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How does consciousness vary across the animal kingdom? Are some animals
‘more conscious’ than others? This article presents a multidimensional frame-
work for understanding interspecies variation in states of consciousness. The
framework distinguishes five key dimensions of variation: perceptual richness,
evaluative richness, integration at a time, integration across time, and self-
consciousness. For each dimension, existing experiments that bear on it are
reviewed and future experiments are suggested. By assessing a given species
against each dimension,we can construct a consciousness profile for that species.
On this framework, there is no single scale along which species can be ranked as
more or less conscious. Rather, each species has its own distinctive conscious-
ness profile.

The Emerging Science of Animal Consciousness
A conscious being has subjective experiences of the world and its own body. Humans are
conscious beings, but are we alone? In 2012, the Cambridge Declaration on Consciousness
crystallised a scientific consensus that humans are not the only conscious beings and that
‘non-human animals, including all mammals and birds, and many other creatures, including
octopuses’ possess neurological substrates complex enough to support conscious experiences.
This consensus has allowed debates about animal consciousness to move on from the old
question of whether any non-human animals are conscious to the questions of which animals
are conscious and what form their conscious experiences take.

In the past 5 years, an interdisciplinary community of animal consciousness researchers, drawn
from neuroscience, evolutionary biology, comparative psychology, animal welfare science, and
philosophy, has begun to coalesce around these questions, as shown, for example, by the
founding of the journal Animal Sentience in 2016 [1]. The aim of this field is to study the inner
lives of animals (their subjective experiences and feelings) in a scientifically rigorous way, on the
model of the scientific study of human consciousness.

The field faces significant methodological challenges because non-human subjects cannot ver-
bally report their experiences [2]. But if you think the absence of verbal report precludes any sci-
entific investigation of animal consciousness, you should be prepared to say the same about
consciousness in preverbal infants and patients in aminimally conscious state. Animal conscious-
ness research rests on the idea that, by synthesising the insights and methods of multiple disci-
plines, and by identifying a battery of behavioural, cognitive, and neuronal criteria for attributing
conscious states, these challenges may be overcome.

Are Some Animals ‘More Conscious’ Than Others?
At present, the field is young and beset by foundational controversy: controversy about the
criteria for consciousness and the methods for studying those criteria [3–7]. At the heart of
these debates lies a conceptual question: How can we make sense of variation in consciousness
across the animal kingdom? Does it make sense to say that some animals are ‘more conscious’
than others? Does consciousness come in degrees? If it does, how can ‘degrees of
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consciousness’ be measured and investigated? For example, could a bird be more conscious
than a fish? Could an octopus be more conscious than a bee?

In studies of disorders of consciousness in humans, the idea of ‘levels of consciousness’ has
been influential [8]. Clinicians assessing patients with disorders of consciousness assign a level
of consciousness, with coma at one end of the scale, conscious wakefulness at the other, and
various intermediate grades (such as deep sleep and light sleep) in between. It is tempting to
apply this to non-human animals. We could attempt to construct a single sliding scale of animal
consciousness, along which birds (such as corvids), fish, cephalopods (such as octopuses),
bees, and so on could all be placed.

This, however, would be a mistake. Recently, the value of the ‘levels of consciousness’ frame-
work for conceptualising disorders of consciousness in humans has been called into question
[9–13]. The main concern is that, if we try to force states of consciousness into a one- or two-
dimensional scale, we will inevitably neglect important dimensions of variation. Critics of the
‘levels’ framework argue that we should instead adopt a multidimensional framework, capturing
several different dimensions of variation.

This point carries over to the case of animal consciousness, where the variation is likely to be
even more substantial and multifaceted. If the overall conscious states of humans with disorders
of consciousness vary along multiple dimensions, we should also expect the typical, healthy
conscious states of animals of different species to vary along many dimensions. If we ask ‘Is a
human more conscious than an octopus?’, the question barely makes sense. Any single scale
for evaluating questions such as these would end up neglecting important dimensions of
variation. For this reason, we suggest that animal consciousness research should adopt a
multidimensional approach, not a single-scale approach, when thinking about variation across
the animal kingdom.

What are the main dimensions of variation we can investigate? What do we currently know about
those dimensions? What future work would help us learn more about them? Our aim here is to
propose a multidimensional framework for thinking about animal consciousness. We will highlight
five significant dimensions of variation: perceptual richness (p-richness), evaluative richness
(e-richness), integration at a time (unity) and across time (temporality), and self-consciousness
(selfhood). For each dimension, wewill briefly review existing evidence that bears on that dimension
and we will propose future work that could help us rank a given species along that dimension
(Figure 1, Key Figure). We will then consider some of the challenges for a multidimensional
framework. We turn now to our five dimensions.

P-Richness
Our first dimension of variation is p-richness (the 'p' stands for 'perceptual'). Animals vary in the
level of detail with which they consciously perceive aspects of their environment. Animals that
make fine-grained conscious discriminations in a particular sense modality (e.g., vision) can be
said to have p-rich experiences in that modality. Any measure of p-richness is specific to a
sense modality, so we should not refer to a species’ overall level of p-richness. A species might
have richer perceptual experiences than another in one modality, but less rich experiences in a
different modality. For example, given their sensory abilities, elephants are likely to have much
richer olfactory experiences than humans but less richly detailed visual experiences [14–16].

Within a given sense modality, it is possible to resolve p-richness into different components. For
example, the richness of visual experience depends on bandwidth (the amount of visual content
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experienced at any given time), acuity (the number of just-noticeable differences to which the
animal is sensitive), and categorisation power (the animal’s capacity to sort perceptual properties
into high-level categories). Does this make it impossible to develop overall evaluations of
p-richness for conscious vision? Not necessarily. If one species outperforms another with respect
to all three components, it has richer visual experiences overall. However, if the different compo-
nents of p-richness are poorly correlated (e.g., because some species have low bandwidth and
high acuity, or vice versa), we may decide that cross-species comparisons should use these
finer-grained dimensions rather than p-richness. That is an issue for further investigation.

To probe questions of p-richness rigorously, we need a way of disentangling conscious and
unconscious perception. Blindsight illustrates the difference: subjects report blindness in part of
their visual field, but they are able to use visual information about objects in that region to guide
action [17–19]. The standard interpretation of blindsight is that the subject has no conscious expe-
rience of what they perceive in the blind region. In the absence of verbal report, what provides
evidence that a particular stimulus is perceived consciously rather than unconsciously?

In broad terms, there is a neurological route and a cognitive route to evidence of conscious
perception. The neurological route involves experimentally induced blindsight. Monkeys with
lesions of the primary visual cortex, V1, have been shown to respond like humans with blindsight.

Key Figure

Hypothetical Consciousness Profiles for Elephants, Corvids, and
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Figure 1. These hypothetical profiles highlight six important dimensions of variation, with p-richness represented separately
for vision and touch. These are not finished, evidence-based profiles: they are conjectures based on current evidence. A key
goal for animal consciousness research should be to produce a much richer evidence base for the construction of
consciousness profiles and more precise ways of measuring the dimensions. Abbreviations: p-richness, perceptual
richness; e-richness, evaluative richness.
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When trained to report the presence or absence of a visual stimulus, they report its absence in a
region of their visual field, but they can still use information about that stimulus to guide action in
forced-choice tasks [19]. This leads to the following thought: if a stimulus is processed in a brain re-
gion such that damage to that region results in blindsight, then a healthy, blindsight-free animal of the
species in question probably perceives that stimulus consciously. In principle, this strategy could be
extended to non-mammals, based on identifying homologues or analogues of V1 in those animals.
While blindsight solely concerns vision, there is some evidence for parallel phenomena in hearing
and olfaction [20,21]. The drawback to this neurological route is that it is invasive and difficult.

The cognitive route involves looking for cognitive tasks that are linked to conscious perception in
humans and then testing how well the target species of animal performs those tasks when the
stimuli are presented in a particular modality. Various forms of learning have been linked to
conscious perception [22,23]. One important example is trace conditioning, a version of classical
conditioning in which the conditioned and unconditioned stimuli are separated in time. For
instance, a tone may be followed, a second later, by a blast of air in your eye. There is evidence
that humans learn the association between the tone and the blast only if they consciously expe-
rience the stimuli and the temporal relation between them [24,25]. This points to a possible link
between conscious perception and the learning of temporal relations. If we find that an animal
is able to do trace conditioning on some stimulus, then that is some evidence, albeit not conclu-
sive evidence, that it consciously perceives that stimulus [26,27]. This cognitive route is likely to be
easier and cheaper to apply to a wide range of animals. Whichever route we take, one crucial
challenge is to design tests that push an animal’s conscious perception to the limit, inducing
maximally p-rich experiences. To achieve this, the stimuli need to be carefully tailored to the
animal’s sensory abilities and ecology.

E-Richness
The second dimension of variation is e-richness (the 'e' stands for 'evaluative'). Some conscious
emotions, such as pain, fear, grief, and anxiety, feel bad. These are affective experiences with neg-
ative valence. Others, such as pleasure, joy, comfort, and love, feel good. These are affective expe-
riences with positive valence. All affective responses have positive or negative valence. Valence
provides ‘an evaluative “common currency” for use in affectively-based decision making’ [28]. An-
imals are likely to vary in the richness of their experiences of valence. We think valence is likely to
prove a particularly useful concept for understanding variation because, while it may be dubious
to attribute specific human emotions (such as anxiety and grief) to a wide range of animals, valence
must be present wherever there is affect-based decision making. Some human emotions, such as
thirst, hunger, and pain, are plausibly shared by a wide range of animals [29], but we do not want to
take this for granted.

Finding out how positive and negative valence are produced in an animal, and how these processes
vary across taxa, should be a central goal of animal consciousness research. Assuming that all
conscious animals have an evaluation system of one sort or another, there remains room for grades
of sophistication. Some animals may be constantly evaluating small changes in their internal states
and external surroundings, as we do, whereas others may respond only to more substantial
changes. Like p-richness, e-richness has more than one component. Rich affect-based decision
making takes many inputs into account at once (evaluative bandwidth) and is sensitive to small
differences in those inputs (evaluative acuity). If these components turn out to be poorly correlated,
we may decide that cross-species comparisons need to use finer-grained dimensions.

Experiments probing motivational trade-offs can provide insight into how evaluation systems
vary. In one such experiment, rats (Rattus norvegicus domestica) were presented with an
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opportunity to access a sugar solution by entering a cold chamber [30]. The rats traded off the
sugar content of the solution against the temperature of the chamber: all else being equal, they
were willing to withstand colder temperatures to get sweeter rewards. This is evidence of an eval-
uative common currency: the value of sugar is weighed subtly against the disvalue of cold. Is it
also evidence of conscious experience of the currency? It is relevant that the trade-off is
crossmodal: this is not an animal evaluating options using information from a single sense, but
an animal weighing the taste of a liquid against the temperature of the ambient environment.
This requires the crossmodal integration of information, which has often been linked to con-
sciousness, although it may not strictly require it [31,32].

Similar experiments have been done on iguanas (Iguana iguana) [33] and hermit crabs (Pagurus
bernhardus) [34,35], with similar results. What is lacking, so far, is interspecies comparisons of the
sophistication of the evaluations being made by different species and investigations of how
sophisticated the evaluations need to be to indicate conscious affect. The motivational trade-
off paradigm has great potential and should be a priority for future work.

Integration at a Time (Unity)
Conscious experience in healthy adult humans is highly unified. You have a single perspective on
the world and everything of which you are consciously aware is part of that perspective. All the
experiences generated by your brain have a common subject. There are not two or more subjects
housed within the same skull.

Psychologists have long been fascinated by pathologies, such as the split-brain syndrome, in
which this unity apparently breaks down [36,37]. Subjects who have had the corpus callosum
wholly or partially severed sometimes display disunified behaviour when different stimuli are pre-
sented to the two halves of the visual field. If these subjects are asked to verbally describe what
they see, they will report what is visible on the right-hand side of their visual field. This is because
language is predominantly controlled by the brain’s left hemisphere, which only has access to
visual information from the right-hand side. Yet, when asked to draw with the left hand what
they see, they will draw what is visible on the left-hand side of the visual field. This is because
the left hand is predominantly controlled by the right hemisphere, which only has access to visual
information from the left-hand side. This disunity of behaviour leads to a debate about whether
experience itself is also disunified. Could there be two subjects within one skull? [36–39].

The same questions can be asked of non-human animals. Birds are particularly interesting in this
respect because they are natural split-brains. They have no structure akin to the corpus callosum
connecting the two hemispheres of the dorsal pallium, which is homologous to the cortex in
mammals [40]. Could every bird be a pair of conscious subjects, intimately cooperating with
each other? A similar debate arises with respect to the cerebral ganglia and brachial plexus
(a nerve ring around the top of the arms) of the octopus [23,41–43]. These structures are
connected, but they have some degree of functional autonomy from each other. Could an
octopus have two, or even nine, conscious perspectives on the world? Current evidence does
not settle these questions; our aim is only to raise them.

What provides evidence that an animal has a single, unified perspective as opposed to multiple
perspectives? It is crucial to investigate cognition as well as neuroanatomy. Here we can draw
inspiration from experiments on split-brain humans. One paradigm involves training an animal
to perform a task in response to a stimulus presented to one eye and seeing whether the task
can still be performed when the stimulus is presented to the other eye: interocular transfer. In
pigeons (Columbia livia), the visual field for each eye can be divided into two regions: the red
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field, which is the lower frontal region important for guiding pecking, and the yellow field, which
covers the upper frontal and lateral regions. There can be interocular transfer between the red
fields of each eye, but there seems to be no interocular transfer between the yellow fields in nearly
all individuals [44]. Some particular individuals can do it, but no one knows why [44].

There is a need for more experiments that investigate the integration of the two visual hemifields
and the related question of whether information presented to one hemisphere is accessible for
the guidance of actions controlled by the other. For cephalopods, there is a further question
about the extent to which information presented to the arms is accessible to the brain, or vice
versa. The existing evidence in corvids and cephalopods presents a complicated picture, with
some studies pointing towards surprising dissociations and others indicating substantial integra-
tion (Boxes 1 and 2).

Clues regarding the unity of consciousness may also come from unihemispheric sleep. If one
hemisphere sleeps while the other is awake, that is suggestive of more than one stream of
consciousness, though not conclusive. This has been observed not only in various birds, but
also in dolphins and seals [45].

Integration across Time (Temporality)
Normal human experience is highly integrated across time. Our experience of the world takes the
form of a continuous stream, one moment flowing into the next [46,47]. For example, we experi-
ence the leaves of a tree blowing in the wind; we do not infer the motion from a series of static
snapshots. Human experience is also temporally integrated across longer timescales. We are
able to recall past experiences and simulate future experiences, a form of ‘mental time travel’
[48]. Let us call this dimension temporality.

What could constitute evidence for a temporally integrated stream, rather than a staccato series
of fragmented experiences? One possibility is to look for mechanisms that edit sensory input to
produce a coherent, continuous stream from discontinuous stimuli. In humans, evidence for
such mechanisms comes from the colour-phi illusion, in which two spatially separated, differently
coloured dots flashed in sequence are perceived as a single moving dot that changes colour half-
way across the gap [49]. The brain is not simply mistaking two static stimuli for a moving stimulus:
it is constructing a coherent account of how the stimulus is changing. Colour-phi has received a
great deal of discussion in the philosophy of consciousness [50]. Whatmatters here is simply that,
if we found colour-phi in non-human animals, this would be evidence that they too have mecha-
nisms that transform a series of discrete stimuli into a coherent experience of change. Although
our evidence of colour-phi in humans comes from verbal report, it is possible in principle to
study colour-phi in the absence of verbal criteria [51]. Animals could be trained to respond differ-
ently to perceptions of continuous and discrete stimuli and to stimuli that change colour half-way
and stimuli that do not. We could then present them with a colour-phi test stimulus, gradually
reducing the interstimulus interval. Would there be a threshold at which the animal switched
from categorising the stimulus as discrete to categorising it as continuous and would the animal
categorise the stimulus as one that changes colour half-way?

Turning to integration over longer timescales, what provides evidence for conscious mental time
travel? This higher grade of temporality probably requires substantial cognitive sophistication.
The most promising places to look for it are great apes, cetaceans, corvids (Box 1), and cepha-
lopods (Box 2). The evidence for mental time travel in corvids is particularly strong. Corvids are
able to produce rich and flexible representations of past events and prepare for specific future
scenarios [52]. For example, California scrub-jays (Aphelocoma californica) plan ahead when
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making decisions about where to store food [53], and there is evidence that ravens (Corvus corax)
plan ahead when offered tools or tokens that they will need later for a task that they would never
have encountered in the wild [54]. There is evidence that some corvids can plan spontaneously,
and such future-oriented behaviours cannot be solely explained through reinforcement learning

Box 1. Current Evidence and Open Questions: Corvids
P-richness: corvids possess rich colour and UV vision [77,78] with superb motion sensitivity [79]. Their vision supports
sophisticated cognitive behaviours. For example, New Caledonian crows possess binocular overlap that supports tool
manufacture and tool-use [80]. Other corvid species rely on vision to recognise specific individuals [81] and to observe
where other birds have hidden food caches [82]. Their keen auditory abilities allow for communication through a rich array
of calls and songs [83].

E-richness: various corvid species exhibit play behaviour, which is often linked to positive emotions. For example, corvids
have been observed repeatedly sliding down steep snow-covered inclines on a plastic lid [84]. Behaviours suggestive of
negative emotions have also been reported. When exposed to models of dead conspecifics, crows recruit neighbours
to the scene [85]. Ravens (Figure IA) show a pessimism bias after being exposed to a conspecific in a negative state,
resembling emotional contagion [86]. Future research should focus on whether such behaviours involve experiences of
anxiety, fear, stress, or grief.

Unity: corvids process information bilaterally: one brain hemisphere exerts dominant control over specific functions. During
spatial memory tasks, the right eye system shows a preference for object-specific cues and the left eye system for spatial
cues [87]. New Caledonian crows prefer a specific foot during tool manufacturing/use [88]. There is also evidence of
lateralised emotional processing [89]. The implications of lateralization for the unity of consciousness require further
investigation.

Temporality: corvids remember the ‘what, where, and when’ of past events (episodic-like memory) and anticipate future
scenarios. California scrub-jays discriminately retrieve items based on what they remember they had cached, where they
cached it, and when [90]. They show flexibility in the temporal patterns they can learn: they can learn that food is inedible
after a short interval but will ‘ripen’ after a long interval [91]. Caching decisions are based on future planning. After
experiencing that one room never contained breakfast and one room always offered breakfast, jays spontaneously cached
in the room that did not offer breakfast [53].

Selfhood: magpies have passed the mirror-mark test [69]. There is also evidence that corvids recognise that they have
different perspectives/desires from others. For example, jays use information from their own experience as a pilferer to
make inferences about opportunities for theft by others [74]. Male Eurasian jays (Figure IB) feed their female partner the
food she would like to eat, adapting to her changing desires [92]. Further research is required to explore the link between
these abilities and self-consciousness.

TrendsTrends inin CognitiveCognitive SciencesSciences

Figure I. Two Corvid Species Commonly Used in Comparative Cognition Research. (A) Ravens © User: Colin/
Wikimedia Commons/CC BY-SA 4.0; (B) Eurasian jay © Mrs Airwolfhound/Flickr/CC BY-ND 2.0.
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[53]. Although these results have been criticised [55,56], we regard spontaneous planning as a
promising nonverbal indicator of conscious temporal integration.

There is a need for more evidence that planning and remembering in animals involves conscious
simulation. What form could this evidence take? If an animal can remember the source of a
memory (e.g., vision or smell) and not just the content, that is suggestive of conscious recall,
though not conclusive [57]. In humans, a simulated episode (for example, walking across a
room) unfolds over the same length of time as a perceptual experience of the same episode

Box 2. Current Evidence and Open Questions: Cephalopods
P-richness: cephalopods possess rich visual and chemo-tactile perception. Although colour-blind [93,94], they are
sensitive to polarised light [95] and can discriminate between patterns of different contrast [96], size, and shape [97]. They
dynamically adjust their body patterns to a wide range of backgrounds, requiring a visual system that can process complex
scenes [98]. Cephalopods possess chemoreceptors on their suckers [99,100], which are thought to facilitate a taste-by-
touch ability [101].

E-richness: play, a behaviour linked to positive emotion, has frequently been reported in octopuses (Figure IA) [102,103].
For example, they have been observed manipulating plastic bottles with jets of water, repeating the behaviour when the
current brings the bottles back [104]. What about pain? Octopuses and squid possess sensory neurons that encode
noxious stimuli [105–107]. Further research is required to assess whether they experience a conscious, pain-like state,
but there is a serious risk that they do.

Unity: cephalopods process information bilaterally: specific cognitive functions are processed by either the left or right side
of the brain [108,109]. For example, cuttlefish (Figure IB) predominantly use their right eye and associated neural structures
to adjust the brightness of their camouflage [110]. However, a recent study showed that cuttlefish rely on stereopsis (depth
perception, achieved by integrating information from both eyes) when hunting [111], suggesting that visual information
from the two eyes is sometimes integrated. Octopuses prefer different arms for different activities and their arms appear
to function partly independently of the brain. Each arm has a self-recognition mechanism that prevents interference with
other arms [112]. The question of whether cephalopods possess multiple conscious perspectives remains open.

Temporality: cuttlefish integrate experiences across time to guide behaviour. They remember the ‘what, where, and when’
of past events (episodic-like memory). They search for prey depending on what they had previously eaten, where they had
sourced their previous meal, and how much time had elapsed since that meal [113]. They adjust foraging behaviour by
whether, on a previous occasion, they had seen or smelled the prey [57]. They can also use near-future expectations to
modify behaviour: if they expect shrimp to be available later, they will eat less crab now [114].

Selfhood: there is no compelling evidence of cephalopods possessing self-recognition [115], but the question calls for
systematic exploration. Their sophisticated abilities to camouflage, disguise themselves as inanimate objects [116], and
mimic unappetising/venomous animals [117] (or even algae, as in Figure IA), suggest some grasp of how their body
appears to others.

TrendsTrends inin CognitiveCognitive SciencesSciences

Figure I. Two Cephalopod Groups That Are Suitable Candidates for Investigating Consciousness.
(A) Octopus © dynamofoto, used under license; (B) cuttlefish © Alexandra Schnell.
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[58,59]. If we found evidence that the mental rehearsal of future actions unfolds over the same
length of time as the actions themselves, this would be evidence of something strikingly close
to human mental time travel.

Self-Consciousness (Selfhood)
Self-consciousness, or selfhood, is the conscious awareness of oneself as distinct from the world
outside. Like all the other dimensions, this is a capacity that admits of gradations [60,61]. A min-
imal level of self-consciousnessmay be present in a wide range of animals. It involves registering a
difference between self and other: registering some experiences as representing internal bodily
events and other experiences as representing events in an external world. Any complex, actively
mobile animal needs a way of disentangling changes to its sensory input that are due to its own
movements from changes due to events in the world [43,62–64].

A more sophisticated grade of self-consciousness involves awareness of one’s own body as a
persisting object that exists in the world [65]. This capacity is plausibly needed to pass a
mirror-mark test, in which the test subject is able to recognise a mark seen in a mirror as a
mark on its own body. Chimpanzees (Pan troglodytes) [66], bottlenose dolphins (Tursiops
truncatus) [67], Asian elephants (Elephasmaximus) [68], andmagpies (Pica pica) [69] have report-
edly passed such a test. A striking study in 2019 reported that a fish, the cleaner wrasse
(Labroides dimidiatus), can also pass the test [70]. Fish able to view a coloured mark on their
throat in the mirror were much more likely to exhibit throat-scraping behaviour, as if to remove
a parasite, than fish who had transparent marks or no access to a mirror. These results are
controversial [71], but they suggest that the grade of self-consciousness required to pass the
mirror-mark test is possessed by a wide range of animals.

This falls short of a yet more sophisticated grade of self-consciousness, which involves awareness
of oneself as the persisting subject of a stream of experiences, distinct from other such subjects.
This is an ability related to mindreading (or theory-of-mind). It involves turning mindreading inward,
to recognise oneself as the subject of mental states. We take this to be a form of metacognition,
although the relation betweenmetacognition and mindreading is contested [72]. Humans possess
this grade and there is (debated) evidence to suggest that non-human apes [73] and corvids
[74,75] possess some mindreading ability. However, there is very little evidence of the ‘turning
inward’ of mindreading. Evidence that animals can make experience projections, inferences from
what they experience in a particular situation to what others will experience, bears on this question.
Such evidence has recently been found in great apes. In a study involving chimpanzees, bonobos
(Pan paniscus), and orangutans (Pongo genus), only apes who had themselves experienced a
barrier as opaque were able to infer that others would not see objects on the other side of it [76].

Challenges for a Multidimensional Framework
A multidimensional approach to animal consciousness faces several key challenges. One is to
find dimensions at the right grain of analysis. If our goal were to capture all interesting variation
in conscious states, we would never have enough dimensions. We have to be pragmatic. The
five dimensions discussed previously are intended as top-level categories that can help us coor-
dinate inquiry into finer-grained variation. As noted in the sections on p-richness and e-richness,
there may well be ways of resolving our top-level dimensions into new spaces of further,
finer-grained dimensions. We welcome debate on the issue of whether our five dimensions
achieve the appropriate grain of analysis.

A second challenge is to make sure the dimensions are distinct enough from each other. What is
not required is that the dimensions should be completely uncorrelated. If one dimension is found
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to correlate positively with another, this is an interesting result, not a problem. For example, it may
turn out that temporality is correlated with selfhood, because richer forms of temporal integration
enable a species to evolve a higher grade of self-consciousness. This is a hypothesis worthy of
further investigation. It does, however, matter that the dimensions are conceptually distinct
from each other (that they are not the same thing described in two different ways). We have
tried to ensure that our dimensions are conceptually distinct. For example, although temporality
and selfhood may be correlated, they are different concepts: it is conceivable that an animal
could have a richly temporally integrated stream of experiences without any awareness of itself

Table 1. Current Experimental Paradigms for Investigating Dimensions of Animal Consciousness.a

Dimension Experimental paradigm Question being investigated Refs

P-richness Induced blindsight Can blindsight-like phenomena be induced in the animal through lesions to specific brain regions?
If so, what information typically reaches those regions? (Drawback: highly invasive).

[19]

Discrimination learning Can the animal learn to respond differently to very slight differences between stimuli (and how small
can the differences be)?

[118]

Reversal learning When stimulus contingencies are reversed, can the animal rapidly learn that they have been
reversed? This is potentially linked to consciousness in humans.

[119,120]

Trace conditioning Can the animal still learn stimulus contingencies when the stimuli are separated by a temporal gap?
This is potentially linked to consciousness in humans.

[24,27]

E-richness Motivational trade-off Does the animal weigh different needs against each other in a ‘common currency’ to make flexible
decisions?

[30,33–35]

Outcome devaluation
and revaluation

If the value to the animal of a reward is manifestly changed, will the animal change its behaviour
quickly?

[121]

Cognitive bias Does the animal respond differently to novel stimuli depending on its affective state? [122]

Emotional contagion Is the animal susceptible to ‘catching’ the emotions of other individuals? [123]

Unity Interocular transfer If the animal is conditioned to respond to a stimulus presented in one visual hemifield, can the
same response be elicited by presenting it to the other hemifield?

[44]

Meta-control If the two visual hemifields are presented with conflicting information, can the animal resolve the conflict? [124]

Crossmodal integration Can the animal integrate information from different sense modalities (e.g., vision and hearing?) [125]

Visuo-spatial bias Does the animal exhibit visuo-spatial biases in behaviour (e.g., a preference for using a particular
eye to guide a particular task?)

[108,126]

Multitasking When given two tasks simultaneously (e.g., foraging and watching for predators), does the animal
divide the labour between the two hemispheres?

[126]

Electroencephalograph
studies of sleep

Does the animal exhibit unihemispheric or bihemispheric sleep? [45]

Temporality
(timescales b1 s)

Apparent motion Can the animal respond differently to moving and static images? Can it make inferences from video
images to real moving objects and vice versa?

[127]

Temporality
(timescales N1 s)

Episodic-like memory Can the animal simultaneously remember ‘what’, ‘where’, and ‘when’ about a specific past event? [128]

Source memory Can the animal remember information about how a memory was acquired (e.g., by vision or by smell)? [57]

Memory integration Can the animal update old memories with new information? [90]

Future planning Can the animal flexibly and spontaneously plan for a future event, and for future desires, without
relying on reinforcement learning?

[129]

Selfhood Mirror-mark Does the animal recognise a mark seen in a mirror as a mark on its own body? [66–70]

Body awareness Can the animal recognise the position of its own body as a potential obstacle to success in a task? [130]

Experience projection Can the animal predict how others are likely to behave in a scenario on the basis of a specific past
experience it had in the same scenario?

[74,76]

aA list of established experimental paradigms with the potential to provide insight into p-richness, e-richness, unity, temporality, and selfhood. There is continuing debate
regarding the implications of these paradigms for questions about conscious experience. Inferences to properties of conscious states will be stronger when based on a
battery of convergent experimental results from different paradigms. We restrict our attention here to established paradigms (see the main text for suggestions for future
work).
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as the subject of those experiences, and it is conceivable that an animal could have temporally
fragmented ‘staccato’ experiences while being aware of itself as the subject of those fragments.

A third challenge is to find dimensions that facilitate informative comparisons between species.
We hope it will ultimately be possible to devise a standardised battery of tests that generate a
ranking of species on each dimension, but we are not there yet. That is a big challenge for the
future (see Table 1 for experimental paradigms with the potential to provide some insight). Our
aim has been to present dimensions that allow for fruitful experimental investigation, in the
hope of stimulating further discussion about how we might try to rank species along these
dimensions.

Concluding Remarks
Our five dimensions of animal consciousness vary across and within species. Instead of thinking
about variation between species in terms of levels of consciousness, we should think about
multidimensional consciousness profiles.

We are not yet in a position to construct numerical measures of all five dimensions. What we can
do is make broad, evidence-based comparisons. For example, neuroanatomical considerations
suggest that conscious experience in mammals (which have a corpus callosum) may be more
highly unified than in birds (which do not) and that experience in birds may be more highly unified
than in cephalopods. This conjecture may be overturned by more detailed evidence, but it is a
starting point. Comparisons of this type can be made along all five dimensions, allowing us to
build up consciousness profiles that tell us where a species is most likely to fit in the space of pos-
sible forms of experience, given the evidence we currently have (see Figure 1 for a conjectural
starting point, intended to illustrate the general idea of a consciousness profile). A summary of
the current evidence regarding corvids and cephalopods is given in Boxes 1 and 2.

We are still some way from being able to construct detailed, evidence-based consciousness pro-
files for a wide range of species (see Outstanding Questions). Our aim here has been to make a
case for the value of consciousness profiles in preference to the idea of a single sliding scale on
which some animals are considered more or less conscious than others.

Acknowledgements
J.B. thanks Eva Jablonka, Jennifer Mather, Peter Godfrey-Smith, the ‘Evolving Minds’ reading group at the London School
of Economics and Political Science, and audiences in Seattle and Cambridge for their comments and advice. All authors
thank three anonymous reviewers and the editor for their valuable feedback. J.B.’s research is funded by the European Re-
search Council (ERC) under the European Union’s (EU) Horizon 2020 research and innovation program (Grant agreement No.
851145). A.K.S.’s research is funded by the Royal Society (Grant agreement No. NIF\R1\180962). N.S.C.’s research is funded
by the ERC under the EU’s Seventh Framework program (FP7-2007-2013) (Grant agreement No. 3399933).

References
1. Harnad, S. (2016) Animal sentience: the other minds problem.

Anim. Sent. 2016, 1
2. Boly, M. et al. (2013) Consciousness in humans and non-

human animals: recent advances and future directions. Front.
Psychol. 4, 625

3. Key, B. (2016) Why fish do not feel pain. Anim. Sent. 3, 1
4. Woodruff, M.L. (2017) Consciousness in teleosts: there is

something it feels like to be a fish. Anim. Sent. 13, 1
5. Barron, A.B. and Klein, C. (2016) What insects can tell us about

the origins of consciousness. Proc. Natl. Acad. Sci. U. S. A. 113,
4900–4908

6. Adamo, S.A. (2016) Consciousness explained or conscious-
ness redefined? Proc. Natl. Acad. Sci. U. S. A. 113, E3812

7. Michel, M. (2019) Fish and microchips: on fish pain and multi-
ple realization. Philos. Stud. 176, 2411–2428

8. Laureys, S. (2005) The neural correlate of (un)awareness:
lessons from the vegetative state. Trends Cogn. Sci. 9,
556–559

9. Bayne, T. and Carter, O. (2018) Dimensions of conscious-
ness and the psychedelic state. Neurosci. Conscious.
2018, niy008

10. Bayne, T. et al. (2017) Reforming the taxonomy in disorders of
consciousness. Ann. Neurol. 82, 866–872

11. Bayne, T. et al. (2016) Response to Fazekas and Overgaard:
degrees and levels. Trends Cogn. Sci. 20, 716–717

12. Fazekas, P. and Overgaard, M. (2016) Multidimensional
models of degrees and levels of consciousness. Trends
Cogn. Sci. 20, 715–716

13. Bayne, T. et al. (2016) Are there levels of consciousness?
Trends Cogn. Sci. 20, 405–413

Outstanding Questions
In the absence of verbal report, what
constitutes evidence that a particular
stimulus is perceived consciously
rather than unconsciously by an
animal? Can we develop tests for
conscious perception based on
cognitive abilities, such as trace
conditioning, that are linked to
conscious perception in humans?

How does the sophistication and
flexibility of affect-based decision mak-
ing vary across the animal kingdom
and how can we measure and quantify
the variation? Are there specific types
of flexible decisionmaking that indicate
conscious affect?

Can we adapt experiments designed
to probe the split-brain syndrome in
humans to explore the unity of con-
sciousness in animals? What can we
infer about the unity of consciousness
from the extensive lateralization of bird
brains? How can we test for the pres-
ence of two (or more) conscious per-
spectives in an animal?

Which animals (if any) have mechanisms
that edit incoming stimuli for coherence
and continuity, creating a flowing
stream of consciousness? Can we
find evidence in animals of illusions,
such as the colour-phi phenomenon,
that rely on this type of editing?

How can we show that animals are
consciously simulating future scenarios
and consciously reliving episodic
memories? Can we show that, in
some cases, the simulation or memory
unfolds over the same length of time
as the real, sensory experience of the
same event would?

How can we go beyond the mirror-
mark test to find evidence of higher
grades of self-consciousness? How
can we test for experience projection
in a wider range of animals?

How should we aggregate evidence
concerning p-richness, e-richness,
unity, temporality, and selfhood to con-
struct evidence-based consciousness
profiles? Is there a principled way to
score animals along these dimensions
to allow quantitative comparisons?

Trends in Cognitive Sciences

Trends in Cognitive Sciences, Month 2020, Vol. xx, No. xx 11



14. Plotnik, J.M. et al. (2013) Visual cues given by humans are not
sufficient for Asian elephants (Elephas maximus) to find hidden
food. PLoS One 8, e61174

15. Plotnik, J.M. et al. (2019) Elephants have a nose for quantity.
Proc. Natl. Acad. Sci. U. S. A. 116, 12566

16. von Dürckheim, K.E. et al. (2018) African elephants (Loxodonta
africana) display remarkable olfactory acuity in human scent
matching to sample performance. Appl. Anim. Behav. Sci.
200, 123–129

17. Ajina, S. and Bridge, H. (2017) Blindsight and unconscious
vision: what they teach us about the human visual system.
Neuroscientist 23, 529–541

18. Overgaard, M. (2011) Visual experience and blindsight: a
methodological review. Exp. Brain Res. 209, 473–479

19. Cowey, A. (2010) The blindsight saga. Exp. Brain Res. 200,
3–24

20. Garde, M.M. and Cowey, A. (2000) “Deaf hearing”: unacknowl-
edged detection of auditory stimuli in a patient with cerebral
deafness. Cortex 36, 71–79

21. Zucco Gesualdo, M. et al. (2014) From blindsight to blindsmell:
a mini review. Transl. Neurosci. 6, 8–12

22. Birch, J. (2019) In search of the origins of consciousness. Acta
Biotheor. 68, 287–294

23. Ginsburg, S. and Jablonka, E. (2019) The Evolution of the
Sensitive Soul: Learning and the Origins of Consciousness,
MIT Press

24. Clark, R.E. et al. (2002) Classical conditioning, awareness, and
brain systems. Trends Cogn. Sci. 6, 524–531

25. Clark, R.E. and Squire, L.R. (1998) Classical conditioning and
brain systems: the role of awareness. Science 280, 77–81

26. Allen, C. (2004) Animal Pain. Noûs 38, 617–643
27. Allen, C. (2017) Associative learning. In TheRoutledge Handbook

of Philosophy of Animal Minds (Andrew, K. and Beck, J., eds),
Routledge

28. Carruthers, P. (2018) Valence and value. Philos. Phenomenol.
Res. 97, 658–680

29. Denton, D. (2006) The Primordial Emotions: The Dawning of
Consciousness, Oxford University Press

30. Balasko, M. and Cabanac, M. (1998) Motivational conflict
among water need, palatability, and cold discomfort in rats.
Physiol. Behav. 65, 35–41

31. Mudrik, L. et al. (2014) Information integration without aware-
ness. Trends Cogn. Sci. 18, 488–496

32. Dehaene, S. (2014) Consciousness and the Brain: Deciphering
How the Brain Encodes Our Thoughts, Viking

33. Balasko, M. and Cabanac, M. (1998) Behavior of juvenile
lizards (Iguana iguana) in a conflict between temperature regu-
lation and palatable food. Brain Behav. Evol. 52, 257–262

34. Appel, M. and Elwood, R.W. (2009) Motivational trade-offs and
potential pain experience in hermit crabs. Appl. Anim. Behav.
Sci. 119, 120–124

35. Elwood, R.W. and Appel, M. (2009) Pain experience in hermit
crabs? Anim. Behav. 77, 1243–1246

36. Volz, L.J. and Gazzaniga, M.S. (2017) Interaction in isolation:
50 years of insights from split-brain research. Brain 140,
2051–2060

37. de Haan, E.H.F. et al. (2020) Split-brain: what we know now
and why this is important for understanding consciousness.
Neuropsychol. Rev. 30, 224–233

38. Pinto, Y. et al. (2017) The split-brain phenomenon revisited: a
single conscious agent with split perception. Trends Cogn.
Sci. 21, 835–851

39. Schechter, E. (2018) Self-Consciousness and “Split” Brains:
The Minds’ I, Oxford University Press

40. Güntürkün, O. and Bugnyar, T. (2016) Cognition without
cortex. Trends Cogn. Sci. 20, 291–303

41. Carls-Diamante, S. (2017) The octopus and the unity of
consciousness. Biol. Philos. 32, 1269–1287

42. Mather, J. (2019) What is in an octopus’smind? Anim. Sentience
26, 1

43. Godfrey-Smith, P. (2016) Other Minds: The Octopus, the Sea
and the Deep Origins of Consciousness, Farrar, Strauss and
Giroux

44. Ortega, L.J. et al. (2008) Limits of intraocular and interocular
transfer in pigeons. Behav. Brain Res. 193, 69–78

45. Mascetti, G.G. (2016) Unihemispheric sleep and asymmetrical
sleep: behavioral, neurophysiological, and functional perspec-
tives. Nat. Sci. Sleep 8, 221–238

46. James, W. (1890) The Principles of Psychology, Henry Holt
and Company

47. Dainton, B. (2018) Temporal consciousness. In The Stanford
Encyclopedia of Philosophy (Zalta, E.N., ed.), Stanford
University

48. Michaelian, K. (2016) Mental Time Travel: Episodic Memory
and Our Knowledge of the Personal Past, MIT Press

49. Kolers, P.A. and von Grünau, M. (1976) Shape and color in
apparent motion. Vis. Res. 16, 329–335

50. Dennett, D.C. (1991) Consciousness Explained, Little, Brown
and Company

51. Staddon, J.E.R. (2000) Consciousness and theoretical behav-
iorism. Am. Zool. 40, 874–882

52. Jelbert, S.A. and Clayton, N.S. (2017) Comparing the non-
linguistic hallmarks of episodic memory systems in corvids
and children. Curr. Opin. Behav. Sci. 17, 99–106

53. Raby, C.R. et al. (2007) Planning for the future by western
scrub-jays. Nature 445, 919–921

54. Kabadayi, C. and Osvath, M. (2017) Ravens parallel great apes
in flexible planning for tool-use and bartering. Science 357, 202

55. Suddendorf, T. and Corballis, M.C. (2010) Behavioural evi-
dence for mental time travel in nonhuman animals. Behav.
Brain Res. 215, 292–298

56. Redshaw, J. et al. (2017) Flexible planning in ravens? Trends
Cogn. Sci. 21, 821–822

57. Billard, P. et al. (2020) Cuttlefish retrieve whether they smelt or
saw a previously encountered item. Sci. Rep. 10, 1–7

58. Decety, J. et al. (1989) The timing of mentally represented
actions. Behav. Brain Res. 34, 35–42

59. Carruthers, P. (2013) Evolution of working memory.
Proc. Natl. Acad. Sci. U. S. A. 110, 10371

60. de Waal, F.B.M. (2019) Fish, mirrors, and a gradualist perspec-
tive on self-awareness. PLoS Biol. 17, e3000112

61. DeGrazia, D. (2009) Self-awareness in animals. In ThePhilosophy
of Animal Minds (Lurz, R.W., ed.), pp. 201–217, Cambridge
University Press

62. Hurley, S.L. (1998) Consciousness in Action, Harvard University
Press

63. Merker, B. (2005) The liabilities of mobility: a selection pressure
for the transition to consciousness in animal evolution.
Conscious. Cogn. 14, 89–114

64. Trestman, M. (2017) Minds and bodies in animal evolution. In
The Routledge Handbook of Philosophy of Animal Minds
(Andrew, K. and Beck, J., eds), Routledge

65. Boyle, A. (2018) Mirror self-recognition and self-identification.
Philos. Phenomenol. Res. 97, 284–303

66. Anderson, J.R. and Gallup Jr., G.G. (2015) Mirror self-
recognition: a review and critique of attempts to promote and
engineer self-recognition in primates. Primates J. Primatol.
56, 317–326

67. Morrison, R. and Reiss, D. (2018) Precocious development of
self-awareness in dolphins. PLoS One 13, e0189813

68. Plotnik, J.M. et al. (2006) Self-recognition in an Asian elephant.
Proc. Natl. Acad. Sci. U. S. A. 103, 17053

69. Prior, H. et al. (2008) Mirror-induced behavior in the
magpie (Pica pica): evidence of self-recognition. PLoS
Biol. 6, e202

70. Kohda, M. et al. (2019) If a fish can pass the mark test, what
are the implications for consciousness and self-awareness
testing in animals? PLoS Biol. 17, e3000021

71. Gallup Jr., G.G. and Anderson, J.R. (2020) Self-recognition in
animals: where do we stand 50 years later? Lessons from
cleaner wrasse and other species. Psychol. Conscious. Theory
Res. Pract. 7, 46–58

72. Carruthers, P. (2009) How we know our own minds: the rela-
tionship between mindreading and metacognition. Behav.
Brain Sci. 32, 121–138

73. Krupenye, C. and Call, J. (2019) Theory of mind in animals:
current and future directions. WIREs Cogn. Sci. 10, e1503

74. Emery, N.J. and Clayton, N.S. (2001) Effects of experience and
social context on prospective caching strategies by scrub jays.
Nature 414, 443–446

Trends in Cognitive Sciences

12 Trends in Cognitive Sciences, Month 2020, Vol. xx, No. xx



75. Ostojić, L. et al. (2017) Current desires of conspecific
observers affect cache-protection strategies in California
scrub-jays and Eurasian jays. Curr. Biol. 27, R51–R53

76. Kano, F. et al. (2019) Great apes use self-experience to
anticipate an agent’s action in a false-belief test.
Proc. Natl. Acad. Sci. U. S. A. 116, 20904

77. Norren, D.V. (1975) Two short wavelength sensitive cone sys-
tems in pigeon, chicken and daw. Vis. Res. 15, 1164–1166

78. Cuthill, I.C. et al. (2000) Ultraviolet vision in birds. In Advances
in the Study of Behavior, pp. 159–214, Elsevier

79. Hodos, W. et al. (2003) Temporal modulation of spatial con-
trast vision in pigeons (Columba livia). Vis. Res. 43, 761–767

80. Troscianko, J. et al. (2012) Extreme binocular vision and a
straight bill facilitate tool use in New Caledonian crows. Nat.
Commun. 3, 1–7

81. Marzluff, J.M. et al. (2010) Lasting recognition of threatening
people by wild American crows. Anim. Behav. 79, 699–707

82. Watanabe, A. et al. (2014) Western scrub-jays allocate longer
observation time to more valuable information. Anim. Cogn.
17, 859–867

83. Birkhead, T. (2010) The Magpies: The Ecology and Behaviour
of Black-Billed and Yellow-Billed Magpies, A&C Black

84. Emery, N.J. and Clayton, N.S. (2015) Do birds have the capac-
ity for fun? Curr. Biol. 25, R16–R20

85. Swift, K. and Marzluff, J.M. (2018) Occurrence and variability of
tactile interactions between wild American crows and dead
conspecifics. Philos. Trans. R. Soc. B Biol. Sci. 373, 20170259

86. Adriaense, J.E. et al. (2019) Negative emotional contagion
and cognitive bias in common ravens (Corvus corax).
Proc. Natl. Acad. Sci. 116, 11547–11552

87. Clayton, N.S. and Krebs, J.R. (1994) Memory for spatial and
object-specific cues in food-storing and non-storing birds.
J. Comp. Physiol. A. 174, 371–379

88. Weir, A.A. et al. (2004) Lateralization of tool use in NewCaledonian
crows (Corvus moneduloides). Proc. R. Soc. London Ser. B Biol.
Sci. 271, S344–S346

89. Marzluff, J.M. et al. (2012) Brain imaging reveals neuronal
circuitry underlying the crow’s perception of human faces.
Proc. Natl. Acad. Sci. U. S. A. 109, 15912–15917

90. Clayton, N.S. et al. (2001) Scrub jays (Aphelocoma coerulescens)
form integrated memories of the multiple features of caching
episodes. J. Exp. Psychol. Anim. Behav. Process. 27, 17

91. de Kort, S.R. et al. (2005) Retrospective cognition by food-
caching western scrub-jays. Learn. Motiv. 36, 159–176

92. Ostojić, L. et al. (2013) Evidence suggesting that desire-
state attribution may govern food sharing in Eurasian jays.
Proc. Natl. Acad. Sci. U. S. A. 110, 4123–4128

93. Bellingham, J. et al. (1998) The rhodopsin gene of the cuttlefish
Sepia officinalis: sequence and spectral tuning. J. Exp. Biol.
201, 2299–2306

94. Marshall, N. and Messenger, J. (1996) Colour-blind camouflage.
Nature 382, 408–409

95. Shashar, N. et al. (1996) Polarization vision in cuttlefish in a
concealed communication channel? J. Exp. Biol. 199, 2077–2084

96. Chiao, C.-C. and Hanlon, R.T. (2001) Cuttlefish camouflage:
visual perception of size, contrast and number of white
squares on artificial checkerboard substrata initiates disruptive
coloration. J. Exp. Biol. 204, 2119–2125

97. Mäthger, L.M. et al. (2006) Color blindness and contrast per-
ception in cuttlefish (Sepia officinalis) determined by a visual
sensorimotor assay. Vis. Res. 46, 1746–1753

98. Hanlon, R. (2007) Cephalopod dynamic camouflage. Curr.
Biol. 17, R400–R404

99. Graziadei, P. (1964) Receptors in the sucker of the cuttlefish.
Nature 203, 384–386

100. Graziadei, P. (1962) Receptors in the suckers of octopus.
Nature 195, 57–59

101. Wells, M. (1963) Taste by touch: some experiments with
octopus. J. Exp. Biol. 40, 187–193

102. Kuba, M. et al. (2003) Looking at play in Octopus vulgaris. Berl.
Paläontol. Abh. 3, 163–169

103. Kuba, M.J. et al. (2006) When do octopuses play? Effects of
repeated testing, object type, age, and food deprivation on
object play in Octopus vulgaris. J. Comp. Psychol. 120, 184

104. Mather, J.A. and Anderson, R.C. (1999) Exploration, play and
habituation in octopuses (Octopus dofleini). J. Comp. Psychol.
113, 333

105. Crook, R.J. et al. (2013) Squid have nociceptors that display
widespread long-term sensitization and spontaneous activity
after bodily injury. J. Neurosci. 33, 10021–10026

106. Alupay, J.S. et al. (2014) Arm injury produces long-term behav-
ioral and neural hypersensitivity in octopus. Neurosci. Lett. 558,
137–142

107. Andrews, P.L. et al. (2013) The identification and management
of pain, suffering and distress in cephalopods, including anaes-
thesia, analgesia and humane killing. J. Exp. Mar. Biol. Ecol.
447, 46–64

108. Schnell, A.K. et al. (2016) Lateralization of eye use in cuttlefish:
opposite direction for anti-predatory and predatory behaviors.
Front. Physiol. 7, 620

109. Schnell, A.K. et al. (2019) Fighting and mating success in giant
Australian cuttlefish is influenced by behavioural lateralization.
Proc. R. Soc. B 286, 20182507

110. Schnell, A.K. et al. (2018) Visual asymmetries in cuttlefish dur-
ing brightness matching for camouflage. Curr. Biol. 28,
R925–R926

111. Feord, R.C. et al. (2020) Cuttlefish use stereopsis to strike at
prey. Sci. Adv. 6, eaay6036

112. Nesher, N. et al. (2014) Self-recognition mechanism between
skin and suckers prevents octopus arms from interfering with
each other. Curr. Biol. 24, 1271–1275

113. Jozet-Alves, C. et al. (2013) Evidence of episodic-like memory
in cuttlefish. Curr. Biol. 23, R1033–R1035

114. Billard, P. et al. (2020) Cuttlefish show flexible and future-
dependent foraging cognition. Biol. Lett. 16, 20190743

115. Boal, J. (2006) Social recognition: a top down view of cephalo-
pod behaviour. Vie et Milieu 56, 69–80

116. Huffard, C.L. (2006) Locomotion by Abdopus aculeatus
(Cephalopoda: Octopodidae): walking the line between pri-
mary and secondary defenses. J. Exp. Biol. 209, 3697–3707

117. Hanlon, R.T. et al. (2010) A “mimic octopus” in the Atlantic: flat-
fish mimicry and camouflage by Macrotritopus defilippi. Biol.
Bull. 218, 15–24

118. Pearce, J.M. et al. (2008) The nature of discrimination learning
in pigeons. Learn. Behav. 36, 188–199

119. Bublitz, A. et al. (2017) Reconsideration of serial visual reversal
learning in octopus (Octopus vulgaris) from a methodological
perspective. Front. Physiol. 8, 54

120. Travers, E. et al. (2018) Learning rapidly about the relevance of
visual cues requires conscious awareness. Q. J. Exp. Psychol.
71, 1698–1713

121. Balleine, B.W. and Dickinson, A. (1998) Goal-directed instru-
mental action: contingency and incentive learning and their cor-
tical substrates. Neuropharmacology 37, 407–419

122. Crump, A. et al. (2018) Affect-driven attention biases as animal
welfare indicators: review and methods. Animals 8, 136

123. Osvath, M. and Sima, M. (2014) Sub-adult ravens synchronize
their play: a case of emotional contagion. Anim. Behav. Cogn.
2, 197

124. Adam, R. and Güntürkün, O. (2009) When one hemisphere
takes control: metacontrol in pigeons (Columba livia). PLoS
One 4, e5307

125. Narins, P.M. et al. (2005) Cross-modal integration in a dart-
poison frog. Proc. Natl. Acad. Sci. U. S. A. 102, 2425

126. Andrew, R.J. et al. (2013) Divided Brains: The Biology and
Behaviour of Brain Asymmetries, Cambridge University Press

127. Lea, S.E.G. and Dittrich, W.H. (2000) What do birds see in
moving video images? In Picture Perception in Animals
(Fagot, J., ed.), pp. 143–180, Psychology Press

128. Clayton, N.S. and Dickinson, A. (1998) Episodic-like memory
during cache recovery by scrub jays. Nature 395, 272–274

129. Cheke, L.G. and Clayton, N.S. (2012) Eurasian jays (Garrulus
glandarius) overcome their current desires to anticipate two
distinct future needs and plan for them appropriately. Biol.
Lett. 8, 171–175

130. Dale, R. and Plotnik, J.M. (2017) Elephants know when their
bodies are obstacles to success in a novel transfer task. Sci.
Rep. 7, 46309

Trends in Cognitive Sciences

Trends in Cognitive Sciences, Month 2020, Vol. xx, No. xx 13


