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Introduction: History and Definitions

A Barbados bullfinch, Loxigilla barbadensis,
lands on a table at a coffee shop, flips over a
sugar packet, and, after piercing it with its beak,
feeds on the sugar. A bottle-nose dolphin
(Tursiops sp.) in the Shark Bay, Australia,
removes a marine sponge from the substrate and
wears it over its rostra as it probes the rough
seafloor. A New Zealand kea (Nestor notabilis)
skillfully topples over a trash bin lid, gaining
access to the food scraps within. The apparent
ability of nonhuman animals to develop novel
solutions to the challenges of everyday life is a
constant source of delight for the broader public
and one of the constant scientific enquiries for
scholars. Behavioral innovations, defined as

novel behaviors or preexisting ones used in
novel contexts, are now recognized as a key
source of behavioral plasticity and, as such, have
become central to our thinking of how animals
adjust to novel and changing environments.

While one can reasonably expect behavioral
innovations to arise in a variety of functional
domains, most of what is known about innovation
in nonhumans relates to the foraging domain. In
the late 1990s, Louis Lefebvre and his colleagues
from the University of McGill, Canada, published
a series of keystone contributions that led to an
explosion of research on the topic. Using a readily
available large body of low-impact ornithological
publications, Lefebvre and his co-workers
counted for each avian species the number of
anecdotal reports of novel and unusual feeding
behaviors in the wild (Lefebvre et al. 1997,
1998). Over the last decade, these taxon-level,
field-based “innovation counts,” or “innovation
rates,” when corrected for brain-body allometric
relationships, have been related to a large number
of morphological (e.g., brain size), ecological
(e.g., migratory status), and evolutionary parame-
ters (e.g., taxonomic radiation) and have been
used to investigate the adaptive value of animal
innovations and their evolutionary consequences
(reviewed by Lefebvre (2011)). Therefore, it is
now relatively well established that foraging inno-
vations facilitate invasion of novel habitats (Sol
et al. 2002, 2005), enhance survival in harsh (Sol
et al. 2005) and variable environments (Sayol
et al. 2016), and accelerate taxonomic radiation
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(Nicolakakis et al. 2003). More recently, experi-
mental research has explored the attributes of
innovative individuals, the contextual factors
that facilitate innovation, and the psychological
mechanisms that underlie the expression of inno-
vative behavior (Griffin and Guez 2015; Griffin
et al. 2013; Morand-Ferron et al. 2011). For this,
researchers have developed a paradigm known as
“innovative problem solving” or just “problem
solving.”

Problem Solving: The Paradigm

In stark contrast to methodologies established in
the ecological approach to the study of animal
cognition, which has emphasized the need to test
animals in ecologically meaningful contexts,
causal analyses of animal innovations have
drawn upon the experimental principle of pre-
senting animals with novel problems they are
unlikely to have encountered in their natural envi-
ronment. Usually, novel problems involve some
kind of extractive foraging task with which sub-
jects need to interact to gain access to food. Inno-
vation propensity is then gaged bymeasuring their
ability (latency, success) to solve it. Recently
attempts have been made to find an alternative
motivator than food and used problems that ani-
mals need to solve to gain access to their nest
(Cauchard et al. 2013) or to improve their sexual
displays (Keagy et al. 2011). Interindividual var-
iation in performance is then related to individual
attributes (e.g., sex, age); alternatively, the effects
of manipulating context on performance are
examined (e.g., group size). Also of interest has
been whether specific problem-solving techniques
spread through groups and even through free-
ranging populations seeded experimentally with
trained problem solvers (Aplin et al. 2015). Tasks
generally involve a one-stage solution, but the use
of multistage tasks has become more common
within the context of quantifying to what extent
animals reason about the consequences of their
actions on the problem at hand and the causes of
their success and failure (Huber and Gajdon 2006;
Taylor et al. 2009).

One can reasonably wonder to what extent
anecdotal reports of innovations in the wild and
experimental measures of innovative problem
solving quantify the same behavioural trait. Dem-
onstrating the convergent validity of behavioral
tests is by no means an easy task, but several
studies in free-ranging birds have found that the
taxonomic distribution of innovation counts over-
laps with the taxonomic distribution of problem-
solving performance (Diquelou et al. 2016; Web-
ster and Lefebvre 2001). Species that belong to
the Corvidae family (e.g., crows) have high inno-
vation counts and perform well on problem-
solving tasks, whereas species belonging to the
Columbiformes (e.g., doves) have few innovation
counts and tend to perform poorly, with Passer-
ines (e.g., starlings) occupying the middle ground
on both measures. Recently, Griffin and Guez
(2014) attempted to evaluate the convergent valid-
ity of problem solving and innovation counts by
examining whether factors predicted and demon-
strated to cause and influence innovation counts
also cause and influence problem solving. They
concluded that in most respects, problem solving
is determined by the same underpinning mecha-
nisms and is influenced by the same factors as
those predicted to underpin and influence innova-
tion, providing additional evidence of convergent
validity.

Problem Solving: Who Are the
Innovators?

Spurred along by a strong history of relating field-
based innovation counts to taxon variation in rel-
ative brain size and finding that avian and primate
taxa with higher innovation counts had larger
brains relative to their body size, much of the
initial work on problem solving argued for a
strong relationship between problem solving and
cognitive performance. Since then, a variety of
other potential individual attributes has been con-
sidered with a particular focus on factors that alter
the likelihood that an animal will make contact
with a novel situation in the first place. Following
the natural sequence in which behavior occurs
(i.e., approach must occur prior to deployment of
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any cognitive ability), this section will first intro-
duce the factors that determine contact, followed
by what is understood about the role of cognition.
Finally, focus will be put on the results from
recent work that has explored the role of motor
flexibility in problem solving.

Are Innovators Particularly Motivated or
Exploratory?
One possibility is that individuals that innovate
tend to be particularly motivated to solve the
problem at hand. Motivation has been evaluated
by quantifying the persistence with which an indi-
vidual engages with the (typically foraging) prob-
lem (e.g., beak-to-task contacts) (reviewed by
Griffin and Guez 2014) or by using proxies col-
lected outside the problem-solving context (body
weight, body fat, body condition) (Griffin et al.
2014). Perhaps unsurprisingly, individuals that
engage more with the problem at hand are more
likely to solve it and solve it more quickly than
individuals that engage less with the task. For
example, both great tits (Parus major) and blue
tits (Cyanistes caeruleus) are more likely to solve
an extractive foraging task the more time they
spend it its proximity and the more they have
tried (Morand-Ferron et al. 2011). Experimental
manipulations of motivation, such as food depri-
vation, also enhance problem-solving perfor-
mance (Griffin et al. 2014). There is little
evidence, however, that assumed proxies of moti-
vation collected outside the task moderate
problem-solving performance. For instance,
Cauchard and co-workers (Cauchard et al. 2013)
found that the time taken by great tit parents to
remove an obstacle to access their nest had no
bearing upon how frequently they fed their nes-
tlings. Morphological proxies for motivation
(e.g., body condition) are also unrelated to prob-
lem solving.

Another option is that innovators are those
individuals that are more willing to approach and
interact with novel situations. They are more inno-
vative simply because they come into contact
more frequently with novel situations in which
they can invent a novel behavior or to which
they can apply a preexisting behavior. Innovators
are then simply individuals that are less wary of

novelty, perhaps even more attracted to novelty,
and in that sense more exploratory. So far, evi-
dence for this hypothesis is mixed. In some stud-
ies, innovators are less fearful of novelty and more
exploratory, supporting the hypothesis, while in
others, there is no relationship between innovation
performance and these behaviors (reviewed by
Griffin and Guez (2014)). Differences in the way
these responses are measured might be the reason
behind inconsistent results.

Are Innovators More Intelligent?
The finding that avian and primate taxa with larger
relative brain sizes have higher innovation counts
has been taken to mean that innovations represent
the behavioral expression of greater cognitive
endowment (but see Healy and Rowe 2007).
Given that interindividual variation in a given
trait provides the raw material upon which selec-
tion acts to drive the evolution of variation at
higher levels, researchers set out to find
interindividual variation in innovation propensity
with the expectation that these should correlate
with interindividual variation in cognition. Most
often, individual performance ranks on innovation
tasks (most often solving latencies) have been
correlated with individual performance ranks on
learning tasks (typically acquisition speed or
errors) to investigate whether more innovative
individuals are also those that learn faster or
more accurately (reviewed by Griffin and Guez
2014). Given the view that innovations are linked
to general cognition, learning has been quantified
in the context of tasks assumed to measure “gen-
eral” learning abilities, including operant and
classical conditioning, rather than learning abili-
ties considered to be more modular, such as song
learning and spatial learning.

To date, five of six studies using operant learn-
ing as a measure of cognition have found that
innovation propensity and learning covary. For
example, in European starlings (Sturnus
vulgaris), pigeons (Columbus livia), and Carib
grackles (Quiscalus lugubris), birds that solve an
innovative problem-solving task in a shorter
amount of time acquire a novel foraging technique
faster (e.g., flipping a lid on a container) (Boogert
et al. 2008; Overington et al. 2011). Although
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these studies provide tentative support for the idea
that innovative behavior is linked to at least one
facet of cognition (operant learning), they are not
designed to exclude the possibility that associa-
tions between innovation and learning might be
the result of associations between the rates at
which novel information is encountered (via
activity/exploration) rather than correlations in
the capacity to process and store environmental
information per se (i.e., cognition).

Pavlovian learning and reversal learning tasks,
which assess more accurately how fast an individ-
ual acquires environmental information over and
above how often it encounters opportunities to
learn, have yielded much more mixed results
than those using operant learning. Common
mynas (Acridotheres tristis) that take longer to
discover the solution to an extractive foraging
task learn a Pavlovian association more quickly;
however, these individuals also learn more slowly
the new state of the world when that association is
altered (i.e., reversal learning; Griffin et al. 2013).
In another mixed set of findings, Carib grackles
(Quiscalus lugubris) that discover the solution to
one extractive foraging task more quickly learn a
Pavlovian association more slowly, whereas how
fast the birds find the solution to an alternative
task bears no relation with their Pavlovian learn-
ing speed (Ducatez et al. 2014).

Perhaps the most robust approach to evaluating
the relationships between innovation propensity
and cognition at the interindividual level has
involved testing animals on batteries of learning
tasks and then using a principle component anal-
ysis to extract a “general learning factor” whose
correlation with innovation performance can be
examined. Most promisingly, spotted bowerbirds’
(Ptilonorhynchus maculatus) problem-solving
performance loads positively, albeit weakly, on
to the same principle component as a general
learning factor (Isden et al. 2013).

Up to now, consideration has been given to
whether cognitive abilities correlate with innova-
tion propensity. For cognitive processes to be a
causal determinant of innovation (i.e., solution
discovery in a problem-solving task), animals
must have (1) the capacity to select specific
motor actions before using them based on prior

knowledge and/or (2) the capacity to “hone in” on
the solution until solving occurs for the first time.
New Caledonian crows (Corvus moneduloides)
are capable of goal-directed solving in that they
have been shown to extract and store functional
properties of objects and apply them to other
problem-solving opportunities (Taylor et al.
2009). Establishing these capacities generally
involves training test subjects extensively prior
to establishing whether they carry over acquired
knowledge to solving yet other novel problems.
When suitably designed, these tests disentangle
the roles of causal reasoning from those attribut-
able to associative learning processes. Given their
complexity and the extensive training often
involved prior to spontaneous problem solving,
less clear is the extent to which such tasks repro-
duce a suitable context to the study the mecha-
nisms of avian innovations more generally. This is
particularly so when these include seemingly sim-
ple novel foraging patterns such as removing caps
from milk bottles, catching insects on the wing,
foraging for prey by artificial light, or digging for
prey in sand (Lefebvre et al. 1997, 1998).

Rather than causal reasoning, perceptual rules
offer an alternative mechanism by which animals
can appear to select a motor action prior to using
it. Perceptual rules, such as making preferential
contact with object edges, with areas of high
visual contrast, or protruding surfaces, could
guide animals’ interactions with objects. Such
rules might be acquired as a consequence of expe-
rience of past pairings with rewards (e.g., pecking
the edge of an object is more likely to break/move
it than pecking its center) or might have become
genetically assimilated in those species that rou-
tinely interact with objects. Such rules would
remain tightly bound to the perceptual attributes
of objects but would nevertheless assist animals in
solving innovation tasks without assuming that
they have any understanding of how
solutions work.

Gradual honing in on a solution occurs when
an animal learns that a particular motor action is
associated with a secondary cue indirectly paired
with reward delivery. For example, Carib grackles
discover the solution to an extractive foraging task
faster when parts of the device are made to move
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in response to actions by the bird than when these
movements are blocked (Overington et al. 2011).
This finding suggests that movement stimuli
might act to increase the likelihood that the “suc-
cessful” motor action is repeated. This is a learn-
ing process that is most often referred to as
“shaping.” Another possibility is that secondary
cues increase the likelihood of the animal
perseverating, that is, of attempting again to
solve, independently of which motor action is
used. This is not a learning process because no
association is formed between a particular motor
action and a secondary cue. The hallmark of a
learning process is a gradual narrowing in motor
frequencies with motor actions that produce sec-
ondary cues that are increasing and those that are
not decreasing; changes in perseverance will be
characterized by increases in the number of
attempts without changes in the frequencies of
which motor actions are expressed.

Motor Flexibility

Many instances of innovation involve the expres-
sion of a behavioral variant, namely, a behavior
that deviates from the individual’s or population’s
behavioral norm. These might be completely
novel or small variations of existing motor
actions. With this in mind, it seems reasonable to
assume that an individual or species with a larger,
more diverse, motor repertoire is likely to express
more motor innovations. In most published data
sets, motor diversity is conceptualized as a greater
number of distinct motor actions or number of
areas contacted (e.g., Benson-Amram and
Holekamp 2012; Griffin et al. 2014; Overington
et al. 2011). More recently however, researchers
have developed an index that takes into account
both the number of different motor actions and the
relative frequency with which they are expressed
(Diquelou et al. 2016; Griffin and Diquelou
2015). Both a higher number of actions expressed,
and even probabilities of each one occurring,
serve to raise motor flexibility. Several studies
have now shown that motor flexibility explains a
significant proportion of interindividual and inter-
species variation in innovative problem solving

(Benson-Amram and Holekamp 2012; Diquelou
et al. 2016; Griffin et al. 2014; Overington
et al. 2011).

To simulate the effects of motor flexibility on
problem solving, Guez and Griffin (2016)
recently developed a computational model to
examine the combined effects of motor flexibility,
learning, and persistence on problem-solving per-
formance by a hypothetical agent. First, an agent
was assigned four possible motor actions, with
only three leading to task solving. The probability
of expression of each motor action was either
skewed toward one motor action to simulate low
motor flexibility or evenly distributed between the
four motor actions to simulate the effects of high
motor flexibility. Guez and Griffin (2016) then
integrated the effects of learning by allowing
expression probabilities to change each time a
secondary cue occurred, whereas changes in per-
sistence in response to secondary cues were sim-
ulated bymaking another attempt more likely. The
simulations revealed a positive effect of learning
on problem-solving performances in cases where
secondary cues were very common and the
change in motor frequencies each time a move-
ment cue occurred were very large. In most other
modeled scenarios, increases in persistence
improved problem solving more than learning.
These simulations suggest that problem solving
might often be caused by a combination of motor
flexibility combined with changes in perseverance
induced by secondary cues, placing variation in
innovativeness at the individual level firmly
within the realm of random motor variation rather
than any variation in information processing
capacity.

Conclusions

Avian innovation counts are thought to provide a
direct measure of cognition. Some researchers
have gone a step further to assert that
interindividual variation in innovation propensity
is a measure of cognitive ability. A small body of
evidence suggests that innovation propensity is a
repeatable individual attribute. However, this
interindividual variation appears not to be reliably
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associated with interindividual variation in learn-
ing in either empirical work or simulations. In
contrast, task-directed motivation and motor flex-
ibility are more reliably associated with innova-
tive problem solving. Interindividual variation
provides the raw material for the evolution of
cross-taxon differences. How then can the consis-
tently positive associations between cognition and
innovation found in the cross-taxon comparisons
be reconciled with the mixed patterns of associa-
tions between innovative problem solving and
learning performance at the within-species level?
It has been argued that cognition and innovation
might share a correlational rather than causal rela-
tionship (Griffin and Guez 2016). In other words,
these phenotypes might covary at the cross-taxon
level, not because cognition causes innovation but
rather because, as suggested by theories of brain
and cognitive evolution and environmental
models of diet generalism, both cognition and
diet diversity undergo evolutionary selection
under conditions of environmental variability.
However, it is diet diversity, via its effects on
motor diversity, that drives innovativeness and
not enhanced cognition. Only future research
will tell.
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