social insects, especially
honeybees, due to their wide-ranging experimental amenability,
provide ideal model systems to apply this framework in testing
how the slow-fast cognitive composition of a group shapes
the emergent collective cognitive phenotype to influence colony
behavior and life history.
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