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Comparative psychology seems to be perpetually bogged down in
intractable debates about which species have what cognitive capacities,
which criteria to use and whether or not the capacities are domain general.
The problem arises from lack of conceptual clarity about how to define,
measure and compare cognitive capacities. In turn, conceptual vagueness
arises from the use of anthropocentric folk-psychological concepts
given apparent scientific legitimacy by framing them in cognitivist,
computational terms. This ‘cognitivist gambit’ assumes that cognitive
processes necessarily involve representations that are independent of the
sensory-motor specializations associated with different body plans and
ecological niches. We argue instead that sensory-motor adaptations are not
inconvenient confounding variables that should be controlled to isolate
cognition, but intrinsic aspects of cognitive evolution. This perspective
implies that, because bodies and their sensory-motor control are highly
divergent across the tree of life, comparative psychology should pay more
attention to phylogenetic constraint and divergent cognitive evolution. It
also implies that boiling down neuro-cognitive evolution to brain size
or numbers of neurons will fail to capture the richness and complexity
of the interrelationships between nervous systems, cognition, behaviour
and ecology. If correct, this perspective suggests a need to reconsider the
ontological basis of comparative psychology.

This article is part of the Theo Murphy meeting issue ‘Selection shapes
diverse animal minds’.

1. Introduction

Do non-human species recall past events, plan for the future, possess a
self-concept or understand the mental states of others? These are among the
many questions that comparative psychology has wrestled with for many
years, and for which clear and widely accepted answers are still lacking. For
example, we know that animals behave in ways that, on some level, anticipate
future needs and rewards: migratory birds plot courses across thousands
of miles to breed or winter in more propitious circumstances [1], female
mammals wean their offspring in readiness to produce the next litter [2] and
New Caledonian crows select tools they will need in the future [3]. A variety
of species, including—to the surprise of some—fish, can orient towards and
use their reflections to guide self-directed behaviour [4-7]. Rats aid conspe-
cifics in distress [8], monkeys respond to predator-specific vocalizations by
showing predator-specific escape behaviours [9] and great apes anticipate
where actors with a false belief about the location of something will search
for it [10]. At a behavioural level, therefore, animals appear to use information
to guide their behaviour towards adaptive outcomes in quite complicated
ways. Comparative psychologists, rightly, want to know how they do it;
in particular, are simple ‘low-level’ explanations sufficient, or is ‘cognition’
involved [11]?!
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Typically, by ‘cognition” comparative psychologists mean that an animal generates internal representations that can stand in [ 2 |

for stimuli in their absence, and which can be manipulated and transformed to find the solution to a given problem [14-16].
Indeed, when asked to define cognition, most researchers explicitly mentioned the importance of mental representation [17]. For
example, ‘taking the cognitive approach involves asking what information is (in some way) represented by an individual: what
it notices, remembers, and can perhaps compute with’ [17].

Here is the difficulty: there is little agreement on the criteria necessary to demonstrate the existence and use of such internal
representations. Ingenious experiments have shown, for example, that scrub jays adjust their foraging behaviour according to
multiple sources of information in ways that are consistent with the formation and manipulation of internal representations of
what happened, where and when [18]. Rats also solve problems in ways that are consistent with the possession of a capacity
to represent past events [19]. Explanations that are only consistent with a particular interpretation, however, do not (indeed,
cannot) rule out plausible alternatives [20], leading to unresolved debate [21,22] and the guarded use of agnostic terms, such as
episodic-like memory [18,22]. Similarly, there is ongoing debate and disagreement over whether experiments on tool selection
in New Caledonian crows reveal an ability to represent their future needs [23,24]. Although researchers are avowedly keen to
distinguish between cognition and supposedly simpler mechanisms, there is surprising variability in what this is taken to mean
and therefore how it should be done [25]. Debate over the interpretation of data is normal in science. In general, however, we
do expect to see gradual progress towards a consensus on accepted facts and how to demonstrate these and rule out alternative
explanations, in a way that remains hard to discern in the field of comparative cognition [11,22,26-29], even leading some to a
counsel of despair [28].

What is behind the lack of clear progress?” Perhaps the very formulation of the questions makes them inherently insoluble:
how can one demonstrate the existence of a phenomenon (i.e. a cognitive representation) for which alternative explanations are
seemingly impossible to rule out? The solution to this conundrum is by no means obvious (e.g. [26,31-33]) and for this reason,
the goalposts for demonstrating a particular representational capacity seem to be perpetually in motion (e.g. [21,28,34]) . This is
one though not the only reason behind the suggestion that postulating representations does no useful conceptual or epistemic
work and that the field of animal cognition should seek explanations that do not invoke them [35-38].

Allied to the idea of ‘cognition as representation” is the notion that cognition is distinct from the ‘run-of-the mill’ sensory-
motor processes that govern interactions with the environment [17,39-41]. That is, in a cognitive information-processing
paradigm, sensory and motor abilities are seen as functioning as peripherals, concerned only with the input to and output
from the computational processes occurring in the decision-making parts of the brain. In principle, similar computations could
be performed on inputs of different kinds and used to inform the decision-making parts of the mind about the appropriate
motor outputs. As such, the specific nature of the sensory and motor capacities possessed by different species is seen merely
as inconvenient confounding variables for evaluating differences in cognition. There is thus an implicit assumption that a focus
on representational processes crucially captures some essential quality of brains not tied to any one species, but applicable to
brains in general. Consequently, cognitive evolution can, in principle, be separated from the rest of the biology of the animal,
such that abstract representational capacities and the computations on which they depend can evolve convergently among
very different species on widely separate branches of the tree of life [42-44]. In turn, these representational capacities enable
“executive control” of behavioural outputs: they are ‘domain-general’ because they can be implemented in a variety of different
systems rather than depending on specific types of information associated with solving specific types of behavioural problems
[45].

Yet, this view of cognitive evolution as the evolution of representational capacities distinct from sensory-motor control
faces serious problems. Notwithstanding the already noted difficulty of convincingly supporting or falsifying representational
hypotheses and the consequent lack of agreement about whether species X has capacity Y, cognitive representations may
not be separable in the way imagined. As Olveczky in Bayne et al. [17] says ‘neural circuits do not implement “cognition”
or other vague concepts inherited from philosophy and psychology’. The box-and-arrow flow charts traditionally used by
cognitive psychologists to portray transitions between inputs, cognitive manipulations and outputs, do not exist in the brain.
For example, it is conventional to refer to the visual cortex of the primate brain [46], and this is usually identified with brain
areas early in the processing hierarchy as distinct from “association’ regions of cortex assumed to do the cognitive work [47].
Since the primary visual cortex (area V1) is proportionately small in larger primate brains, because other cortical areas show
greater proportional expansion, visual processing is generally not greatly considered in accounts of brain evolution and is
entirely disregarded in most accounts of primate cognitive evolution. However, visual projections ramify throughout the cortex,
including not only occipital but temporal, parietal and frontal regions [46,48,49]. This is very likely why the relative expansion
of supposedly ‘non-visual’ cortex correlates strongly with variation in visual inputs, subcortical visual nuclei and area V1
[50,51]. In fact, a recent analysis by Meyer et al. [49] demonstrated that the further along the processing hierarchy a visual region
is found, the greater its relative size in humans compared with macaques: area V1 in macaques is 51% of the size of human
V1 whereas the corresponding figure for extra-striate cortical areas is just 14%. Furthermore, meta-analysis of fMRI data have
revealed that these extrastriate areas are involved in spatial attention, visuo-motor guidance, working memory and numerical
processing [49]. This raises the thorny issue of which of these functions should be considered visual and which cognitive, and
what determines this demarcation. Where is the dividing line in the brain between visual perception and cognition?

Perhaps such questions make no sense. Perhaps we should abandon the search for ‘cognition” in terms of representational
capacities distinct from systems for sensing and moving, and instead view cognitive evolution as inextricably linked with the
mechanisms that animals use to guide and control their actions and interactions with their worlds. In what follows, we develop
this argument and explore its implications for understanding cognitive evolution and its neural basis. We start by describing
an unresolved tension in comparative psychology between the concept of evolutionary convergence and the general framework
imported from human cognitive science, which we term the cognitivist framework. We argue that this framework draws the
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study of cognitive evolution ineluctably towards both anthropocentric thinking and an untenable dualism between cognition [ 3]

and sensory-motor control. Not only is this dualism untenable, it impoverishes the study of cognitive evolution by ignoring
the rich diversity of mechanisms involved in animal behaviour. It also impoverishes the study of neurocognitive evolution by
encouraging the search for misleadingly simple neuroanatomical metrics of supposedly unidimensional cognitive phenomena,
like intelligence. The importing of this framework from cognitive science is a gambit that has not paid off.

2. Convergence and the cognitivist gambit in comparative psychology

The dominant paradigm in comparative psychology makes a set of interrelated assumptions about the nature of cognitive
evolution. Specifically, the capacities that have evolved are generalized capacities enabling behavioural flexibility, executive
control, insight, innovation and problem solving; ‘intelligence’, broadly conceived (e.g. [42,45,52,53]). These capacities are
considered to vary quantitatively and continuously across the tree of life and to have evolved convergently under similar
selection pressures in different lineages [54-58]. This notion of evolutionary convergence implies, first, that the same or similar
cognitive processes can be mediated by very different brains. Second, widely divergent taxa on different parts of the tree of
life have evolved the same general cognitive solutions to similar problems [43,44,54,59], much like the convergent evolution
of wings as a solution to the adaptive challenges of flight [54]. Although many authors highlight specific cognitive capacities,
such as social intelligence, metacognition and inhibitory control, recently these have been conceived of as elements of a unified
‘General Intelligence’, with explicit parallels drawn between individual differences in intelligence in humans and variation in
general intelligence across species [45,52,53,60,61].

There is a contradiction within this paradigm, however. Despite the emphasis on convergence in cognitive capacities,
epithets such as ‘higher’, ‘advanced’ and ‘sophisticated” are routinely attached to them, implying an unresolved tension
between notions of convergence and of evolutionary hierarchy. The tendency for comparative psychology to portray cognitive
evolution in anthropocentric terms, as a scala naturae, has been critiqued repeatedly, and for many years (e.g. [16,40,62,63]),
yet it remains embedded and implicit in such terminology and hence in the concepts used in designing research. Within the
broader field of evolutionary biology, this appears to be a particular problem in the study of cognition, as such terms are rarely
attached to non-cognitive traits: we do not generally find reference in the literature to higher locomotion, advanced life histories
or sophisticated metabolism. The reason is likely to be that comparative psychology has drawn many of its concepts from a
largely evolutionarily uninformed human psychology, whereas evolutionary biology thinks phylogenetically and ecologically.
While we accept that this is a somewhat crude characterization of a more diverse field that includes the traditions of cognitive
ethology and behavioural ecology, it seems that the study of cognitive evolution is nevertheless still strongly influenced by
anthropocentric concepts.

It might be thought that emphasis on convergent evolution is antithetical to anthropocentrism, because it allows for the
emergence of ‘sophisticated’ cognition in phylogenetic branches far removed from our own [43]. This is only partly true,
however, because the cognitive traits that researchers look for in other species are derived from anthropocentric notions of what
cognition entails [63], notably ‘intelligence’ and its components. And this lures researchers—possibly unconsciously —onto the
scala naturae. If we were to take the notion of evolutionary convergence seriously, whether crows are ‘feathered apes’ [43], for
example, ought equally to invite the question of whether humans and other apes are wingless crows, limbed dolphins or bony
octopuses. That the question is never posed in these ways suggests to us an underlying anthropocentrism.

The scala naturae is thus often hidden beneath the surface of theoretical approaches in comparative psychology, but persis-
tently resurfaces to influence empirical work. When considering how psychological traits vary across the animal kingdom, they
are frequently described as extending from so-called “simple reflexes to sophisticated intelligence’ [44]; a perspective that can be
traced back to the origins of comparative psychology, at least as far as Romanes:

The lower down we go in the animal kingdom, the more we observe reflex action, or non-mental adjustment, to predominate over volitional
action ... the less capacity do we find for changing adjustive movements in correspondence with changed conditions. [64]

More than 130 years later, aspects of Romanes’ conceptual framework for studying species differences in cognition remain
embedded in the field. His notion of variation in the capacity for adjustive movements corresponds closely to research in
comparative psychology focused on mechanisms of reasoning and executive or inhibitory control [56,60]. As Smith [65] and
Parvizi [66] have described in detail, such concepts have an interesting cultural history associated with Western anxieties about
the maintenance of moral order and the control of society. These concepts became embedded in psychology and neuroscience,
and hence into the computational approach to mind. Cognition became seen as a set of control processes inhibiting instinctive
responses, thereby enabling rationality. It is unclear, however, that it is safe to assume that these culture-bound concepts are
suitable for understanding the evolution of animal minds, or indeed even the human mind specifically [67-69].

3. Anthropocentrism and computationalism

Traits studied by comparative psychologists include reasoning, causal inference, executive control, working memory and
planning. Such traits are central to the classical computational theory of mind that arose following the cognitive revolution
(see [70,71]); the aim was to model (or even recreate) human intelligence through the use of computers. Consequently, ‘higher’
or ‘advanced’ cognitive traits always translate into those that humans are known to possess [17,35,72]. This computational
framework was adopted by researchers in comparative cognition because it seemed to offer a clear alternative to behaviourist
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approaches, which were seen as excluding internal processes from consideration (although many of these did no such thing [ 4 ]

[71]). Focusing on internal processes rather than behaviour alone was viewed as restoring the proper subject matter of psychol-
ogy, the mind, to its rightful place. In doing so, the anthropocentric origins of the computational framework, and the cognitivist
position more generally, went unrecognized, forgotten and ignored.

Although it might be argued that a cognitive representational approach is not inherently anthropocentric, this argument is
difficult to defend. As Brooks [70] observed, even after the pioneers of the cognitive revolution recognized the intractability of
recreating human intelligence in a machine, the more circumscribed set of tasks on which they then focused were still “bench-
marked against the sorts of tasks humans do within those areas’ [70, p. 14], such as symbolic algebra, geometrical problems and
natural language understanding. Moreover, the researchers themselves defined and refined the problem domains, abstracting
away most details to create simplified task descriptions and thereby reducing problem complexity. Brooks [70] points out that
this meant humans had already accomplished most of the intelligence needed to solve the task—specifically the abstraction
process—before artificial systems were even involved. This abstraction process thus ensured that representational-computa-
tional theories remained anthropocentrically oriented: first, and most obviously, because humans had predetermined the
relevant computations that would be needed, but also because the abstraction process was assumed to generate computational
programs that experienced the perceptual world in the same way as humans. Recognition of this latter point in particular has
been lost, because of the way perceptual processes are considered to serve only as inputs and play no role in ‘cognition proper’
[70,73]. Hence, when claims about the convergent evolution of intelligence are made, they are inevitably cast in anthropocentric
terms, because they arise from a theoretical framework devised to characterize human capacities and these are modelled in
computational terms that inherently reflect human capacities and concerns. As such, a cognitivist approach implicitly embeds a
notion of a scala naturae into our assessment of other species’ cognitive capacities. Other species are implicitly cast as ‘duller, less
talkative versions” of ourselves [74, p. 29] and the twin influences of computationalism and anthropocentrism come to shape the
aims of comparative psychology.

Note that an interest in human evolution and human uniqueness does not justify using anthropocentric cognitive concepts
in comparative psychology. First, what makes humans unusual or unique is unlikely to be what—in varying quantities—
distinguishes one non-human species from another. Why should it be, if we do not subscribe to a notion of evolution as
progress towards humanity? It is possible, therefore, that we will never learn anything truly meaningful about cognitive
evolution in general if we continue to employ such concepts. The second point follows from the first; continued adherence to
anthropocentric concepts will actively hinder our ability to define human uniqueness, as this can be achieved only if we have a
broader understanding of the patterns and processes of cognitive evolution across the tree of life.

However, the problems with the computational approach go beyond anthropocentrism. The idea of cognition as the
manipulation of representations, independent from sensory-motor control, leads researchers to ignore the possible ways in
which the two things are related. For example:

A common assumption of cognitive scientists and behavioural biologists is that perception involves the ordering of sensory information
into internal representations, and that cognition involves the manipulation of representations (derived from both perception and memory).
If this is so, then defining cognitive complexity could, in principle, be quite straightforward. Organisms construct internal (cognitive)
models of the world and cognitive complexity is just the complexity of these models. [40, p. 2680]

We suspect that things will not prove to be so straightforward. One issue is that complexity is usually not operationalized,
rather it is left unhelpfully vague. This leads to a second problem: assessment of the complexity of an organism’s cognitive
models must, by necessity, be made by inference from the complexity of behaviour (given that such internal models cannot be
observed directly), but there is no necessary link between the complexity of a behaviour and the complexity of the mechanisms
that underlie it (see Barrett [75,76] for examples). Third, the notion of cognitive representations creates the problem of infinite
regress, wherein the representation must be re-presented for scrutiny by some higher-order cognitive entity in order to be
translated into, or influence, action, a problem that has been described as homunculi-inside-homunculi [38]. The problem we
wish to primarily focus on here, however, is the related one that we have pointed to above: the very concrete difficulty of
distinguishing between perception, or sensory-motor control more broadly, and cognition. This distinction may seem logical to
many because of the deeply embedded allure of dualism. If cognition can be construed as a set of representational processes
independent of adaptive dynamic, sensory-guided control of the body,’ then cognitive evolution can be studied independently
of the specific biological features of phylogenetically distant species; that is, we can safely ignore bodily adaptations (grasping
hands, wings, beaks, eyes, sonar, tentacles, etc.), their interrelationships with nervous systems and how they mediate the
animal’s interactions with its environment.

Comparative psychology in the main, therefore, subscribes—implicitly if not explicitly —to an evolutionary form of what is
known in philosophy of mind as functionalism [77]; the same cognitive processes can in principle be implemented (or ‘realized”)
by different physical systems, whether artificial or natural and whether in apes or octopuses. Just as flight can be carried out
using feathered or membranous wings, cognitive processes such as Theory of Mind and episodic memory can be carried out
by differently organized brains. If one is trying to isolate cognitive from sensory-motor control, it does not matter if, like an
octopus, you have a soft body with infinite degrees of freedom enabling three-dimensional movement in the medium of water,
or a jointed skeleton, like humans, adapted for walking in two dimensions on land and manipulating the world with hands:
cognition is a generalized capacity that can be untethered from such ‘constraints’. Species differences, in an important sense,
are therefore treated as ‘species neutral’ because cognition itself is conceived as a species-neutral, disembodied capacity [78]
functioning independently of its sensory inputs and behavioural outputs. Working in such a framework, different species can
be studied using the same tests, or analogues of the same tests, that have been adjusted to account for sensory and motor
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differences and designed to get at fundamentally the same representational cognitive processes.* This assumption—that we can [ 5 |

bracket off and control for differences in the mechanisms of sensory-motor control in such a way that we can isolate ‘purely
cognitive’ capacities [40,80] and study them in diverse organisms—is problematic. As Godfrey-Smith [81, p. 270] points out,

minds exist in patterns of activity, but those patterns are a lot less ‘portable’ than people often suppose; they are tied to a particular kind of
physical and biological basis.

We suggest that this mental non-portability across species arises because the evolution of neurocognitive systems is
inextricably bound up with the ways in which animals sense, move through, explore, learn about and manipulate their worlds.

4. The neural basis of cognitive evolution

There are clear implications of these arguments for how we study the neural basis of cognitive evolution. Allied to the popular
idea that domain-general intelligence involves computational capacities that have evolved convergently, and at the same time
reflecting the uneasy tension with notions of evolutionary progress, neural mechanisms of cognitive evolution similarly are
construed as involving ‘cognitive’, ‘higher’, ‘advanced’ or ‘more recently evolved’ (versus ‘primitive’) parts of the brain: that
is, regions that have expanded during evolution, and have done so convergently in distinct lineages selected for intelligence
[82]. In mammals, this is held to be the neocortex or particular neocortical regions, in birds the pallium and in octopuses
the vertical lobes [55,82-84]. In frankly scala naturae terms, Rakic [83, p. 724] even describes the neocortex as ‘the crowning
achievement of evolution and the biological substrate of human mental prowess’. These ‘cognitive” brain structures are viewed
as modality-independent information-processing, associative computational devices (‘onboard computers’), whose cognitive
operations can be detached from sensory-motor and affective processes. They are argued to vary among species principally
in their overall computational capacity, as reflected in measures such as volume or numbers of neurons [45,52,84,85], and are
considered capable of evolving and expanding convergently to support ‘advanced cognition” in different groups of animals
such as mammals, birds and cephalopods [55,85,86]. Because these structures make up a large proportion of the brain, their size
tends to correlate with overall brain size. Accordingly, simple and easily obtained neuroanatomical measures such as brain size,
neocortex or pallium size and numbers of neurons are seen as useful proxies for intelligence, sometimes anthropocentrically
validated by the observation that humans have the largest brains (relative to body size), the most neurons and purportedly the
greatest quantity of intelligence [84].

Although this stance seemingly ensures comparisons will be straightforward and empirically tractable, there has been
prolonged and continuing debate regarding which measures provide the best measure of its mechanistic implementation across
species, whether or not and how to control for the effects of body size, and at what taxonomic level valid comparisons can
be made in the face of differences in brain organization [84,87-89]. This ultimately has led to a confusing picture and no
clear consensus [90-93]. To anticipate our conclusion on this, we consider the whole debate as misguided, because intelligence—
conceived as species-neutral, portable computational capacity —is not a useful comparative concept and simple neuroanatomi-
cal metrics cannot capture the gloriously messy and complicated reality of neuro-cognitive evolution [91-94]. Debates of this
nature are a bit like arguing whether the size of an engine, or the volume or number of its cylinders and whether or not to
control for the weight of the car, offers the best measure to assess the design and functioning of the engine. Engine size and
number of cylinders may well correlate with certain behavioural measures such as acceleration, but focusing on acceleration as
the most interesting trait seems an impoverished approach to understanding how engines work and how and why they vary.
The greater the diversity of the objects of study (vehicles or species) the more true this will be (for example, if we wish to
consider engines designed for aerial versus terrestrial propulsion). The metaphor is itself imperfect, however, and the situation
is much worse than this: speed and acceleration are real properties that can be measured objectively and compared directly
between types of vehicle. Intelligence is not like that; it cannot be measured directly because it is an abstraction based on
culture-bound and anthropocentric assumptions about the nature of cognition across species.

We do not argue that brain size evolution is devoid of interest: brain-size variation is substantial, interesting, phylogeneti-
cally patterned (e.g. [95]) and demands explanations, in terms of which neural systems contributed to it, how it relates to body
size and what constraints have operated. The problem arises when we treat brain size as an explanation in itself and hope that
it corresponds to some unitary cognitive attribute, acting as a potential neural metric of ‘intelligence’. Adequate explanations
for brain-size variation, however, are unlikely to be as simple as intelligence or its pseudo-theoretical computational synonym
‘processing power’. They are likely to be complicated and multivariate, reflecting the fact that different adaptive changes
occurred at different times on different parts of the tree of life, involving a host of constraints and diverse neural and
sensory-motor specializations not usefully reduceable to a single comparative dimension of intelligence [92,93,96].

The problem is not solved by isolating specific brain regions as the locus of an animal’s intelligence. A fundamental problem
with the attempt to separate ‘cognitive’ from ‘non-cognitive’ brain regions is that this distinction does not correspond at all
to the way that brains are organized, the way they evolve or the processes they support. In line with the cognitivist gambit,
‘cognitive’ regions are conceived as functionally and anatomically distinct from the sensory-motor systems that directly control
interactions with the environment [40], encouraging a dualist narrative in which cognition floats free, and varies independently,
of supposedly more basic processes mediated by supposedly more primitive brain structures. This framing therefore privileges
brain areas, structures or cortical regions (such as prefrontal cortex), over distributed networks, running counter to the fact that
all behaviour depends on multiple brain regions. In mammals, cortical and non-cortical regions function and evolve in highly
integrated ways to mediate adaptive behaviour [97-99], such that ‘cognitive function cannot be assigned to either the cortical
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or the sub-cortical component, but instead emerges from their tight co-ordination” [98, p. 2559] . The same applies to distinct [ 6 |

cortical areas. These facts must have important implications for understanding the neural bases of cognitive evolution and for
how we evaluate them.

Corresponding with network-based views of brain function, mammalian brain evolution, often simplistically characterized
as the progressive enlargement and elaboration of the neocortex [83,100] in fact involved coordinated change in networks
connecting cortical and sub-cortical brain regions, with anatomical connectivity across major brain regions being a strong
predictor of the correlated evolution of those regions [92,97,101-103]. There is still latitude for major regions to show some
independent evolution [101], but this is as likely to involve supposedly ‘lower” brain regions as supposedly ‘higher” regions;
natural selection does not recognize this distinction. To give one example, contrary to the assumption that neocortical expansion
was the neural substrate of cognitive evolution in primates, apes deviate significantly from the general pattern of tightly
correlated evolution between neocortex and cerebellum because the cerebellum expanded rapidly relative to the neocortex,
across multiple hominoid phylogenetic branches [104]. Despite these facts, the twin biases of corticocentrism and anthropo-
centricism continue to bedevil evolutionary perspectives on mammalian brain structure and function [97-99,105]. This state
of affairs is driven in part by the use in cognitive neuroscience of concepts drawn from psychology, despite the fact that
these were conceived in the 19th century as ways to explain human cognition without regard for biology or evolution [106].
Pessoa et al. [107, p. 3], go so far as to suggest that traditional psychological concepts, or ‘mental terms’, are epistemically
sterile ... “vertebrate neuroarchitecture does not respect the boundaries of mental terms’. If correct, this presents a problem for
approaches to comparative psychology and brain evolution which draw their terms and concepts from the same tradition. It
suggests we need to rethink our ontological assumptions.

A clear statement of the position that cognitive and sensory-motor adaptations can be treated as independent is provided
by Triki et al. [39]. These authors make two claims. The first is that much of the variation in brain size across species and
major clades can be understood in terms of the evolution of sensory-motor systems. This is a claim with which we agree, and
together with others we have provided empirical evidence and theoretical arguments to support it [50,51,76,96,97,108-111]. Triki
et al. [39] interestingly explore possible ecological explanations for major clade differences in the elaboration of sensory-motor
systems, in particular, the effects of shifts between aquatic, terrestrial and aerial niches (see also [96]). Where we differ is on
their second claim, which is that fish, reptiles, birds and mammals may have similar amounts of cognition but differ greatly in
their sensory-motor mechanisms, and hence brain size (see Fig 1 in Triki et al., which shows different proportions of the brain
devoted to general intelligence, cognitive toolkits, memory and sensory-motor systems). This idea is reminiscent of MacPhail
[80], who argued that, once ‘contextual abilities’, including sensory-motor skills, were controlled for, there was insufficient
evidence to reject the null hypothesis of no species differences in intelligence (excepting humans). We argue that the anticipated
programme of research to separate cognitive and sensory-motor skills is a wrong turn, because cognitive and sensory-motor
adaptations are not separable in the way envisaged.

We propose instead that attention should be paid to the divergent, embodied nature of cognitive adaptations, with sensory-
motor specializations incorporated as an intrinsic aspect of cognitive evolution. This has the corollary that, instead of boiling
down ‘endless forms most beautiful and most wonderful” [112, p. 490] to unidimensional notions of cognitive advancement,
and its neural basis to brain size, appreciating the ways in which cognitive evolution is embodied and intrinsically connected
to the diverse sensory-motor and affective mechanisms of behaviour will enrich our understanding of the variegated ways
in which behavioural complexity has been achieved across the tree of life. This is not new; it is in essence, what many
neuroethologists have already been doing for some time (e.g. [113]) and work continues in this vein [96,110]. Yet, such work
has become isolated from comparative psychology and the study of the macroevolution of brain, behaviour and cognition
[93]. We suspect this is because phenomena such as bat echolocation [114], primate visuo-motor specializations [48,50,51] and
butterfly visual learning [110] are usually considered irrelevant to cognitive evolution. In part, therefore, our plea is to reconnect
neuroethology and comparative psychology.

5. What is it like to be an octopus?

Thomas Nagel [115] famously argued that we cannot know what it is like to be a bat, because bats live in an entirely different
sensory-motor world to that of humans. Projecting our own consciousness into the body of a bat will not do, for that simply
concocts a human idea of what it would be like for us to hang upside down in a dark loft by day and fly about catching
insects in the dark, as though the fundamental properties of bat consciousness might be, in essence, no different to our own
once we have accounted for our different sensory worlds. Sonar-guided flight and foraging is intrinsic, however, to how a bat
might feel and think. We make a related point about understanding cognitive evolution: the precise nature of an embodied
biological system —that is, of an animal, taken as a whole in its ecological context—determines the manner in which it explores
and learns about its world, and that in turn determines what and how it knows about it. As such, projecting properties of our
own minds into the bodies and brains of other species, albeit in lesser quantities, will not be informative. But this is frequently
what happens. Cephalopods form a case in point.

Cephalopods intrigue comparative psychologists, because they have evolved large and complex nervous systems and
flexible behaviour, problem-solving abilities and tool use completely independently of vertebrates and with very differ-
ently structured nervous systems (e.g. [44,86,116,117]). If, as comparative psychologists have suggested, intelligence evolves
convergently, cephalopods should present an instructive example: to what extent can similar selection pressures result in similar
intelligence? The answer in this case, it seems, is not much. Beyond the superficial similarity that cephalopods have elaborate
nervous systems and large brains, unlike large-brained vertebrates, they are mainly solitary and comparatively short-lived
[44,58]. Moreover, brain size does not correlate with sociality or life history in this clade [86]. The distinctive socio-ecological
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and life history contexts of cephalopod neuro-cognitive evolution ought perhaps to make us pause before applying the usual [ 7 ]

interpretative frameworks.

In their review of cephalopod cognition, Amodio ef al. [44] acknowledge the very different bodies and nervous systems
of cephalopods and recognize the notion of embodied cognition. They then, however, focus their discussion on precisely the
same species-neutral capacities that form the mainstay of comparative psychology, emphasizing their convergent evolution with
vertebrates in respect of their flexible behaviour and large brains, and enquiring whether octopuses, like humans, have a Theory
of Mind. Octopuses are indeed extremely flexible, in terms of both their bodies and their behaviour, yet despite their pliant
characteristics we cannot just squeeze them into existing theoretical frameworks and hope they will fit comfortably. We need
to take their bodily flexibility and its distinctive mechanisms of sensory-motor control—and the radical differences in the way
that they and vertebrates are organized —much more seriously if we are to understand the nature of their cognition and the
mechanisms mediating it [118,119].

More broadly, we may perceive similarities between cephalopods and vertebrates in their behavioural patterns and abilities
to solve problems, without assuming that they are governed by similar processes. Accordingly, it may be unproblematic to refer
to intelligent behaviours in phylogenetically divergent species, so long as we do not slip from the description of a behaviour as
intelligent to the assumption that a similar form of cognitive process is the explanation. The differences are surely at least as
interesting and informative as the similarities. The soft, unjointed bodies of octopuses have near infinite degrees of freedom
to execute movement, and this body plan is associated with a nervous system with both centralized and distributed control
[116]. Motor regions of the central brain lack the somatotopic mapping found in mammal brains [120,121]. Most neurons are
found in ganglia in the arms, and the arms are endowed with a unique chemo-tactile system derived from secondarily adapted
neurotransmitters for contact-dependent chemosenzation [122]. Distributed neural control means that amputated octopus arms
continue to exhibit complex exploratory behaviour. Carls-Diamante [119] suggests that this raises the question not only of what
it is like to be an octopus, but where it is like to be an octopus. While that question raises a different problem, that consciousness
may not be locatable in the way implied [123], we do not wish to get sidetracked here into such phenomenological questions.
Our point is that appreciating the distinctive nature of octopus bodies, nervous systems and ways of exploring the world will be
key to asking the right scientific questions about their cognition. To get inside the mind of an octopus, you would also need to
get inside its body [82]. If we refocus our attention on interrogating the ‘pivotal role played by body, sensory, brain and motor
traits’ [96], we can frame our scientific questions in more cephalopodocentric (or corvocentric, delphinocentric, etc.) terms.” And
we can then understand how it is that animals make adaptive decisions without resorting to problematic, culturally embedded
folk-psychological notions like ‘executive control’.

This prescription does not single out cephalopods as requiring special explanations. Although octopuses have become seen
as the poster animal for embodied cognition, this rather misses the point. Their cognition is no more and no less ‘embodied’
than that of other creatures; embodiment is a general principle, not a trait. Our prescription is a general one for understanding
divergent cognitive evolution associated with divergent sensory-motor worlds. Indeed, once this shift in perspective has been
made, it becomes easier to see that the same must apply to mammalian bodies, including our own. For example, in an ingenious
experiment, Garcia-Pelegrin et al. [125] examined the facility of three primate species to perceive and predict the outcome of
sleight-of-hand actions performed by experimenters, finding a significant effect of species differences in thumb opposability.
This result is not obviously predicted by a standard cognitivist framework postulating variation in the ability to represent
outcomes independent of sensory-motor specializations. It does, however, fit with suggestions about the co-evolution and
co-functioning of the human hand and human cognition [126,127]. Another example is work on object permanence in human
infants [128]. This has shown that the ability to pass a classic test, the A-not-B task, can be predicted and controlled by changing
the physical dynamics of infants” bodies. For example, a baby that fails the test can be shown to pass if weights are attached
to their arms during a certain part of the test, or if they are placed into a standing, rather than sitting, position. Changes to the
physical body should not matter if infants have formed a stable, internal representational concept of an object in their brains,
which the test is assumed to probe. If instead we consider the infant itself as a dynamic cognitive system, and view the concepts
and beliefs, that we frame linguistically as distinct mental states, as distributed over its brain and body (i.e. genuinely regarding
the whole baby as the entity that shows object permanence) then these modifications are entirely explicable as actions that help
move the system from one stable attractor state to another, so enabling success.

Shettleworth’s [129] definition of cognition as “all the ways in which animals take in information through the senses, process,
retain and decide to act on it’ is quite routinely quoted by comparative psychologists, yet in our view rarely taken as seriously
as it should be. Somewhere between quoting this definition and working through its implications, everything narrows down
to a more conservative (sensu Heyes [129]) cognitivist interpretation of the decision-making part, as if that floats free of the
rest. Thus, even though the visuo-motor specializations of primates have fundamental implications for the ways their brains are
structured [130,131] and vary in size [50,51] and for the manner in which they explore and learn about their world, comparative
psychology attempts to strip these away to study their cognition. We hope that readers see and grasp our point. Attempting
to ‘control for’ such ‘confounding variables’ ignores crucial aspects of how animals navigate their worlds; it is profoundly
un-biological and un-ecological.

6. Divergence and convergence

The theme issue of which this paper is a part invited authors to consider how natural selection has shaped diverse animal
minds. Our general point is that comparative psychology ought to engage more fully with that diversity, rather than attempting
to boil cognitive evolution down to how intelligent different species are, how much executive control they have, or the extent
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to which they share human faculties such as episodic memory. This would entail treating animals more on their own terms [ 8 |

as specialists in particular ways of making a living, and engaging with the particularities of their minds in terms of how
they sense, explore, learn about and respond to the distinctive features of their worlds.® In turn, this encourages us to explore
cognitive evolution as a diversity-producing process as well as a process that may result in convergence, particularly at the level
of behaviour. It encourages us to ask question about how diversity in cognitive processes relates to all the aspects of the ‘ways
in which animals take in information through the senses, process, retain and decide to act on it'[129], seeing these as elements
of a unified process, rather than attempting to separate off the ‘retention and decision” elements and characterizing them as
lesser versions of how we subjectively feel that we do those things as humans, involving all the socio-cultural and linguistic
scaffolding that is not relevant to non-human species.

Our rejection of evolutionary functionalism entails a whole-organism approach to cognitive evolution: different nervous
systems evolved to guide different bodies using different mechanisms based on different aspects of the sensory environment
in the context of different ecologies. In turn, this means that cognitive traits cannot be species-neutral; they all have a distinct
phylogenetic history intrinsically associated with the ways bodies and nervous systems have evolved to enable adaptive
behaviour across diverse clades. Furthermore, the search for unidimensional metrics of the neuroanatomical basis of intelli-
gence, separate from sensory-motor systems, is an impoverished approach doomed to failure. Neither brains nor specific
homunculi-bearing regions of brains are on-board computers into which one could theoretically feed any kind of sensory
inputs, or output to any kind of motor system. We have argued that the notion of a separation between sensory, motor and
cognitive functions is theoretically flawed and heuristically unproductive. And yet, as we have shown, much of comparative
psychology and the related search for the neural bases of cognition depend on such a distinction.

Where does this leave the notion of evolutionary convergence? To be clear, we do not question the idea that convergent
evolution is interesting and important, nor that it is useful to study its role in cognitive evolution. Comparative analyses of
convergent traits provide powerful evidence for adaptive evolution. We also agree that there are commonalities in the nature
of problems that organisms must solve. For example, the need to construct coherent, well-articulated, sometimes complicated
sequences of behaviour to obtain rewards, guided by sensory-motor feedback, is a rather general problem [135,136]. How do
different species achieve such sequencing, using what cognitive processes and neural mechanisms? What learning processes
are involved? To what extent are there non-adjacent dependencies and syntactical structuring [137] in natural, ecologically
relevant behaviours [138]? Even more fundamentally, we can point to the convergent appearance of centralized nervous systems
associated with motility [139]. It is no coincidence that the three lineages—chordates, cephalopods and arthropods—that
independently evolved complex, centralized brains and that have attracted the attention of comparative psychologists, are also
the lineages in which we find complex motility [96].” There is, therefore, convergence at the level of behaviour. The neural
mechanisms and the cognitive processes will, however, vary [15], so understanding how motile animals produce elaborate
sequences of apparently goal-directed actions requires us to delve into the details of the implementation and how these differ.
Starting with observations about behavioural convergence, we can then ask detailed questions about cognitive processes and
neural mechanisms without needing to invoke the kind of generic cognitive categories, species-neutral computational capacities
or abstract representations whose relevance we have queried.

This perspective suggests that, as Coombs & Trestman [96] have advocated, far more attention should be paid to the
divergent nature of cognitive adaptations, and how these are rooted in the sensory-motor specializations mediating animals’
interactions with their environments. Convergence and divergence are inherently phylogenetic concepts, in that they imply
divergence from an ancestral state followed by convergence towards derived, homoplastic states, which can only be understood
within a historical phylogenetic framework. This is sometimes easiest in comparisons of relatively closely related species, as
in the elegant work by Hodge et al. [110] linking visual specialization, memory, foraging behaviour, their neural substrates
and ecological niche in Heliconius butterflies. Yet, an explicit phylogenetic framework and understanding of the mechanisms
involved is often lacking from discussions of cognitive convergence. In order to understand the true nature and extent of
convergence, a more thoroughgoing phylogenetic perspective is needed in which divergent mechanisms and behaviours
provide an interpretive context for convergence.® Put another way, convergence can only be understood within a framework
that incorporates divergence—otherwise, there can be no clarity about the nature of the convergence, from and to what states,
or about its limits. This also entails a more biologically and ecologically grounded analysis in which neuro-cognitive processes
and their evolution are intrinsically related to phylogenetic history, how animals explore and learn about their worlds using
sensory-motor adaptations. In short, a biologically plausible account of cognitive evolution requires us to understand the whole
animal in its world and in its phylogenetic context. This is rather different than trying to understand cognition as a generic
computational device on legs—or on wings or fins or tentacles.

Given that, in our view, cognition is inherently embodied, the term ‘embodied cognition’ is tautologous. It is, however, a
necessary tautology for as long as psychology continues to be influenced by the notion that cognitive processes could, in fact, be
disembodied. The term embodied cognition has come to have several meanings, and we are not sympathetic to them all; we use
it here specifically in the sense that centralized, allegedly abstract, cognitive processes are built from sensory-motor functions
[141]. Although ‘off-line’ cognition, when we sit and think, can occur without simultaneous action, even this is body-based,
activating the same systems used to guide and predict outcomes of action [141]. This foregrounds the ways in which animals
explore, interact with and learn about their worlds, and the physiological mechanisms that mediate this; what Cisek &
Pastor-Bernier [142] call the ‘challenges of embodied decision-making faced by animals interacting with their environment in
real time’. An animal’s perceptual systems, its body plan and way of moving around the world guided by those senses (e.g.
intricate hand movements guided by high-acuity stereoscopic vision, chemotactile exploration of a three-dimensional aquatic
environment, sonar-guided movement through a multidimensional socio-ecological space) are all part and parcel of cognition.
Similar to Cheng [143], who discusses a range of examples in some detail, Hodge et al. [110] who provide an exemplary
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integration of ecology, behaviour, sensory systems and cognition and Coombs & Trestman [96] who show, how across the
metazoan tree of life, ‘brain and cognitive complexity can be attributed to the pivotal role played by body, sensory, brain and
motor traits’, we encourage comparative psychologists to take this idea seriously and, instead of trying to isolate cognitive
processes from the sensory-motor mechanisms that directly mediate animals’ behavioural interactions with their environments,
more fully explore their interconnections.
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Endnotes

'Associative learning (AL) is often posited as the low-level alternative to cognition. Detailed discussion is beyond the scope of this paper,

but the editor has asked us to comment. In brief, we think the distinction between AL and cognition is erroneous and another stumbling

block to progress in comparative psychology. As long ago as 1988, Rescorla [12] suggested that psychologists sometimes have an inaccurate
and outmoded view of AL as incapable of efficiently producing intelligent behaviour. Through processes such as autoshaping, chaining and
hierarchical organization of associations among associations, ‘conditioning involves the learning of relations among events that are complexly
represented’. As Heyes put it more recently, “in most respects, contemporary associative learning theory is thoroughly cognitive” [13]. AL can
thus result in complex (multi-component, flexibly expressed, goal directed) behaviours, integrating multiple different sources of information.
Hence, AL is neither a cognitive process nor an alternative to cognition: it is a developmental process by which the state of the animal and
consequently its behavioural responses, are affected by experience, sometimes in complicated ways that enable it to solve problems and make
‘clever’” decisions. AL is therefore not only compatible with cognitive accounts of behaviour, it is not even in principle an alternative to them.
?A striking illustration of the intractability of these debates is a report [30] in the journal Science 13 years ago. Many of the same arguments
described then continue unabated today.

3We can also point here to Moravec’s paradox that sensorimotor tasks that seem effortless to us, such as picking up a jug of water and pouring
the water into a glass, require elaborate visuo-motor mechanisms and enormous neural resources, compared with tasks that we subjectively find
more difficult, such as playing chess to a high level. The state of the art of robotics is still such that the water is likely to end up everywhere
except in the glass. On the other hand, Al programmes like ‘Deep Blue’ have been capable of defeating chess grandmasters since the late 1990s.
Subjective triviality and extensive neural resourcing are precisely what one would expect given that most of the 4 billion years of life on earth
have been spent evolving and refining elaborate sensory-motor mechanisms for the direct guidance and control of fitness-enhancing behaviours
[70].

“‘Even then, researchers sometimes seem to forget to make such an adjustment. Maclean et al. [56], for example, attempted to quantify executive
control across a phylogenetically diverse array of species using visuo-motor tasks for species with greatly differing visual acuity and where
differences in ability to track hand movements have been shown to affect performance [30,79].

°Lyon and Keijzer make some similar points to ours, advocating a ‘biogenic ... approach that begins with biology’ [124, p 38] and emphasizes
the continuity between sensory-motor and cognitive processes, and contrasting this with the anthropogenic approach of traditional cognitive
explanation that takes humans as the starting point. We, however, caution against their term “basal cognition’, in case it encourages the view
that “higher’ cognition is something else.

The ways in which stimuli that are not present influence behaviour (e.g. [132]) certainly raises important questions. It does not, however,
mandate representational inferences, and need not imply the involvement of completely separate mechanisms from those used when the stimuli
are present. Indeed, there is much evidence that perception involves memory inasmuch as it involves inference from past sensory experience
[133,134], just one of the ways in which memory and perception are entangled [106].

"Where complex motility involves organized, often rapid, multi-component movement sequences guided by sensory-motor feedback and
coordination of multiple effectors.

8Barron et al. [140] provide a general phylogenetic framework in terms of major transitions in cognitive evolution, and interestingly discuss
neural implementation mechanisms. We differ from their approach, however, in as much as their view of the cognitive processes invokes
abstract representations and is presented within a computational framework in which sensory information plays a secondary role to central
computation.

References

1. Holland RA. 2014 True navigation in birds: from quantum physics to global migration. J. Zool. 293, 1-15. (doi:10.1111/j20.12107)

2. LeePC. 1996 The meanings of weaning: growth, lactation, and life history. Evol. Anthropol. 5, 87—98. (doi:10.1002/(sici) 1520-6505(1996)5:33.0.¢0;2-t)

3. Boeckle M, Schiestl M, Frohnwieser A, Gruber R, Miller R, SuddendorfT, Gray RD, Taylor AH, Clayton NS. 2020 New Caledonian crows plan for specific future tool use. Proc. Biol. Sci. B
287,20201490. (doi:10.1098/rsph.2020.1490)

4. Mitchell RW. 1993 Mental models of mirror-self-recognition: two theories. New Ideas Psychol. 11, 295-325. (doi:10.1016/0732-118x(93)90002-u)

5. Heyes CM. 1994 Reflections on self-recognition in primates. Anim. Behav. 47, 909-919. (doi:10.1006/anbe.1994.1123)

SST0V207 <088 205 4'SwiL g Qsyeunofuousyandtaposeos [


http://dx.doi.org/10.1111/jzo.12107
http://dx.doi.org/10.1002/(sici)1520-6505(1996)5:33.0.co;2-t
http://dx.doi.org/10.1098/rspb.2020.1490
http://dx.doi.org/10.1016/0732-118x(93)90002-u
http://dx.doi.org/10.1006/anbe.1994.1123

Downloaded from https://royal societypublishing.org/ on 27 June 2025

24,

25.
26.

27.
28.
29.

30.
31
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
4.

44,

45.
46.

47.
48.

49.

50.
51.
52.
53.

Suddendorf T, Butler DL. 2013 The nature of visual self-recognition. Trends Cogn. Sci. 17, 121-127. (d0i:10.1016/j.tics.2013.01.004)

Kohda M, Bshary R, Kubo N, Awata S, Sowershy W, Kawasaka K, Kobayashi T, Sogawa S. 2023 Cleaner fish recognize self in a mirror via self-face recognition like humans. Proc. Nat/
Acad. Sci. USA 120, €2208420120. (doi:10.1073/pnas.2208420120)

Bartal IBA, Decety J, Mason P. 2011 Empathy and pro-social behavior in rats. Science 334, 1427—1430. (doi:10.1126/science.1210789)

Seyfarth RM, Cheney DL, Marler P. 1980 Monkey responses to three different alarm calls: evidence of predator classification and semantic communication. Science 210, 801-803.
(doi:10.1126/science.7433999)

Krupenye C, Kano F, Hirata S, Call J, Tomasello M. 2016 Great apes anticipate that other individuals will act according to false beliefs. Science 354, 110—114. (doi:10.1126/science.
aaf8110)

Penn DC, Povinelli DJ. 2013 The comparative delusion: the behavioristic/mentalistic’ dichotomy in comparative theory of mind research. In Agency and joint attention (eds J
Metcalfe, HS Terrace), pp. 62—81. Oxford, UK: Oxford University Press. (doi:10.1093/acprof:0s0/9780199988341.003.0004)

Rescorla RA. 1988 Pavlovian conditioning: it's not what you think it is. Am. Psychol. 43, 151-160. (doi:10.1037//0003-066x.43.3.151)

Heyes (M. 2012 Simple minds: a qualified defence of associative learning. Phil. Trans. R. Soc. B 367, 2695-2703. (doi:10.1098/rsth.2012.0217)

Gallistel CR. 1990 Representations in animal cognition: an introduction. Cognition 37, 1-22. (doi:10.1016/0010-0277(90)90016-d)

Seed A. 2011 Planning, memory, and decision making. In Animal thinking (eds R Menzel, J Fischer), pp. 121-148. Oxford, UK: Oxford University Press. (doi:10.7551/mitpress/9187.
003.0013)

Thornton A, Clayton NS, Grodzinski U. 2012 Animal minds: from computation to evolution. Phil. Trans. R. Soc. B 367, 2670—2676. (doi:10.1098/rsth.2012.0270)

Bayne T et al. 2019 What is cognition? Curr. Biol. 29, R608—R615. (doi:10.1016/j.cub.2019.05.044)

(layton NS, Dickinson A. 1998 Episodic-like memory during cache recovery by scrub jays. Nature 395, 272-274. (doi:10.1038/26216)

Crystal J. 2018 Animal models of episodic memory. Comp. Cogn. Behav. Rev. 13, 105-122.

Suddendorf T, Busby J. 2003 Mental time travel in animals? Trends Cogn. Sci. 7, 391-396. (doi:10.1016/51364-6613(03)00187-6)

Crystal D, SuddendorfT. 2019 Episodic memory in nonhuman animals? Curr. Biol. 29, R1291-R1295. (doi:10.1016/j.cub.2019.10.045)

Davies JR, Clayton NS. 2024 Is episodic-like memory like episodic memory? Phil. Trans. R. Soc. B 379, 20230397. (doi:10.1098/rsth.2023.0397)

de Mahy D, Esteve NA, Santariello A. 2021 New test, old problems: comment on ‘New Caledonian crows plan for specific future tool use’ Proc. R. Soc. B 288, 20210186. (doi:10.
1098/rspb.2021.0186)

Boeckle M, Schiestl M, Frohnwieser A, Gruber R, Miller R, SuddendorfT, Gray RD, Taylor AH, Clayton NS. 2021 New Caledonian crows’ planning behaviour: a reply to de Mahy et al.
Proc. R. Soc. B 288, 20211271. (doi:10.1098/rsph.2021.1271)

Voudouris K, Farrar BG, Cheke L, Halina M. 2024 Morgan’s canon and the associative-cognitive distinction today: a survey of practitioners. PsyArXiv. (doi:10.31234/osf.io/d3q8t)
Penn DC, Povinelli DJ. 2007 On the lack of evidence that non-human animals possess anything remotely resembling a ‘theory of mind" Phil. Trans. R. Soc. B 362, 731-744. (doi:10.
1098/rsth.2006.2023)

Call J, Tomasello M. 2008 Does the chimpanzee have a theory of mind? 30 years later. Trends Cogn. Sci. 12, 187-192. (doi:10.1016/j.tics.2008.02.010)

Farrar BG, Ostojic L. 2019 The illusion of science in comparative cognition. PsyArXiv. (doi:10.31234/osf.io/hduyx)

Farrar BG, Boeckle M, Clayton NS. 2020 Replications in comparative cognition: what should we expect and how can we improve? Anim. Behav. Cogn. 7, 1-22. (doi:10.26451/abc.07.
01.02.2020)

Balter M. 2012 'Killjoys' challenge claims of clever animals. Science 335, 1036—1037. (doi:10.1126/science.335.6072.1036)

Suddendorf T, Addis DR, Corballis MC. 2009 Mental time travel and the shaping of the human mind. Phil. Trans. R. Soc. B 364, 1317—1324. (doi:10.1098/rsth.2008.0301)

Templer VL, Hampton RR. 2013 Episodic memory in nonhuman animals. Curr. Biol. 23, R801-R806. (doi:10.1016/j.cub.2013.07.016)

Butterfill SA, Apperly IA. 2013 How to construct a minimal theory of mind. Mind Lang. 28, 606—637. (doi:10.1111/mila.12036)

Heyes (M. 1998 Theory of mind in nonhuman primates. Behav. Brain Sci. 21, 101-114. (doi:10.1017/50140525x98000703)

Keijzer FA. 2017 Evolutionary convergence and biologically embodied cognition. Interface Focus 7, 20160123. (doi:10.1098/rsfs.2016.0123)

Kiverstein JD, Rietveld E. 2018 Reconceiving representation-hungry cognition: an ecological-enactive proposal. Adapt. Behav. 6, 147-163. (doi:10.1177/1059712318772778)

van Woerkum B. 2023 Animal navigation without mental representation. Phenomenol. Cogn. Sci. (doi:10.1007/511097-023-09940-z)

Guest 0, Martin A. 2025 Are neurocognitive representations ‘SmallCakes’?. See https://philsci-archive.pitt.edu/24834/.

Triki Z, van Schaik C, Bshary R. 2024 The fish challenge to vertebrate cognitive evolution. Phil. Trans. R. Soc. B 380, 20240124. (doi:10.1098/rsth.2024.0124)

Chittka L, Rossiter SJ, Skorupski P, Fernando C. 2012 What is comparable in comparative cognition? Phil. Trans. R. Soc. B 367, 2677-2685. (doi:10.1098/rsth.2012.0215)

Hauser MD, Chomsky N, Fitch WT. 2002 The faculty of language: what is it, who has it, and how did it evolve? Science 298, 1569—1579. (doi:10.1126/science.298.5598.1569)

Emery NJ, Clayton NS. 2004 The mentality of crows: convergent evolution of intelligence in corvids and apes. Science 306, 1903—1907. (doi:10.1126/science.1098410)

Emery N. 2004 Are corvids ‘feathered apes'? Cognitive evolution in crows, jays, rooks, and jackdaws. In Comparative analysis of minds (ed. S Watanabe), pp. 181-213. Tokyo, Japan:
Keio University Press.

Amodio P, Boeckle M, Schnell AK, Ostojic L, Fiorito G, Clayton NS. 2019 Grow smart and die young: why did cephalopods evolve intelligence? Trends Ecol. Evol. 34, 45-56. (doi:10.
1016/j.tree.2018.10.010)

Laland K, Seed A. 2021 Understanding human cognitive uniqueness. Annu. Rev. Psychol. 72, 689-716. (doi:10.1146/annurev-psych-062220-051256)

Van Essen DC, Lewis JW, Drury HA, Hadjikhani N, Tootell RB, Bakircioglu M, Miller MI. 2001 Mapping visual cortex in monkeys and humans using surface-based atlases. Vision Res.
41, 1359-1378. (doi:10.1016/50042-6989(01)00045-1)

Joffe T, Dunbar R. 1997 Visual and socio-cognitive information processing in primate brain evolution. Prac. R. Soc. B 264, 1303—1307. (doi:10.1098/rspb.1997.0180)

Kaas JH, Qi HX, Stepniewska I. 2022 Escaping the nocturnal bottleneck, and the evolution of the dorsal and ventral streams of visual processing in primates. Phil. Trans. R. Soc. B
377,20210293. (doi:10.1098/rsth.2021.0293)

Meyer EE, Martynek M, Kastner S, Livingstone MS, Arcaro MJ. 2025 Expansion of a conserved architecture drives the evolution of the primate visual cortex. Proc. Natl Acad. Sci. USA
122, €2421585122. (doi:10.1073/pnas.2421585122)

Barton RA. 1998 Visual specialization and brain evolution in primates. Proc. R. Soc. B 265, 1933—1937. (doi:10.1098/rsph.1998.0523)

Barton RA. 2004 Binocularity and brain evolution in primates. Proc. Nat! Acad. Sci. USA 101, 10113-10115. (doi:10.1073/pnas.0401955101)

Reader SM, Hager Y, Laland KN. 2011 The evolution of primate general and cultural intelligence. Phil. Trans. R. Soc. B 366, 1017—1027. (doi:10.1098/rsth.2010.0342)

Burkart JM, Schubiger MN, van Schaik CP. 2017 The evolution of general intelligence. Behav. Brain Sci. 40, X16000959. (doi:10.1017/50140525x16000959)

stz o w5t aseuroiowomspdionior [


http://dx.doi.org/10.1016/j.tics.2013.01.004
http://dx.doi.org/10.1073/pnas.2208420120
http://dx.doi.org/10.1126/science.1210789
http://dx.doi.org/10.1126/science.7433999
http://dx.doi.org/10.1126/science.aaf8110
http://dx.doi.org/10.1126/science.aaf8110
http://dx.doi.org/10.1093/acprof:oso/9780199988341.003.0004
http://dx.doi.org/10.1037//0003-066x.43.3.151
http://dx.doi.org/10.1098/rstb.2012.0217
http://dx.doi.org/10.1016/0010-0277(90)90016-d
http://dx.doi.org/10.7551/mitpress/9187.003.0013
http://dx.doi.org/10.7551/mitpress/9187.003.0013
http://dx.doi.org/10.1098/rstb.2012.0270
http://dx.doi.org/10.1016/j.cub.2019.05.044
http://dx.doi.org/10.1038/26216
http://dx.doi.org/10.1016/s1364-6613(03)00187-6
http://dx.doi.org/10.1016/j.cub.2019.10.045
http://dx.doi.org/10.1098/rstb.2023.0397
http://dx.doi.org/10.1098/rspb.2021.0186
http://dx.doi.org/10.1098/rspb.2021.0186
http://dx.doi.org/10.1098/rspb.2021.1271
http://dx.doi.org/10.31234/osf.io/d3q8t
http://dx.doi.org/10.1098/rstb.2006.2023
http://dx.doi.org/10.1098/rstb.2006.2023
http://dx.doi.org/10.1016/j.tics.2008.02.010
http://dx.doi.org/10.31234/osf.io/hduyx
http://dx.doi.org/10.26451/abc.07.01.02.2020
http://dx.doi.org/10.26451/abc.07.01.02.2020
http://dx.doi.org/10.1126/science.335.6072.1036
http://dx.doi.org/10.1098/rstb.2008.0301
http://dx.doi.org/10.1016/j.cub.2013.07.016
http://dx.doi.org/10.1111/mila.12036
http://dx.doi.org/10.1017/s0140525x98000703
http://dx.doi.org/10.1098/rsfs.2016.0123
http://dx.doi.org/10.1177/1059712318772778
http://dx.doi.org/10.1007/s11097-023-09940-z
https://philsci-archive.pitt.edu/24834/
http://dx.doi.org/10.1098/rstb.2024.0124
http://dx.doi.org/10.1098/rstb.2012.0215
http://dx.doi.org/10.1126/science.298.5598.1569
http://dx.doi.org/10.1126/science.1098410
http://dx.doi.org/10.1016/j.tree.2018.10.010
http://dx.doi.org/10.1016/j.tree.2018.10.010
http://dx.doi.org/10.1146/annurev-psych-062220-051256
http://dx.doi.org/10.1016/s0042-6989(01)00045-1
http://dx.doi.org/10.1098/rspb.1997.0180
http://dx.doi.org/10.1098/rstb.2021.0293
http://dx.doi.org/10.1073/pnas.2421585122
http://dx.doi.org/10.1098/rspb.1998.0523
http://dx.doi.org/10.1073/pnas.0401955101
http://dx.doi.org/10.1098/rstb.2010.0342
http://dx.doi.org/10.1017/s0140525x16000959

Downloaded from https://royal societypublishing.org/ on 27 June 2025

54.

55.
56.
57.

58.
59.
60.
61.

62.
63.

64.
65.
66.
67.
68.
69.

70.
7.

72.
73.
74.
75.
76.
7.
78.

79.

80.
81.
82.
83.
84.
85.
86.

87.

88.

89.
90.
91.
92.

93.
94.
9.
96.

97.
98.
99.

100.

101.
102.

Van Horik JO, Clayton NS, Emery NJ. 2012 Convergent evolution of cognition in corvids, apes and other animals. In The Oxford handbook of comparative evolutionary psychology (eds m

TK Shackelford, J Vonk), pp. 80—101. Oxford, UK: Oxford University Press. (doi:10.1093/0xfordhb/9780199738182.013.0005)

Giintiirkiin 0. 2012 The convergent evolution of neural substrates for cognition. Psychol. Res. 76, 212-219. (doi:10.1007/500426-011-0377-9)

MacLean EL et al. 2014 The evolution of self-control. Proc. Natl Acad. Sci. USA 111, E2140-8. (doi:10.1073/pnas.1323533111)

Baciadonna L, Cornero FM, Emery NJ, Clayton NS. 2021 Convergent evolution of complex cognition: insights from the field of avian cognition into the study of self-awareness. Learn.
Behav. 49, 9-22. (doi:10.3758/513420-020-00434-5)

Schnell AK, Clayton NS. 2021 Cephalopods: ambassadors for rethinking cognition. Biochem. Biophys. Res. Commun. 564, 27-36. (doi:10.1016/j.bbrc.2020.12.062)

Powell R, Mikhalevich I, Logan C, Clayton NS. 2017 Convergent minds: the evolution of cognitive complexity in nature. Interface Focus 7, 20170029. (doi:10.1098/rsfs.2017.0029)
Beran MJ, Hopkins WD. 2018 Self-control in chimpanzees relates to general intelligence. Curr. Biol. 28, 574-579.(doi:10.1016/j.cub.2017.12.043)

Shuker DM, Barrett L, Dickins TE, Scott-Phillips TC, Barton RA. 2017 General intelligence does not help us understand cognitive evolution. Behav. Brain Sci. 40, €218. (doi:10.1017/
5s0140525x16001771)

Hodos W, Campbell (BG. 1969 Scala naturae: why there is no theory in comparative psychology. Psychol. Rev. 76, 337-350. (doi:10.1037/h0027523)

Penn DC. 2011 How folk psychology ruined comparative psychology: and how scrub jays can save it. In Animal thinking: contemporary issues in comparative cognition (eds R Menzel,
J Fischer), pp. 253-266, vol. 8. Oxford, UK: Oxford University Press.

Romanes G. 1888 Animal intelligence. New York, NY: Appleton. (doi:10.5962/bhl.title.47151)

Smith R. 1992 Inhibition: history and meaning in the sciences of mind and brain. Berkeley, CA: University of California Press.

Parvizi J. 2012 Disinhibition: more than a misnomer. Soc. Neurosci. 7, 2011. (doi:10.1080/17470919.2011.614004)

Lenartowicz A, Kalar DJ, Congdon E, Poldrack RA. 2010 Towards an ontology of cognitive control. Top. Cogn. Sci. 2, 678—692. (doi:10.1111/}.1756-8765.2010.01100.x)

Gomez-Lavin J. 2020 Working memory is not a natural kind and cannot explain central cognition. Rev. Philos. Psychol 12, 199-225. (doi:10.1007/513164-020-00507-4)

Loffler C, Frischkorn GT, Hagemann D, Sadus K, Schubert AL. 2024 The common factor of executive functions measures nothing but speed of information uptake. Psychol. Res. 88,
1092-1114. (doi:10.1007/500426-023-01924-7)

Brooks RA. 1991 Intelligence without representation. Artif. Intell. 47,139-159.

Barrett L. 2012 Why behaviorism isn't Satanism. In Oxford handbook of comparative evolutionary psychology (eds J Vonk, TK Shackelford), pp. 17-38. New York, NY: Oxford
University Press.

Buckner C. 2013 Morgan’s canon, meet Hume's dictum: avoiding anthropofabulation in cross-species comparisons. Biol. Philos. 28, 853—871. (doi:10.1007/510539-013-9376-0)
Barrett L. 2015 A better kind of continuity. South. J. Philos. 53, 28—49.

Povinelli DJ. 2004 Behind the ape’s appearance: escaping anthropocentrism in the study of other minds. Daedalus 133, 29-41. (doi:10.1162/001152604772746675)

Barrett L. 2009 A guide to practical babooning: ecological, social and cognitive contingency. Evol. Anthropol 18, 91-102. (doi:10.1002/evan.20210)

Barrett L. 2011 Beyond the brain: how body and environment shape animal and human minds. Princeton, NJ: Princeton University Press. (doi:10.1515/9781400838349)

Putnam H. 1988 Representation and reality. Cambridge, MA: MIT Press.

Van Woerkum B, Barrett L. 2024 Anthropofabrication and the redressing of memory: an embodied approach to comparative cognition. Phil. Trans. R. Soc. B 379, 20230145. (doi:10.
1098/rsth.2023.0145)

Jelbert SA, Taylor AH, Gray RD. 2016 Does absolute brain size really predict self-control? Hand-tracking training improves performance on the A-not-B task. Biol. Lett. 12, 20150871.
(doi:10.1098/rsh1.2015.0871)

MacPhail E. 1982 Brain and intelligence in vertebrates. Oxford, UK: Clarendon Press.

Godfrey S. 2020 Metazoa: animal minds and the birth of consciousness. Glasgow, UK: William Collins.

Roth G. 2015 Convergent evolution of complex brains and high intelligence. Phil. Trans. R. Soc. B 370, 20150049. (doi:10.1098/rsth.2015.0049)

Rakic P. 2009 Evolution of the neocortex: a perspective from developmental biology. Nat. Rev. Neurosci. 10, 724—735. (doi:10.1038/nrn2719)

Herculano-Houzel S. 2017 Numbers of neurons as biological correlates of cognitive capability. Curr. Opin. Behav. Sci. 16, 1-7. (doi:10.1016/j.cobeha.2017.02.004)

Giintiirkiin O, Pusch R, Rose J. 2024 Why birds are smart. Trends Cogn. Sci. 28, 197-209. (doi:10.1016/j.tics.2023.11.002)

Basava K, Bendixen B, Leonhard A, George NL, Vanhersecke Z, Mather J, Muthukrishna J. 2024 Ecological not social factors explain brain size in cephalopods: we need a new model
for the evolution of big brains. bioRxiv (doi:10.1101/2024.05.01.592020)

Deaner RO, Isler K, Burkart J, van Schaik C. 2007 Overall brain size, and not encephalization quotient, best predicts cognitive ability across non-human primates. Brain Behav. Evol.
70, 115-124. (doi:10.1159/000102973)

van Schaik CP, Triki Z, Bshary R, Heldstab SA. 2021 A farewell to the encephalization quotient: a new brain size measure for comparative primate cognition. Brain Behav. Evol. 96,
1-12. (doi:10.1159/000517013)

Triki Z, Aellen M, van Schaik CP, Bshary R. 2021 Relative brain size and cognitive equivalence in fishes. Brain Behav. Evol. 96, 124—136. (doi:10.1159/000520741)

Deacon TW. 1990 Fallacies of progression in theories of brain-size evolution. Int. J. Primatol. 11, 193-236. (doi:10.1007/hf02192869)

Healy S, Rowe C. 2007 A critique of comparative studies of brain size. Proc. R. Soc. B 274, 453—-464. (doi:10.1098/rsph.2006.3748)

Logan C et al. 2018 Beyond brain size: uncovering the neural correlates of behavioral and cognitive specialization. Comp. Cogn. Behav. Rev 13, 55-89. (d0i:10.3819/cchr.2018.
130008)

Healy SD. 2021 Adaptation and the brain. Oxford, UK: Oxford University Press.(Oxford series in ecology and evolution). (doi:10.1093/050/9780199546756.001.0001)

DeCasien AR, Barton RA, Higham JP. 2022 Understanding the human brain: insights from comparative biology. Trends Cogn. Sci. 26, 432—-445. (doi:10.1016/.tics.2022.02.003)
Venditti C, Baker J, Barton RA. 2024 Co-evolutionary dynamics of mammalian brain and body size. Nat. Ecol. Fvol. 8, 1534—1542. (doi:10.1038/541559-024-02451-3)

Coombs S, Trestman M. 2024 A multi-trait embodied framework for the evolution of brains and cognition across animal phyla. Behav. Brain Sci. 1-52. in press. (doi:10.1017/
5s0140525x24000335)

Barton RA. 2012 Embodied cognitive evolution and the cerebellum. Phil. Trans. R. Soc. B 367, 2097-2107. (doi:10.1098/rsth.2012.0112)

Miller M, Clark A. 2018 Happily entangled: prediction, emotion, and the embodied mind. Synthese 195, 2559-2575. (doi:10.1007/511229-017-1399-7)

Pessoa L. 2022 The entangled brain: how perception, cognition, and emotion are woven together. Cambridge, MA: MIT Press.

Lindhout FW, Krienen FM, Pollard KS, Lancaster MA. 2024 A molecular and cellular perspective on human brain evolution and tempo. Nature 630, 596—608. (doi:10.1038/541586-
024-07521-x)

Montgomery S, Mundy N, Barton RA. 2016 Brain evolution and development: adaptation, allometry and constraint. Proc. R. Soc. B 283, 20160433. (doi:10.1098/rspb.2016.0433)
Chin R, Chang S, Holmes A. 2023 Beyond cortex: the evolution of the human brain. Psychol. Rev. 130, 285-307. (doi:10.1037/rev0000361)

5207207 08€ g 0S Y suvij /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i


http://dx.doi.org/10.1093/oxfordhb/9780199738182.013.0005
http://dx.doi.org/10.1007/s00426-011-0377-9
http://dx.doi.org/10.1073/pnas.1323533111
http://dx.doi.org/10.3758/s13420-020-00434-5
http://dx.doi.org/10.1016/j.bbrc.2020.12.062
http://dx.doi.org/10.1098/rsfs.2017.0029
http://dx.doi.org/10.1016/j.cub.2017.12.043
http://dx.doi.org/10.1017/s0140525x16001771
http://dx.doi.org/10.1017/s0140525x16001771
http://dx.doi.org/10.1037/h0027523
http://dx.doi.org/10.5962/bhl.title.47151
http://dx.doi.org/10.1080/17470919.2011.614004
http://dx.doi.org/10.1111/j.1756-8765.2010.01100.x
http://dx.doi.org/10.1007/s13164-020-00507-4
http://dx.doi.org/10.1007/s00426-023-01924-7
http://dx.doi.org/10.1007/s10539-013-9376-0
http://dx.doi.org/10.1162/001152604772746675
http://dx.doi.org/10.1002/evan.20210
http://dx.doi.org/10.1515/9781400838349
http://dx.doi.org/10.1098/rstb.2023.0145
http://dx.doi.org/10.1098/rstb.2023.0145
http://dx.doi.org/10.1098/rsbl.2015.0871
http://dx.doi.org/10.1098/rstb.2015.0049
http://dx.doi.org/10.1038/nrn2719
http://dx.doi.org/10.1016/j.cobeha.2017.02.004
http://dx.doi.org/10.1016/j.tics.2023.11.002
http://dx.doi.org/10.1101/2024.05.01.592020
http://dx.doi.org/10.1159/000102973
http://dx.doi.org/10.1159/000517013
http://dx.doi.org/10.1159/000520741
http://dx.doi.org/10.1007/bf02192869
http://dx.doi.org/10.1098/rspb.2006.3748
http://dx.doi.org/10.3819/ccbr.2018.130008
http://dx.doi.org/10.3819/ccbr.2018.130008
http://dx.doi.org/10.1093/oso/9780199546756.001.0001
http://dx.doi.org/10.1016/j.tics.2022.02.003
http://dx.doi.org/10.1038/s41559-024-02451-3
http://dx.doi.org/10.1017/s0140525x24000335
http://dx.doi.org/10.1017/s0140525x24000335
http://dx.doi.org/10.1098/rstb.2012.0112
http://dx.doi.org/10.1007/s11229-017-1399-7
http://dx.doi.org/10.1038/s41586-024-07521-x
http://dx.doi.org/10.1038/s41586-024-07521-x
http://dx.doi.org/10.1098/rspb.2016.0433
http://dx.doi.org/10.1037/rev0000361

Downloaded from https://royal societypublishing.org/ on 27 June 2025

103.

104.
105.
106.
107.

108.
109.
110.

m.
12.
113.
14.
115.
116.
17.
118.
19.
120.

121.

122.

123.
124.

125.

126.
127.
128.
129.
130.
131.

132.

133.

134.

135.
136.

137.

138.
139.
140.
141.
142.
143.

Whiting BA, Barton RA. 2003 The evolution of the cortico-cerebellar complex in primates: anatomical connections predict patterns of correlated evolution. J. Hum. Evol. 44, 3-10. m

(doi:10.1016/50047-2484(02)00162-8)

Barton RA, Venditti C. 2014 Rapid evolution of the cerebellum in humans and other great apes. Curr. Biol. 27, 1249-1250. (doi:10.1016/j.cub.2017.03.059)

Parvizi J. 2009 Corticocentric myopia: old bias in new cognitive sciences. Trends Cogn. Sci. 13, 354—359. (doi:10.1016/j.tics.2009.04.008)

Cisek P, Hayden BY. 2022 Neuroscience needs evolution. Phil. Trans. R. Soc. B 377, 20200518. (doi:10.1098/rsth.2020.0518)

Pessoa L, Medina L, Desfilis E. 2022 Refocusing neuroscience: moving away from mental categories and towards complex behaviours. Phil. Trans. R. Soc. B 377, 20200534 (doi:10.
1098/rsth.2020.0534)

Barrett L, Wiirsig B. 2014 Why dolphins are not aquatic apes. Anim. Behav. Cogn. 1, 1-18. (d0i:10.12966/abc.02.01.2014)

Barrett L, Henzi SP, Barton RA. 2022 Experts in action: why we need an embodied social brain hypothesis. Phil. Trans. R. Soc. B 377, 20200533. (doi:10.1098/rsth.2020.0533)

Hodge E, Acalde Anton A, Bestea L, Herndndez G, Margereth Aguilar J, Farnworth M, Dell’Aglio D, McMillan W, Montgomery S. 2025 Modality specific long-term memory
enhancement in Heliconius butterflies. Phil. Trans. R. Soc. B 380, 20240119. (doi:10.1098/rsth.2024.0119)

Chi H et al. 2025 Genomic and phenotypic evidence support visual and olfactory shifts in primate evolution. Nat. Ecol. Evol. 9, 721-733. (doi:10.1038/541559-025-02651-5)

Darwin C. 1859 On the origin of species by means of natural selection, or the preservation of favoured races in the struggle for life. London, UK: John Murray.

Adams GK, Watson KK, Pearson J, Platt ML. 2012 Neuroethology of decision-making. Curr. Opin. Neurobiol. 22, 982-989. (doi:10.1016/j.conb.2012.07.009)

Ulanovsky N, Moss CF. 2008 What the bat’s voice tells the bat’s brain. Proc. Nat! Acad. Sci. USA 105, 8491-8498. (doi:10.1073/pnas.0703550105)

Nagel T. 2024 What is it like to be a bat? Phil. Rev. 83, 435-450. (doi:10.1093/050/9780197752791.001.0001)

Hochner B. 2012 An embodied view of octopus neurobiology. Curr. Biol. 22, R887-R892. (doi:10.1016/j.cub.2012.09.001)

Godfrey-Smith P. 2016 Other minds: the octopus, the sea, and the deep origins of consciousness. London, UK: Harper Collins.

(arls-Diamante S. 2017 The octopus and the unity of consciousness. Biol. Philos. 32, 1269—1287. (doi:10.1007/510539-017-9604-0)

(arls-Diamante S. 2022 Where is it like to be an octopus? Front. Syst. Neurosci. 16, 840022. (doi:10.3389/fnsys.2022.840022)

Zullo L, Sumbre G, Agnisola C, Flash T, Hochner B. 2009 Nonsomatotopic organization of the higher motor centers in octopus. Curr. Biol. 19, 1632—1636. (doi:10.1016/j.cub.2009.
07.067)

Shigeno S, Andrews PLR, Ponte G, Fiorito G. 2018 Cephalopod brains: an overview of current knowledge to facilitate comparison with vertebrates. Front. Physiol. 9, 952. (doi:10.
3389/fphys.2018.00952)

Kang G, Allard CAH, Valencia-Montoya WA, van Giesen L, Kim JJ, Kilian PB, Bai X, Bellono NW, Hibbs RE. 2023 Sensory specializations drive octopus and squid behaviour. Nature
616, 378—383. (doi:10.1038/541586-023-05808-2)

van Woerkum B. 2020 Distributed nervous system, disunified consciousness? J. Conscious. Stud. 27, 149-172.

Lyon P, Keijzer F. 2007 The human stain: why cognitivism can't tell us what cognition is & what it does. In The mind, the body and the world: psychology after cognitivism? (eds B
Wallace, A Ross, J Davies, T Anderson), pp. 132—165. Exeter, UK: Imprint Academic.

Garcia-Pelegrin E, Miller R, Wilkins C, Clayton NS. 2023 Manual action expectation and biomechanical ability in three species of New World monkey. Curr. Biol. 33, 1803—1808.(doi:
10.1016/j.cub.2023.03.023)

Radman Z. 2013 The hand, an organ of the mind: what the manual tells the mental. Cambridge, MA: MIT Press.

Ellis R. 2018 Bodies and other objects: the sensorimotor foundations of cognition. Cambridge, UK: Cambridge University Press.

Smith LB, Thelen E. 2003 Development as a dynamic system. Trends Cogn. Sci. 7, 343—-348. (doi:10.1016/51364-6613(03)00156-6)

Shettleworth SJ. 2001 Animal cognition and animal behaviour. Anim. Behav. 61, 277-286. (doi:10.1006/anbe.2000.1606)

Allman J, McGuinness E. 1988 Visual cortex in primates. In Comparative primate biology (eds HD Steklis, J Erwin), pp. 279—326, vol. 4. New York, NY: Alan R. Liss Inc.

Hilgetag CC, 0'Neill MA, Young MP. 2000 Hierarchical organization of macaque and cat cortical sensory systems explored with a novel network processor. Phil. Trans. R. Soc. Lond. B
355, 71-89. (d0i:10.1098/rsth.2000.0550)

Gruber R, Schiestl M, Boeckle M, Frohnwieser A, Miller R, Gray RD, Clayton NS, Taylor AH. 2019 New Caledonian crows use mental representations to solve metatool problems. Curr.
Biol. 29, 686—692.(doi:10.1016/j.cub.2019.01.008)

Khan ZU, Martin-Montafiez E, Baxter MG. 2011 Visual perception and memory systems: from cortex to medial temporal lobe. Cell. Mol. Life Sci. 68, 1737-1754. (doi:10.1007/
500018-011-0641-6)

Albright TD. 2012 On the perception of probable things: neural substrates of associative memory, imagery, and perception. Neuron 74, 227-245. (doi:10.1016/j.neuron.2012.04.
001)

Lashley K. 1951 The problem of serial order in behavior. In Cerebral mechanisms in behavior; the Hixon Symposium (ed. LA Jeffress), pp. 112—144. Hoboken, NJ: Wiley.

Enquist M, Ghirlanda S, Lind J. 2023 The human evolutionary transition: from animal intelligence to culture. Princeton, NJ: Princeton University Press. (doi:10.23943/princeton/
9780691240770.001.0001)

Wilson B, Spierings M, Ravignani A, Mueller JL, Mintz TH, Wijnen F, van der Kant A, Smith K, Rey A. 2020 Non-adjacent dependency learning in humans and other animals. Top.
Cogn. Sci. 12, 843—-858. (doi:10.1111/tops.12381)

Mielke A, Carvalho S. 2022 Chimpanzee play sequences are structured hierarchically as games. PeerJ 10, e14294. (doi:10.7717/peerj.14294)

Llinas R. 2002 / of the vortex. Cambridge, MA: MIT Press.

Barron AB, Halina M, Klein C. 2023 Transitions in cognitive evolution. Proc. R. Soc. B290, 20230671. (doi:10.1098/rsph.2023.0671)

Wilson M. 2002 Six views of embodied cognition. Psychon. Bull. Rev. 9, 625—636. (doi:10.3758/bf03196322)

Cisek P, Pastor-Bernier A. 2014 On the challenges and mechanisms of embodied decisions. Phil. Trans. R. Soc. B 369, 20130479. (doi:10.1098/rsth.2013.0479)

Cheng K. 2018 Cognition beyond representation: varieties of situated cognition in animals. Comp. Cogn. Behav. Rev. 13, 1-20. (doi:10.3819/ccbr.2018.130001)

5207207 08€ g 0S Y suvij /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i


http://dx.doi.org/10.1016/s0047-2484(02)00162-8
http://dx.doi.org/10.1016/j.cub.2017.03.059
http://dx.doi.org/10.1016/j.tics.2009.04.008
http://dx.doi.org/10.1098/rstb.2020.0518
http://dx.doi.org/10.1098/rstb.2020.0534
http://dx.doi.org/10.1098/rstb.2020.0534
http://dx.doi.org/10.12966/abc.02.01.2014
http://dx.doi.org/10.1098/rstb.2020.0533
http://dx.doi.org/10.1098/rstb.2024.0119
http://dx.doi.org/10.1038/s41559-025-02651-5
http://dx.doi.org/10.1016/j.conb.2012.07.009
http://dx.doi.org/10.1073/pnas.0703550105
http://dx.doi.org/10.1093/oso/9780197752791.001.0001
http://dx.doi.org/10.1016/j.cub.2012.09.001
http://dx.doi.org/10.1007/s10539-017-9604-0
http://dx.doi.org/10.3389/fnsys.2022.840022
http://dx.doi.org/10.1016/j.cub.2009.07.067
http://dx.doi.org/10.1016/j.cub.2009.07.067
http://dx.doi.org/10.3389/fphys.2018.00952
http://dx.doi.org/10.3389/fphys.2018.00952
http://dx.doi.org/10.1038/s41586-023-05808-z
http://dx.doi.org/10.1016/j.cub.2023.03.023
http://dx.doi.org/10.1016/s1364-6613(03)00156-6
http://dx.doi.org/10.1006/anbe.2000.1606
http://dx.doi.org/10.1098/rstb.2000.0550
http://dx.doi.org/10.1016/j.cub.2019.01.008
http://dx.doi.org/10.1007/s00018-011-0641-6
http://dx.doi.org/10.1007/s00018-011-0641-6
http://dx.doi.org/10.1016/j.neuron.2012.04.001
http://dx.doi.org/10.1016/j.neuron.2012.04.001
http://dx.doi.org/10.23943/princeton/9780691240770.001.0001
http://dx.doi.org/10.23943/princeton/9780691240770.001.0001
http://dx.doi.org/10.1111/tops.12381
http://dx.doi.org/10.7717/peerj.14294
http://dx.doi.org/10.1098/rspb.2023.0671
http://dx.doi.org/10.3758/bf03196322
http://dx.doi.org/10.1098/rstb.2013.0479
http://dx.doi.org/10.3819/ccbr.2018.130001

	Embodied cognitive evolution and the limits of convergence
	1. Introduction
	2. Convergence and the cognitivist gambit in comparative psychology
	3. Anthropocentrism and computationalism
	4. The neural basis of cognitive evolution
	5. What is it like to be an octopus?
	6. Divergence and convergence


