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Editorial on the Research Topic
 Processing of face and other animacy cues in the brain




Over the last two decades, substantial progress has been made in our understanding of the mechanisms of animacy recognition, the ability to detect the presence of living entities in the environment (Pavlova, 2012; Lorenzi and Vallortigara, 2021). This is conceivably one of the most vital abilities that an animal should possess, as it allows proper alertness toward probable interactions, or, more specifically, prompt identification of others as valuable social companions, mates, prey, or predators. We have understood that animacy detectors operate from the very beginning after birth (Bidet-Ildei et al., 2014; Di Giorgio et al., 2017) and we have started to elucidate the underlying mechanisms of some of these “life detectors” (Buiatti et al., 2019; Kobylkov et al., 2024; Romagnano et al., 2024), mostly with respect to the selection of faces as well as face-like non-faces from similar patterns. The study of animacy is of broad interest because the brains of all vertebrates—and possibly also some invertebrates—seem to be predisposed to tell apart animate and non-animate entities. This basic, ontological ability to select animate entities has a profound impact on the development of the brain and mind.

First and foremost, animacy detection mechanisms are the bricks for building up the social brain. A growing body of evidence suggests that the lack or delayed development of animacy detectors is ultimately associated with neurodevelopmental disorders such as autism spectrum disorders (Jones and Klin, 2013; Pavlova et al., 2017; Shultz et al., 2018; Di Giorgio et al., 2016, 2021; Lorenzi et al., 2019; Galli et al., 2025). Detection of animacy also sets the stage for recognition of agency (e.g., when agents exhibit motion which is reciprocally contingent in space and time; Lemaire et al., 2022), in other words, the understanding that an animate entity may possess social characteristics such as desires, beliefs, and goals, a cognitive capacity commonly dubbed as “theory of mind.” Intriguingly, the distinction between animate and non-animate objects is at the foundation of intuitive dualism and essentialism (Bloom, 2004). The animate–inanimate distinction is foundational because it is the earliest cognitive division that links animacy/agency to minds and kinds to hidden essences, from which intuitive dualism and essentialism naturally emerge. Again, some fascinating evidence has been collected in recent years for attenuated dualism and essentialism in people who show reduced expression (or over-expression) of animacy and agency detectors (Berent et al., 2022; Berent and Hooley, 2025). Both under- and overexpression of animacy detection are ultimately associated with a wide range of mental disorders such as the autism, borderline personality disorder, social anxiety, and psychosis. Implication for the origins of beliefs, in particular religious beliefs have been harassed with regards to the animate/inanimate distinction (Bloom, 2004; Girotto et al., 2014; Vallortigara, 2012).

The collection of papers in the Research Topic “Processing of Faces and Other Animacy Cues in the Brain” (https://www.frontiersin.org/research-topics/60317/processing-of-face-and-other-animacy-cues-in-the-brain) consists of 12 contributions (with 33 authors circling around this theme; they were edited by the international and interdisciplinary team of researchers) representing the state of the art in animacy research. Most of them are critical reviews and theoretical analyses of previous work. One fascinating aspect of this Research Topic is the inclusion of papers that investigate unusual animal model systems: animacy processing is investigated in fish by Kohda et al. and in dogs by Abdai. De Agrò et al. provide a valuable introduction to largely neglected topics, namely the presence of mechanisms for the detection of animacy among invertebrates. This indicates path-breaking motion of neuroscience from a traditional primatocentric or mammalocentric attitude toward a more comprehensive and truly Darwinian comparative approach.

Given that most of the studies in this area privileged vision, it is important, as Gonan et al. do, to stress that a sense of animacy can be conveyed by other sensory modalities, such as audition.

The importance of animacy detection with respect to neurodevelopmental disorders is emphasized by the analysis of Sgadò et al., which deals with impairments in face processing in animal models and implications for our understanding of autism spectrum disorder. Complementarily, Lunghi and Di Giorgio explore how animate motion can affect visual attention in typically developing infants.

The processing of a face obviously plays a pivotal role in the collection of papers. The vexata quaestio of innate and learned factors in early preferences for faces is discussed by Kobylkov and Vallortigara in relation to novel data obtained through single-cell recordings in visually naive chicks. Tomonaga provides behavioral evidence for the involvement of top-down processing in face pareidolia (the perception of face-like images in random patterns) in chimpanzees (Pan troglodytes).

Dynamic signals from the body and faces substantially contribute to inferring social characteristics, for instance, recognizing familiar individuals. Lander and Bennetts synthesize psychological research showing that identity recognition is not solely based on static features (e.g., face structure) but also on dynamic cues such as facial movements, body actions, and vocal dynamics. This is consistent with recent neurobiological evidence that dynamic faces are processed via a cortical pathway distinct from that used for static faces in the human brain (Prabhakar et al., 2025). In this Topic, Shen et al. suggest that understanding point-light biological motion processing benefits from analysis “through the lens of animate motion processing” in the context of how the life-detection system is hardwired in the brain.

Setogawa et al. show that, alongside faces, evolutionary salient threats such as snakes are processed via a fast, subcortical pathway. While previous studies have emphasized the role of this pathway in coarse and fast processing of facial expression (Inagaki et al., 2023), they extend this framework by showing that subcortical-prefrontal circuits conserved between human and non-human primates are tuned to threatening animacy cues.

By using mobile EEG recording techniques, Soto et al. found that body posture selectively modulates early visual cortical processing but does not alter higher-level face processing, suggesting the robustness of face-sensitive neural mechanisms across bodily states.

In a nutshell, the work presented in this Research Topic nicely dovetails with and enriches the initial line of research on perceiving of animacy and inferring social signals. Yet we are far from understanding which mechanisms underlying the perception of animacy are common for animals and which of them are unique/specific for humans. Moreover, there is still a lack of cross-cultural, developmental (including healthy aging), and gender (a social construct reflecting social roles and norms)/sex (a biological construct) research. One of the most prominent assets for future studies seems to be the assessment of animacy processing in cross-disease clinical research that contributes to a fundamental understanding of animacy signals in typical development and their impairments.
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For many animals, faces are a vitally important visual stimulus. Hence, it is not surprising that face perception has become a very popular research topic in neuroscience, with ca. 2000 papers published every year. As a result, significant progress has been made in understanding the intricate mechanisms underlying this phenomenon. However, the ontogeny of face perception, in particular the role of innate predispositions, remains largely unexplored at the neural level. Several influential studies in monkeys have suggested that seeing faces is necessary for the development of the face-selective brain domains. At the same time, behavioural experiments with newborn human babies and newly-hatched domestic chicks demonstrate that a spontaneous preference towards faces emerges early in life without pre-existing experience. Moreover, we were recently able to record face-selective neural responses in the brain of young, face-naïve chicks, thus demonstrating the existence of an innate face detection mechanism. In this review, we discuss these seemingly contradictory results and propose potential experimental approaches to resolve some of the open questions.

Keywords
 face perception; innate; brain; neuron; stimuli


1 Introduction

Although face perception is usually discussed in a social context, its functions are much more versatile. First of all, a face signals a presence of another animal, which might be a social companion (Leopold and Rhodes, 2010) or a predator (Karplus and Algom, 1981; Beránková et al., 2014). Secondly, faces play a crucial role in conveying emotional status of the animal. The social aspect of face perception is particularly prominent in humans (Ekman, 1993) and non-human primates (reviewed by Burrows, 2008) with highly developed facial muscles. However, other species such as sheep, dogs, and horses are also able to perceive emotional status through facial expressions (reviewed by Ferretti and Papaleo, 2019). Finally, facial features can provide a basis for much more specific categorization of conspecifics: identification of family members, mating partners, or single individuals (Leopold and Rhodes, 2010).

The complex process of face perception can be roughly divided into two phases: face detection and face discrimination. Face detection relies on the fact that faces are composed of features in a specific triangular arrangement (first-order relations) with eyes placed above the mouth. Conversely, a much more specific face discrimination is based on perception and learning of fine details of an individual’s face (second-order relations). Broadly speaking, discrimination does not necessarily mean unique identification of an individual (individual face recognition), and can refer to a more general categorization of, e.g., mating partners or family members. Thus, face detection serves as a broad filter which aims to rapidly drive attention to a generalized face configuration, while face discrimination process targets fine details of a particular face. Therefore, it has been suggested that the underlying neural mechanisms of face discrimination could be different from those of face detection (Johnson, 2005; Tsao and Livingstone, 2008).

The development of such a complex cognitive function as face perception is largely affected by learning and experience. At the same time, the oversimplified view on the brain of newborn animals as a tabula rasa is also far from reality (Vallortigara, 2021). However, the exact role of innate predispositions in the ontogeny of face perception remains a highly debated topic (Arcaro et al., 2019). Here we aim to overview the current state of this controversy and outline some of the key open questions. We will focus mainly on the mechanisms of face detection, since it represents a primary stage of face perception found already in very young animals and, hence, more likely to be influenced by innate factors. Specifically, we discuss the nature of innate face-detection mechanism: its properties and experimental challenges associated with studying this mechanism at the neural level.



2 Behavioural perspective

Behavioural studies have shown that human newborns preferentially look at the face-like pattern, comprised of three dark features representing the eyes placed above the mouth (Johnson et al., 1991; Valenza et al., 1996; Figure 1). The behavioural bias towards faces has been reported already a few minutes after birth (Goren et al., 1975) or even in the uterus (Reid et al., 2017). Moreover, similar to human babies, newly hatched domestic chicks (Rosa-Salva et al., 2010, 2011) and tortoises (Versace et al., 2020) that have never seen faces before also show a spontaneous face preference. Therefore, face detection does not seem to fully rely on the early-life experience with faces and must instead derive from an innate neural mechanism.

[image: Figure comparing face detection and face categorization tasks. The face detection row displays subcortical neural correlates, an optimal stimulus using simple face-like shapes, and two control stimuli with altered arrangements. The face categorization row lists cortical neural correlates, an optimal stimulus showing a bird’s face, and seven labeled control stimuli with modified or obscured features.]

FIGURE 1
 Face detection and face categorization seem to rely on different neural mechanisms. However, both processes happen simultaneously, which makes it difficult to disentangle them in the experiment. (upper part) Face detection might be an evolutionary ancestral trait of vertebrates, which relies on subcortical processing of a face-like pattern. Hence, stimuli with a schematic representation of facial features (two eyes and a mouth/beak) elicit a behavioural response in newborn animals. Two essential control stimuli could be used to describe properties of a face detector: (a) an inverted face-like pattern virtually identical to the face-like pattern in terms of spatial frequency and luminosity; (b) an asymmetric configuration to reveal a potential effect of symmetry and topheavyness (see main text) on the face detection. (lower part) In contrast to face detection, face categorization is less likely to have a common evolutionary origin among distantly-related species (such as mammals and birds). Therefore, the optimal face stimulus should be experimentally determined for each species. The control stimuli to describe the properties of a “cortical” face categorization mechanism should involve various modifications. (a) Inverted faces should affect holistic processing of facial features or face detection mechanism. (b) Scrambled faces that should preserve low-level visual characteristics (spatial frequency, luminosity) and simultaneously be semantically meaningless [e.g., through diffeomorphic transformation (Stojanoski and Cusack, 2014)]. (c, d) Faces without single facial elements or (e) with shuffled elements might reveal the feature-selectivity of neural responses. Importantly, hiding single facial elements behind the bars of a background colour is suboptimal, since it might also affect the perception of a head outline, as well as change overall spatial frequency, texture, and luminosity of a stimulus. (f, g) Chimeric faces consisting of facial elements of different individuals/species (in this case domestic chicken and pigeon) aim to investigate the selectivity of face categorization mechanism. In this case, the face detection mechanism should not be affected, since the face-like configuration is preserved.


The schematic face-like pattern remains a salient visual stimulus also in adulthood (Stein et al., 2011). This results in the phenomenon of pareidolia, when humans assign faces to inanimate objects like clouds or the Moon (Pavlova et al., 2020; Rolf et al., 2020). Rhesus monkeys are also attracted by illusory faces (Taubert et al., 2017), but at the same time they do not seem to explicitly recognize illusory faces as real faces, while humans do (Flessert et al., 2023). Apart from the response to the schematic face-like pattern and illusory faces, first-order relational properties of the face strongly influence recognition of real faces. When participants are presented with inverted faces (Taubert et al., 2011) or with faces, where the lower half belongs to another individual (Laguesse and Rossion, 2013), it impairs the face recognition. This shows that face perception in adults relies on holistic processing of the face, i.e., on first-order relations (Rossion, 2009).

The obvious similarity between holistic processing of faces observed in adults and innate face detection in newborns might suggest that the innate mechanism is simply preserved in adults. There is, however, no direct evidence that these two behaviourally similar phenomena are based on the same neural mechanism. Morton and Johnson (1991) suggested that the innate face detection mechanism (dubbed as CONSPEC) is present only during the earliest stage of life. It is then substituted by a separate CONLEARN mechanism, which is nonspecialized at the beginning and becomes tuned to faces only through experience. This hypothesis is based on experiments showing that the initial behavioural bias of newborns towards the static schematic face-like pattern slowly disappears during the first months of life (Maurer and Barrera, 1981; Johnson et al., 1991). Instead, 5-month-old infants become more attracted by moving faces with more fine details (Johnson et al., 1992).



3 Face detection in the adult brain

In adult humans and non-human primates, the neural mechanism of face perception has been extensively studied over the last decades, starting from seminal works on monkeys, which described neurons in the superior temporal sulcus specifically responding to faces (Bruce et al., 1981; Perrett et al., 1982). Later, fMRI studies have revealed a whole network of cortical areas that are involved in face perception. Regions with the strongest selectivity towards faces (face patches) have been identified in the inferotemporal cortex (IT) of monkeys (Tsao et al., 2003) and in the inferior occipital gyri, the lateral fusiform gyrus, and the superior temporal sulcus of humans gyrus (Kanwisher et al., 1997; Haxby et al., 1999; Ishai et al., 1999). According to the prevailing hypothesis, cortical face-selective areas in the brain of monkeys and humans form a functional hierarchy, which provides a network for individual face recognition (Freiwald and Tsao, 2010; Chang and Tsao, 2017; for review see Haxby et al., 2000; Duchaine and Yovel, 2015; Hesse and Tsao, 2020).

In contrast to individual face recognition in the cortex, rapid process of face detection might happen already at the subcortical level, as has been suggested by psychophysical experiments (Tomalski et al., 2009; Crouzet et al., 2010, but see Rossion et al., 2011). In line with this idea, at least three subcortical regions have been shown to respond to faces: the pulvinar, the superior colliculi, and the amygdala. Nguyen et al. (2013) reported the pulvinar neurons in monkeys that showed a stronger response to faces and face-like stimuli (including schematic eye-like patterns) than to simple geometric shapes. This region seems to be also involved in perception of emotional face expressions (Maior et al., 2010; Troiani and Schultz, 2013). Similarly, neurons in the superior colliculi of monkeys have been found to respond more strongly to upright and inverted face-like stimuli, than to scrambled stimuli (Le et al., 2020). Both in the pulvinar and in the superior colliculi, neural response to face-like stimuli was characterized by short latencies, which indicate that it was not modified by top-down cortical processing. However, neural responses in these subcortical regions did not show any difference between upright and inverted face-like stimuli, thus it might be premature to conclude that these responses are actually face-specific. In contrast to the pulvinar and to the superior colliculi, the role of amygdala in face perception has been described in a more detail. Single-cell recordings in human and monkey amygdala have revealed neurons preferentially tuned to facial features (Leonard et al., 1985; Gothard et al., 2007; Cao et al., 2021). Moreover, neurons in the amygdala, apparently, encode social traits of a face (Cao et al., 2021) and facial expressions (Hoffman et al., 2007; Inagaki et al., 2023).



4 Face detection in the newborn brain

While in the brain of adult humans and non-human primates the neural mechanism of face detection is relatively well described, it remains unclear how it corresponds to the innate face detection observed in newborns. It has been generally assumed that cortical structures continue to develop slowly after birth (Grill-Spector et al., 2008) and, thus, cannot support innate face perception. Accordingly, Livingstone et al. (2017) observed only a broad unselective response to faces in the fMRI of 1-month-old monkeys. However, other experimental evidence from humans has challenged this view (Kosakowski et al., 2022). Apparently, already during first months of life the face perception mechanism in infants is largely comparable to those in the adult brain. An fMRI study on 2-9-months-old human infants has shown face selectivity in multiple cortical regions (Kosakowski et al., 2022). Additionally, in EEG studies, face-selective responses in human infants starting from three months show activation peaks of long latencies, characteristic of cortical responses (Peykarjou and Hoehl, 2013). Moreover, while the evidence from infants might be attributed to a fast cortical specialization due to extensive face-exposure, Buiatti et al. (2019) revealed that the EEG response selective to the face-like pattern can be observed already in 1-4-days-old newborn human babies. By reconstructing the source of the EEG signal, these authors have concluded that even in newborns the face-selective responses stem (in part) from cortical areas.

However, EEG data allow only an approximate prediction of the source of the underlying neural activity. On the other hand, methods with a better spatial resolution such as fMRI and single-cell recordings cannot be implemented on newborn humans for ethical and technical reasons. In an attempt to overcome this problem, Arcaro et al. (2017) performed fMRI on juvenile (but not newborn) monkeys that had been face-deprived from birth. They have shown that development of the face patch system requires exposure to faces and, thus, is not innate. This result, however, does not necessarily refute the existence of an innate face detection mechanism, which might reside in subcortical structures rather than in the cortex. fMRI might be also not sensitive enough to detect face-selective neurons in the brain of newborns, if they are sparsely distributed and have not yet formed the face patch. Furthermore, if the main role of the innate face preference is to attract animal’s attention towards social stimuli during a sensitive period after birth and to govern the development of cortical face domains, then a long-lasting face-deprivation might lead to an abnormal cortical development and behaviour (Benetti et al., 2017). Interestingly, Arcaro et al. (2017) also have noticed that control monkeys were attracted to faces even before the emergence of the face domains in the brain, while the face-deprived monkeys were not interested in faces at all. While authors see it as evidence against an innate nature of face-looking behaviour, one could also interpret this result as indirect evidence for a separate innate mechanism of face detection that precedes the development of cortical face-selective areas.

To avoid long periods of face deprivation and study innate face detection mechanisms, an alternative solution would be to use precocial species such as domestic chicks. These animals show spontaneous behavioural bias towards faces soon after hatching. Recently, we were able to record neural activity in a higher associative brain area of chicks that might underlie this innate face preference (Kobylkov et al., 2024). Neurons in the caudolateral nidopallium showed a strong selective response to the face-like schematic pattern. These neurons were tuned to a canonical face-like configuration of facial features and responded much less to inverted or asymmetric stimuli. However, it is important to note that in adult chickens the mechanism of individual recognition is still unknown (but see Town, 2011). Therefore, the potential role of these innate face detectors in the development of any mammal-like cortical face domains remains elusive.



5 Models of innate face detection

The idea that the neural networks in the brain are preconfigured in some way already at birth has become largely accepted in neuroscience (e.g., Dragoi, 2024; Powell et al., 2024). However, the main open question and also the main arguing point is related to underlying principles of this innate brain configurations and what is the level of categorization this innate system is able to achieve before being shaped by experience. In the case of face detection, we should answer the question of whether newborns are actually able to detect “facedness,” i.e., the first-order configuration of facial features, or if their response might be triggered by some lower-level physical parameters of the stimulus.

To explain the innate preference of newborn animals towards faces, Morton and Johnson (1991) proposed the existence of an innate mechanism capable of detecting the first-order face configuration. The innate face detector would be, thus, sensitive to the high-contrast blobs representing facial features in a canonical triangular configuration. The main counterargument against this hypothesis is the complexity of the face-like pattern: the existence of a putative face detector that would be able to selectively respond only to a specific number of elements in a well-defined configuration seems too sophisticated for an innate structure. However, innate visual object recognition per se is not rare, and we actually know the neural mechanisms for at least some of these behaviours. For example, zebrafish larvae have a dedicated neural pathway that underlies their innate response towards a small moving prey (Semmelhack et al., 2014). Although recognition of the face-like pattern is a more challenging visual task, it is still plausible that the neural basis of this behaviour is present from birth. Face detectors in the brain of face-naïve domestic chicks seem to fulfil these criteria, showing that it is possible to have an innate mechanism selective for a face-like configuration.

Alternatively, Arcaro and Livingstone (2021) have proposed that domain-specific categorization of objects including faces does not require any innate predispositions and develops with experience. A topographic map based on retinotopic organization is present in the brain of monkeys from birth (Arcaro and Livingstone, 2017). This retinotopically-based organization could serve as a scaffold for development of object-selective domains in the cortex of primates, where faces are strongly represented in the central foveal visual field (Kamps et al., 2020). According to the “bottom-up” model of Arcaro and Livingstone (2021), the selective properties of the proto-map in this central field is what dictates the specialization of corresponding cortical domains. In other words, the proto-architecture was not evolved to be face-selective; instead, the low-level properties of a face (e.g., its curvature and eccentricity) are happen to be the best stimuli for the corresponding central field neurons. At the same time, it remains unclear why do central field areas have exactly these properties if not because of the evolutionary adaptation to perceive specific visual stimuli that are highly important for the survival (like faces).

Similar to many other sensory hypotheses, the bottom-up model suggests that innate face detection could be explained by characteristics of the sensory system rather than properties of the stimulus. Among low-level characteristics that have been suggested to underlie the innate face preference is low spatial frequency (reviewed by Simion et al., 2007) and topheavyness [more elements in the upper part of the stimulus, (Simion et al., 2002; Turati et al., 2002)]. However, none of these properties alone seem to fully explain the face-preference observed in newborn animals. Animals differentiate between upright and inverted face-like pattern with identical spatial frequency; there is also no general bias towards top-heavy stimuli either in chicks (Rosa-Salva et al., 2010; Kobylkov et al., 2024) nor in human newborns (as revealed by EEG recordings, Buiatti et al., 2019). In addition, there are multiple other visual properties that have been shown to affect face detection in newborns, such as contrast polarity (Farroni et al., 2005), vertical symmetry of face elements (Buiatti et al., 2019), and the shape of the head outline (Macchi Cassia et al., 2008). Altogether, it appears that for a sensory hypothesis to fully explain the behavioural preference towards faces it should include not one, but many sensory filters for multiple parameters. This, in turn, would suggest that innate face preference cannot be fully reduced to a by-product of sensory limitations or to one particular low-level physical variable.

How likely is it that the innate face preference is driven by the same cortical domains found in adults? The only way to directly answer this question is by recording neural activity in newborn animals. To date, both the EEG study in human neonates (Buiatti et al., 2019) and single-cell recordings in domestic chicks (Kobylkov et al., 2024) have shown face-selective responses in cortical structures. This, however, should not be seen as ultimate proof of fully-functioning face-selective cortical domains in newborns. Instead, this neural activity might reflect the feedforward propagation of signals from subcortical areas (Behrmann and Avidan, 2022). In case of face-selective neurons in the endbrain of chicks, this idea is indirectly supported by results of a time-resolved analysis. It revealed that a face-like stimulus can be decoded from raw neural population response soon after the stimulus onset, suggesting that the processing of faces could happen at the earlier subcortical stage. The exact location of these putative subcortical face detectors remains unknown. However, the amygdala appears to be a promising candidate region, since it was shown to be selectively activated by social stimuli in newly-hatched chicks (Mayer et al., 2017, 2019).



6 Discussion

Although we are far from a comprehensive understanding on how the face detection mechanism develops in the brain, we can summarize what appears to be known so far and what remains an open question.

	1. Spontaneous behavioural bias towards faces observed in newborn animals is most likely driven by an innate neural mechanism, which enables detection of a face-like configuration. However, it remains unclear, whether face detection mechanism in newborns is based on the same neural correlates as in the adult brain. Moreover, the involvement of cortical areas of neonates into face processing might be species-specific.
	2. The innate face detection mechanism could be based on the retinotopic proto-architecture of the brain, which is present at birth. In this case, brain areas receiving information from the central foveal visual field might preferentially respond to face-like stimuli. At the same time, so far this hypothesis has not been tested on newborn animals responding to schematic face-like stimuli.
	3. We believe that a potential source of discrepancy between results on face perception in neonates stems from the fact that they are obtained in different species (humans, monkeys, and birds), by different methods of neural recording (EEG, fMRI, and extracellular recordings), and using different visual stimuli (naturalistic faces vs. face-like patterns). Recording techniques often cannot be significantly optimized due to technical limitations (spatial and temporal resolution (Logothetis, 2008), species-specific constraints). Therefore, we would like to outline two other potentially important sources of discrepancy and the ways to deal with it.


6.1 Importance of stimuli

The ultimate goal of neuroscience is to understand naturalistic behaviour of animals. At the same time, the experimental procedure is inevitably far from a realistic scenario: in nature animals never experience a random fast presentation of static faces (without a body) on a flat screen. Therefore, in an attempt to dissect the complex face perception phenomenon, it might be particularly useful to combine naturalistic face images with schematic face-like patterns in experiments. The latter serves as a “supernormal” stimulus (Tinbergen, 1953) allowing to selectively trigger and differentiate between face detection and face recognition mechanisms. Instead, static images of naturalistic faces might vary in illumination and, hence, in contrast of facial features. Newborn animals with low visual acuity, such as primates, might be less attentive to such stimuli, although they appear more naturalistic to an adult’s eye. Hence, we believe that the combination of both naturalistic and schematic face-like stimuli would be advantageous for understanding the face perception mechanisms.

Another important aspect relates to the use of “scrambled faces” to control for face-selectivity of neural responses. There is a high discrepancy between studies in what they call a “scrambled” stimulus: from face-like patterns with altered vertical symmetry (Buiatti et al., 2019) to face images modified based on the parametric texture model (Livingstone et al., 2017) or diffeomorphic transformation (Stojanoski and Cusack, 2014). In all cases it would be important to estimate the perceived “facedness” of such stimuli by animals (but see Bardon et al., 2022), because even an automatic scrambling approach might accidentally produce an illusory face-like pattern. Conversely, since behavioural tests with newborn animals are often challenging, one might consider to estimate the “facedness” of stimuli by a neural network that has been trained on face detection.

Additionally, even when the experimental design involves a variety of faces and face-like stimuli, as well as controls for low-level properties, claims of exclusive face-selectivity should be made with caution. In a recent study, Vinken et al. (2023) have demonstrated that neurons in the inferotemporal cortex of adult monkeys have graded response profiles towards non-face objects. Authors suggest that face-selectivity cannot be explained by face-specific features only and advocate for a larger variety of tested stimuli (Figure 1).



6.2 Importance of comparative approach

Without any doubts, primates are masters of face perception, and research on primates has brought ground-breaking discoveries in this field. Nevertheless, there are several reasons advocating for diversity of model systems in neuroscience (Laurent, 2020), in particular when studying ontogeny of neural mechanisms. First of all, any attempt to study innate properties of the brain in an altricial species like humans or monkeys is inevitably associated with certain limitations: newborn animals do not show stable behaviour, the sensory system is underdeveloped, and it is difficult to control for the early-life exposure. Conversely, precocial animals that are born on a more advanced developmental stage can be tested when truly naïve to faces.

Moreover, while some experimental results from humans, monkeys, and domestic chicks might appear controversial, it is important to take into account possible species-specific differences. For example, newborn primates have much lower visual acuity (Boothe et al., 1985) than newly-hatched chicks (Jarvis et al., 2009), which might result in different properties of an innate face detector. On the other hand, it also worth noting that even among primates, individual face recognition skills are not as ubiquitous as they might appear. Rhesus monkeys, for example, are poor at discriminating individual faces of conspecifics and do not show a systematic inversion effect (Rossion and Taubert, 2019; Griffin, 2020). Therefore, mechanisms of face recognition in non-human species should not necessarily be identical or even similar to those in the human brain.
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Processing facial features is crucial to identify social partners (prey, predators, or conspecifics) and recognize and accurately interpret emotional expressions. Numerous studies in both human and non-human primates provided evidence promoting the notion of inherent mechanisms for detecting facial features. These mechanisms support a representation of faces independent of prior experiences and are vital for subsequent development in social and language domains. Moreover, deficits in processing faces are a reliable biomarker of autism spectrum disorder, appearing early and correlating with symptom severity. Face processing, however, is not only a prerogative of humans: other species also show remarkable face detection abilities. In this review, we present an overview of the current literature on face detection in vertebrate models that could be relevant to the study of autism.

Keywords
 face detection; social orienting; domestic chick; neurodevelopmental disorders; valproic acid


Introduction

Faces convey a great amount of socially relevant information related to emotional and mental states, identity, and intention. Processing facial information is crucial for social and cognitive development (Wagner et al., 2013), so much so that newborns within an hour of birth are already biased to orient to faces and prefer them over any other stimulus (Johnson et al., 1991; Valenza et al., 1996). This early preference is even observed towards schematic geometric (face-like) patterns resembling a face (three black squares organized as an upside-down triangle; Goren et al., 1975; Johnson et al., 1991) and might already be present during the last gestational trimester (Reid et al., 2017). Although still a matter of debate, evidence suggests the presence of a specialized cognitive system present since the first moments of life. Some authors have proposed a two-process model supporting face processing to explain newborns’ preference for real and schematic faces (Johnson et al., 1991; Morton and Johnson, 1991). According to this model, the inherent predisposition of newborns to visually attend to faces and schematic face-like stimuli is guided by a rudimental representation (CONSPEC; see Morton and Johnson, 1991), which can drive their preference for simple, geometrical characteristics of these stimuli (oval bounded area, top-heavy featural pattern, and positive contrast; see Johnson, 2005). Neuropsychological studies indicating residual face processing abilities in patients with visual cortical impairments and electrophysiological studies suggest the involvement of a visual system supporting fast and coarse (based on low spatial frequencies) facial detection localized in subcortical areas such as the superior colliculus, the pulvinar, and the amygdala (Johnson, 2005). As development proceeds, the predisposition is complemented by a second adaptive mechanism (termed CONLEARN; see Morton and Johnson, 1991) relying on preferential exposure to faces to refine and adapt the cortical representations of faces and to ascribe identity. Other authors have proposed alternative hypotheses to explain the early preference responses to face and face-like stimuli based on intrinsic visual properties of the stimuli, such as the stimulus energy (Kleiner, 1987) or the structural properties of the stimuli (for example the presence of a “top-heavy” configuration, Turati et al., 2002; Simion and Di Giorgio, 2015) that may drive the preference for faces in human newborns without being related to “facedness.” Moreover, a recent study investigating face processing in newborns challenges the hypothesis that the preference for face-like stimuli is mainly mediated by subcortical structures, demonstrating a clear activation of cortical structures upon exposure to upright face-like compared to inverted or scrambled stimuli (Buiatti et al., 2019).

Several studies indicate that the visual processing of facial information is significantly compromised in neurodevelopmental disorders (Collin et al., 2013). Schizophrenia patients show deficits in face detection (Chen et al., 2008; Romagnano et al., 2022), face identity (Russell et al., 2024), and facial emotion recognition (see for a review Bortolon et al., 2015). Moreover, disruptions in face processing are one of the earliest indicators of social deficits in autism spectrum disorders (ASD) and play a key role in the pathophysiology of these disorders (Johnson, 2014; Johnson et al., 2015; Pavlova et al., 2017). Infants at risk of ASD often exhibit impairments in processing face and eye-gaze direction, further emphasizing the significance of these social orienting mechanisms as early biomarkers for ASD.

However, processing facial information is not just a prerogative of humans; several other animal species possess remarkable face recognition abilities.

Like humans, infant non-human primates prefer faces (Pascalis and Kelly, 2009; Pascalis et al., 2021). Among mammals, sheep and other ungulate species show sophisticated face recognition abilities (Proops and McComb, 2012; Towler et al., 2019); dogs have been shown to respond specifically to their owners’ faces and recognize their facial emotional expressions (Barber et al., 2016; Cuaya et al., 2016). Several avian species possess remarkable face processing abilities (Brecht et al., 2017; Suwandschieff et al., 2023), including pigeons and domestic chicks, where neural correlates of face discrimination have been investigated (Clark et al., 2022; Kobylkov et al., 2024). Fish also rely on visual information in the head and face regions to drive their social affiliative responses (Karplus and Algom, 1981; Wang and Takeuchi, 2017; Nunes et al., 2020). Finally, individual recognition based on facial features has been described also in paper wasps and honeybees (Avarguès-Weber et al., 2018; Tibbetts et al., 2021).

Face processing comprises multiple functional components, including visual processing, facial identity analysis, and facial emotion expression recognition. We focus here on face detection, defined as the ability to detect the presence of faces in the visual scene based on first-order information (i.e., basic spatial properties of facial features). This form of visual discrimination is the simplest and earliest form of face processing, and it is more likely to be ubiquitous across species.

Moreover, the similarities in face processing observed in different species suggest a common origin that could be exploited to investigate the underlying neurobiological mechanisms and to elucidate the earliest expression of social deficits in neurodevelopmental disorders such as ASD. This review presents an overview of the current literature on face detection in vertebrate models potentially relevant to the study of ASD.



Evidence of face processing in newborn vertebrates

A significant contribution to the knowledge about face detection comes from the extensive literature on face processing development in non-human primates (see Pascalis et al., 2021 for a review). Infant primates, including humans, exhibit a strong preference for faces. Cross-fostering and restricted social experience experiments in rhesus (Macaca mulatta) and Japanese monkeys (Macaca fuscata) indicate differences in the ability of these two species to respond to the faces of other species. Japanese macaques raised without face experience for several months maintained their preferences for both monkey and human faces, showing an innate response to faces independent of the species (Sugita, 2008). After limiting their visual experience to human or monkey faces, their preference was tuned toward the predominant faces they were exposed to, demonstrating a strong influence of experience on the innate representation of faces (Sugita, 2008, 2009). Rhesus macaques, instead, express a strong preference for faces of their own species already at 3 months of age (Fujita, 1987, 1993). Subsequent studies on young infants (3 weeks old) rhesus macaques raised without face experience also supported the idea of an early coarse representation of faces that is quickly refined to the own species due to exposure (Simpson et al., 2017). This data supports the existence, also in monkeys, of hard-wired mechanisms providing an early representation of faces independent of experience. These mechanisms are then fine-tuned by experience according to the predominant face stimuli found in the environment.

In addition to Japanese macaque monkeys, domestic chicks (Rosa-Salva et al., 2010), and land tortoises (Versace et al., 2020) show innate face preference responses similar to those observed in human newborns.

Research involving domestic chicks (Gallus gallus domesticus) offers a convenient method for regulating the animals’ visual exposure prior to hatching by maintaining the eggs and the hatchlings in complete darkness. Unlike many mammalian species, dark rearing does not compromise the chicks’ visual system’s development. Moreover, domestic chicks are a precocial species: the hatchlings already possess a mature visual system, can immediately and efficiently explore the environment, and are strongly driven to social interaction. Thanks to these advantages, studies on domestic chicks have demonstrated the presence of innate representations of visual stimuli important for the animals’ survival, including faces and face-like schematic configurations (Rosa-Salva et al., 2010; Rosa Salva et al., 2012), biological motion (Vallortigara et al., 2005; Zanon et al., 2024), and animacy (Rosa Salva et al., 2015). As for face detection, a series of experiments showed that visually inexperienced newborn chicks are spontaneously driven to approach a schematic stimulus representing a face compared to several other stimuli sharing the same top-heavy configuration but lacking the “facedness” property (Rosa-Salva et al., 2010). Subsequent studies demonstrated the sensitivity of the chicks to the reversal of contrast polarity and a right hemisphere advantage for the detection of faces (Rosa Salva et al., 2012) similar to what was shown in human neonates (Farroni et al., 2005; Buiatti et al., 2019). Overall, domestic chicks seem to express orienting responses to visual stimuli equivalent to those observed in developmental human studies, advocating this flexible animal model to investigate the neurobehavioral bases of face detection.



Neural correlates of face detection

Visual object recognition in mammals is mediated by a series of recurrent, hierarchically, and topographically organized cortical circuits, often referred to as the ventral visual processing stream. Visual information is sent from the primary visual cortex (V1) to the extra-striate occipital visual areas and converges in the ventral part of the temporal cortex in high-level visual areas. The simplest aspect of face processing, which involves detecting the presence of faces in the visual scene, requires extracting basic features of the stimulus independent of contexts and viewpoints. Face detection has been hypothesized to involve a different hierarchical visual pathway than the recognition of other objects and to be supported by cortical face-selective areas (Kanwisher et al., 1997; McCarthy et al., 1997). Face-selective regions in the brain have been described in the ventrolateral aspects of the occipital and temporal cortex (see for review Duchaine and Yovel, 2015). These areas respond preferentially to faces, being active significantly more in response to faces than other non-face visual stimuli (objects, places, body parts, and letters). The occipital face area (OFA; Gauthier et al., 2000), an early visual area in the inferior occipital gyrus, and the face-selective region in the superior temporal sulcus (fSTS; Hoffman and Haxby, 2000) produce an initial representation of faces based on first-order elements, i.e., eyes, nose and mouth, but lack sensitivity to their spatial configuration (Pitcher et al., 2007; Liu et al., 2010). The most robust face-selective activation is observed in the fusiform gyrus of the temporal lobe, named the fusiform face area (FFA; Kanwisher et al., 1997; McCarthy et al., 1997). Numerous studies have indicated that FFA is activated in response to face stimuli rather than their visual features (Liu et al., 2010) and that it exhibits selective activation in response to different types of facial stimuli, including photographs, drawings, and depictions of animal faces (Tong et al., 2000). Moreover, the neural representation within the FFA is sensitive to the “inversion effect” (originally unveiled through the “Thatcher illusion” by Thompson, 1980), which causes a disproportionate drop in recognition of upside-down (inverted) faces compared to upright faces not observed for inverted objects (Yovel and Kanwisher, 2005).

A recent report found evidence of cortical involvement in face processing at birth, similar to the face-selective areas observed in the adult brain (Buiatti et al., 2019). Using high-density EEG and measuring frequency-tagged signals in newborns exposed to upright face-like, inverted, and scrambled face stimuli, the study found a stronger response to face-like stimuli in cortical structures along the occipitotemporal pathway, similar to those observed in adults (Buiatti et al., 2019).

In addition to the face-selective areas in the visual cortex, an extended network of additional face processing areas has been described as involved in identity recognition, facial expression and emotional processing (Haxby et al., 2000; Calder and Young, 2005). These include lateral prefrontal cortex regions that are involved in both featural and configural processing of faces and provide a top-down control to the temporal cortex (Heekeren et al., 2004; Renzi et al., 2013).

Non-human primate research has also been fundamental in investigating the neural bases of face perception (Tsao and Livingstone, 2008; Rossion and Taubert, 2019). Face-selective areas, called face patches, have been described in macaque monkeys (Tsao et al., 2008), vervet monkeys (Zangenehpour and Chaudhuri, 2005), marmosets (Hung et al., 2015), and chimpanzees’ (Parr et al., 2009) inferotemporal (IT) cortex.

In parallel to discovering face-selective areas in the temporal cortex of humans and non-human primates, several studies demonstrated that a subcortical visual pathway largely mediates face perception (Johnson et al., 2015; Almasi and Behrmann, 2021). It is widely recognized that newborns have the ability to orient themselves toward faces and stimuli that resemble faces. Considering the poor maturation of the cerebral cortex in the first months after birth, many authors have suggested that subcortical visual pathways may support the immature cortical structures during this time (Johnson, 2005). Evidence confirms this hypothesis, including recent studies showing a monocular advantage in infants’ and adults’ face processing (Almasi and Behrmann, 2021; Dalrymple et al., 2021) and suggesting the engagement of subcortical visual pathways. This evolutionarily conserved visual system includes part of the retinocollicular system, the amygdala, the lateral geniculate nucleus, the pulvinar, and the superior colliculus. In addition to studies in infants, face-selective activation has also been demonstrated in subcortical regions of the adult brain, independent of emotional expression, for example, in the amygdala and the superior colliculus (Mende-Siedlecki et al., 2013). Recent studies in monkeys have demonstrated that a specific population of neurons in the superior colliculus responded stronger and faster to the face-like than non-face patterns (Le et al., 2020), elucidating some of the subcortical neural correlates involved in face detection. To reconcile with recent reports of cortical areas in the occipitotemporal cortex participating in newborns’ face detection (Buiatti et al., 2019), studies have suggested a substantial link between the subcortical and the cortical circuits to support face processing in early development (Pessoa and Adolphs, 2010).

A recent report investigated face-selective neurons also in domestic chicks (Kobylkov et al., 2024). The authors examined the response of a group of neurons in the nidopallium, a region of the chick brain believed to be homologous to the human prefrontal cortex, of face-naïve young domestic chicks exposed to schematic face-like stimuli. Using single-cell recordings, Kobylkov et al. (2024) demonstrated the presence of face-selective neurons in the caudolateral nidopallium of domestic chicks that respond significantly stronger to upright face-like stimuli compared to other configurations (inverted, asymmetric, or frequency-filtered facial stimuli) or to face parts (Kobylkov et al., 2024). Moreover, the authors demonstrated that face-selectivity in this neuronal population emerges independently of previous visual experience, supporting the hypothesis of an innate system for face detection in domestic chicks (see for a review Kobylkov and Vallortigara, 2024). Interestingly, face selectivity has been described in the prefrontal cortex of both humans (Heekeren et al., 2004; Renzi et al., 2013) and non-human primates (Chan et al., 2016; Schaeffer et al., 2020) demonstrating, once more, the strong translational value of this animal model.



Face detection in neurodevelopmental disorders: an animal model perspective

Face processing deficit is the most important early impairment in ASD and one of the most reliable findings in the literature. Several studies have examined face processing abilities in ASD (see for a review Campatelli et al., 2013; Bi and Fang, 2017), documenting behavioral differences at different levels: facial expression recognition (Uljarevic and Hamilton, 2013; Lozier et al., 2014; Loth et al., 2018), individual identity recognition (Weigelt et al., 2012; Minio-Paluello et al., 2020), visual attention to faces (Klin et al., 2002; Pelphrey et al., 2002; Riby and Hancock, 2009; Chita-Tegmark, 2016; Reisinger et al., 2020), and face perception (Carver and Dawson, 2002; Klin et al., 2002). Deficits in visual attention and face detection seem to characterize ASD from very early in life: while face detection deficits in ASD have been reported more consistently in older children and adults (Webb et al., 2017; Bathelt et al., 2022), newborns with increased ASD risk also show reduced responses to face-like stimuli already at birth (Di Giorgio et al., 2016, 2021; Bradshaw et al., 2020). In addition, neurophysiological and neuroimaging studies have shown altered activation patterns in cortical brain areas associated with face detection (Shephard et al., 2020; Tye et al., 2022). Hypoactivation of FFA during tasks involving face perception appears to be the most consistently observed functional abnormality in ASD (Schultz et al., 2000, 2003; Schultz and Klin, 2002; Nickl-Jockschat et al., 2015; Wang et al., 2024). Other subcortical face processing networks exhibit functional alterations and modified connectivity in individuals with ASD (Kleinhans et al., 2011). For example, the amygdala displays atypical activation in ASD (Kliemann et al., 2012; Philip et al., 2012; Rutishauser et al., 2013; Wang and Li, 2023); aberrant activation in ASD was also described in the pulvinar and the superior colliculus (Kleinhans et al., 2011; Huang et al., 2022).

Despite the advancement in the understanding of brain connectivity and functional changes related to face processing abnormalities in ASD, the neurobiological bases of these dysfunctions are still not well understood. Given the high heterogeneity of the symptoms and neurobiological alterations associated with ASD (Lamanna and Meldolesi, 2024), as well as the adaptative changes occurring in the developing brain to compensate for the deficits, understanding the mechanisms behind face processing abilities in ASD requires developmental studies. So far, very few studies have addressed the developmental aspect of these deficits, i.e., what are the mechanisms behind the lack of preferential attention to faces in individuals with ASD from early developmental stages? Some authors (Dawson et al., 2005) have proposed that face processing deficits are mediated by underlying impairment in social motivation, resulting in the failure to attend to socially relevant stimuli and, therefore, limiting social development. Others (Johnson, 2005) have suggested that in individuals with ASD, the disruption of the subcortical face processing pathway is a primary cause of impaired social orienting mechanisms, which in turn compromises exposure to faces and, therefore, the development of typical social abilities.

Given human neonatal studies’ limits and ethical constraints, together with the pervasive nature of face processing in vertebrates, adopting a developmental approach to studying face detection mechanisms with a comparative perspective in animal models of ASD may represent a valuable strategy to investigate these deficits.

The development of highly efficient and precise genetic tools has significantly spurred research in modeling human disorders in non-human primates, including in the context of autism (Zhao et al., 2018). A recent study by Zhou et al. (2019) analyzed the effect of a mutation in the SH3 and ankyrin repeat domains 3 (SHANK3) gene, a highly penetrant, monogenic risk factor for ASD, on Cynomolgus macaque monkeys (Macaca fascicularis) visual attention to social and nonsocial stimuli. Using images of faces, objects, and faces with threatening or neutral expressions, the authors found a reduced fixation time and increased aversion to the images in the mutant monkey compared to the controls despite the low number of mutant monkeys analyzed (5 mutants, 1 female). Another study was recently conducted (Zhao et al., 2019) investigating attentive behavior towards faces in juvenile macaques (Macaca fascicularis) exposed to valproic acid (VPA), an anticonvulsant known to interfere with the development of the social brain and increase the risk of developing ASD in humans (Christensen et al., 2013). VPA’s mechanism of action involves its direct inhibition of histone deacetylases (HDACs), interfering with normal chromatin deacetylation and disrupting the transcription of multiple ASD-associated genes (Meng et al., 2022; Guerra et al., 2023; Krueger et al., 2024; Zarate-Lopez et al., 2024). Using eye-tracking analysis to measure the animals’ attention to faces or scenes containing conspecifics, the authors found that juvenile monkeys exposed to VPA attended to non-social stimuli significantly more than their control siblings (Zhao et al., 2019). Studies have also been carried out on models of ASD in marmoset monkeys (Callithrix jacchus) exposed to VPA. Nakagami et al. (2022) examined the visual attention of juvenile and adult marmosets exposed to VPA and found a reduction in the time spent gazing at other conspecifics already at 15–19 weeks.

Despite the limited reports of direct face detection testing in monkeys, the evidence accumulated so far is promising, and the potential for investigating the neural correlates and neurobiological mechanisms underlying the reported deficits in social preference is encouraging (Watson and Platt, 2012; Bauman and Schumann, 2018; Katsnelson, 2018; Zhao et al., 2018).

In addition to human newborns and monkeys, several other vertebrate species possess remarkable face detection abilities. In domestic chicks, younglings express striking orienting responses to a broad spectrum of visual representations of the typical appearance and features associated with living beings. Several studies have investigated the behavioral and neurobiological bases of these abilities in domestic chicks, including extensive investigation of their innate preferences for human faces and face-like stimuli (see for a review Di Giorgio et al., 2017). Thanks to their precocious and strong social response to visual cues, domestic chicks have also attracted attention as model organisms to investigate other behavioral and neurobiological mechanisms relevant to autism (Csillag et al., 2022; Matsushima et al., 2024). Exposure to the anticonvulsant VPA impairs the chicks’ ability to orient to the appearance of a stuffed hen (Sgadò et al., 2018) to motion cues typical of animate agents (Lorenzi et al., 2019) and, most interestingly, to face-like configurations similar to those that bias the attention of human neonates (Adiletta et al., 2021). Interestingly, neurobiological mechanisms potentially relevant for impairments in face processing are starting to be investigated (Adiletta et al., 2022).



Discussion

Despite a consensus on the significance of face processing in social development and ASD, the nature and origin of the face processing deficits and the underlying neurobiological mechanisms are still unclear. Thanks to the pervasive nature of face processing in vertebrates, employing a comparative approach to study the development of face detection mechanisms in animal models of ASD may shed light on these mechanisms.

Many studies investigating the neurobiological bases of ASD in animal models are focused on rodents, especially mice, thanks to their genetic and neuroanatomical homology to humans. However, given the prolonged postnatal development of the visual system and the difficulty in analyzing visually mediated early behavioral responses, research into face processing in rodents has been limited (Schnell et al., 2019; Watanabe et al., 2022). However, both rats and mice have remarkable visual perception abilities (Djurdjevic et al., 2018) that could be exploited to further investigate face processing deficits in rodent ASD models.

Prioritizing species with early visual perceptual skills that replicate many of the features of face processing in humans, readily testable at postnatal developmental stages, may be instrumental in providing the key to clarifying the nature and origin of these mechanisms and their role in atypical social development. Very few studies have explored this approach.

The recent development of highly efficient and precise genetic tools, such as CRISPR/Cas9 and TALEN (transcription activator-like (TAL) effector nucleases), makes exploring transgenic strategies in several species possible, including the domestic fowl. Since the first transgenic chick was generated (Salter et al., 1987), much effort has been devoted to developing strategies to induce genetic modifications and improve germline transmission in domestic chicks (see for a review Sid and Schusser, 2018). CRISPR/Cas9-mediated genome editing has been previously employed in domestic chicks to generate somatic mutations in early embryos used for developmental studies (Gandhi et al., 2017), but only recently have stable Cas9-expressing chicken lines been generated (Rieblinger et al., 2021), opening new perspectives to yield loss-of-function mutations in this species, including those to model ASD.
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The ability to detect animates (as compared with inanimates) rapidly is advantageous for human survival. Due to its relevance, not only the adult human brain has evolved specific neural mechanisms to discriminate animates, but it has been proposed that selection finely tuned the human visual attention system to prioritize visual cues that signal the presence of living things. Among them, animate motion—i.e., the motion of animate entities -, is one of the most powerful cues that triggers humans’ attention. From a developmental point of view, whether such specialization is inborn or acquired through experience is a fascinating research topic. This mini-review aims to summarize and discuss recent behavioral and electrophysiological research that suggests that animate motion has an attentional advantage in the first year of life starting from birth. Specifically, the rationale underlying this paper concerns how attention deployment is affected by animate motion conveyed both by the movement of a single dot and, also, when the single dot is embedded in a complex array, named biological motion. Overall, it will highlight the importance of both inborn predispositions to pay attention preferentially to animate motion, mainly supported by subcortical structures, and the exposure to certain experiences, shortly after birth, to drive the cortical attentional visual system to become the way it is in adults.
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1 Introduction

To identify conspecifics and to differentiate them from other kinds of entities is of paramount adaptive value, because they feed us, interact (or at least they should) successfully with us, love us, and help us to hand down our genetic endowment (Bonatti et al., 2002). From an evolutionary point of view, it is plausible to hypothesize that we have inherited ancestrally-derived and highly conserved mechanisms, shared with other species (i.e., chicks, non-human primates), deputed to detect biologically relevant entities, such as prey, predators, and social companions. Indeed, it has been suggested that the human visual system is evolved to pay attention and to prioritize animates on the basis of some pictorial cues, such as the presence of a face, eye-gaze, and body structure. The way they move is another cue that attracts humans and non-humans’ visual attention toward animate entities.

Motion of living beings, here referred to “life motion” as conceptualized by Troje (2013), which includes any kind of visual stimulus that elicits the percept of something being alive, has specific features that are not shared with motion of inanimate objects, such as the capability to start from rest or to change speed and trajectory without external forces (i.e., self-propulsion). In Troje’s taxonomy, life motion is further differentiated between extrinsic and intrinsic motion. Extrinsic motion refers to animate motion perception elicited by motion of single dot or geometrical shapes (Heider and Simmel, 1944; Carey, 2009; Rutherford and Kuhlmeier, 2013; Scholl and Gao, 2013), whereas intrinsic motion refers to biological motion (BM) perception (Johansson, 1973).

Neuroscientific evidence and neuropsychological lesion studies (Battelli et al., 2003; Gilaie-Dotan et al., 2011) suggested that in the adult brain life motion detection is subserved by relatively specific set of both subcortical and cortical areas within the so called Social Neural Network (SNN) (Caramazza and Shelton, 1998; Blakemore et al., 2003; Schultz et al., 2005; Adolphs, 2009; Frith and Frith, 2010; Santos et al., 2010; Stosic et al., 2014). Not only, but it has been proposed that selection finely tuned the human visual attention system to prioritize visual cues that signal the presence of living things (New et al., 2007). Further, SNN atypicalities lead to impairments in animate (Rutherford et al., 2006) and BM motion perception (Federici et al., 2020) observed in Autism Spectrum Disorders (ASD, Sato and Uono, 2019).

Ontogenetically, whether such a level of neural and functional specialization for life motion detection found in adults is present from birth or is the result of developmental processes, is still an open question. Several behavioral studies demonstrated in human newborns the presence of inborn attentional predispositions toward visual cues of motion that trigger both animate and BM perception in adults (Simion et al., 2008; Bardi et al., 2011, 2015; Bidet-Ildei et al., 2014; Di Giorgio et al., 2017, 2021a). However, the missing piece of the puzzle concerns the experience-dependent or experience-independent nature of the mechanisms underlying such attentional biases, as well as their neural bases.

Starting from the evidence of the presence of specialized brain and attention systems in human adults, here we sought to overview and discuss the current state of the art on (i) the role of attentional predispositions in triggering visual attention toward both extrinsic (animate) and intrinsic (biological) motion at birth and in the first months of life, and (ii) the experience-independent or experience-dependent nature of the underpinning mechanisms thought to be involved in such attentional advantage.



2 Life motion in the adult brain: neural and functional specialization

Adults perceive animacy based on some basic visual cues of motion, such as self-propulsion, movement speed, contingency (Tremoulet and Feldman, 2000; Santos et al., 2008). Neuroimaging studies have revealed that the adult brain is equipped with a highly specialized neural network, the SNN, devoted to process such animate motion (Santos et al., 2010), that includes both subcortical—i.e., insula and amygdala—and cortical structures—i.e., the ventromedial prefrontal cortex (vmPFC), the superior temporal gyrus (STG) and sulcus (STS), the fusiform gyrus (FG) (Blakemore et al., 2003; Van Overwalle, 2009; Frith and Frith, 2010; Grill-Spector and Weiner, 2014). Similarly to what we known about non-human primates (Oram and Perrett, 1994; Tomonaga, 2001; Jellema et al., 2004; Jastorff et al., 2012), converging brain structural and connectivity evidence suggests that STS plays a key role in extrinsic and intrinsic motion processing (Schultz et al., 2005; Pavlova et al., 2006; Wheatley et al., 2007; Gobbini et al., 2011; Herrington et al., 2011; Pavlova, 2012; Sokolov et al., 2012; Yokoyama et al., 2021).

This brain specialization is coupled, at the behavioral and functional level, with an attentional advantage for stimuli that are characterized by animate motion and BM. According to the animate-monitoring hypothesis (New et al., 2007), humans’ visual attentional system has evolved to prioritize and monitor visual cues central to our survival. Despite some studies that have questioned this hypothesis (Hagen and Laeng, 2016; Cox et al., 2022), it has been shown that animates were detected more quickly and accurately, rather than inanimates, in different attentional tasks, such as attentional blink (Calvillo and Hawkins, 2016; Guerrero and Calvillo, 2016), inattentional blindness (Calvillo and Jackson, 2014), change blindness (New et al., 2007; Altman et al., 2016), and visual search (Abrams and Christ, 2003; Pratt et al., 2010).

Likewise, some evidence suggested that a similar attentional advantage is present also for BM (Chandler-Mather et al., 2020). BM elicits faster saccadic reaction (Bardi et al., 2015) and more accurate responses (Shi et al., 2010; Hirai et al., 2011) in a cueing paradigm when compared with other motion types, and it can be processed incidentally in a flanker task (Thornton and Vuong, 2004). Based on this and other results, some authors postulated the presence of an inborn mechanism sensitive to BM, namely perceptual life detector (Johnson, 2006; Troje and Westhoff, 2006).

From a developmental perspective, it is plausible to hypothesize that animate and BM perception has an early ontogenetic origin because in adults it is based on fast and automatic visual processing, which is mainly constrained by a collection of low-level visual motion cues. Whether similar attentional advantages found in adults for animate and BM are present at birth, as well as the experience-dependent or experience-independent nature of perceptual mechanisms postulated at the basis of it, are relevant and intriguing open questions.



3 How animate motion affects visual attention in newborns and infants

Controversy still exists about the origin of animate motion perception (Biro and Leslie, 2007; Rakison et al., 2008). Some authors have hypothesized that infants come into the world equipped with inborn domain-specific mechanisms (Leslie, 1995), otherwise referred as core-knowledge (Spelke and Kinzler, 2007), that allow them to be sensitive to visual cues of motion that characterize animates. Others suggested that domain-general inborn predispositions to such visual cues of motion might be a sort of building blocks to the development of animacy perception through learning mechanisms (cue-based bootstrapping model, Biro and Leslie, 2007).

To disentangle the issue, developmental studies have mainly focused on few-month-old infants’ ability to attribute goals, intentions and emotions based on the objects’ motion (Poulin-Dubois et al., 1996; Luo and Baillargeon, 2005; Biro et al., 2007; Luo et al., 2009; Mahajan and Woodward, 2009), named intentional agency (Carey, 2009). However, on which visual cues infants used to infer such an abstract concept from early on, that is animate motion perception, is much a relatively unexplored topic of research.

At the behavioral level, some studies suggested that animate motion captures infants’ visual attention. For instance, Träuble et al. (2014) showed that speed and direction changes by self-propulsion induce animacy perception in 7-month-old infants. Infants’ visual attention was not only attracted by single object events, but also by objects that move contingently as in the case of chasing events. It has been demonstrated that 5-and 12-month-old infants orient their attention to and attend preferentially toward the agent that initiates an interaction within a chasing event (Galazka and Nyström, 2016). Frankenhuis et al. (2013) demonstrated an attentional bias for chasing events based on visual cues of motion (acceleration, high turning rates, and attraction) and their combination (chasing) in 4-and 10-month-old infants. Further, using a change-detection paradigm, it has been shown that 11-month-old infants are able to detect changes faster to animate compared to inanimate stimuli (Hofrichter et al., 2021).

This behavioral evidence is further corroborated by the results obtained in an ERP study with infants of 9 months. By this age infants allocate more attentional resources to an object moving inanimately than an animate object as evidenced by the increased negativity in the fronto-central Nc component, a component that indexes general attentional arousal, demonstrating differential sensitivity to animate and inanimate motion (Kaduk et al., 2013).

All these studies concern infants of a few months with a certain degree of visual and social experience, leaving the question about the origin of such perception open. To the best of our knowledge, only two recent studies demonstrated newborns sensitive toward some low-level visual cues of motion that trigger animacy perception in adults, which are self-propulsion and speed changes without external forces. In a series of visual preference experiments, 2-day-old newborns orient their attention preferentially toward an object that started from rest (Di Giorgio et al., 2017), and changed its speed without external forces (Di Giorgio et al., 2021a), compared to an object that did not start to move or change speed by its own. Authors interpreted the presence of such inborn attentional biases as a sort of bootstrapping point to the development of animacy and agency perception found later during development, corroborating the cue-based bootstrapping model (Biro and Leslie, 2007), which emphasizes the interplay between such inborn predispositions and the role of experience and learning mechanisms during development.

As for other visual cues that indexed the presence of animate beings (i.e., faces and BM), these attentional biases are thought to be mainly guided by subcortical neural structures (the superior colliculi) which appear to contribute to the specialization of the brain cortical circuits that, during development, carry out more sophisticated social information processing. Broadly speaking, such inborn experience-independent biases not only cause newborns to orient reflexively their attention toward animate beings, but they may serve to bias voluntary cortical-mediated visual attention toward relevant stimuli over the first weeks and months of life to promote the typical progressive specialization of the SNN (Johnson, 2005; Johnson et al., 2015). It has been suggested that such a shift from reflexive-to-cortical-mediated visual mechanisms could be altered in ASD (Di Giorgio et al., 2021b), leading to a cascading effects on animate and BM perception atypicalities (Rutherford et al., 2006).

While recent findings on the currently elective animal model (domestic chicks) is very promising in shedding new light on neural and physiological mechanisms underlying inborn attentional biases (Lorenzi et al., 2017; Mayer et al., 2019; Rosa-Salva et al., 2021), in human newborns the neural signature of such biases remains almost speculative (see Buiatti et al., 2019).



4 How biological motion affects visual attention in newborns and infants

As shown so far, infants’ and newborns’ attention are triggered by animate motion conveyed by the movement of a single dot. Life motion detection may also be driven by more specific types of motions cues, such as when the relative motion of many dots in a complex point light display (PLD) are organized and perceived as a particular form of vertebrates’ motion such as a human walker (Johansson, 1973; Scholl and Gao, 2013). In a complex array of dots, each single dot has self-propelled motion and follows the acceleration and deceleration motion pattern. When these cues of motion are applied to dots that composed complex arrays as in the case of BM, adults are able to extract, simply analyzing motion, a lot of social information.

Historically, the first study that investigates sensitivity toward BM during development, through use of PLD, was done by Fox and McDaniel (1982) testing 4-and 6-month-old infants. Starting from this first evidence, a growing number of studies tried to understand the origin of the sensitivity to BM.

Following the evidence coming from newly hatched chicks that demonstrates visual preference for BM rather than other motion types in this species (Vallortigara et al., 2005), Simion et al. (2008) investigates whether also in human newborn this attentional bias was present. In a series of experiments, it has been shown that that even 3-day-old human newborns have a predisposition to selectively orient their visual attention toward BM when compared with other motion types (random or rigid motion, Simion et al., 2008; Bardi et al., 2011, 2015; Bidet-Ildei et al., 2014). These results seem to support the hypothesis of the presence of a perceptual life detector which allows newborns of different species to orient preferentially their visual attention toward the local information (i.e., the motion of the limbs of an animal in locomotion) vehiculated by BM (Johnson, 2006; Troje and Westhoff, 2006). As for the inborn biases for animate motion, it has been hypothesized that attentional biases for BM at birth should be considered as a predisposed and experience-independent perceptual mechanism supported by subcortical structures (Simion et al., 2008; Chang et al., 2018).

Based on this assumption, several authors tried to better define the developmental trajectory of the sensitivity toward BM. In a series of studies, Bertenthal et al. (1984, 1987), investigated infants’ ability to organize complex arrays of dots as a coherent figure. Five-month-old infants are able to discriminate PLD walker from the same stimulus with scramble spatial relationship or with perturbed local rigidity between joints, suggesting the emergence of sensitivity toward global information level of BM. This suggests that the visual system at birth can use visual information to prefer and discriminate between coherent displays but not to integrate the individual motion information to form the global percept of a PLD. The ability to process configural relations in BM must involve, therefore, a more specialized, late-developing, higher-level processing; hence requiring more visual experience and cortical maturation (Hirai and Senju, 2020).

This evidence, coupled with the ones by Fox and McDaniel (1982), supports the hypothesis that the second mechanism that would be responsible in recognizing and identifying agents based on configural information would not be inborn, but rather an experience-dependent mechanism that becomes functioning during development (Troje and Westhoff, 2006). The extraction of relevant social information would be supported by this second mechanism (Chang and Troje, 2009), that might be used to pay voluntary attention and to interpret other intentions.

From a neural point of view, fNIRS studies showed that the selective activation of rSTS for BM processing emerges around 7–8 months (Lisboa et al., 2020a,b). The same pattern of results was found also in a neurophysiological study with 8-month-infants, where a modulation of ERP component peaking around 200–300 ms post-stimulus onset have been observed only in the right hemisphere (Reid et al., 2006). More recently, Hirai and Hakuno (2022) demonstrated that even at 6 months of age infants are able to extract a coherent human figure from PLDs, showing a larger ERP component for BM rather than scrambled motion, peaking around 500–600 ms post-stimulus onset.

Starting from this state of the art, research has attempted to investigate the functional meaning of BM walking direction processing, contemporarily probing the hypothesis according to which the walking direction of legged vertebrates may produce an attentional advantage in processing relevant information (Bardi et al., 2015; Lunghi et al., 2019, 2020). In these studies, authors tested 3-and 6-months-old infants using a cueing paradigm (Posner, 1980) with BM as central cue. Behaviorally, shorter saccadic reaction time for the target that appears in congruent position to the walking direction of BM was found. At the neural level, 3-and 6-month-old infants showed a modulation of ERPs sensory component (P1) for congruent targets even before the oculomotor response, suggesting that already at 3 months BM elicits a covert orienting of attention toward relevant information (Lunghi et al., 2019).

Overall, these findings suggest that the inborn sensitivity to BM, supported by an experience-independent mechanism, should be considered as a bootstrapping point to the development of the ability of infants and adults to extract social information from motion. Behavioral results showed atypical visual orienting toward BM stimuli in newborns and 4-month-old infants at high-risk for ASD (Di Giorgio et al., 2016, 2021b), corroborating the idea of the alteration to such mechanisms early in life.



5 Conclusion and future directions

The studies reviewed here seem to corroborate the hypothesis that life motion that characterizes living beings modulates visual attention starting from birth. Humans and non-human newborns (Mascalzoni et al., 2010; Rosa-Salva et al., 2016; Lemaire et al., 2022; Rosa-Salva et al., 2023) orient their visual attention reflexively toward visual cues of motion that characterized animate motion and BM since birth.

As proposed by Frankenhuis and Barrett (2013), it is plausible that starting from birth, infants use a “coarse attentional filter that navigates their attention toward social interactions.” Such a filter is shared with other vertebrates, therefore phylogenetically old, and it is sensitive to general properties of both animate motion and BM regardless of their content. Only later during development, infants are able to infer the social meaning conveyed by such visual cues of motion, thanks to more sophisticated cognitive (and cortical-guided) mechanisms dedicated to comprehending goals and intentions.

Recent groundbreaking studies are telling us that for understanding how cognition originates and develops, and which is the role of experience, some answers can be found before birth, in fetuses (Reid, 2024). Fetuses show impressive perceptual capabilities in visual (Reid et al., 2017; Donovan et al., 2020), auditory (Vogelsang et al., 2023), and motor domains (Zoia et al., 2007), making them a promising model for future studies on the origin of knowledge.

If the presence of such bootstrapping inborn attentional biases is not questioned, the neural signatures underlying such biases remain unexplored. For instance, albeit based on indirect evidence in human newborns, such inborn attentional biases are thought to be mainly guided by a rapid and reflexive subcortical orienting mechanisms, and that, around 2–3 months of life, are being replaced by voluntary cortical-mediated visual attention mechanisms (Johnson, 2005). In line with the recent findings about the neural substrates underlying face detection in human newborns (Buiatti et al., 2019), future studies, taking advantage from non-invasive methods such as EEG or fNIRS, should investigate which are the neural pathways involved in animate and BM perception, mainly unexplored at birth as well as in the first years of life.

Finally, the study of the neural bases underlying animate and BM perception is important in typical-developing populations. But it is even more important in ASD high-risk populations, where the need for noninvasive and sensitive biomarkers reflecting altered key functional circuits is urgent. This would corroborate studies, currently controversial (Dawson et al., 2023), that suggest altered inborn attentional predispositions as potential predictive risk factors for ASD.
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Neuronal mechanism of innate rapid processing of threating animacy cue in primates: insights from the neuronal responses to snake images
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To survive in nature, it is crucial for animals to promptly and appropriately respond to visual information, specifically to animacy cues that pose a threat. The subcortical visual pathway is thought to be implicated in the processing of visual information necessary for these responses. In primates, this pathway consists of retina-superior colliculus-pulvinar-amygdala, functioning as a visual pathway that bypasses the geniculo-striate system (retina-lateral geniculate nucleus-primary visual cortex). In this mini review, we summarize recent neurophysiological studies that have revealed neural responses to threatening animacy cues, namely snake images, in different parts of the subcortical visual pathway and closely related brain regions in primates. The results of these studies provide new insights on (1) the role of the subcortical visual pathway in innate cognitive mechanisms for predator recognition that are evolutionarily conserved, and (2) the possible role of the medial prefrontal cortex (mPFC) and anterior cingulate cortex (ACC) in the development of fear conditioning to cues that should be instinctively avoided based on signals from the subcortical visual pathway, as well as their function in excessive aversive responses to animacy cues observed in conditions such as ophidiophobia (snake phobia).
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Introduction

Rapid defensive responses to animacy cues that indicate a threat (e.g., from predators), such as escape and freezing, are particularly important for avoiding danger and therefore significant for the survival of animals. The neural mechanisms underlying these defensive responses are thought to be primarily innate and shared across various species (LeDoux, 2012). In primates, including humans, information processing through a well-developed visual system is critical for detecting biologically relevant cues. Visual stimuli are conveyed and processed through two major neuronal pathways: the canonical cortical visual pathway and the subcortical visual pathway (Figure 1). The former, also known as the geniculo-striate system, sends retinal information to the visual cortex through the lateral geniculate nucleus (LGN). The information of an object that reached the visual cortex is processed in detail through the temporal cortices for its shape and color, while its spatial location and motion are mainly processed in the posterior parietal region of the cortices (Goodale and Milner, 1992; Kravitz et al., 2013). These pathways play important roles in recognizing, discriminating, categorizing, and processing the movement of visual objects, allowing for the perception and interaction with these objects (Fujita et al., 1992; Tanaka, 1996; Rokszin et al., 2010; Setogawa et al., 2021). The latter pathway, also known as the extrageniculate visual system, consists of the retina-superior colliculus (SC)-pulvinar-amygdala. Similar parallel visual systems can be seen in the avian brain, namely the lemnothalamic (or thalamofugal) and collothalamic (or tectofugal) pathways, which correspond to the mammalian cortical and subcortical pathways, respectively (Clark and Colombo, 2020). In many vertebrates, such as fishes and amphibians, the majority of optic nerve fibers project to the SC (or tectum), and visual circuits involving this pathway are considered to play an important role in innate behaviors (Isa et al., 2021). For example, numerous behavioral studies in frogs have shown that the optic tectum is critical in evoking orienting responses to biologically salient visual stimuli (Ingle, 1973; Masino and Grobstein, 1989). In rodents, about 90% of the retinal ganglion cell axons project to the SC and the circuit including the lateral posterior thalamus (a rodent homolog of the pulvinar) sends animacy cues critical for survival (Carr, 2015; Soares et al., 2017; Isa et al., 2021). In primates, it is estimated that only about 10% of these neurons project to the SC (Perry and Cowey, 1984). Hence, the subcortical visual pathway in primates has long been considered as a vestigial remnant of evolution. However, recent neurophysiological and psychological studies in humans and monkeys have proposed that the subcortical visual pathway is deeply involved in the rapid processing required for the detection of salient visual cues (Soares et al., 2017). The medial part of the frontal cortex, especially the medial prefrontal cortex (mPFC) and the anterior cingulate cortex (ACC), have reciprocal connections with this subcortical visual pathway (Thompson and Neugebauer, 2017; Calderazzo et al., 2021), and this area is involved in the allocation of attention to biologically relevant stimuli (Carretié et al., 2004; Bar et al., 2006). Therefore, it is plausible that the mPFC and ACC receive and integrate swift visual information from the subcortical visual pathway to facilitate or modulate rapid defensive responses. In the first section of this mini review, we summarize the role of the subcortical visual pathway in innate cognitive mechanisms related to threatening animacy cues. In the second section, we discuss the potential role of the mPFC and ACC in fear conditioning to instinctively avoid cues based on signals from the subcortical visual pathway.
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FIGURE 1
 Schematic of the visual pathway. LGN, lateral geniculate nucleus; V1, primary visual cortex; SC, superior colliculus; PUL, pulvinar; AMY, amygdala; PFC, prefrontal cortex.



Rapid detection of snakes in the subcortical visual pathway

Snakes, carnivores, and raptors are primary predators of primates during the course of evolution. Among these hunters, sightings or images of snakes evoke significant anxiety and fear in many individuals, suggesting that snakes may have been a particularly salient threat to primate survival in the past (Isbell, 2006). Many behavioral studies have reported that humans and monkeys detect snakes faster than they detect other animals or plants (LoBue and DeLoache, 2008; Masataka et al., 2010; Kawai and Koda, 2016), and that monkeys who have no experience seeing snakes before tend to avoid snake models (Weiss et al., 2015). These findings suggest that primates have evolved to quickly detect and instinctively avoid snakes. To escape from such threats, it is necessary for the animal to promptly react to the relevant visual stimuli even before they reach its consciousness. A likely candidate for orchestrating such rapid response would be the subcortical visual pathway consisting of the SC, pulvinar, and amygdala (Öhman and Mineka, 2001; Johnson, 2005; Isbell, 2009). Recent studies in mice show that this pathway is activated during rapid defensive behaviors such as freezing and escape in response to looming visual stimuli which mimicked a predator, such as birds of prey, approaching from above. Optogenetic activation of SC neurons alone can evoke similar behaviors while inhibition of SC impairs them (Shang et al., 2015, 2018). In monkeys, it has been reported that bilateral lesion of SC impairs the avoidance behavior to snakes (Maior et al., 2011). Furthermore, the population activity of SC neurons in monkeys can discriminate between face-like and non-face-like patterns as early as 50 ms after stimulus onset (Le et al., 2020). This processing seems to occur before the subject recognizes what kind of visual stimuli are presented (Thorpe et al., 1996; Kirchner and Thorpe, 2006). These results suggest that the SC in mammals, including primates, plays a crucial role in rapidly responding to biological salient stimuli that are either socially significant or indicating threats.

The pulvinar is the largest nucleus in the primate thalamus, receiving ascending inputs from the SC and the retina, and projecting to the amygdala and prefrontal regions (Pessoa and Adolphs, 2010; Bridge et al., 2016). One of the established functions of pulvinar is to shift attention to salient visual stimuli while suppressing responses to others, thereby enabling efficient visual information processing (Soares et al., 2017). We previously reported that single unit activity of monkey pulvinar neurons show stronger and faster responses to snake images compared to other images such as faces and hands of monkeys or simple geometric shapes (Van Le et al., 2013; Le et al., 2016). The response latency to snake images in these studies was very short (average latency ≅ 55 ms). Furthermore, presentation of images with only the low spatial frequency components of snake stimuli elicited a similar response as the original images, whereas images with only high spatial frequency components evoked a much reduced response. Interestingly, coarse visual information of faces is also coded at population level as well in pulvinar (Nguyen et al., 2016). These results indicate that the pulvinar is involved in the coarse but rapid processing of snake images transmitted through the subcortical visual pathway.

Recently, we reported that amygdala neurons also exhibit specific responses to snake stimuli (Dinh et al., 2022). In this study, in addition to the four image categories used for the experiment in pulvinar, we included images of non-predators, raptors, and carnivores as well as emotional/neutral human and monkey faces. We not only obtained results similar to those in pulvinar, but amygdala neurons also showed faster and stronger responses to snake images compared to other images with animacy cues. Additionally, the response magnitudes to each stimulus image was positively correlated between the amygdala and pulvinar, which suggests that the amygdala receives information of snake images from pulvinar. Interestingly, when emotional monkey and human faces were presented, stronger and faster responses were observed compared to neutral facial expressions. In human neurophysiological studies, it has also been reported that the subcortical visual pathway responds to low-resolution images of fearful facial expressions (Vuilleumier et al., 2003), and that the amygdala is activated rapidly (40–140 ms) in response to fearful faces (Luo et al., 2010). Additionally, it has been shown that the subcortical visual pathway is activated when fearful facial expressions are presented in the blind field of patients with blindsight due to damage to the primary visual cortex (Morris et al., 2001). These results imply that the subcortical visual pathway processes visual information independently of the cortical visual pathway and contributes to rapid and unconscious processing of emotional visual stimuli in humans as well (Öhman and Mineka, 2001).



The role of the prefrontal cortex in processing instinctive avoidance cues

It has been proposed that the prefrontal cortex is involved in rapidly responding to aversive visual stimuli and in processing coarse visual images (Kawasaki et al., 2001; Bar, 2003; Kawai and Koda, 2016), with a crucial function in integrating information of sensory input with memory to facilitate recognition. Previous human functional magnetic resonance imaging (fMRI) studies have reported that the mPFC is activated by the presentation of snakes or emotional faces (Nili et al., 2010; Wu et al., 2016), while the ACC is thought to be involved in directing attention to and evaluating salient visual stimuli (Bush et al., 2000). In anatomical studies using monkeys, in the medial part of the frontal cortex, the mPFC including the ACC receive strong projections from the pulvinar and amygdala (Porrino et al., 1981; Romanski et al., 1997). Taken together, these findings indicate that the mPFC and ACC, in cooperation with the subcortical visual pathway, are involved in fast and coarse visual processing to facilitate the detection of evolutionarily conserved predators and emotional faces.

To test this hypothesis, we recorded from mPFC and ACC in monkeys and presented the same eight categories of images used in the amygdala experiment (Dinh et al., 2018). Remarkably, many neurons in these regions also responded more strongly and quickly to snakes and emotional monkey faces compared to other images. These responses decreased when high-pass filtered visual stimuli were presented but did not decrease with low-pass filtered stimuli (coarse images). Importantly, there was a positive correlation in response magnitude and latency between the pulvinar and both the mPFC and ACC when the same images were presented. The latency of the pulvinar neurons was faster than that of the mPFC and ACC neurons, indicating that the mPFC and ACC receive inputs from the subcortical visual pathway. Furthermore, the rostral part of the ACC showed strong and rapid responses to snakes with striking postures compared to snakes with non-striking postures (Figure 2) (Dinh et al., 2021). Striking postures are generally followed by biting strikes, which makes it crucial to quickly identify a snake's posture to escape attacks from dangerous predators. These results indicate that these cortical regions are likely to be involved in processing threatening animacy cues conveyed through the subcortical pathway. One intriguing hypothesis for their function is that a well-balanced functional interplay of emotion-processing regions such as the amygdala, mPFC, and ACC is important for sufficient fear inhibition and control (Schiller and Delgado, 2010; Sylvester et al., 2012). Disfunction of this interplay may lead to exaggerated anxiety symptoms in response to a specific feared stimulus, often leading to defensive responses that disrupt normal daily activities, as commonly observed in certain phobias. Ophidiophobia (snake phobia), a type of animal-specific phobia, is widely observed worldwide (Fredrikson et al., 1996; Polák et al., 2016). Psychological studies have reported that over 50% of survey participants felt anxiety in response to snakes (Davey, 1994), and 2–3% of participants exhibited reactions similar to ophidiophobia (Polák et al., 2016). A heightened attentional bias toward threat that promotes anxiety has been proposed to be the underlying cause in such phobias (Heeren et al., 2013; LoBue and Rakison, 2013); images of specific animals (such as snakes) are automatically processed in a fear neurocircuitry regardless of attention (Öhman and Soares, 1994), and when the activity for the specific animals exceeds cognitive processing, it captures attention and induces anxiety (i.e., phobia). A human MRI study suggested that abnormalities in amygdala–mPFC connectivity during perception of fearful faces explain phobia severity (Demenescu et al., 2013). Additionally, it has been reported that presenting phobia-related words, e.g., “snake,” to individuals with animal-specific phobias increases activity in the amygdala and ACC compared to healthy controls (Britton et al., 2009). It should be noted, however, that such increase in activity evoked by language-related stimuli is not an innate response and it is unlikely to be caused by inputs from the SC-pulvinar visual pathway described above. According to a functional connectivity analysis based on human fMRI, there was a positive coupling between these regions in phobia groups while negative connectivity was observed in non-phobia groups that might represent fear inhibition in the latter (Stefanescu et al., 2018). These findings suggest that the failure of appropriate control of amygdala activity via the mPFC and ACC when encountering fearful stimuli may lead to exaggerated anxiety symptoms, thereby potentially causing specific phobias.


[image: Panel A contains six line graphs, each labeled sn1 to sn6, showing neuronal response spikes over time to images of snakes and snake-like objects positioned above each graph. Panel B is a bar graph comparing response magnitudes (in spikes per second) to the same stimulus images, with higher bars for snake images and lower bars for non-snake images, indicating a significant difference marked by an asterisk.]
FIGURE 2
 An example of ACC neuron sensitive to snake postures. (A) Neuronal responses to each snake image are shown by raster displays and peri-event time histograms. The top three and bottom three graphs indicate the neuronal activity when snakes with striking or non-striking postures were presented, respectively. The red horizontal bars above the raster display indicate the stimulus presentation period (500 ms). Zero on the abscissa indicates the stimulus onset. Calibration at the right bottom of the figure indicates the number of spikes per trial in each bin (Bin width = 50 ms). (B) Response magnitudes of this neuron to the six snake images. Histograms indicate mean ± SEM. *p < 0.05. From Dinh et al. (2021).





Discussion

In this mini review, we summarized the findings indicating functional significance of the evolutionarily conserved subcortical visual pathway for innate mechanisms involved in predator recognition in primates. We also discussed the potential role of the mPFC and ACC, which have reciprocal connections with this pathway, in processing of feared objects as instinctual avoidance signals, as exemplified by ophidiophobia.

The neurocircuitry for the quick detection of threatening animacy cues may be conserved across species. Rodents that have a circuit analogous to the primate subcortical visual pathway, also have regions homologous to the primates' mPFC and ACC (Barthas and Kwan, 2017; van Heukelum et al., 2020). In rodents, in which specific neuronal connections between different brain regions are amply examined by optogenetical approaches, it has been shown that there is a reciprocal connection between the mPFC and amygdala (Huang et al., 2020; Kim et al., 2022), as well as between the ACC and amygdala (Kim et al., 2023). Based on these findings, while neurons in rodents may not elicit a specific response to snakes similar to that in primates, it is conjectured that the subcortical visual pathway-PFC circuit shares a common functional role with the evolutionarily conserved circuits for detecting threats. Therefore, utilizing similar experimental techniques to those employed in rodents may provide further insights into how the subcortical visual pathway, mPFC, and ACC coordinate to elicit rapid defensive responses to innate threats in primates (Raper and Galvan, 2022; Merlin and Vidyasagar, 2023).

During the course of evolution, primates have relied on a well-developed visual system to detect dangerous stimuli. Among many theories regarding the development of the visual system, a particularly interesting one from the point of innate defensive behavior is the “snake detection theory” (Isbell, 2006, 2009). This hypothesis suggests that snakes originated prior to early primates and were their most significant predators, therefore individuals who were adept at visually detecting snakes had a higher chance of survival. Interestingly, studies using electroencephalography on humans have shown that specific neural responses are observed when presenting snake images compared to images of other animals (Van Strien et al., 2014; Bertels et al., 2020). In our previous electrophysiological studies, it was found that neurons in the amygdala, mPFC, and ACC show faster and stronger responses when snake images are presented compared to carnivores and raptors (Dinh et al., 2018, 2022). These results are compatible with the “snake detection theory.” However, it remains unclear which visual aspects of snakes are involved in rapid detection process in the subcortical visual pathway. Some studies have reported that there is a population of pulvinar neurons that are activated by flickering checkerboard patterns (Öhman and Mineka, 2001; Kastner et al., 2004), which closely resemble the scale patterns of snakes. These results suggest that rapid snake detection may also rely on such visual features, but further studies are required to address this point.

The significance of the role of the primate subcortical visual pathway in detection of animacy cues continues to be debated, in spite of the accumulation of neurophysiological evidence in monkeys and humans as described above (Pessoa and Adolphs, 2010; Soares et al., 2017). A recent study in monkeys has reported that the neuronal responses to facial images with short latency in the SC are affected by a pharmacological inhibition of the LGN (Yu et al., 2024), suggesting that inputs from the cortical visual pathway may contribute to such rapid responses in the SC. Since there is no evidence that LGN neurons directly project to the SC in primates, it has been suggested by results obtained from computational modeling that V1 might be the prime candidate to transmit such information to the SC (Yu et al., 2024). It will be of great interest to further examine the contribution of the cortical visual pathway to the rapid detection of animacy cues and its interaction with the subcortical visual pathway in primates. Applying state-of-the-art optogenetic techniques mentioned above might be a powerful experimental tool to address these questions in monkeys (Merlin and Vidyasagar, 2023).

In addition, many of the studies in humans that are referred to in the current review used fMRI, which monitors the blood oxygenation level-dependent (BOLD) signal to visualize the activity of the brain. BOLD signal is known to be an indirect measurement of local neural activity and although it is shown to be related with neuronal firings recorded by electrophysiological methods, it is unlikely to directly reflect their temporal pattern (Logothetis et al., 2001; Drew, 2019). Therefore, the interpretation of human fMRI results and the comparison with single-unit recording in monkeys in particular, requires caution. It has been shown that fMRI measurements in behaving monkeys can be a powerful approach to understand the function of the visual cortex (Tsao et al., 2003; Vanduffel et al., 2014), and considering the difficulty of systematic single-unit recordings in human subjects, further fMRI studies addressing the response to animacy and threating cues in the subcortical visual pathway in monkeys may help considerably to bridge this methodological gap (Passingham, 2009).

At present the pathological mechanisms at circuit level underlying specific phobias in humans including ophidiophobia, remains unclear. It has been proposed that specific phobias may have an evolutionary origin (Mineka and Öhman, 2002; Rakison, 2018). As mentioned above, the subcortical visual pathway is evolutionarily conserved, and considering the specific neuronal responses in this pathway, mPFC, and ACC to snake images, these regions may be involved in the pathogenesis of ophidiophobia. Pharmacological and lesion studies have revealed that the amygdala plays a central role in the acquisition of fear conditioning, formation and storage of fear memories, and their recall (Hitchcock and Davis, 1986; Davis, 1992; Muller et al., 1997). Interestingly, in humans, it is known that fear conditioning is more likely to occur when snake images are used (Öhman and Mineka, 2003). Studies using rodents have reported that neuronal inputs from the ACC are necessary for fear conditioning in the amygdala (Bissière et al., 2008; Jhang et al., 2018). From these findings, it is suggested that fear conditioning to snakes, enhanced via the ACC-amygdala circuit, may lead to exaggerated anxiety contributing to the development of ophidiophobia. Further research in monkeys might provide further insight into how such interaction between cortical and subcortical circuits contributes to the pathogenesis of specific phobias.
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Despite the interest in animacy perception, few studies have considered sensory modalities other than vision. However, even everyday experience suggests that the auditory sense can also contribute to the recognition of animate beings, for example through the identification of voice-like sounds or through the perception of sounds that are the by-products of locomotion. Here we review the studies that have investigated the responses of humans and other animals to different acoustic features that may indicate the presence of a living entity, with particular attention to the neurophysiological mechanisms underlying such perception. Specifically, we have identified three different auditory animacy cues in the existing literature, namely voicelikeness, consonance, and acoustic motion. While the first two characteristics are clearly exclusive to the auditory sense and indicate the presence of an animate being capable of producing vocalizations or harmonic sounds—with the adaptive value of consonance also being exploited in musical compositions in which the musician wants to convey certain meanings—acoustic movement is, on the other hand, closely linked to the perception of animacy in the visual sense, in particular to self-propelled and biological motion stimuli. The results presented here support the existence of a multifaceted auditory sense of animacy that is shared by different distantly related species and probably represents an innate predisposition, and also suggest that the mechanisms underlying the perception of living things may all be part of an integrated network involving different sensory modalities.
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1 Introduction

Why are some sounds perceived as coming from living things and others not? Is there a sense of auditory animacy in different animal species? It is well known that animacy perception plays a crucial role in the survival of animals from an early age, enabling individuals to automatically and effortlessly locate biological cues of animate beings and then react according to the nature of the perceived entity, predator, prey, conspecific, etc. However, most research in this area has focused on the visual domain, particularly exploring the role of biological motion (Lorenzi et al., 2024), face perception (Kobylkov and Vallortigara, 2024; Kobylkov et al., 2024), and changes in speed and direction of moving objects (Di Giorgio et al., 2017; Lorenzi et al., 2017; review in Lorenzi and Vallortigara, 2021), while few researchers have addressed the possibility of an auditory counterpart to animacy perception (but see Tremoulet and Feldman, 2000).

This relative paucity of studies should not be surprising, however, given that auditory perception is characterized by a completely different psychophysical nature compared to the visual modality. As a result, the features that might constitute an animacy cue in the auditory sense are not necessarily the same as those that have been identified in visual research. When we think about how animals, relying solely on their sense of hearing, are able to discriminate between living and non-living entities, the first feature that comes to mind is something unique to the auditory sense: the voice. Indeed, authors such as Patterson (2014) identify in the pulse-resonance structure of animal voices one of the key features at the basis of living organisms’ recognition through sound.

It follows that all those sounds that are sufficiently similar in their acoustical structure to that of the voice—the so-called voicelikeness—should be able to elicit neurophysiological and behavioral responses similar to those of the voice (Broze, 2013). This was used by occultists at the turn of the 19th and 20th centuries, who argued for an ability allegedly demonstrated by certain people to perceive human voices in the noise produced by mechanical-electronic devices such as the radio, a phenomenon that became known as Electronic Voice Phenomena (Leary and Butler, 2015). They were actually documenting the auditory equivalent of pareidolia (a well-known phenomenon in vision), i.e., misperceiving or misinterpreting random noise or ambiguous acoustic stimuli as meaningful sounds, such as words or even sentences (Blom, 2015). This perceptual illusion suggests that the human species has a hypersensitivity to searching for and identifying voices within the auditory scene in which one is immersed, similar to what happens in the visual modality when faces are perceived in inanimate objects (Liu et al., 2014) also by non-human primates (Taubert et al., 2017). From a neuroanatomical perspective, the processing of voices of both conspecific and heterospecific individuals is supported by a dedicated extensive network of cortical areas (Broze, 2013).

In addition, another acoustic feature at the basis of the recognition of animate entities is consonance, i.e., sound frequencies that, when combined, produce the perception of a single sound and are therefore considered pleasant (Trulla et al., 2018). Because this feature is prominent in all acoustic events characterized by a well-defined and clear harmonic structure—such as the vocalizations of many species of songbirds and human speech—it is considered a hallmark of sounds produced by animate beings, which would explain the attraction that consonance exerts from an early age in distantly related taxa such as humans, domestic chicks and chimpanzees (Chiandetti and Vallortigara, 2011).

Finally, the perception of animacy in the auditory sense also occurs because of another acoustic feature that is closely related to one of the most important visual cues to animacy, i.e., locomotory movement. When animals move through space, they frequently simultaneously produce characteristic sounds—just think of the buzzing of a flying insect—defined as motion-induced sounds (Clark, 2016). These are involuntary acoustic events generated by the movement of anatomical parts of the body that are not specialized in producing communicative sounds, so that their conveyed information—i.e. the presence of a moving animal—is exploited by listeners rather than being transmitted directly and voluntarily (Clark, 2016). Neuroscientific studies have also demonstrated the existence of brain areas dedicated to the detection of acoustic motion, similar to those devoted to motion perception in other sensory modalities, such as vision (Wagner et al., 1997).

This work offers one of the first reviews in the field of auditory animacy perception and aims to fill this gap by systematizing the existing knowledge into a coherent description, identifying the main lines of research and proposing a global interpretation of the results obtained.



2 Voicelikeness

In vertebrates, voice production and perception are phenomena with a long evolutionary history. Voice generation mechanisms are the output of a system, the vocal tract, whose functional and neural control components are highly conserved across species (Newman, 2010; Fitch and Hauser, 2003). Furthermore, the ability to perceive conspecifics’ voice is encoded in species-specific auditory nuclei in the auditory forebrain of birds (Louder et al., 2019) and, in the mammalian brain, regions such as the superior temporal plane and auditory neurons in the ventrolateral prefrontal cortex are involved in all studied primate species (Petkov et al., 2008; Romanski and Averbeck, 2009), with the anterior superior temporal sulcus specialized in humans (Belin et al., 2000; Fecteau et al., 2004). Moreover, the ability to recognize and approach the voice of a conspecific, especially if it is the mother’s, is an ability shown early in life in many avian species, such as domestic chicks (Gottlieb, 1965; Fält, 1981; Bolhuis and van Kampen, 1991), pekin ducklings (Gottlieb, 1965), wood ducklings (Gottlieb, 1965), willow grouses (Allen, 1977), Japanese quails (Park and Balaban, 1991) and bobwhite quails (Barrow Heaton et al., 1978), which prefer the voice of their own species to that of another taxon or noise. As shown by Long et al. (2001), species-specific neural development underlies auditory preferences in taxa such as the domestic chicken and the Japanese quail: specifically, the authors transplanted developing neural tubes from embryonic quails to embryonic chickens and then tested the auditory preferences of the chimeric domestic chicks, finding that they began to prefer quail vocalizations.

However, voice-sensitive brain areas also recognize specific characteristics of the voice—such as fundamental frequency, call length and harmonic and phase-coupling content—regardless of the species. These neural correlates include the middle portions of the left and right superior temporal gyri, the right posterior superior temporal gyrus, the left Heschl’s gyrus and left planum temporale in humans (Lewis et al., 2005; Bálint et al., 2023) and the mid and caudal ectosylvian gyri in dogs (Bálint et al., 2023). It can thus be posited that there exists an ancient neural predisposition to perceive sounds that exhibit characteristics that are analogous to those observed in acoustic events produced by vocal folds vibrations, a feature called voicelikeness (Schubert and Wolfe, 2016; Bálint et al., 2023). Consequently, auditory stimuli characterized by vocal similarity to certain innately encoded acoustic features will elicit a preference/approaching response. For example, one- and three-day-old domestic chicks run faster toward pure tones or tapping sounds when their frequency (Fischer, 1972), duration (Fischer, 1972), intensity (Fischer and Gilman, 1969), and rate (Fischer, 1972) are similar to those of the ideal maternal attraction call (Collias and Joos, 1953; Collias, 1987; Kent, 1993). In addition, sounds that emphasize a particular fundamental feature may be perceived as a superstimulus, and then be preferred over the original natural vocalization, as is the case with three-day-old chicks that run faster toward stimuli with a higher rate than natural mother’s clucks (De Tommaso et al., 2019).

Most importantly, as demonstrated by Gilbert Gottlieb and colleagues in different auditory vs. visual choice experiments studying imprinting in domestic chicks (Gottlieb and Simner, 1969), pekin (Gottlieb and Klopfer, 1962; Klopfer and Gottlieb, 1962), mallard (Gottlieb, 1968) and wood ducklings (Gottlieb, 1968), the magnitude of attractiveness of vocal stimuli as animacy cues exceeds that of visual stimuli, showing that—at least in the first days of life—the auditory recognition prevails, as ducklings prefer to follow a concealed moving loudspeaker broadcasting the species-specific maternal call instead of a silent moving visual replica of the hen, while domestic chicks are more attracted to an even simpler stimulus as an auditory flickering than to its visual version. Similarly, in the early stages of development, bobwhite quail chicks primarily rely on auditory cues for species identification and filial behavior, but as they mature, visual cues are integrated, with auditory stimuli remaining dominant (Lickliter and Virkar, 1989). Overall, these results support the cue hierarchy hypothesis proposed by Johnston and Gottlieb (1985), according to which sensory systems are organized hierarchically in early development, with the brain giving greater priority to auditory information as the auditory system matures faster than the visual system (Lickliter and Virkar, 1989).



3 Consonance

Analyses of the human voice have shown that when frequency and intensity values intersect, peaks corresponding to consonant melodic intervals emerge, suggesting that consonant intervals may represent the default state of human intonation (Schwartz et al., 2003). This phenomenon aligns with a distinctive characteristic of biological vocalizations: the presence of a well-defined harmonic structure, consisting of a fundamental frequency and harmonic overtones—a feature also shared by the sounds produced by musical instruments. This aspect was first noted in the 18th century by the French music theorist and composer Jean-Philippe Rameau, who observed that there was a connection between tonal sounds—often produced by living beings—and harmonic structure, particularly consonance (Christensen, 2004). Consonance is defined as the combination of two or more sound frequencies played simultaneously or consecutively that the brain perceives as stable, predictable and qualitatively pleasing. Conversely, dissonance results from the interaction of frequencies that when combined result as unstable, thus creating a perception of roughness or harshness in the auditory system.

This intuition has been confirmed by a number of studies of the vocalizations of different oscine species, such as the musician wren and the great tit, whose songs are characterized by a heavy use of consonant notes (Doolittle and Brumm, 2012; Richner, 2016), or, like the hermit thrush, which arranges its songs according to an overtone structure (Doolittle et al., 2014). Furthermore, in great tits, there is also a relationship between male fitness and the accuracy with which they produce consonant notes in their songs, showing that females prefer sounds characterized by stability and predictability (Richner, 2016). However, it is not even necessary for an animal to sing in order to “speak” consonant, since domestic chicks, for instance, emit perfect consonances across all types of calls, highlighting that consonant sounds are inherently present in animal communication (Maldarelli et al., 2024). Not only that, but the tone of our species’ voice in dyadic interactions was shown preliminarily to be consonant when there is agreement between the speakers, and dissonant when disagreement arises (Okada et al., 2012).

Taken together, these results suggest a fundamental similarity between the harmonic structure of periodic sounds, whether the sound of the voice or that of musical instruments, thus making consonance a prominent aspect of vocalizations emitted by animate beings (Bowling and Purves, 2015; Wagner and Hoeschele, 2022). This conclusion is further supported by the evidence that, in studies employing a spontaneous preference paradigm, consonant sounds are favored over dissonant ones in newborns of distantly related species, including domestic chickens (Chiandetti and Vallortigara, 2011), chimpanzees (Sugimoto et al., 2010) and humans (Masataka, 2006; Perani et al., 2010). This finding corroborates the idea that consonance is employed as a distinctive auditory cue for the presence of an animate object (Chiandetti and Vallortigara, 2011; Chiandetti, 2016; Vallortigara, 2021), as opposed to an inanimate one. Moreover, it suggests that this discriminative capacity may be a shared trait among species and may constitute an acoustic unlearned predisposition before experience, culture and training shape our preferences (Lahdelma and Eerola, 2020; Prete et al., 2020; Lahdelma et al., 2022).



4 Acoustic motion

The world is full of things that move and produce sound as a by-product. Some of them are alive—and the acoustic events produced are then called motion-induced sounds—and some of them are not, like leaves rustling, rocks tumbling or ocean waves. So, how does the auditory system discriminate between sounds produced by moving biological entities and those produced by moving objects? The first study to attempt to answer this question is that of Bidet-Caulet et al. (2005), in which the authors used fMRI technique to investigate in humans the neural correlates of auditory biological motion, more precisely the perception of footsteps. The results showed that the superior temporal sulcus was mainly involved in the processing of human motion sounds, irrespective of the sensory modality. A few years later, Cottrell and Campbell (2014) investigated auditory sensitivity to footsteps compared to non-biological impact sounds, such as a bouncing ball or drumbeats. Contrary to expectations, they found no increased sensitivity to biological motion compared to non-biological sounds, a finding that seems to indicate a difference between sensory modalities, with the visual domain being more fine-tuned when compared to the auditory domain. However, despite this discrepancy, both studies seem to converge on one aspect, namely the importance of temporal cues in the detection of human motion, especially if related to footsteps, a sound with high biological value (Bidet-Caulet et al., 2005; Cottrell and Campbell, 2014; Larsson, 2014).

The role of timing in the perception of auditory animacy was later taken up in the field of musical cognition, where there is a debate about the characteristics impacting the “aliveness” of a musical piece performance, an issue that, as some authors have noted (Blust et al., 2016), overlaps with that of auditory animacy. In particular, the bridge linking music to animacy is rubato, a performance technique used to convey greater expressiveness consisting of slight changes in the timing of a musical piece by slowing it down or speeding it up, giving also an acoustic motion sensation. In their 2015 paper, Blust and colleagues investigated the role of rubato in making music sound animated, asking participants to rate on a Likert scale the perceived animacy of computerized and human performances, both varying in rubato level. Results showed that both fixed and excessive timing variations led to a decrease in perceived animacy, while minimal levels of rubato resulted in significantly higher ratings of animacy (Blust et al., 2016).

The work of Nielsen et al. (2015), instead, made a significant contribution to the advancement of the field by investigating the effects of cues such as changes in the speed and direction of acoustic motion on the perception of animacy in humans. To this end, they designed a study that represents the auditory analog of the previously conducted research in the visual domain by Tremoulet and Feldman (2000). This was done by using binaural spatialisation to generate acoustic stimuli that mimicked the motion in three-dimensional space of a synthesized mosquito sound, varying in speed and direction—thus creating the impression of a living entity—or keeping the values constant in both dimensions. Participants were then asked to rate on a Likert scale their confidence that the perceived sound was lifelike or not, showing a significant difference between changes in speed and no changes, but unexpectedly also between changes in speed and changes in direction, suggesting the existence of a hierarchical organization of animacy cues with respect to acoustic motion. No study has yet addressed whether it is possible, in the acoustic domain, to distinguish causal interactions between inanimate and animate objects, as has been observed in the visual domain early in ontogenesis (Kominsky et al., 2022).

Finally, how do animals perceive acoustic motion? Even if animacy-related data are still absent, it is known that brain structures like the inferior colliculus are at the basis of the detection of acoustic motion direction, a process that is then refined in sensitivity through GABAergic inhibition, while motion information is then further processed by higher regions such as the auditory cortex (Wagner et al., 1997). Some animal taxa specialized in hunting using auditory cues even possess auditory space maps that integrate and help localize motion information (Wagner et al., 1997). (For a comprehensive review on this topic, see Carlile and Leung, 2016).



5 Discussion

This review has provided a full description of the area of auditory animacy, stressing the multifaceted nature of the acoustic mechanisms at the basis of animate beings’ perception, going from voice features to sounds emitted involuntarily during biological motion. As outlined here, parallels between auditory and visual animacy cues are striking, with the voice being the acoustic analog of the face, and voicelikeness—resulting from the abstraction of vocal fundamental features—leading to a sensitivity comparable to that for face-like stimuli, causing the occurrence of phenomena such as auditory pareidolia, similar to face pareidolia. While the link between biological and acoustic movement is evident and very close, consonance as a feature of vocal prosody may instead fulfill a role akin to that of eyes and gaze, which are key characteristics in face and social perception.

Future research should consider whether face perception offers further analogies, such as in upside-down processing and backward speech, a domain where potential influences of rhythm, stress, and intonation can be examined (Toro et al., 2005). Studies should also address the potential effects of high-level cognition in modulating animacy perception—as done by Kim and Schachner (2021) who linked causal reasoning to animacy perception in music—and explore new potential cues, such as affective prosody (Zimmermann et al., 2013), or auditory regularities like fractal structure in vocal emissions (Jermyn et al., 2023). Finally, more research should investigate the cross modality of perceptual animacy, which may be part of a larger integrated system of social perception that includes different sensory modalities such as vision and hearing, and maybe even other unexplored domains, such as touch or olfaction.
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The term “animacy perception” describes the ability of animals to detect cues that indicate whether a particular object in the environment is alive or not. Such skill is crucial for survival, as it allows for the rapid identification of animated agents, being them potential social partners, or dangers to avoid. The literature on animacy perception is rich, and the ability has been found to be present in a wide variety of vertebrate taxa. Many studies suggest arthropods also possess this perceptual ability, however, the term “animacy” has not often been explicitly used in the research focused on these models. Here, we review the current literature providing evidence of animacy perception in arthropods, focusing especially on studies of prey categorization, predator avoidance, and social interactions. First, we present evidence for the detection of biological motion, which involves recognizing the spatio-temporal patterns characteristic of liveliness. We also consider the congruency between shape and motion that gives rise to animacy percept, like the maintenance of a motion direction aligned with the main body axis. Next, we discuss how some arthropods use static visual cues, such as facial markings, to detect and recognize individuals. We explore the mechanisms, development, and neural basis of this face detection system, focusing on the well-studied paper wasps. Finally, we discuss thanatosis—a behavior in which an animal feigns death to disrupt cues of liveliness—as evidence for the active manipulation of animacy perception in arthropods.
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1 Introduction


1.1 What is animacy?

Life comes in innumerable forms. We gaze in wonder at the difference between the big marine mammals and the microscopic nematodes, between the disarticulated mollusks and the rigid coleopteran, or between the clever naked ape and the seemingly automatic rotifer.

Yet, for all of their differences, all animals share key commonalities. For example, most animals are characterized by a body symmetry, being it radial or lateral. For the latter, sensory organs are often concentrated at one extreme of the mirroring plane, which also often coincides with the heading direction during motion. To locomote, creatures activate rigid or semi-rigid extremities, capable of producing forward forces on the body thanks to a set of repeating and stereotyped movements. Even excluding these stereotypical structures and motion patterns, animals are the only beings in nature that possess the property of being “animated”: they can initiate or stop motion, change direction or speed, all without the intervention of external forces (Di Giorgio et al., 2016; Mascalzoni et al., 2010; Premack, 1990). With such wide commonalities, it should not surprise us that many sensory systems have evolved dedicated processing in order to detect and recognize animate entities, acting as “life detectors.” These sensory processes do not require any understanding of the “liveliness” property of the observed objects, which instead constitute the basis for more complex cognitive skills, like, for example, the theory of mind (Premack, 1990; Piaget, 1926). They instead may only rely on the perceptual cues that characterize the animated actors.

The ability of organisms to detect cues of “liveliness” in their environment (Lorenzi and Vallortigara, 2021; Vallortigara and Losi, 2021) is often referred to as “animacy perception.” With most of the research on the topic focusing on the visual modality, these cues are often related to specific body configuration (Kobylkov and Vallortigara, 2024), motion patterns (Johansson, 1973), or a combination of the two (Tremoulet and Feldman, 2000). The presence of this skill seems to be as widespread as the animacy cues are ubiquitous, from humans (Johansson, 1973) to non-human primates (Brown et al., 2010) and other mammals (Blake, 1993), birds (Lemaire and Vallortigara, 2022), fishes (Nakayasu and Watanabe, 2014), and mollusks (Mezrai et al., 2020).



1.2 Different scientists, different terminology

Given the widespread animacy perception found across the evolutionary tree, it is surprising that the literature on arthropods is rather scarce. This is probably due to the fact that, historically, animal cognition scientists have seldom extended their scientific inquiry to this Phylum, perceived to possess a brain too small and therefore cognitively limited to perform generalized computations. Yet, it has been proposed that while miniaturized nervous systems may be limited in memory capacity, they are sufficiently adept in the realm of cognition (Chittka and Niven, 2009; Vallortigara, 2025).

Today, the notion that arthropods are limited in their cognitive abilities is challenged by an expanding body of literature demonstrating their capacity for complex computation (Chittka and Niven, 2009; Bortot and Vallortigara, 2023). Animacy perception may in fact serve as an adaptive solution in small brains, allowing these organisms to tackle various challenges more efficiently using a generalized skill rather than multiple specialized ones.

Apart from a few direct studies, much of the research on prey categorization, predator avoidance, and social interactions in arthropods does imply the ability to detect life, but rarely uses the term “animacy perception.” This inconsistency in terminology makes it challenging to gather all relevant studies, as evidence is scattered across various fields. In this review, we present explicit and implied evidence of animacy perception skills, enabling individuals to detect static or dynamic cues in a wide range of arthropod species. What is presented here is by no means a complete list of all animacy cues available to arthropods (of which many more may exist, especially considering the wide arrangement seen in vertebrates. See Tsutsumi et al. (2012) for an example of an alternative cue), nor all the ones that they already are using. Instead, we will present the ones for which we have enough evidence to suggest, or at least discuss, the presence of a generalized life-detector.




2 Seeing life in motion

The ability to move is shared by all animated objects. However, not all motion is an effective cue of animacy, as also non-living objects can shift across the visual field if pushed, moved by a breeze, or dropped. It is the type of motion that can be indicative of whether we are observing a living agent or not. As stated above, animated objects are the only ones that can start and terminate their motion without the intervention of external objects, a property termed “self-propelledness” (Premack, 1990). The impression of liveliness given by this property is so potent that humans and other animals tend to interact socially with objects otherwise not resembling in any shape or form valuable companions (Di Giorgio et al., 2016; Mascalzoni et al., 2010; Premack, 1990). Yet, even without information about the start or end of an object’s trajectory, it is still possible to extract some other, finer characteristics of its motion pattern, that can act as a cue of the object’s animacy.


2.1 Biological motion

Animals that locomote display a specific spatiotemporal relationship between the different body parts, imposed by their body plans. The bodies of vertebrates and arthropods alike are in fact composed by linked, rigid segments, with the distance between interconnected joints (e.g., the wrist and the elbow in humans) remaining fixed for the whole duration of motion. Between other dots instead the relationship can vary, albeit still partially constrained by the general body plan (e.g., wrist to knee). Thus, when observed visually, the movements of these animals result in a statistically identifiable idiosyncratic pattern dubbed as biological motion (Johansson, 1973; Johansson, 1976). Thus, a stimulus perceived to be moving following this pattern can be assumed to possess animacy. Crucially, animals may extract this information even in displays completely devoid of structure. These stimuli are designed as clouds of dots (usually referred to as “point-light displays”) moving congruently with how the main joints of an animal would move. The rules governing the motion of the point-light displays are the same independently from the shape of the animal depicted, and as such, virtually universal for all animated objects. The perception of animacy is conserved even in “scrambled” point-of-light displays providing that the dots’ relative location is spatially randomized but with dots still moving biologically, i.e., In a semi-rigidly fashion (Troje, 2013; Troje and Westhoff, 2005; Vallortigara et al., 2005).

The ability to detect biological motion has been observed in many non-human animals (Blake, 1993; Regolin et al., 2000), but in arthropods it has only been described in jumping spiders (Arachnida: Salticidae) (De Agrò et al., 2021). These animals possess one of the most complex visual systems across arthropod species, unseen in the rest of the animal kingdom (Chong et al., 2024; Winsor et al., 2023). This is split among four different pairs of eyes, each projecting into dedicated brain structures (Steinhoff et al., 2020). This morphological segregation corresponds with a functional specialization, where the two anterior medial eyes (AME, also referred to as the principal eyes) are dedicated to figure discrimination (Strausfeld et al., 1993; Land, 1969). The other three pairs, anterior lateral, posterior medial and posterior lateral eyes (ALE, PME, PLE, also referred to as secondary eyes), are specialized in motion detection (Zurek and Nelson, 2012; Beydizada et al., 2024; Loconsole et al., 2024). This functional split between motion and shape detection in the jumping spiders’ visual system makes them an elective model for the study of biological motion displays, as the structural and temporal information that could be extracted from the point-light displays are detected from morphologically distinct sensory units. This in turn allows for the separate inquiry of these two types of information, and how they may interact for the detection of animacy.

De Agrò et al. (2021) tested the ability of the jumping spider Menemerus semilimbatus to discriminate biological from non-biological point-light displays. The authors fixated the spiders on an omnidirectional treadmill, and then presented it a pair of stimuli thanks to a computer monitor placed frontally. The stimuli pairings always presented a biologically moving stimulus (a point-light display moving like a spider, a scrambled version of it, or a moving spider silhouette) paired with a non-biological moving stimulus (a point-light display with the points moving randomly paired with the first two biological options, or a translating ellipse paired with the silhouette). Upon detection of a moving object in the visual field of the secondary eyes, the spiders perform a characteristic full-body pivot in order to face the target frontally and subsequently inspect it with the principal eyes. The authors recorded the differential tendency of the animals to pivot towards either the biological or the non-biological display. In every condition, the spiders showed a significantly higher tendency to pivot towards the non-biological displays, demonstrating their discrimination ability but showing an unexpected preference for the non-biological display.

In a subsequent experiment (De Agrò et al., 2024), the same authors selectively covered each of the spiders’ eye pairs with paint, in order to test which eye pair is responsible for biological motion discrimination, or if all of the secondary eyes are equally capable of solving the task. Using a similar procedure as described above, the authors observed that spiders with all eyes but the ALE covered showed a significant tendency to pivot towards the biological over the non-biological displays, reversing their preference with respect to the first study. Spiders with only the PLE available instead showed no preference, pivoting an equal amount towards biological and non-biological displays.

The results clearly demonstrate that spiders can discriminate biological and non-biological motion, and that this ability is specifically present in the ALE-connected brain circuitry. The authors suggest that this discrimination is based on a low-level detection system, where non-biological stimuli are not perceived at all by these eyes. PLEs seem instead to act as simple motion detectors, triggering pivots towards the stimuli but with no perceivable difference between the two. The concurrent activation of both ALE and PLE eyes can further inform decision making: a stimulus that can be computed by both pairs (i.e., biological motion) does not require further inspection, as it is appropriately categorized. In this context, it would be advantageous to turn towards the random stimulus, not recognized as animated and therefore requiring further inspection by the shape recognition eyes.



2.2 Biological motion with no limbs

As described above, the detection of biological motion patterns heavily relies on the detection of moving limbs, and their signature of semi-rigid motion (Johansson, 1973). Yet, many animals and especially many arthropods’ preys do not possess limbs: fishes, snakes, worms, caterpillars. Others do possess limbs but they are immaterial for locomotion: this is the case, e.g., of flying insects, where the motion trajectory is independent on the legs’ activity. Yet, all of these animals are alive, and do move in recognizable patterns. It is likely that arthropods may recognize animacy cues even in the absence of a classical biological motion pattern, as it happens in vertebrates (Rosa-Salva et al., 2016; Lorenzi et al., 2017; Lorenzi et al., 2021; Lemaire et al., 2022).

Bartos (2022) tested the predatorial decision making process of the jumping spider Yllenus arenarius. These arachnids occupy a very specific ecological niche, as they live exclusively in dunes (Bartos, 2013). They are opportunistic predators, stalking on many different insects, including caterpillars. Crucially, they employ different hunting strategies depending on the detected prey (Bartos, 2013). The author (Bartos, 2022) presented Y. arenarius spiders with various virtual preys, projected onto a white canvas inside the animal’s chamber. All of the stimuli presented an elongated gray rectangle, simulating a worm-like body. The body could either be long or short, and could be either crawling, simulating a caterpillar, or simply shifting in space. The author observed that the crawling movement alone, independently from body length, induced the spiders to engage with the virtual prey using their caterpillar-specific hunting strategy, with a frequency not different from real-life preys. This demonstrates that these spiders do rely on the worm-like motion to detect a possible prey, while it remains unknown whether this would suffice as an animacy cue: the spiders attacked also the non-wriggling preys, which may suggest that this type of motion is not an animacy cue, but just a specific hunting trigger.

More evidence comes from a different arthropod species, the praying mantis (Insecta: Mantodea). These animals are sit-and-wait predators and use vision as their primary sense. Often static on tree branches, they erupt in a quick extension of their forelimbs upon detection of a moving target, catching the prey between the spiked tibia and femur (Prete, 1999). While mantises do possess a fairly high visual acuity for an arthropod (Kral and Prete, 2004), the attack decision must happen in a fraction of a second, making the use of motion-based cues much most relevant. Yamawaki (2003) tested the attack probability of mantises when presented with virtual preys. The stimuli were non-translating but were instead composed of six interconnected circles, moving up and down, always maintaining a realistic, “whole body” structure. The pattern was used to simulate the movement of a caterpillar, lifting its head while maintaining its back attached to the substrate. The author found that both the elicited attention and the probability of attack by the mantises increased as a function of the amount of displacement of the wriggling “head.” Crucially, however, when the artificial caterpillar moved synchronously both the “head” and the “back,” the probability of attack dropped. This demonstrates that the amount of motion alone is not sufficient to elicit a response from the mantis, but instead this needs to be congruent with the natural motion of living organism. This is not the only possible explanation: the author suggested that synchronous displacement of the two caterpillar extremes may be perceived as two separate objects, inhibiting the hunting response by causing attentional conflict in the mantis. In a previous study, however, Yamawaki (2000) tested praying mantises with a different set of moving, non-translating stimuli. Rather than being caterpillar-like, these stimuli were composed of a square or rectangular body, with two sticks at the left and right side, moving up and down simulating legs motion. Here the author observed that the attack probability varied according to the presence of moving sticks and the size and orientation of the rectangular body. However, the distance between the two moving legs had no effect, casting doubt on the attentional conflict hypothesis.



2.3 The right motion for the body

The examples provided in the previous paragraph all described animacy cues primarily as motion-based. Animacy cues can however arise from the interaction between the body structure of the organism and its motion pattern, even when neither cue would elicit animacy perception alone.

Bilaterians are characterized by a single plane symmetry and are often elongated along that plane (Knoll and Carroll, 1999). Often, also their motion direction follows the same symmetry plane. Moreover, the direction of motion is also virtually exclusively congruent with the head positioning, usually placed on one of the two end points along the main body elongation axis. Thus, when in locomotion most animals move congruently with their elongated body axis, or/and in the direction of the head positioning, thus providing a general and effective animacy cue. Humans are particularly sensitive to this effect: we find objects that move sideways “odd,” and less “life-like,” while we report a clear sense of animacy when they move aligned to their principal axis (Tremoulet and Feldman, 2000). As the reader may expect by now, the ability to infer animacy from this body-motion orientation congruency is widespread across vertebrates (Cooper, 1981; Apfelbach and Wester, 1977; Rosa-Salva et al., 2018; Rosa-Salva et al., 2023). In arthropods, this has been studied mainly in the context of predatory behavior.

Being visually guided predators, it is no surprise that jumping spiders use the body-motion animacy cue to decide what is worthy of an attack. Bartos and Minias (2016) presented Y. arenarius spiders with various virtual preys, projected onto a white canvas inside the animal’s chamber. All of the stimuli presented an elongated gray rectangle, simulating a worm-like body. For some stimuli, the authors added a black circle (and for some stimuli also other details, like legs or antennae) on either side of the worm-like figure, simulating a head spot. When presented to the spiders, the stimuli could either (i) move along their main axis in the direction of the head; (ii) move along their main axis, but with the head trailing rather than leading (i.e., backwards); (iii) move up and down, and therefore at 90° in respect of their main axis. Unfortunately, the authors only report the detailed behavior of the spiders that finally decided to attack, rather than how many did so out of the total number of tested individuals. However, the authors found that the spiders almost exclusively hit the black spot when this was leading in the motion direction, while they instead chose at random between the black spot and the other end of the worm-like figure when this was trailing. They also observed that in this second configuration around half of the spiders engaged in front-rear observation (looking alternately between the two extremes of the stimulus) before attacking, while they rarely did so when the head position and motion were congruent. These results clearly show that Y. arenarius heavily rely on animacy cues in predatory decision making, attaching a high confidence value to the body-motion congruency, so much that violation of some of its characteristics in an otherwise alive-looking stimulus causes further information seeking attempts.

Jumping spiders are, however, not the only arthropods sensitive to the body-motion congruency. Prete and colleagues have studied which motion characteristics trigger stalking and attack in mantises, using visual stimuli on screens that varied in contrast, size, color, pattern, and speed (Prete et al., 2013; Prete and Mahaffey, 1993; Prete et al., 2008; Prete et al., 2011; Prete et al., 2012; Prete et al., 2013). Their research produced a detailed psychometric function showing hunting triggers that likely help the predators to differentiate between living prey and inanimate objects like a leaf moved by the wind. Among all of these motion characteristics, the authors tested the preference of mantises for objects moving following their main body axis. They observed that objects moving along their main body axis, with respect to ones moving perpendicularly to it, elicited significantly more stalking bouts and more attacks.

In this paragraph, we presented a wide range of cues that arthropods use while hunting for their prey. It appears that the amount of overall motion alone is insufficient to trigger an attack. They instead rely on varyingly complex motion characteristics, being them the movement of limbs or the whole body, with each element increasing the chance that the observed object is, in fact, alive. While the hunting context is traditionally not the focus of animacy perception in vertebrate studies, the motion characteristics described in this paragraph closely resemble the ones described in the wider literature on animacy (Troje, 2013; Vallortigara et al., 2005; Rosa-Salva et al., 2016; Rosa-Salva et al., 2018; Chang and Troje, 2008; Simion et al., 2008), suggesting that the basic mechanism is independent of the behavioral context and available to be exploited by many different animals in many in different tasks.




3 Seeing life in shapes: the case of face detection

Even if prominent, motion is not the only cue that can indicate the presence of an animated object. Indeed, motion information may be at times unavailable as an animacy cue. For example, predators are dangerous even while static, as it may be too late while they are in motion. Similarly in the social context, it is useful to direct attention to companions also when they are not locomoting, and maybe pick up on finer behaviors or facial expressions. These static cues are generally not as reliable as motion ones: for example, a dead predator or conspecific may look fully alive, while the lack of movement generally attests to the loss of animacy. However, these static cues remain fundamental in an initial evaluation of surrounding stimuli, and may act as catalysts of attention.

As stated in the introduction, animals often “look-alike,” as the common evolutionary origin often brings shared structures and patterns. For example, many living organisms present most of the sensory organs collected around the same spatial location (i.e., the head), and often in a common configuration: more eyes above a single mouth. It is no wonder that many animals have evolved dedicated circuitry to detect face-like images. Detecting a face involves seeing a specific triangular configuration as simple as two horizontally aligned dots (the eyes) and a third dot below (the mouth). It is crucial to point out that being capable of recognizing individuals may be achieved even without any face-dedicated brain area. For example, an efficient strategy to discriminate between faces may be to simply learn some particular aspects of it, i.e., by feature learning. Under this perspective, faces may be treated like just another visual stimulus, that can be learned using a generic circuitry. In the context of animacy perception, the key is the common top-heavy configuration of “face-like” stimuli, which allows for these to be categorized together, and computed by a dedicated brain area. To recognize the entire face configuration, all of its components (e.g., both eyes and the mouth in the case of vertebrates) and their spatial relationship need to be perceived (Bombari et al., 2009). The vast research on face perception has mostly covered vertebrates and includes an understanding of its ontogeny alongside its associated underlying neural mechanisms (Kobylkov and Vallortigara, 2024; Johnson et al., 1992; Parr, 2011; Rosa-Salva et al., 2010; Taubert et al., 2020). Evidence of such a skill has been found in arthropods, specifically in social insects.


3.1 Face recognition by honeybees

Honeybee colonies are composed of tens of thousands of related individuals, who are distinguished from members of other colonies mostly through olfactory cues (Kalmus and Ribbands, 1952; Mann and Breed, 1997). Moreover, honeybees do not exhibit distinct facial patterns and do not display face recognition within their species, meaning that honeybees may have not undergone adaptive pressures to recognize faces specifically, at least in the context of kin recognition. These characteristics should disqualify bees as candidates for the presence of a dedicated face-perception system. However, as for the other perceptual skills described in this review, perceiving living-looking objects may be a core skill of animals, without the requirement of a specific social need for it. As stated above, the configuration of face-like stimuli is virtually universal. If a dedicated face-perception system can be found in honeybees’ brains, this would suggest that its development may not require a specific evolutionary pressure but is instead a widespread skill across taxa.

The first evidence of such a skill comes from research from Dyer et al. (2005). Here, honeybees were presented with two images. The first depicted a specific human face and was associated with a food reward (sugar water). The second instead depicted a schematic face (basic geometric shapes: two circles, a triangle, and a straight horizontal line representing eyes, nose, and mouth respectively), and was associated with a punishment (bitter solution). The bees successfully learned to discriminate between the two stimuli, choosing the human face even in the absence of the reward. Moreover, when asked to select between the learned human face and a never-before-seen one, the bees maintained a preference for the former, demonstrating that they learned the specific individual. Crucially, however, if both the familiar and the novel face were rotated by 180°, the bees’ performance dropped at chance level. The study by Dyer et al. (2005) focuses on the learning and discrimination of a specific human face, which may be processed with any generalized circuit of visual perception. As such, it cannot say much about the usage of face-like configurations to detect animated objects. However, the performance drop observed in the last condition may suggest that the bees learned the stimulus in its configuration, rather than focusing on specific local cues, which is one of the key characteristics of face-detection circuitry in vertebrates (Parr, 2011). It cannot be excluded however that the bees were still only using the presence of specific local cues on specific sections of the stimuli, which would instead disqualify this as evidence for a generalized animacy cue detector.

Discerning evidence on the topic comes from Avarguès-Weber et al. (2010). Here, the authors presented honeybees with schematic, face-like patterns (two circles for the eyes, one short rectangle for the nose, and a long rectangle for the mouth). Notably, the bees were not exposed to a single stimulus but could visit different schematic faces where the distance between the elements varied. Concurrently, the bees were also exposed to different non-face-like patterns: these contained the same geometric figures but scrambled around, so as to not present a face configuration anymore. Half of the animals were trained to associate face-like stimuli with a reward, while the other half were trained to do so with non-face-like stimuli. After training, each bee was asked to choose between two completely novel stimuli and categorize them as either faces or non-faces. The bees were successful in learning the stimuli category, consistently choosing the correct novel stimulus at test. The authors then presented the bees with the choice between a face-like stimulus and a 180° rotated version of it. The bees trained on the face-like category consistently chose the upright stimulus, while the bees trained on the non-face-like category chose the rotated one. Avarguès-Weber et al. (2010) study excludes the usage of local cues in the discrimination task, as all the elements are identical across stimuli while only varying in their relative distances and positions. Bees must be learning the stimuli configuration to solve the task, which may qualify as a generalized face-detection circuit capable of detecting agents likely to be animated.

What remains to be tested, is whether face-like patterns are innately interesting to bees, or whether they are treated as any other visual stimulus. While it is true, in fact, that the bees are capable of recognizing faces as a unified category, they did so in the reported studies only after training. As stated in the introduction, animated objects should be innately interesting, and as such animacy cues should trigger an innate attentive response. As it stands, bees may be using a general visual discrimination strategy to solve the task (albeit based on the stimuli configuration), rather than a function of dedicated neural pathways for face detection. Future studies may inquire about the innate preference of bees for this type of pattern, and otherwise test whether these stimuli are in any way electively computed in the bees’ visual system.



3.2 A dedicated face recognition circuit in a tiny brain: the case of Polistes fuscatus

While both social Hymenoptera, the life history of Polistes paper wasps and the one of honeybees are profoundly different, especially in the social domain. Polistes colonies are composed of tens of individuals, rather than tens of thousands like honeybees. This element alone would make much more manageable for a wasp to remember individual sisters. Also, paper wasps recognize the members of the same colony through olfactory cues, but since these are shared across all the nest inhabitants, they cannot be used for individual recognition (Cini et al., 2019). However, in a wasp colony, hierarchies are established through aggressive interactions, which makes it crucial to remember individual competitors and avoid unnecessary multiple fights (Sheehan and Tibbetts, 2009). These wasps can in fact discriminate individual conspecifics, thanks to unique facial markings that make them look different (Tibbetts, 2002; Sheehan and Tibbetts, 2008). The ability to learn individual faces is however not just another visual pattern learning: when trained, Polistes fuscatus wasps learn images of conspecific faces faster than images of caterpillars, geometric patterns or other wasps faces (of Polistes metricus), showing that conspecific faces were not treated as any other visual cue (Sheehan and Tibbetts, 2011). Moreover, the recognition seems to be based on the full configuration: when antennae were removed or facial features were scrambled in the study, face recognition was significantly impaired.

Whether the face recognition ability is spread across the Polistes genus or if it is specific to Polistes fuscatus is unclear. For example, the related wasp species Polistes dominula also uses facial features in contexts of conflict (Cini et al., 2019). Tibbetts et al. (2021) found that these two wasps employ different strategies in face recognition: P. dominula uses facial features if shown faces of either wasp species, whereas P. fuscatus uses facial features only when discriminating P. dominula, but full configuration when seeing conspecifics. However, even if they employ a different strategy, P. dominula are still capable of discriminating individual conspecifics (Cini et al., 2019; Tibbetts et al., 2021).

The primacy of faces over other stimuli in P. fuscatus not only supports individual recognition in social interactions, but may also constitute the basis of animacy perception, indicating the presence of a living being rather than just a visual stimulus. However, in these studies, configural processing is observed only for conspecific faces, while heterospecific faces are treated like any other visual pattern. This suggests that for P. fuscatus, only conspecific faces rather than any face-like pattern are perceived as special, giving the impression of a living organism.


3.2.1 Face processing requires social development

Face recognition in P. fuscatus has been shown to be affected by social experience. Wasps socially isolated in the first week of life failed to recognize and remember other individuals and could not distinguish between wasp face images (Tibbetts et al., 2019). In a subsequent study, wasps exposed to different types of social interaction during development showed varying levels of face recognition accuracy (Pardo-Sanchez et al., 2022). Wasps reared socially performed best in face discrimination tasks. Wasps reared seeing a neighbor through a clear wall or viewing their reflection in a mirror showed intermediate accuracy. However, mere visual exposure through photographs was insufficient, producing poor face recognition results akin to complete isolation. This highlights the importance of seeing a moving, or animated, individual early in life for developing effective face recognition.

As well as the ability itself, experience affects the type of processing employed during face recognition (Pardo-Sanchez and Tibbetts, 2023). While young wasps start by using holistic processing when discriminating faces (viewing the face as a full configuration rather than a collection of separate parts), social deprivation in the second week of life cause a shift towards processing featural (i.e., focusing on the single elements of the face). This switch in strategy does not seem however to impair learning: wasps using featural or holistic processing demonstrated a similar performance when recalling faces. As stated above, individual faces may be recognized without the need to process the full configuration, which instead is more likely employed in the face-dedicated brain circuitry.



3.2.2 Neural correlates of face recognition in wasps

In a recent study, Jernigan et al. (2024) used multichannel electrophysiological recordings to explore how wasp brains respond to visual stimuli. The findings revealed strong selective responses to front-facing wasp images, indicating a preference for socially relevant, forward-facing orientations over other complex patterns or geometric shapes. This suggests that paper wasps have specialized neural mechanisms for recognizing conspecifics through the use of dedicated face cells, or “wasp cells” as the authors name them. Such selectivity was mostly found in the lateral protocerebrum and mushroom bodies, suggesting that these regions are particularly involved in processing wasp-specific visual information. The lateral protocerebrum specifically, especially near the optic glomeruli, contained a high density of units selectively responsive to both front-facing wasp shapes and colors. Additionally, some “wasp cells” selectively responded to individual facial features, such as markings or stripes.

The presence of the “wasp cell” clearly indicates a specialized circuit rather than a component of a general pattern discrimination system. The faster learning of faces compared to other visual stimuli, its dependence on social exposure during development, and the existence of a dedicated circuit confirm that this skill is specifically for recognizing individuals, rather than a general visual processing ability. Therefore, Polistes wasps could offer a unique model for studying the evolution of specialized face recognition systems. The practicality of controlling for face exposure from birth in wasps, makes them particularly valuable for exploring the development and function of holistic processing across different species.




3.3 Cues of face recognition in other arthropod species

While the only direct evidence available for a dedicated face recognition system are the aforementioned ones on social Hymenoptera, we do possess some cues that this skill may be more widespread than currently believed.

Crayfishes (Crustacea: Decapoda) are freshwater crustaceans, common across the globe. These animals are not believed to possess complex social structures, but still engage in fights and remember their opponents (Crook et al., 2004), and use this information to form hierarchies (Bovbjerg, 1953). Given these premises, der Velden et al. (2008) tested the crayfish Cherax destructor ability to recognize opponents based on their facial features. To start, the authors painted yellow patches on different specimens, either on their faces or on their claws. Thereafter, they selected an unpainted individual (i.e., the experimental subject), and placed the two in the same pen to interact. Lastly, the unpainted individual was placed in a new pen together with the familiar painted crayfish and a second, unfamiliar and unpainted individual. The subjects showed a preference for the familiar individual when this had a marking on their face, but showed no preference for the ones that had a marking on their claws. The authors then tested how the presence of specific natural face characteristics (i.e., the face width and color), by testing the preference of the experimental subject for the familiar individual vs. a starkly different unfamiliar individual (i.e., wide face vs. narrow face, light face vs. dark face). The authors observed that under this simplified comparison, and specifically for the width condition, the crayfishes were capable of individual recognition, without the need for facial markings. While the use of markings is undoubtedly an example of feature learning, the face remains an elective location for visual search and analysis. This explains why markings here, but not somewhere else, generates recognition, and why variations in the face are alone sufficient in triggering recognition. Such attentional primacy may constitute the core of a dedicated face circuitry.

A similar observation has been made on Jumping spiders. While these animals are not social, they do have a rich behavioral repertoire when it comes to conspecific interaction, especially exemplified in male-to-male competition and male-to-female mating dances (Jackson, 2014). Dahl and Cheng (2024) hypothesized that jumping spiders may be capable of remembering individuals they interacted with, and that they do so based only on visual cues. The authors employed a habituation-dishabituation paradigm: each spider was first placed in visual contact with a specific individual (both spiders were put in the same box, but separated from each other through a glass partition), and left to interact. Then, the two animals were visually separated. After this separation, the spider could either be placed in visual contact with the same individual of the first interaction, or with a novel one. The spiders showed a clear rebound in interest for the novel individual, measured as the average distance maintained from the glass partition. While this study cannot speak to the cue used by the animals to perform the discrimination, the presence of such a rapid learning in a social context suggests the presence of a dedicated “spider recognizer” circuit.

The possibility that such a spider recognizer mechanism is linked to the same configural face perception system found in other animals is supported by a recent study by Rößler et al. (2022). The authors placed Salticus scenicus spiders on a raised platform, taping to a trapezoidal shape. After a gap, a second platform was present, with one of 5 stimuli placed in its center. All of the stimuli were designed to depict another jumping spider species. Given the small size of S. scenicus, these spiders are often preyed upon by bigger salticids, and as such the stimuli were supposed to constitute a potential threat to survival. Two of the stimuli were dead specimens of a mimetic or non-mimetic jumping spider species (Marpissa muscosa and Phidippus audax respectively). The other three were high-resolution 3D prints, one reproducing a P. audax, one being an ellipsoid blob of the same volume, and the last being an identical ellipsoid, but with four of the spider eyes reproduced on its “face.” The authors recorded the minimum distance reached from the stimulus and the probability to freeze and escape. Unsurprisingly, the authors observed that spiders quickly froze and fled when faced with the 3D printed spider model and the dead P. audax, showed mixed response to the mimetic M. muscosa, while had no observable reaction to the blob. Crucially, while the blob with eyes did not cause a reaction identical to the spider model, the spider still showed an increased amount of freezing and maintained a further distance from it in respect to the eyeless blob. To further inquire on the effect of the eyes in the recognition process of jumping spiders, the author designed a sixth stimulus: identical to the 3D printed P. audax model, but with the eyes removed. In this case, the spider maintained a distance from the stimulus comparable with the full spider model, but spent a significantly higher time in freezing. This evidence altogether suggests that while the eyes are not the central cue to determine the spider behavior, they are fundamental element in the decision-making process, probably causing an initial trigger for more detailed scanning to follow. In this perspective, the eye positioning may constitute the basis of the spider’s face. Although more eyes are present than in vertebrate faces, the general triangular and top-heavy configuration is maintained, which may suggest a wide universality of the face detection pattern.

The evidence discussed in the last paragraph attests to the predisposition of arthropods to attend to faces and face-like stimuli, and at least in the case of paper wasps even describe a neuronal population dedicated to the task. As for the previously discussed motion animacy cues, the behaviors and preferences are very similar to what is observed in the vertebrate literature (Kobylkov and Vallortigara, 2024; Rosa-Salva et al., 2010; Valenza et al., 1996), crucially including the inversion effect (Yin, 1969). The presence of this effect is in our opinion particularly surprising, as arthropods can crawl upside-down and as such are not bound to the upright position as most vertebrates are. It is possible that the advantages of being able to recognize faces as rotation invariant may not match the computational cost required, which would make the skill unfavored by natural selection. On the other hand, it is also possible that crawling arthropods meet each other most frequently face-to-face while on the same plane, and as such equally oriented. Regardless of the reason, the similarity of the mechanism between arthropods and vertebrates suggests the presence of a similar neural substrate. Future studies may look for “face areas” outside of social Hymenoptera, cementing the idea that such a skill is specific and widespread across taxa.




4 The elephant in the room: thanatosis

A huge variety of arthropods engage in “feigning death” behavior (Humphreys and Ruxton, 2018). Thanatosis, often termed tonic immobility, describes the sudden interruption of movement of an animal (Rogers and Simpson, 2014). This does not limit to freezing, being accompanied by a complete loss of control over the body, with the animal curling up, protruding the tongue, etc. The animal does not just stop moving, it actually looks dead. If animacy is the property of appearing alive, and it is the characteristics that predators may exploit while hunting, looking dead is the perfect countermeasure (Gonçalves and Biro, 2018). Extravagant cases may employ movement to actively hide animacy cues and escape danger. For example, the mimetic insect Extatosoma tiaratum will actively swing its body in the presence of wind, mimicking the oscillatory movement of leaves and branches to hide its motion animacy signals (Bian et al., 2016).

Thanatosis has been described in a massive variety of invertebrates (Humphreys and Ruxton, 2018), and it is mostly used by animals as a last resort when hunted. Frequently, the fooled predator is a vertebrate (Gyssels and Stoks, 2005; O’Brien and Dunlap, 1975; Moore and Williams, 1990; King and Leaich, 2006). However, many thanatosis displays are performed to defend from other arthropods. For example, gynes of the stingless bee Melipona beecheii have been observed to escape aggression from workers by death feigning (van Veen et al., 1999). In these events, workers ceased their attack and carried the gyne to the colony waste dump, as they would do with any cadaver. While we do not know which cue the worker bees were using to tell that the attacked gyne died, it appears that the sudden tonic immobility stripped away the animacy appearance, suggesting a reliance on such a cue. A similar behavior has been observed in fire ants (Cassill et al., 2008), where especially young individuals are likely to feign death when attacked by conspecific of rival colonies. The ant reliance on death (and live) cues is also exploited by co-evolved antagonistic species: the guest beetle Claviger testaceus feigns death in order to get transported inside Lasius flavius anthills, mistaken for a fresh food source. Once inside, the beetle can freely prey upon the ants’ eggs, larvae and pupae (Cammaerts, 1999). Males Pisaura mirabilis spiders feign death during mating, along with providing the female with a nuptial gift (Hansen et al., 2008). This behavior increased significantly copulation success, decreasing cannibalistic attacks of the female (Bilde et al., 2005). The examples of the efficacy of thanatosis when directed towards arthropods are almost endless, for which reason we cannot provide a full account of it as part of this review. What is certain, is that for every example of thanatosis behavior, there must be a specific cue on which the predator relied on that the prey successfully suppressed. We hope that more studies will try to approach the topic of thanatosis from the recipient perspective, as we believe that many of those behaviors may be rooted in animacy perception.



5 Conclusion

In this review, we have discussed a substantial amount of literature relevant to animacy perception. We acknowledge that there may be many other examples that we failed to describe, focusing on other species and other behavioral contexts that are well known in the natural sciences literature but that have never been reported as part of the topic of the animacy perception, which is mainly the domain of cognitive sciences. Nevertheless, we hope that this review will ignite interest and inspire readers and researchers to reevaluate and contextualize the existing evidence, thereby broadening their perspective and encouraging further exploration in this field.
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The ability of teleost fishes to recognize individual faces suggests an early evolutionary origin in vertebrates
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The face is the most important area on the human body for visually differentiating between individuals. When encountering another person, humans initially gaze at and perceive the face holistically, utilizing first-order relational information and specific neural systems. Information such as identity and emotional state are then obtained from the face by distinguishing between small inter-individual differences, i.e., second-order relational information. Similar patterns and mechanisms underlying individual face recognition have been documented in primates, other social mammals, birds, and more recently in some fishes. Like humans, fish are capable of rapidly (<0.5 s) and accurately recognizing multiple familiar conspecifics by individual-specific variation in the face. Fish can also recognize faces from various distances and angles, providing evidence for mental representation of faces in this large and diverse vertebrate group. One species, the cleaner fish, has even demonstrated mirror self-recognition (MSR) via self-face recognition, strengthening the claim that non-human animals are capable of having mental images and concepts of faces. Here, we review the evidence for individual face recognition in fishes and speculate that face identification neural networks are both similar and widespread across vertebrates. Furthermore, we hypothesize that first-and second-order face recognition in vertebrates originated in bony fishes in the Paleozoic era ~450 Mya, when social systems first evolved, increasing the importance of individual recognition.
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1 Introduction

More than any other part of the body the face plays a key role in human social interactions (e.g., Bruce and Young, 1998; Tanaka, 2001; Tanaka and Farah, 2003; Peterson and Rhodes, 2003). For example, human faces contain a range of important social cues that are exploited to assess conspecific identity, status, emotional state and intention (Keenan et al., 2003). Humans rapidly process and recognize faces in two stages, first by observing and perceiving the whole face using first-order information and then by using second-order individual-specific information to identify others, emotional states and intent (Civile et al., 2011; Rhodes, 2013).

The functions and processes underpinning face recognition in humans appear to be similar to primates, other mammals and birds (e.g., Kano and Tomonaga, 2009; Parr, 2011). Many non-human animals have now demonstrated an ability to rapidly and accurately perceive and recognize faces in a “face-specific” cognitive process, despite changes in the angle or even age of faces (e.g., Leopold and Rhodes, 2010). Unsurprisingly, the evolutionary origin of face-specific perception has received increasing attention in the literature (e.g., Parr, 2011) although how to interpret the evolution of various associated phenomena, including the face inversion effect and holistic face processing, remains controversial (Burke and Sulikowski, 2013).

The teleost fishes are the largest and most varied vertebrate group, containing thousands of species with a wide range of different life-histories (Sowersby et al., 2022), ecological niches (Sowersby et al., 2021) habitat preferences (Helfman et al., 2009), and cognitive abilities (reviewed in: Bshary et al., 2002; Bshary, 2011; Oliveira, 2013; Bshary and Brown, 2014; Brown, 2015; Sneddon and Brown 2020). Fishes have well developed visual capabilities (Rosa Salva et al., 2014) and over the last 15 years several studies have tested and documented the capacity for different fish species to visually recognize and distinguish between faces (e.g., Siebeck et al., 2010; Kohda et al., 2015; Wang and Takeuchi, 2017; Saeki et al., 2018; Kawasaka et al., 2019; Sogawa et al., 2023, 2024). However, broad reviews of the evolution of face processing across taxa (Tibbetts and Dale, 2007; Leopold and Rhodes, 2010) including those on holistic face processing in primates and other species (Parr, 2011; Burke and Sulikowski, 2013) have generally not considered teleost fishes or their important phylogenetic position for informing the evolution of these ancestral vertebrate traits.

This review paper aims to fill these gaps. Here, we review the literature on face recognition in teleost fishes that has accumulated over the last decade and a half and compare the function and mechanisms underpinning this ability with terrestrial vertebrates. We describe in detail the various methods used to investigate different elements of face recognition in fishes and broadly consider the evolutionary and functional importance of this cognitive ability. Important to note when we refer to fish or fishes throughout this review paper, we are specifically referring to species of bony fishes (Teleostei) rather than cartilaginous (Chondrichthyes) or jawless fishes (Agnatha).



2 Face-perception

Studies have typically utilized newborn infants or stimulus naïve individuals to examine whether behavioral patterns are innate or influenced by learning. For example, studies on the development of face perception in humans have found that infants (less than 1–5 days old) prefer to view face-like images compared to non-face objects (Johnston et al., 1991). Studies by Johnston et al. (1991) and others [reviewed in Rosa Salva et al. (2011)] provide support for the idea that humans have an innate ability to perceive the human face. While any effects of learning cannot be completely ruled out, it does appear that the human brain possess a template for perceiving facial structures that enables humans to easily separate faces from the visual background (Johnston et al., 1991).

Species of monkey and neonate bird also demonstrate a pre-existing ability to perceive faces. For instance, Japanese macaque (Macaca fuscata) show preferences for face stimuli over non-face stimuli even when they have been reared without previous exposure to faces (Sugita, 2008). Likewise, neonate chicks demonstrate a preference for observing faces and peck at the adult head more than other body parts (Johnston et al., 1991; Vallortigara et al., 2001; Rosa Salva et al., 2011; Kobylkov and Vallortigara, 2024). These studies across distantly related non-human vertebrate taxa imply an innate preference for observing face-like stimuli and an ability to perceive and recognize the importance of faces, even without previous experience.

In fishes, juveniles of a small reef species, the blue-green chromis (Chromis viridis), appear to be able to distinguish between different types of species by their face. For example, when juvenile chromis were presented with fish-face models representing a typical fish predator and a non-threatening algae feeder (Karplus and Algom, 1981) they tried to initiate an escape from the predator face model much sooner than from the non-predatory fish model (Karplus and Algom, 1981). The juvenile chromis likely used differences in face structure to assess risk, including total mouth size and eye size/position, which are typically accurate distinguishing features between predatory and non-predatory fish species (Karplus and Algom, 1981; Karplus et al., 1982). Elsewhere, predator-naïve juvenile African jewelfish (Hemichromis bimaculatus) pay more attention to models with two black spots that resemble forward-facing eyes, compared to models that do not (Coss, 1978; Coss and Tyler, 2023). The ability to perceive a face (and/or eyes) relies on first-order relational information, which can increase the likelihood of detecting potential predators or receiving resources from parents (Diamond and Carey, 1986; Civile et al., 2011). The available evidence suggests that fishes have an innate ability to perceive faces, but unlike in other taxa these results have instead largely been interpreted as being comparable to innate releasing mechanisms (I.R.M.; an innate neural network in the brain that responds to a specific stimulus and triggers a particular response; Tinbergen, 1951; Karplus and Algom, 1981, Karplus et al., 1982).



3 Observing the eyes and face

Studies have shown that humans first gaze at another person’s face before observing other parts of the body (Johnston et al., 1991). The same behavioral pattern has been observed in other animals, with eye tracking observations showing that chimpanzees (Pan troglodytes; Hattori et al., 2010; Kano and Tomonaga, 2009, 2010), some monkeys (Parr and Heintz, 2008), and dogs (Canis familiaris) also gaze at the face before looking elsewhere on the body (Somppi et al., 2012). Until recently, the use of eye tracking or other methods to assess the focus of a fish’s visual attention have not been widely implemented. In 2019, Hotta and colleagues successfully exploited the direction along a fish’s body axis as a proxy for tracking its gaze (Figure 1). They found that daffodil cichlids (Neolamprologus pulcher) more frequently spend time focusing on the face, compared to the body or caudal areas, when they are first presented with images of both conspecific and heterospecific fish (Hotta et al., 2019).

[image: Diagram labeled (a) shows a rectangular tank divided into living and experimental areas, with a shelter, door, subject, and model positions marked. Photograph labeled (b) displays a fish in a tank with a red dashed line indicating its movement path. Row (c) presents five stimuli: white rectangle labeled acclimation, image of Neolamprologus brichardi fish labeled conspecifics, image of Julidochromis transcriptus fish labeled heterospecifics, and a black ellipse labeled control.]

FIGURE 1
 Experimental setup and stimulus image models used in Hotta et al. (2019). (A) Experimental setup. (B) Using body axis alignment to understand focus of visual attention. (C) Stimulus image models were mounted on cards: all cards were 4.3 cm wide. Hotta et al. (2019) identified which section of the card (see red dashed lines) was the focus of the focal fish’s gaze. Note that the eyes in this and many fish species are located on the side of the head. [Originally from Figure 1 in Hotta et al. (2019)].


Detailed eye-tracking observations in humans and primates have demonstrated that within the face the eyes are the initial focus of visual attention (Gothard et al., 2004; Kano and Tomonaga, 2009; Kano et al., 2012). The eyes also appear to be an important area of focus for fish, both for species recognition and to assess social status (Volpato et al., 2003; Karina et al., 2012). Indeed, Kawasaka (2021) found that the eyes are the most important feature that characterize a face in one fish species (i.e., first-order information). When Kawasaka presented daffodil cichlids with digitally altered images of conspecific faces they paid significantly less attention to images that were missing the eyes, compared to those with eyes or that had other features digitally removed (e.g., color markings or the mouth; Kawasaka, 2021). When combined with earlier face perception research in daffodil cichlids (Hotta et al., 2019), Kawasaka’s results provide compelling evidence that the eyes are a critical feature for visual perception of the face.

The position and orientation of eyes obviously differ across species (e.g., forward or profile facing) but nevertheless the eye appears to be the initial focus when animals, including fish, inspect and perceive a face (Karina et al., 2012; Kawasaka, 2021). Eye-like patterns are visual stimuli known to elicit social or predator response behaviors in fish, whether they appear on the bodies of other animals or have been placed on inanimate models (Coss, 1978; Coss and Tyler, 2023; Karplus and Algom, 1981; Karplus et al., 1982; Karenina et al., 2013). The young of many coral reef fish including butterflyfish, wrasse and damselfish often have a small false eyespot on the dorsal fin or broader dorsal area, while the real eyes are sometimes concealed by a black eye-line coloration (Fricke, 1976). Individuals are often observed with non-fatal injuries on the dorsal fin area (Neudecker, 1989) suggesting that predators associate eyes with prey, but can also be directed away from the head by the false eyespots (Neudecker, 1989; Kjernsmo and Merilaita, 2013). While previous studies on fish have investigated the potential primitive or pre-face recognition functions of eye detection (e.g., Emery, 2000) few studies have considered the complex cognitive processes involved in eye detection or face perception, including holistic processing or gaze following. Exceptions are the results from experiments on daffodil cichlids, which provide insights into the importance of the eye in the evolution of face perception (Hotta et al., 2019; Kawasaka, 2021).



4 Recognizing and identifying individual faces

The mechanisms animals use to identify other individuals has received much attention in the literature, especially among primatologists (Nahm et al., 1997; Gothard et al., 2004; Kano and Tomonaga, 2009, 2010; Kano et al., 2012). Humans, primates, several other mammals, and birds typically visually recognize and identify individuals via face recognition utilizing a “face-specific” cognitive process (e.g., Rosenfeld and Hoesen 1979; Kendrick et al. 2001; Tibbetts and Dale, 2007; Leopold and Rhodes, 2010) although olfactory cues (e.g., in mammals) and auditory cues (e.g., in birds) can also play a role in individual recognition (Leopold and Rhodes, 2010). Like humans, many other vertebrate species have demonstrated a remarkable ability to rapidly and accurately process and recognize individual faces (Kano and Tomonaga, 2009, 2010; Kano et al., 2012).

The adaptive significance of individual face recognition is thought to be its benefit for social interactions. Sedentary fish species often live in highly structured and complex social groups. For example, in tropical lakes and coral reefs many sedentary fish species live in monogamous pairs, family groups with related/unrelated brood helpers, or in harem polygamy with associated dominance orders and territory defense (Thresher, 1984; Gross and Sargent, 1985; Taborsky, 1994; Kohda, 1997; Kuwamura, 1997; Awata et al., 2005). In these societies, individual recognition is essential for maintaining social interactions and behaving appropriately toward familiar and unfamiliar conspecifics (Bshary, 2011; Bshary et al., 2014). Beginning with the daffodil cichlid (Figure 2) individual identification via face recognition has now been observed in multiple social fish species, which are all capable of forming stable and long-term social relationships (e.g., Siebeck et al., 2010; Kohda et al., 2015; Satoh et al., 2016; Hotta et al., 2017; Sogawa et al., 2023, 2024).

[image: Panel a shows close-up photographs of fish faces with varying patterns. Panel b presents an illustration of four fish pairs labeled as familiar face and body, familiar face with stranger body, stranger face and body, and stranger face with familiar body. Panel c depicts a box plot comparing time fish spent observing each model type, with significant differences indicated between familiar and stranger groups.]

FIGURE 2
 Distinctive facial color patterns and four types of images models presented to Neolamprologus pulcher in Kohda et al. (2015). (A) Individual variation in facial color pattern in four individuals. (B) Examples of the four different types of image models; FfFb: familiar neighbor, FfSb: familiar neighbor’s face and unfamiliar stranger’s body, SfSb: unfamiliar stranger, and SfFb: unfamiliar stranger’s face and familiar neighbor’s body. (C) Time spent observing the different model types. Median, box (showing 25 and 75%) and range. **p < 0.01, NS p > 0.05 (Wilcoxon signed rank test). Originally from Figures 1A,B in Kohda et al. (2015).


Daffodil cichlids have individual-specific color variation on the face, and it has been hypothesized that this feature is used to distinguish between individuals (Figure 2A; Kohda et al., 2015). The daffodil cichlid is also highly territorial and acts with aggression toward unknown conspecifics while remaining tolerant toward familiar conspecific neighbors (Frostman and Sherman, 2004; Sogawa et al., 2016). The territorial behavior of the daffodil cichlid has been exploited to experimentally test its ability to distinguish between familiar and unfamiliar faces. Specifically, Kohda et al. (2015) presented four different types of model images (photographs) to captive daffodil cichlids, consisting of (i) a familiar neighbor, (ii) an unfamiliar individual, and two digitally altered composite image models of (iii) a familiar neighbor’s face on an unfamiliar individual’s body, and (iv) an unfamiliar individual’s face on a familiar neighbor’s body (Figure 2B). The image models with the familiar neighbor’s face, regardless of whether it was with the correct or on an unfamiliar body, were observed less frequently compared to the unfamiliar individual’s face, indicating that daffodil cichlids can distinguish between faces independently of the body (Figure 2C; Kohda et al., 2015). The use of images, including digitally altered composite images, has recently become a standard method for testing face recognition abilities in fishes, including between familiar neighbors and unfamiliar individuals (e.g., Satoh et al., 2016; Hotta et al., 2017; Sogawa et al., 2023) and between the self (in a mirror) and familiar fish (Kohda et al., 2023). The presentation and alteration of images offers an interesting avenue for future research on how fish process second-order relational information for example, to uncover which color signals are important for identifying individual faces.

While daffodil cichlids use distinct color markings to identify individuals, it remains unclear whether the position of these markings on the face is critical for individual identification (Kohda et al., 2015). Interestingly, other fish species such as discus (Symphysodon sp.; Satoh et al., 2016) and the golden julie (Julidochromis ornatus; Hotta et al., 2017) have distinct color markings over the whole body, yet studies have demonstrated the central importance of the facial area for individual recognition in these species. For example, when presented with four different types of image models (similar methodology to Kohda et al., 2015) both species act less aggressively toward models with a familiar conspecific face, independent of whether the body in the image is from a familiar or unfamiliar individual (Satoh et al., 2016; Hotta et al., 2017). Both discus and golden julie have individual-specific coloration on the face and the body, but only the face appears to be important for distinguishing between familiar and unfamiliar individuals. Discus and golden julie are social species, with discus forming reproductive pairs and golden julie employing cooperative polyandry, and both can visually recognize partners and group members (Satoh et al., 2016; Awata et al., 2005).

The fish examples discussed in this review thus far have largely been from the one family, the Cichlidae. But it is becoming increasingly clear that face recognition is phylogenetically widespread across teleost fishes. For instance, evidence for face recognition has now been found in 10 species from 7 families (representing four Orders) including the Pomacentridae (Siebeck et al., 2010), the Labridae (Kohda et al., 2023), the Gasterosteidae (Gasterosteus aculeatus; Sogawa et al., 2024), the Adrianichthyidae (Oryzias latipes; Wang and Takeuchi, 2017) and the Poeciliidae (Poecilia reticulata; Sogawa et al., 2023; Table 1). Common features of the species that have demonstrated face recognition is living in stable social systems and having individual-specific color patterns on the face, typically on the operculum or cheek, nearby the eye (Table 1). Given the tendency for vertebrates including fish to focus on the eye when first observing other individuals (Coss, 1978; Coss and Tyler, 2023; Karplus et al., 1982; Kawasaka, 2021) we hypothesize that individual-specific color patterns nearby the eye allow for rapid individual recognition in social fishes. Numerous species that have not been tested for face recognition ability, including other wrasse species (Labroidae) and the marine angelfishes (Pomacanthidae), are also highly social (e.g., harem polygyny; Kuwamura, 1984; Thresher, 1984; Sakai and Kohda, 1997) and appear to have individual variation in face color patterns [e.g., see Masuda et al. (1984)]. We therefore suggest that these and many other social species of teleost fish can likely perceive faces and recognize other individuals via face recognition.



TABLE 1 Species of fish represented in face recognition experiments.
[image: Table summarizing fish species across four orders, listing their capacity for individual face recognition, presence of individual-specific color patterns on the operculum, social system, and typical habitat; all listed species show individual recognition and most have pattern variation and social complexity.]

Kohda et al. (2015) not only demonstrated that the daffodil cichlid is capable of face recognition, but also found that they can accurately and rapidly (<0.5 s) discriminate between familiar and unfamiliar faces, comparable to primates and humans. The ability to rapidly and accurately identify individuals and to be recognized by others has obvious advantages for social species in which individuals often interact. The importance of individual identification in social species is likely acting as a strong selective pressure driving face recognition and individual variation in markings and color patterns (Tibbetts and Dale, 2007). Moreover, the location of individual-specific signals close to the eyes has potentially evolved to facilitate rapid signaling given the important role the eye plays in face perception. The prominent role of the face does not mean that important signals and cues are not also obtained from the body. Signals alluding to the physical condition of an individual, important in mate choice or rival assessment are obtained from the body; e.g. bright red coloration on the belly of three-spine sticklebacks (Candlin, 1999), orange spot on the flanks of the guppy (Endler, 1995), or the white patch on the frontal trunk of the bluehead wrasse Thalassoma bifasciatum (Warner and Schultz, 1992).



5 True individual recognition (TIR) via the face

In social animals the ability to identify others is essential for maintaining social interactions (Tibbetts and Dale, 2007; Tibbetts, 2002). Visual identification of others by face recognition has been particularly well documented in primates and some other non-primate social mammals (Leopold and Rhodes, 2010; Parr, 2011). The ability of an animal to accurately identify multiple individuals is regarded as ‘true individual recognition’ (TIR; Tibbetts and Dale, 2007).

We have highlighted several examples of fish species that can rapidly and accurately distinguish between the faces of familiar and unknown individuals. The ability to distinguish between different types of individuals and place them into different categories is known as ‘class level recognition’ (CLR) but does not represent TIR (Tibbetts and Dale, 2007; Parker et al., 2020). Achieving CLR requires signals to differentiate between categories of individual (e.g., between color morphs, phenotypic differences between male and female, or familiar and unfamiliar individuals; Tibbetts and Dale, 2007). Several studies have revealed that fish are capable of distinguishing between familiar and unfamiliar individuals, suggesting they are capable of CLR. For instance, daffodil cichlids can distinguish between familiar neighbors and strangers via face recognition (Kohda et al., 2015). However, the daffodil cichlid can also recognise individuals via individual-specific face color patterns, implying they are also capable of TIR (Saeki et al., 2018). We therefore speculate that if the methods used in Saeki et al. are replicated in other fish species, then many other species with individual-specific face patterns will demonstrate TIR. True individual recognition and CLR are often confused in the literature, yet in social animals it is TIR that is necessary for maintaining effective social interactions (Bshary, 2011; Bshary et al., 2014).

The daffodil cichlid is the first fish species to demonstrate TIR under experimental conditions (Saeki et al., 2018). Saeki and colleagues found that daffodil cichlids accurately distinguish between the faces of two familiar neighbors, i.e., between two individuals in the same class level. Very recent experimental evidence suggests that three-spined stickleback are also capable of TIR (Sogawa et al., 2024). Sticklebacks like many other fish species often maintain territories adjacent to the territories of other individuals (Mori, 1993). Under these spatial arrangements, territory holders appear to recognize other individual territory holders (e.g., Kohda, 1997; Itzkowitz and Leiser, 1999) with TIR potentially allowing the forming of so-called dear enemy relationships (Fisher, 1954; Ydenberg et al., 1988; Temeles, 1994). We hypothesize that comparable TIR mechanisms also help maintain social relationships in fish species with dominance hierarchies and sexual pair bonds. We consider it plausible that in social fishes where individuals repeatedly interact that TIR is established via individual face recognition. Our hypotheses extend beyond the teleost fishes and include other social vertebrates that visually identify familiar individuals.

In humans, visual TIR (true individual recognition) of multiple familiar people requires a mental image or concept of others, including their face (Keenan et al., 2003). For instance, humans can recognize familiar faces at different angles, not because of an internal face template, but by referencing a mental representation (or concept) of the face (Parr, 2011). Long-tailed macaques also recognize individual faces from different angles (Dasser, 1987) suggesting they to reference mental representation of faces. We consider it likely that other social vertebrate species capable of TIR also have mental images (representation) of familiar faces, rather than a simple internal template and that this fundamental ability has been conserved rather than repeatedly evolved across vertebrate taxa.

Observing and recognizing faces is more difficult in the wild compared to under laboratory conditions. In the wild other individuals are moving, they appear at various directions and angles, and they may be close or far away. Therefore, to recognize individual faces in natural conditions fish require robust mechanisms facilitating face recognition (Leopold and Rhodes, 2010). Remarkably, in 2018 Newport and colleagues described the ability of archerfish (Toxotes sp.) to recognize human faces. The archerfish were able to identify images of human faces even when the images were rotated and at different angles, leading to the suggestion that archerfish exhibit some degree of spontaneous view generalization (Newport et al., 2018). Utilizing internal templates to recognize individual faces in wild situations requires learning and recall not only of the individuals, but also templates of those individuals when viewed from different angles. An explanation of view generalization would allow fish to generate numerous face patterns from a limited number of templates. However, if the mechanisms underlying face recognition in fish are like humans, then Newport et al.’s (2018) results could also be explained by archerfish having mental representations (i.e., concept) of human faces rather than via view generalization of face templates. We consider the mental representation a more parsimonious and inclusive explanation, given the inherent advantages of having flexible mental images for identifying multiple individuals at different angels in the wild (e.g., Leopold and Rhodes, 2010). We discuss this idea further in the next section using two recent experimental examples (Kohda et al., 2023).



6 Self-face recognition plays a key role in mirror self-recognition

Humans identify the self in a mirror reflection (their self-image) via self-face recognition (Keenan et al., 2003). Specifically, humans appear to recognize the self-face in the mirror (or a photograph) by referencing a memorized mental representation of the self-face. Other species are capable of mirror self-recognition (MSR), including chimps (Gallup, 1970), dolphins (Tursiops sp.; Reiss and Marino, 2001), Asian elephant (Elephas maximus; Plotnik et al., 2006), Eurasian magpies (Pica pica; Prior et al., 2008) and the house crow (Corvus splendens; Buniyaadi et al., 2020). It has remained unclear and somewhat controversial exactly what features and mechanisms non-human animals use to recognize themselves in a mirror. However, recently Kohda et al. (2023) have provided compelling experimental evidence using cleaner fish (Labroides dimidiatus) to demonstrate how animals recognize the self in an image (Figure 3). Under laboratory settings, Kohda and team presented mirror-naïve cleaner fish with photograph models of unfamiliar (i.e., stranger) conspecifics and a model of the self. Focal fish acted aggressively toward both the unfamiliar individual and self-image models (Figure 3C). After exposure to a mirror and undergoing and passing the mirror mark test (see Kohda et al., 2019) focal fish then exhibited significantly less aggression toward the self-image, compared to the photograph of the unfamiliar individual. When subsequently presented with digitally altered composite models, focal fish exhibited similar levels of aggression toward models composing of an unfamiliar face with the self-body as they did toward complete unfamiliar individual models. Moreover, focal fish displayed significantly less aggression toward composite models of the self-face with an unfamiliar body (Figure 3C). Kohda et al.’s (2023) results clearly demonstrate that after mirror exposure, images of the self-face are recognized as the self and subsequently elicit significantly less aggression.

[image: Panel A shows nine close-up photographs of fish heads with varying stripe patterns. Panel B contains a labeled diagram of four whole fish, annotated as SS, UU, SU, and US, with arrows indicating experimental group assignments. Panel C presents a bar graph of aggression frequency for different groups before and after MSR, showing higher aggression in SS and UU before MSR and a reduction after MSR, whereas SU and US remain low.]

FIGURE 3
 Cleaner fish image models (photographs) used in Kohda et al. (2023). (A) Faces of focal fish. (B) Examples of image models used in the experiment; SS, self-model, UU, unfamiliar fish model, SU: self-face/unfamiliar body model, US, and unfamiliar face/self-body model. (C) Frequency of aggressive behavior directed toward image models. Before MSR = before mirror presentation, after MSR = after passing the mark test. Mean aggression (SEM), Friedman test, χ52 = 36.51, n = 10, p < 0.0001, and Kendall W (effect size) = 0.730. a and b represent statistically significant differences by exact Wilcoxon signed-rank tests with sequential Bonferroni adjustments. Originally from Figures 2 and 3A in Kohda et al. (2023).


Kohda et al. (2023) suggest that self-face recognition is only possible after cleaner fish have been exposed to the self-image in a mirror. However, there remains the possibility that cleaner fish are not recognizing the self but instead consider the mirror reflection and consequently the self-image model to be a now familiar individual (via true individual recognition). To exclude this possibility Kohda et al. also presented cleaner fish that had previously passed the mirror mark test with self-images that had a mark digitally placed on the throat area of the image. The focal fish reacted by scraping their own throat on available substrate, which is the same behavioral response cleaner fish exhibit when viewing their mirror reflection when an actual mark has been placed on their throat (e.g., see Kohda et al., 2019, 2022). The behavioral response to the marked self-images implies that cleaner fish can recognize the mirror and other images as the self and do so via self-face recognition.

An alternative explanation for cleaner fish mirror self-recognition (MSR) is that cleaner fish recognize the self via kinesthetic visual matching, rather than by recognizing the self-face. Like in a mirror reflection, humans identify themselves and other familiar people in photographs using mental representations (i.e., concept) of the self and of others (Keenan et al., 2003). Kohda et al. (2023) found that cleaner fish can also recognize the self in photographs. Because photographs are motionless, recognizing oneself in a photograph cannot be done via kinesthetic visual matching, but by referencing a mental representation or concept of the self, originally obtained from observing the self-image in a mirror (Kohda et al., 2023). We speculate that in cleaner fish recognition of the self-face during MSR involves the same mental processes involved in the true individual recognition of familiar individuals. Furthermore, we predict that other species that demonstrate MSR will also be capable of photograph self-recognition by recognizing and referencing mental representations of the self-face (Kohda et al., 2023).

How can an animal obtain a mental representation of the self-face? In cleaner fish, we hypothesize that a mental representation of the self-face develops during mirror exposure and is incorporated into the individuals pre-existing sense of the self (Kohda et al., 2023). Animals are unlikely to encounter a mirror in the wild, so our hypothesis is that the mental processes that allow MSR and photograph self-recognition under experimental conditions have evolved in nature for TIR of conspecifics. Furthermore, the available evidence implies that the way cleaner fish and humans process MSR and photograph self-recognition is similar and that both species have a concept of the self and of others (Keenan et al., 2003; Kohda et al., 2023; Kobayashi et al., 2024).



7 The face inversion effect

Humans can more easily and rapidly recognize faces compared to other objects or visual patterns (Bruce and Young, 1998; Tanaka, 2001; Peterson and Rhodes, 2003). From the face, humans are also able to quickly recognize other people’s emotional states and the direction of their gaze and attention. Face recognition is possible due to face-specific cognitive and neural mechanisms, which process the face holistically, rather than featurally like other non-face objects (Tanaka and Farah, 2003). The face inversion effect (Yin, 1969) describes the phenomena where an inverted face disrupts configural (holistic) processing and impacts the ability of humans to perceive and recognize upside down faces, compared to other objects (Valentine, 1988, but see Racca et al., 2010). The existence of the face inversion effect provides compelling evidence for holistic face processing in humans and has proven to be important in our understanding of the evolution of face recognition mechanisms (Civile et al., 2016).

The evolutionary origin of face-specific perception has understandably generated much research interest (Parr, 2011). Yet despite the face inversion effect occurring in other animals, the ability of non-human animals to holistically process faces has remained controversial (Burke and Sulikowski, 2013). Chimps (Parr et al., 1999; Tomonaga, 1999; Parr et al., 2000; Tate et al., 2006), spider monkeys (Ateles sp.), rhesus macaque (Macaca mulatta; Parr, 2011), sheep (Ovis aries) and the budgerigar (Melopsittacus undulatus) are examples of other animals that have demonstrated the face inversion effect (Brown and Dooling, 1992, 1993; Kendrick et al., 1995). However, certain species, including crows and some monkeys so far have not (Parr, 2011; Brecht et al., 2017). Why some species but not others have trouble identifying upside-down compared to upright faces remains unclear, but taxa appropriate methodological issues inducing false negative effects cannot be excluded (Racca et al., 2010; Parr, 2011; Kohda et al., 2022). False negatives are not uncommon in behavioral experiments and may provide an explanation for why some species do not demonstrate the face-inversion effect (e.g., Beckoff and Sharman, 2004; Rajala et al., 2010; Kohda et al., 2022).

The face inversion effect has also been demonstrated in two phylogenetically distant fish species, the medaka (Oryzias latipes) and the daffodil cichlid (Wang and Takeuchi, 2017; Kawasaka et al., 2019). Medaka take longer to distinguish between familiar and unfamiliar fish when faces are inverted but can readily identify other upside-down non-face objects (Wang and Takeuchi, 2017). Similarly, when faces are upright daffodil cichlids spend more time watching unfamiliar faces, however when faces are inverted there is no difference in the time spent watching familiar or unfamiliar faces, indicating that the face inversion effect is occurring (Kawasaka et al., 2019). These two studies both suggest that these fish visually perceive and process faces holistically, potentially using comparable mechanisms to humans and other vertebrates. The existence of the face inversion effect in two phylogenetically distant fish species suggests that this phenomenon is likely to be present in other fishes capable of face recognition (Kawasaka et al., 2019).

As the face inversion effect was first detected in humans and then primates and other mammals, it was assumed that a large complex brain and associated neural networks were required to process faces holistically (Parr, 2011; Burke and Sulikowski, 2013). However, we suggest that the presence of the face inversion effect in fishes (Wang and Takeuchi, 2017; Kawasaka et al., 2019) demonstrates that a large brain is not a prerequisite for configural processing and viewing faces holistically. Indeed, evidence is now suggesting that invertebrates, such as bees and wasps also view and perceive faces holistically (Avarguès-Weber et al., 2018).



8 Identifying emotional state and direction of attention from the face

Human faces are informative visual stimuli important for perceiving emotional states and intention (Schmidt and Cohn, 2001). In humans and other mammals, facial expressions and movements are primarily produced by the action of muscles beneath the skin (Rinn, 1984; Tate et al., 2006; Leopold and Rhodes, 2010; Cattaneo and Pavesi, 2014). Comparable elaborated facial musculature is lacking in fishes and emotional facial expressions appear to be largely restricted to mammal taxa (Leopold and Rhodes, 2010).

Several fish species, including the daffodil cichlid and discus, can alter the appearance of facial color patterns to convey information on social dominance and fighting motivation (Balzarini et al., 2017; Satoh et al., 2024). These social or emotional signals are however not restricted to the face in fish and can also occur elsewhere on the body (Baerends and Baerends-van Roon, 1950; Plate I in Eibl-Eibesfeldt, 1974). Unlike mammals, the ability of fish to perceive emotional states from facial expressions seems limited (Leopold and Rhodes, 2010; Satoh et al., 2024) although admittedly very few studies have investigated this ability. As we have outlined in this review, face perception, with a particular focus initially on the eyes (first-order relational information) is observable in many fish species. Likewise, the ability to process faces holistically and to rapidly and accurately recognize individuals via small individual-specific facial differences (second-order relational information) is reported in several species (e.g., Kohda et al., 2015; Wong and Takeuchi Betancur-R et al., 2017; Kawasaka et al., 2019). Interestingly, Satoh and colleagues recently suggested that the ability to exhibit and perceive emotional facial expressions likely evolved later in vertebrates, with the mammals (Satoh et al., 2024).

Faces allow an observer to understand the direction of another individual’s gaze and attention (e.g., Kobayashi and Kohshima, 1997; Emery, 2000). For instance, many non-human animals can exploit faces to understand social cues, including dogs, goats (Capra hircus), jackdaws (Coloeus sp.) and crows (Zeiträg et al., 2022; Wilson et al., 2023). Experimental evidence has demonstrated that archerfish can use social cues such as conspecific orientation to rapidly predict the location of visual targets (Leadner et al., 2021). It has been suggested that social cues, including gaze, face and body orientation, may have an early evolutionary origin and can elicit automatic shifts of attention in observers [reviewed in Zeiträg et al. (2022)]. The importance of eye gazing and face orientation as social attentional cues in fishes has received limited attention in the literature, however we speculate that the social aspects of shared attention may be widespread in fishes.



9 The evolutionary origins of vertebrate face recognition: social systems and visual neural systems

The social behaviors of fishes, particularly in regard to reproduction and social structures, have been intensively studied in the wild over the last four decades (e.g., Thresher, 1984; Kuwamura, 1984, 1997; Kohda, 1997). Like social mammals and birds, many sedentary fish species exhibit parental care as part of nesting (bi-parental and uni-parental; Blumer, 1982; Barlow, 1984; Gross and Sargent, 1985; Clutton-Brock, 1991) and mating strategies (Davies et al., 2012), which is often associated with dominance hierarchies and territory maintenance (e.g., Thresher, 1984; Taborsky, 1984, 1994; Kuwamura, 1997). We hypothesize that sedentary teleost fish in freshwater and coastal areas in the Paleozoic era had likely developed complex social interactions and that selection pressures existed for the evolution of individual face recognition. We speculate this may have occurred as early as 450 mya considering that is when the visual neural systems now underlying face recognition first evolved (Betancur-R et al., 2017). The cognitive abilities and mechanisms underpinning individual face recognition therefore likely evolved during the early stages of social evolution, when the second-order relational information by which faces differ became important to process and recognize.

The exploitation of first-and second-order relational information and the disruption of holistic face processing demonstrated by the face inversion effect support the claim that face recognition occurs via specific neural systems, which differ from other visual neural systems (Bernstein and Yovel, 2015; Civile et al., 2016). The likely latest origin of face recognition, including the necessary neural mechanisms, would be with a teleost ancestor in the Devonian period. Considering that individual recognition via face recognition exists in social interactions from fish to primates, this important cognitive ability vital for social interactions has therefore been conserved in social species throughout evolutionary history. Given the available evidence, we consider it unlikely that face recognition and associated underlying neural mechanisms have independently evolved in subsequent vertebrate linages (e.g., birds and mammals) but have instead remained largely conserved across vertebrates.

More broadly, the function of neural systems in the brain associated with social decision-making has been conserved across vertebrates, including in fishes (O'Connell and Hofmann, 2012; Bshary et al., 2014; Ogawa et al., 2021). The current neural model for face recognition suggests a division of labor between the fusiform face area (FFA), which processes static facial aspects (e.g., identity) and the posterior superior temporal sulcus (pSTS), which processes more changeable facial aspects (e.g., expression; Haxby et al., 2000; Kanwishier and Yovel, 2006; Gobbini and Haxby, 2007). While primary visual sensory areas may be considered homologs across vertebrates (Yamamoto and Ito, 2002), the neural systems associated with face recognition have not yet been subject to detailed investigation in teleost fishes. We speculate, however, that it is unlikely that specialized neural systems for face recognition associated with mental representation of faces would evolve independently in different vertebrate groups. Thus, the most plausible evolutionary origin for the fundamental neural mechanisms involved in face perception/recognition in vertebrate taxa such as birds and mammals is with a common ancestor from the Devonian period.



10 Concluding remarks

Face naïve fish have an innate ability to perceive faces, with the eyes appearing to be the most prominent facial feature. In vertebrates, evidence suggests that faces are processed holistically, using first-order relational information and utilizing specific neural systems.

Like mammals, fish initially and repeatedly gaze at the face when encountering an individual. Several animal species are known to have the ability to recognize individuals via the face, including social fish species. This ability to perceive faces and recognize individual faces appears phylogenetically widespread in teleost fishes, occurring across several families and at least four taxonomic orders (Table 1).

In the wild, identifying individuals by their face can be challenging, with faces appearing at different angles and distances. Nevertheless, fish have demonstrated a remarkable ability to rapidly perceive and identify faces at different angles. To do so requires a degree of flexibility only achievable via referring to mental representations of faces, not learned fixed internal templates. The fact that fish can also recognize the self in photographs, ruling out kinesthetic visual matching, provides additional support for this claim.

Fish recognize the face holistically and use configural processing to rapidly identify faces. We know this because like humans and other mammals, fish exhibit the face inversion effect, where upside down faces are harder to recognize compared to upright faces. The small differences between faces, second-order relational information, are exploited to accurately recognize individuals.

Unlike humans, primates, and other mammals, fish do not appear to use faces to express and understand emotional states. Some fish species can alter color patterns to reflect emotional changes, but this is not restricted to the face and can occur elsewhere on the body. Fish can recognize and respond to social cues such as gaze and face direction to extract socially relevant information. However, in general, the ability of fish to express and perceive emotional states via the face and to respond to facial social cues remains relatively understudied compared to other vertebrate taxa and is an avenue for further research.

As our review has detailed, how fish perceive and recognize individual faces is more comparable to humans and other mammals than previously appreciated. This is despite fishes having relatively smaller brain sizes and often being considered less capable of complex cognitive abilities. Many fish species do however live in complex social structures, where being able to rapidly and accurately visually identify individuals is particularly important. Considering the similarities in the visual neural system across vertebrates, we propose that the cognitive abilities facilitating individual face recognition originated in bony fish no later than the Devonian period (Zimmer, 1998).

For decades the ability of animals to recognize faces was interpretated as instinct and/or associative learning [e.g., the triune brain hypothesis; MacLean (1967)]. A top-down anthropocentric view was largely accepted, whereby only humans were cognitively capable of having mental representations of faces. Yet, recent detailed experiments and investigations have highlighted the similarities in brain structure and neural systems across vertebrates, including teleost fishes (O'Connell and Hofmann, 2012) and have provided compelling evidence that non-human vertebrates such as fish do reference mental representation of faces (Kohda et al., 2023). Using humans as the focal point of comparison in evolutionary studies can hinder our progress and we recommend a bottom-up approach to understanding the evolutionary function and origin of vertebrate traits.
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Take it sitting down: the effect of body posture on cortical potentials during free viewing—A mobile EEG recording study
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Brain imaging performed in natural settings is known as mobile brain and body imaging (MoBI). One of the features which distinguishes MoBI and laboratory-based experiments is the body posture. Previous studies pointed to mechanical, autonomic, cortical and cognitive differences between upright stance and sitting or reclining. The purpose of this study was to analyse effects of posture on eye-movement related potentials (EMRP) recorded during free viewing of human faces. A 64-channel wireless EEG was recorded from 14 participants in either standing or reclining postures while they freely viewed pictures of emotional faces displaying fear, anger, sadness, and a neutral emotional state. Eye tracking data was used to insert triggers corresponding to the instant at which the gaze first landed on a face. Spatial filtering of the EEG data was performed using a group independent component analysis (ICA). Grand average EMRPs displayed the post-saccadic lambda component and the face-sensitive N170/vertex positive potential (VPP) complex. The lambda component but not the N170 component was stronger during reclining than upright posture. Emotional expression of faces showed no effects on EMRP components or subjective ratings. Results suggest that posture primarily affects early components of EMRPs recorded using wireless EEG recordings during free viewing of faces. Thus, findings from evoked potential data obtained in seated individuals, e.g., in laboratory experiments, should be interpreted with caution in MoBI experiments with posture affecting primarily the early latency component.
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Introduction

Mobile brain and body imaging (MoBI), entailing multimodal electrophysiological recordings in freely behaving individuals, is a novel type of brain imaging offering the possibilities to understand the brain processes as they spontaneously evolve during natural activities, such as walking or running (Gwin et al., 2010), cycling (Zink et al., 2016), driving (Protzak and Gramann, 2018), talking or free viewing of environments (Roberts et al., 2018; Soto et al., 2018). A wireless electroencephalographic (EEG) recording is an essential component in MoBI experiments to allow for unobstructed continuous recordings during natural cognition.

A feature which often distinguishes MoBI experiments from laboratory-based experiments is the participant’s posture with laboratory experiments being traditionally conducted in seated individuals. Standing is a seemingly simple activity, at times assumed equal to sitting recumbent or laying supine. However, maintaining a standing balanced posture requires the rapid processing and integration of continuous vestibular, somatosensory and visual information (Mergner and Rosemeier, 1998; Nashner, 1976), reviewed in Thibault and Raz (2016).

How body posture affects brain activity has been difficult to study in the past and as such, our scientific understanding is limited. The lack of insight could be partially attributable to the inherent postural requirements of modern brain imaging techniques. The ecological nuances associated with functional magnetic resonance imaging (fMRI) have previously been described (Raz et al., 2005). These revolve around the necessity of supine participants to be restrained and to remain still as stimuli suddenly appear on screen. Positron emission tomography (PET) with modified scanner gantries have been used to study effects of posture on brain activations (Harmon-Jones et al., 2011; Riskind and Gotay, 1982). However, the use of radioactive contrasts as well as the size of the scanner limit the possibility of PET to explore effects of posture on brain processing in freely behaving individuals. EEG recordings classically position sitting subjects alone in dimly lit rooms and viewing monitors, whereas magnetoencephalography (MEG) uses both sitting and supine participants. In all cases, body and head movements are often minimized via chin rests and head braces. The most glaring differences among these imaging modalities is the participant’s posture during recordings and the type of restrictions to body movements. Furthermore, the experimental tasks being performed are, at times, incongruent with the body position that subjects must assume; for instance, performing arithmetic calculations while laying supine (Lipnicki and Byrne, 2008) or performing a driving task inside the scanner environment (Schweizer et al., 2013).

Moreover, modifications to body posture have been shown not only to affect physiological processes such as blood pressure regulation and brain activations, but also behavior and cognition (reviewed in Thibault and Raz, 2016). Standing on both feet compared to supine posture has been shown to increase activation in the right primary visual cortex (Ouchi et al., 1999) and cerebellum (Ouchi et al., 1999, 2001). Upright stances also aid psychomotor performance (Caldwell et al., 2003; Lazarus and Folkman, 1984) and increase anticipatory anxiety during mental arithmetic tasks (Lipnicki and Byrne, 2005). Similarly, a sitting posture has been shown to improve intelligence and augment perception compared to a supine posture (Lundström et al., 2006) and adopting certain postures (i.e., slumping) can reduce emotional responses (Harmon-Jones and Peterson, 2009) and influence rhythmic cortical activity, behavior (Harmon-Jones et al., 2011) and cognitive conflict processing (Sun and Harmon-Jones, 2021). Even small body movements like the adoption of different facial expressions affect emotional judgments and the generation of memories (Laird and Lacasse, 2014). Other studies have shown that leaning direction plays an important role in affect perception (Harrigan and Rosenthal, 1983; Troncoso et al., 2024). These findings suggest that neural processing of emotional stimuli could vary resulting from changes in body positions, alluding to a close-knit relationship between posture and emotional processing. We have previously shown that wirelessly recorded face-sensitive visual evoked components in freely behaving humans differentiated faces displaying four different emotional expressions (Soto et al., 2018). Here, the rationale is to build upon these previous findings to examine the effect of body posture on face processing in the brain. Such effects have been sparsely reported in laboratory studies in the past (Batty and Taylor, 2003; Blau et al., 2007) and a number of laboratory studies failed to show effects of emotional expressions on the face-sensitive N170 component (Chai et al., 2012; Eimer et al., 2003; Hendriks et al., 2007). It is possible however, that an upright stance may increase general arousal and certain emotional processes.

In the present study, we implemented wireless EEG recordings to analyse effects of posture on the early visual evoked component and face-related evoked components. Similar to our previous study (Soto et al., 2018), participants viewed human faces displayed on posters while they were moving or standing freely, and their EEG and eye movements were recorded continuously. In a different session and using the same types of recordings, participants viewed posters with faces in a reclining-supine posture. Faces showed one of four emotional expressions: happy, fearful, disgusted or neutral. We hypothesized, in line with previous data showing increased visual cortex activation in upright stance compared to supine posture (Ouchi et al., 1999), that upright stance would reduce the amplitude of both the early visual EMRP component and the face-sensitive EMRP component due to visual processing demands employed during standing.



Materials and methods


Participants

Fifteen healthy volunteers 24.6 ± 3.2 years old (mean ± SD), were recruited for the study by online advertisements and word of mouth. Subjects that wore corrective eye-glasses were excluded from recruitment due to the glare artifact the glass generates in the wearable eye-tracking system. Subjects wearing contact lenses were not excluded from the recruitment as these lenses do not interfere with the eye-tracking system, but were required to wear them for both sessions. One participant from the sample was rejected prior to data processing due to an excessively noisy EEG signal during the reclining session which caused a loss of more than 20% stimuli for one experimental condition. Therefore the final sample was composed of 14 subjects (eight females) with an average age of 24.6 ± 3.3 years. Experimental subjects gave written informed consent prior to taking part in the study in agreement with the ethical approval obtained from the University of Liverpool Research Ethics Committee. Participants received £30 (£15 per session attended) as compensation for their travel expenses and time. All experimental procedures were conducted in two sessions and in accordance with the Declaration of Helsinki.



Stimuli

Face images expressing four emotional categories (fearful, disgusted, happy and neutral) were selected from the Karolinska Directed Emotional Faces (KDEF; Lundqvist et al., 1998) set and from the NimStim face inventory (Tottenham et al., 2009). The full stimulus set consisted of 180 emotional human faces, 45 images in each emotional category presented on 20 A0 poster-size sheets (841 × 1,189 mm). A total of 120 images were taken from the KDEF and 60 from the NimStim set. All 180 images used in the experiment were cropped to match in size and quality (300 DPI) using CorelDRAW software. Additionally, all images were matched for temperature and brightness and were always presented as standard portrait shots including the shoulders. A0 size panels were constructed containing nine different image stimuli presented in full color approximately 20 × 25 cm in size, with a white-on-black square fixation cross presented in the centre (14.3 × 14.3 cm) (Figure 1A). Twenty panels contained all emotional face categories pseudo-randomly distributed and maintained similar distances from the fixation cross in the centre. All panels were pasted onto Styrofoam sheets and attached to the walls using adhesive tape creating a mock gallery (Figure 1B).

[image: Panel A shows a rectangular display with eight faces surrounding a central fixation cross. Panel B illustrates the dimensions and layout of a T-shaped corridor with measurements. Panel C presents a diagram of a standing participant wearing headphones and a backpack, facing a wall-mounted screen displaying faces, labeled with numbered elements. Panel D depicts a participant lying on a bed in front of a screen showing the same face display, with arrows and numbers indicating relevant components.]

FIGURE 1
 Experimental setup of the mock gallery and reclining sessions. (A) Example of one poster panel (120 × 90 cms) presenting face images. (B) Schematic illustration of the hallway used to setup the mock gallery. Black lines indicate the position of each poster within the mock gallery. (C,D) One subject wearing the full equipment and positioned in the experimental setups for both the standing and reclining sessions. (1) Pupil eye tracker; (2) MOVE wireless EEG transmitter; (3) 64 channel EEG actiCap; (4) Eye tracking PC in the backpack. Face images were selected from the Karolinska Directed Emotional Faces (KDEF; Lundqvist et al., 1998) set and from the NimStim face inventory (Tottenham et al., 2009).




EEG recordings

EEG data was continuously recorded using a 64-channel wireless and portable EEG system (Brain Products, GmbH, Münich, Germany). Brain Products MOVE system (Brain Products, GmbH) employs a lightweight signal transmitter which participants carry on a belt (Figures 1C,D). Active shielding Ag/AgCl EEG electrodes were mounted on an electrode cap (actiCAP, Brain Products, GmbH) according to the international 10–20 electrode system, aligned to the midpoint between the anatomical landmarks of the nasion and inion, and left and right preauricular points. Electrode FCz was used as the system ground and electrodes were referenced to Cz. Electrolyte gel was applied to lower electrode-to-skin impedances to under 50 kΩ. EEG recordings were sampled at a rate of 1,000 Hz. EEG average reference was applied and the signals were digitized at 1 kHz with a BrainAmp DC amplifier linked to BrainVision Recorder program version 1.20.0601 running on Windows operating system. Data were filtered online using a 0.1–200 Hz bandpass filter.



Eye movement recording

A PUPIL (Kassner et al., 2014) binocular eye-tracking system was used to record the locations of the gaze position. PUPIL Capture software v 0.9.6 running on Ubuntu v 14.04.4 was used to generate the recordings. PUPIL eye tracker is an open source, high resolution wearable system (Figure 1C) that provides a lightweight solution for mobile gaze-tracking. Pupil locations were recorded using infra-red cameras sampling at 90 Hz with a resolution of 320 × 240 pixels. The real-world video streams were set at a sampling rate of 60 frames per second with a resolution of 600 × 800 pixels.

To calibrate the gaze locations, a manual marker 3D calibration protocol was used to generate a 9-point grid in the field of view of the participant. Calibration was repeated until gaze positions were accurate everywhere on the blank panel. Small calibration offsets occurred at times due to displacements in the wearable eye-tracker on the subject’s face. These offsets were adjusted offline using the manual gaze correction plug-in on PUPIL Player during manual tabulation of stimulus onset times. Eye-tracking data were processed using PUPIL Player v. 0.9.6 program. The ocular pupils of both eyes were located based on a centre-surround detection algorithm (Świrski et al., 2012). Exported raw gaze data is time-locked to the processing computer’s internal clock, giving millisecond precision to the eye measurements. Additionally, all recorded frames contained an accurate time stamp based on the PC processor real-time clock. Eye-tracking video files were visually inspected and stimuli onsets were manually tabulated. Each stimulus was logged on a picture-by-picture basis with stimulus onset defined as the first instance in which the gaze position landed on an image. The real times corresponding to the tabulated frames were used to import stimulus onset latencies onto the raw EEG data. Eye-tracking and EEG data streams were aligned at the start of each recording using a custom-built light-emitting trigger box, which flashed a light into the eye-tracking camera and synchronously registered a transistor logic pulse in the EEG data recording.



Procedure

Volunteers attended two testing days, a standing session where stimuli were viewed while upright, and a reclining session where they sat in a recumbent position on a lounge chair. In both sessions, instructions were delivered and equipment was set up in a designated lab space following identical procedures. The order of conditions was counterbalanced across subjects with half of the participants taking part in the reclining task first, and the remaining participants taking part in the standing task first. Experimental sessions were separated by a minimum of 1 week.



Standing session

Participants were fit with the EEG cap and electrode-to-skin impedances were lowered below 50 kΩ before commencing the task as well as during the break between blocks. The mobile EEG system was connected and wireless signals were visually inspected on a standing participant. Next, eye-tracking glasses were placed on the participant over the EEG cap.

A mobile base unit was assembled using a rolling trolley where the wireless signal receiver, EEG amplifier and recording computer were placed. The base unit was positioned by the experimenter, keeping a distance of no more than 7 m from the participant in order to maintain optimal signal quality. The eye-trackers were calibrated on a standing participant against a blank white panel at a distance of 1 m from the centre of the panel to match the viewing conditions during the mock gallery. Gaze-tracking was optimized using a 3D calibration routine with manual markers. The laptop registering the eye-tracking was placed in a backpack and carried by the participant for the duration of the task (Figures 1C,D). EEG cables running from the electrodes to the lightweight transmitter were also placed in the backpack to reduce cable sway artifacts (Gramann et al., 2010; Gwin et al., 2010).

Two hallways within the Eleanor Rathbone Building of the University of Liverpool were used to create a naturalistic picture gallery where the standing session took place (Figure 1B). Participants were free to view images in any order and to navigate the gallery however they chose. All subjects were asked to stand still and view each image for a minimum of a few seconds before moving onto the next image. To do so, subjects were instructed to stand at a set distance of 1 m and remain still. They first looked at the centre fixation cross before viewing each image, and were requested to return their gaze to the fixation cross before moving to the next picture. Participants only continued onto a subsequent panel after viewing all images. To maintain task engagement and to avoid drowsiness, participants were asked to select their most and least preferred face from each panel and to mark the selected pictures on a small paper-printed version of each panel. The full experiment consisted of two blocks in the mock gallery. In each block, subjects viewed 10 panels with nine images on each one. In total, participants viewed 180 different images in the experiment. On average, each of the two gallery blocks lasted approximately 15 min.



Reclining session

The wireless EEG was placed on the participant in the same manner as in the standing session. For the reclining task, the eye-trackers were calibrated on a blank white panel with the participant lying on the lounge chair. The blank panel was hung at a distance of approximately 1 m with 140° angle to match viewing conditions across both sessions. The inclination angle of the lounge chair was lifted to approximately 40° (Figure 1D) bringing the fixation cross in the centre to the participant’s eyeline. In this session, subjects laid on a lounge chair that provided full body support as high as the neck. A foam neck support was used to prevent electrodes on the back of the scalp smearing against the chair and provided head support. An identical 3D calibration routine using manual markers was used to optimize the gaze-tracking for the reclined condition. The eye-tracking computer was placed on the same mobile base unit where the EEG recording computer rested in this session.

Participants were instructed to view the images displayed on each panel. The experimenters hung each panel as they were completed by the participants. Subjects were instructed to relax and view each face for a couple of seconds before returning to the fixation cross and moving onto the next image. As in the standing session, no restrictions were placed on eye-movements or blinks. The same selection task was used here to maintain engagement and avoid drowsiness. Participants viewed the same 180 different images in the experiment divided into two blocks with breaks between them. Each block in the reclined session also lasted approximately 15 min.

In both sessions, electrode impedances and gaze tracking calibration were checked in the break between blocks and corrected if required. Once the viewing task was completed, the EEG cap and the eye-tracking glasses were removed. Participants were then required to rate how much they liked and if they would approach the images that had been previously seen. Ratings were performed using three visual analogue scales (VAS) sized 10 cm and anchored on each extreme. The scales evaluated the general likability of each face image as well as the level of arousal and emotional valence. Subjects were instructed to use the middle of the scale for expressions deemed neutral. (i.e., “0: Do not like” up to “100: Like very much”; “0: Unarousing” up to “100: Very Arousing” and “0: Very negative” up to “100: Very positive”). Pictures and rating scales were presented on an LCD screen using Cogent program v. 1.32 (Welcome Department of Imaging Neuroscience, United Kingdom) running on MATLAB v. R2014a (MathWorks, Inc., USA). Participants rated the same faces after each session.




EEG analysis


Eye movement related potentials

EEG data were pre-processed using the Brain Electrical Source Analysis program (BESA v.6.0, MEGIS Software GmbH, Munich, Germany). Data were initially referenced using the common averaging method (Lehmann, 1987) and digital filters were applied to remove frequencies lower than 0.5 Hz and higher than 35 Hz from the EEG data to minimize electromagnetic interference (EMI) from electrical appliances. Ocular artifacts including blinks as well as vertical and horizontal eye-movement artifacts were removed using pattern matching averaged artifact topographies (Berg and Scherg, 1994; Ille et al., 2002). This method is based on a principal component analysis and creating individualized artifact topographies to maximally match and resolve eye-movement artifacts in EEG data. Additionally, EEG data was visually inspected and corrected for the presence of remaining artifacts. Trials were excluded if artifacts were present in either eye-tracking or EEG data. If participants skipped an image, failed to fixate, or gaze tracking was lost during fixation, the trial was discarded from any further analysis. To ensure consistency across our conditions, subjects with more than 20% rejected epochs for one experimental condition were eliminated from the final analysis.

Individual stimulus onset times were detected by visual inspection of the eye-tracking data. For all stimuli the first instance where a participant’s gaze made contact with a stimulus image was registered as visual onset time for event marking. Event markers were then inserted into EEG data by synchronizing the time axes of the EEG and eye-tracking system in MATLAB (The MathWorks Inc., 2018). EEG data were epoched to range from −200 ms to 600 ms relative to the first contact of the gaze with any part of a picture in each of 180 pictures. This time point effectively corresponded to part of the saccade which brought the gaze onto a particular face or object in a picture. Artifact-corrected EEG signals were then exported into EEGLAB v.14.1.1,1 an open-source environment for processing EEG data (Delorme and Makeig, 2003). During averaging, the mean EEG activity in the baseline interval ranging from −200 ms to −100 ms was removed from each data point as it represented a more stable baseline relative to the −100 ms to 0 ms in free viewing conditions. Post-saccadic EMRPs were computed from all trials falling into eight different conditions including postural conditions (reclining and standing) and emotional facial expressions (afraid, disgusted, neutral and happy). The sampling rate of the eye-tracking system was previously calculated offline (average sampling rate: 41.1 Hz). The sampling rate was chosen based on 15-min pilot experiments to secure a continuous stream of eye-tracking data which was often discontinuous at higher sampling rates. However, due to the relatively low sampling rate, further analysis of the eye movements was not performed and eye-tracking data was used exclusively to detect stimuli onset times. EEG epochs were generated as cuts into the world video scene in a similar manner as the method described in our previous experiment (Soto et al., 2018). Artifact-corrected EEG data was then exported to EEGLAB for group-level analysis.



Data analysis and independent component clustering

Individual subject data was entered into the EEGLAB STUDY structure (Delorme et al., 2011). Independent component analysis (ICA) was performed within EEGLAB for all subjects using an extended Infomax ICA algorithm to parse EEG by defining maximally statistically independent components (IC) (Dimigen, 2020; Makeig et al., 1996) using the default training parameters on EEGLAB. This method allows an accurate detection and removal of extra-cerebral sources of noise. ICA was performed on concatenated epochs for each subject individually. Event-related potentials (ERPs) and IC scalp maps were then computed across experimental conditions and used to construct a pre-clustering array to group ICs into 9 clusters. The DIPFIT2 routine from EEGLAB was used to model each IC as an equivalent current dipole by using a standardized boundary element (Oostenveld and Oostendorp, 2002). If the residual variance of the single-dipole exceeded 30%, or if the location landed outside the head, the IC was removed prior to clustering. The clustering of ICs was performed across all 14 subjects based on similarities in scalp topographies, equivalent dipole locations and ERP waveforms by means of EEGLAB’s k-means clustering routine (Lee et al., 2015). Three clusters of interest were identified and selected based on IC activity, average dipole locations and the presence of ICs in at least nine subjects. Furthermore, the two peak features in the global field power were used to identify component clusters for analysis. Cluster 2 presented 33 ICs across 13 subjects and accounted for the N170 component. Cluster 8 (16 ICs), clustered from nine subjects, presented a small peak in activity at around 90 ms and accounted for the vertex positive potential (VPP) peaking in medial scalp locations and a larger secondary peak at around 170 ms. Cluster 6 was composed of 18 ICs present in 10 subjects and represented the major contributor to the lambda component (Kazai and Yagi, 2003; Vigon et al., 2002). Statistical testing was performed on the grand averaged IC cluster activity across all experimental conditions for these three components.



Statistical analysis

The source waveforms representing the averaged clustered IC activity in each of the fitted dipoles were analysed using a 2 × 4 ANOVA for repeated measures ANOVA (Reclining vs. standing, four emotional face conditions). Specifically, a permutation-based repeated-measures ANOVA utilizing 5,000 permutations was employed (Maris and Oostenveld, 2007). Statistical testing was performed on the averaged source activity across the intervals of interest in SPSS v.22 (IBM Corp., NY, USA). We focused the analysis on 20 ms time intervals (−10 to 10 ms) relative to the peak in IC activity for each selected cluster. Post-hoc paired t-tests were performed when necessary and considered significant at p ≤ 0.05 and Bonferroni corrections for multiple comparisons were always used.




Results


Face ratings

Figure 2 shows the average rating scores for each visual analogue scale across all four experimental conditions. To test the effects of body posture on the overt rating behavior, each of the three individual visual analogue scale ratings were submitted to separate 2 × 4 ANOVAs for repeated measures. Across all rating scales, we found no effects of posture observed on overt rating behavior between standing and reclining conditions [arousal scale: F(1, 14) = 0.009; p = 0.927; emotion detection scale: F(1, 14) = 1.112; p = 0.31; and pleasantness scale: F(1, 14) = 0.251; p = 0.624]. A significant effect of emotional condition on arousal level was also found in this analysis [F(3, 42) = 100.62, p < 0.001] as well as for the emotion [F(3, 42) = 69.008, p < 0.001] and pleasantness scale [F(3, 42) = 84.883, p < 0.001].

[image: Three bar charts compare arousal, emotional valence, and pleasantness for emotions disgust, happy, afraid, and neutral under reclining and standing postures. Happy scores highest across all charts, with significant differences noted by asterisks. Error bars are included.]

FIGURE 2
 Grand average ratings for each visual analogue scale. Light color bars represent the standing condition while dark color bars represent the reclining condition. Error bars represent 1 standard deviation. Asterisks represent significance at p < 0.05.


Pairwise t-tests were used to test differences among all pairs of emotional categories. Paired comparisons confirmed that arousal ratings were significantly different across emotional expressions specifically; disgusted expressions rated as less arousing than afraid facial expressions [t(14) = −6.1; p = 0.003] and more arousing than neutral faces [t(14) = −2.9; p = 0.012]. Unexpectedly, afraid and neutral facial expressions were rated as equally arousing by our participants [t(14) = 0.104; p = 0.92]. Similarly, the emotional scale ratings showed happy faces (80.7 ± 7.8, mean ± SD) were consistently rated as highly positive while disgusted (35.2 ± 6.6), and afraid (39.1 ± 5.7) were rated on the negative end of the scale. Neutral facial expressions, however, were perceived to be slightly negative (41.1 ± 6.8). As expected, this effect was additionally encountered in the pleasantness ratings where faces reflecting happy emotional expressions were perceived as more pleasant than disgusted [t(14) = −12.6, p < 0.001], afraid [t(14) = 14.1; p < 0.001] or neutral faces [t(14) = 10.4, p < 0.001]. Again, neutral faces were rated equally pleasant as disgusted faces [t(14) = −2.1; p > 0.05] and afraid expressions [t(14) = 0.012, p > 0.05] irrespective of the postural position.



Eye movement related potentials

EMRPs were constructed from −200 ms to 600 ms relative to the first instance of contact of the subject’s gaze with an image (Figure 3). Given participants remained still to view images the EEG data showed minimal neck muscle or head movement artifacts, which have been shown to affect EEG data during walking or running (Gwin et al., 2010).

[image: Panel A presents EEG waveforms recorded during reclining and standing conditions, each overlaid with colored scalp voltage maps at specific time points (-25 milliseconds, approximately 90 milliseconds, and 170 milliseconds) highlighting activity at Lambda and N170/VPP regions. Panel B shows line graphs of global field power (GFP) for reclining and standing, with logarithmic y-axes and time in milliseconds on the x-axes, facilitating comparison between postures.]

FIGURE 3
 Grand average EMRP for the reclining and standing conditions. (A) Butterfly plots of the average EMRP waveforms between 200 ms and 600 ms. Peak latencies and scalp topographies overlaid on the volume rendering of the human head at three latency points in reclining (−25, 90, and 170 ms) and standing conditions (−24, 91, and 170 ms). EMRP components are highlighted with arrows. (B) Global field power of the EMRP for the reclining and standing session.




Independent component clusters

IC clusters were selected on the basis of their maximum explained variance being >70% and that clusters were composed of IC from a minimum of seven subjects. Additionally, the spatial–temporal characteristics of the scalp maps and dipole locations were used to select ICs.

Three IC clusters were selected based on the peak in their averaged waveforms and scalp distributions (Figure 4). The mean IC dipole for each IC cluster of interest was located in, or near to the posterior cingulate cortex (cluster 2), the left thalamus (cluster 6) and the left angular gyrus (cluster 8). The average waveform activations of each of these IC clusters were statistically tested using a 2 × 4 (body posture × emotional condition) ANOVA for repeated measures.

[image: Panel A presents three rows, each showing a scalp topography heatmap, a brain MRI with cluster localization, and a line graph of brain activity over time for Clusters 2, 8, and 6, respectively. Each line graph marks key time points in milliseconds. Panel B illustrates MRI cluster centroids for clusters 2, 6, and 8 in red, blue, and green, with a legend identifying each color to its cluster.]

FIGURE 4
 Independent components composing the three IC clusters of interest. (A) Overlaid scalp plots of each cluster of interest (IC cluster 1, IC cluster 8, and IC cluster 6). Scalp plot polarities presented here are arbitrary. The shaded time interval where statistical testing was performed. (B) Average IC cluster locations and projection lines on a three-slice MRI template (red sphere represents the averaged dipole location for cluster 2, blue sphere represents the averaged dipole location for cluster 6 and green represents the averaged dipole location for cluster 8).


Cluster 2 presents as a tightly grouped cluster of 33 ICs in occipito-temporal portions of the brain present in 13 subjects. However, we must interpret averaged cluster localizations findings with caution given that dipole localization in EEG, while informative, lacks the spatial resolution to definitively determine the precise neural generators of the observed activity.

Figure 5A illustrates the averaged IC activity across experimental conditions as well as the location of individual ICs composing clusters (Figure 4B). Due to the peak latency and estimated average location of the cluster, we have associated it to the N170 face-sensitive component. The average IC dipole location of this cluster was estimated to be located medially in the posterior cingulate cortex behind the splenium of the corpus callosum (Talairach coordinates x, y, and z: 9, −48, 23; Brodmann Area 23). The mean IC dipole accounted for 86.72% of the total explained variance (13.28% RV ± 8.8; x̄± SD). Across the different experimental conditions, cluster 2 showed peaks in mean activity occurring between 150 ms and 230 ms with an average peak at 189 ms. The ANOVA performed over the 180 ms to 200 ms time interval reflected no effects of body position on cluster 2 [F(1, 13) = 0.033; p > 0.05]. No effects of emotional condition were present in the data [F(3, 39) = 0.776; p > 0.05] nor was there an observable interaction effect [F(3, 39) = 0.235; p > 0.05].

[image: Panel A shows four line graphs labeled Cluster 2: N170 for emotions disgusted, afraid, neutral, and happy, with microvolts on the vertical axis and milliseconds on the horizontal axis. Panel B presents four line graphs labeled Cluster 8: VPP for the same emotions. Each graph compares two conditions, standing (orange line) and reclining (black line), with shaded vertical bars indicating analysis windows.]

FIGURE 5
 Average IC cluster activations for the N170 and VPP components. (A) IC activity accounting for the N170 between −200 ms and 600 ms. (B) IC activity accounting for the VPP between −200 ms and 600 ms. Red lines represent the standing condition and black lines represent the reclining condition. Shaded areas represent the time intervals where statistical testing was performed.


Cluster 8 was composed of 16 components present in nine subjects. The scalp distributions presented over the occipito-parietal regions of the scalp with a first small deflection occurring at roughly 100 ms and a main, larger peak at a latency of about 200 ms (Figure 5B). This cluster modeled the VPP which, given their co-occurrence and shared generators, has been theorized to represent the same brain mechanism as the N170 component (Joyce and Rossion, 2005). The averaged dipole explained 81.17% of the residual variance (19.83% ± 5.94; x̄ ± SD) and was located to the left angular gyrus (Brodmann Area 39, Talairach coordinates: −26, −62, 17). Statistical comparisons were performed in the time interval between 90 ms and 110 ms as well as between 190 ms and 210 ms. Within the first time interval, no significant effect of posture on evoked source activity of cluster 8 [F(1, 13) = 2.603, p > 0.1] was found in the latency period surrounding the peak. Additionally, no emotional effect [F(3, 39) = 0.198, p > 0.5] nor was there any effect of interactions between posture and emotional categories [F(3, 39) = 0.99, p > 0.1]. A similar pattern of results are in the interval ranging from 190 ms to 210 ms with no effects of posture [F(1, 14) = 0.007, p > 0.5] or emotional category [F(3, 39) = 1.426, p > 0.1] nor were there any interaction effects present [F(3, 39) = 1.677, p > 0.05] in the data.

Cluster 6 was comprised of 18 ICs from 10 of the subjects which were active within similar latencies as the lambda potential (Figure 6). The scalp distribution of the component shows a clear occipital distribution. The averaged IC dipole was fit to the left thalamus (Talairach coordinates −10, −6, 9) and the mean dipole accounted for 84.6% of the explained variance (16.4% ± 9.63). Cluster 6 activations showed significant effects of body posture on IC activity [F(1, 13) = 6.424; p < 0.05]. The averaged IC activity was larger when subjects reclined (−0.15 ± 0.621 μV) relative to when they stood (−0.085 ± 0.415 μV). There was no effect of emotion on the mean IC cluster activity [F(3, 39) = 0.475; p > 0.05] nor was an interaction effect found in this interval [F(3, 39) = 0.694; p > 0.05].

[image: Panel A contains four line graphs showing EEG signals for each emotion (Disgusted, Afraid, Neutral, Happy) with separate lines for standing (red) and reclining (black) positions over time. Panel B presents a bar graph comparing mean EEG amplitude from 110 to 130 milliseconds for each emotion, with red bars for standing and gray bars for reclining, showing larger negative amplitudes for reclining across all emotions.]

FIGURE 6
 Mean IC cluster activation for cluster 6. (A) IC activity between −200 ms to 600 ms for each emotional condition. Red lines represent the standing condition and black lines represent the reclining condition. (B) Bar graphs represent the averaged IC activity over the shaded area between 110 and 130 ms.





Discussion

The present study analysed EMRPs recorded wirelessly during viewing face photographs in an upright stance and a reclining posture. Results show that upright body postures reduced the lambda component, but no effect of body posture was found in the N170 component amplitude. None of the EMRP components differentiated emotional expressions of faces.

The lambda response has been identified primarily as a visual response during natural viewing (Thickbroom et al., 1991) and is regarded as the analogue of the P100 component elicited in laboratory-based environments (Kazai and Yagi, 2003). The lambda potential is similarly elicited by the afferent inflow beginning at onset of the visual stimulus (Yagi, 1981) and is thought to represent rapid indexing of visual stimuli and, like the P100 component, is also modulated by low-level visual features (Pourtois et al., 2005) and saccade size (Dimigen et al., 2011). Previous research has shown that leaning forward in a sitting position enhances the P100 component in response to sexually erotic images (Price et al., 2012), and shortens reaction times and increases left frontal cortical activity in response to appetitive food cues when compared to recumbent sitting positions (Harmon-Jones et al., 2011).

Our finding of a reduced lambda component during standing compared to reclining can be interpreted in the light of previous study demonstrating an increased visual cortex activation during standing compared to sitting (Ouchi et al., 1999). Such increased activation associated with standing might reduce the capacity of the visual system to process certain features of the environment which are not related to locomotion or maintaining an upright stance. It is therefore possible that reclining posture favored focused attention during free viewing of faces. It has been suggested that the P100 component also reflects discrete attentional mechanisms in which the enhancement of the P100 component would be invoked by the suppression of unattended stimuli (Clark and Hillyard, 1996). The focusing of visual attention has consistently yielded enhanced P1 amplitudes in laboratory-based testing in the past (Di Russo and Spinelli, 1999; Hillyard and Anllo-Vento, 1998). The P100 enhancement effect has been explained by the recruitment of additional extrastriate neurons when attention is focused on the image (Luck et al., 2000). In general, it is well established that visual evoked potentials are larger during focused attention (Van Voorhis and Hillyard, 1977) and previous ERP research has shown color, shapes and motion can modulate visual ERPs starting at about 100 ms (Anllo-Vento et al., 1998; Torriente et al., 1999). It is therefore likely that an increased lambda component in reclining posture is related to an increased capacity of the visual cortex to engage in a visual task which may be reduced during standing due to the increased posture-related activation of the visual cortex.

Another factor potentially contributing to an increased lambda component in reclining posture compared to standing may refer to the amount of low-frequency theta and alpha oscillations in different postures. Upright stance has been associated with increased high-frequency gamma oscillations but reduced frequency delta, theta and alpha oscillations (Chang et al., 2011; Thibault et al., 2014). The reduction of theta-and alpha-band oscillations during upright stance is relevant for interpretation of decreased lambda EMRP component during standing because the phase-locked evoked potentials can be viewed as a phase reset of underlying spontaneous oscillations (Brandt, 1997; Hanslmayr et al., 2007; Mazaheri and Picton, 2005). This aligns with previous studies showing supine postures reduce frontal alpha activity during rest (Price et al., 2012) and viewing of emotional images (Harmon-Jones and Peterson, 2009) Previous research into the energy distribution in the frequency domain has shown that the P100 component corresponds to increases in power in a wide range of frequency bands, primarily within the theta-and alpha-bands (Quiroga et al., 2001). This might not be the case for later cortical components, however. Recent ERP research has shown a supine body posture would reduce the amplitude of the error-related negativity (ERN) component due to a lowering in approach motivation (Sun and Harmon-Jones, 2021).

Our finding of a decreased lambda component during standing compared to reclining can, in an unknown manner, also be related to mechanical factors such as displacement of the brain inside the skull and changes in thickness of the cerebral spinal fluid surrounding the brain (Thibault and Raz, 2016). Changing from a prone to supine position has shown to generate decreases in cerebrospinal fluid thickness of approximately 30% which can in turn strongly influence occipital EEG signals (Rice et al., 2013). Further studies must address the potential effects of different propagation of electrical currents from the brain in different body postures. However, the lack of posture effects on the face-sensitive EMRP in the present study suggests that the mechanical and current propagation factors played a small role since all EMRP components would likely be affected.

To conclude, we utilized wireless EEG recordings to demonstrate that posture selectively reduces the amplitude of EMRPs. Specifically, upright stances reduced the amplitude of early lambda but not face-sensitive N170-like EMRPs, compared to reclining postures. As outlined, these findings are consistent with previous data showing increased visual cortex activation and increased attentional allocation during standing compared to sitting. The finding of a reduced lambda component in upright stance is important for the evaluation of subsequent MoBI studies involving visual processing in freely moving or standing individuals in natural settings, as early visual evoked components may be attenuated compared to laboratory-based recordings.

Finally, since participants were free to move naturally, their head movements were neither restricted nor controlled. This introduces the possibility that subtle differences in head position and movement across experimental conditions may have influenced the EEG signals. Such challenges are common in mobile EEG research and warrant further attention. Currently, only one project, ICMOBI (2024), is developing analysis tools to automatically distinguish brain and non-brain components in mobile EEG data.2 Future studies employing mobile EEG and eye-tracking will benefit from standardized preprocessing pipelines and automated artifact detection methods. While active electrodes significantly reduce the impact of electromagnetic interference (EMI), further advances in electrode shielding and robustness will also be necessary. Moreover, it is important to acknowledge the limitations of using EEG for dipole localization. Future research should adopt multimodal imaging approaches, such as mobile fNIRS-EEG studies, to more accurately resolve the neural sources of these components in the real world.
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Various motion cues can lead to the perception of animacy, including (1) simple motion characteristics such as starting to move from rest, (2) motion patterns of interactions like chasing, or (3) the motion of point-lights representing the joints of a moving biological agent. Due to the relevance of dogs in comparative research and considering the large variability within the species, studying animacy perception in dogs can provide unique information about how selection for specific traits and individual-level (social) differences may shape social perception. Despite these advantages, only a few studies have investigated the phenomenon in dogs. In this mini-review, we discuss the current findings about how specific motion dynamics associated with animacy drive dogs' visual attention.

Keywords
dog, animacy perception, biological motion, agency, animal-robot interaction, chasing


1 Introduction

Attention to animate agents can facilitate to learn about the differences between animate and inanimate objects from birth, and later on it can also help to quickly detect predators, preys or social partners, and predict their future behavior (Scholl and Tremoulet, 2000; Lorenzi and Vallortigara, 2021; Schultz and Frith, 2022). Cues directing attention to such agents can be fairly simple, for example, two blobs on top and one in the bottom in the arrangement of eyes and mouth (face perception, for a recent review, see Kobylkov and Vallortigara, 2024) or the ability to initiate motion without external force (e.g., Premack, 1990; Mascalzoni et al., 2010; Di Giorgio et al., 2017). Some cues are more complex, either involving multiple objects representing a social interaction (e.g., chasing perception, Dittrich and Lea, 1994; Gao and Scholl, 2011; Frankenhuis et al., 2013; Meyerhoff et al., 2014; Atsumi and Nagasaka, 2015; Abdai et al., 2022a) or depicting the motion of a biological agent by point-lights representing the major joints of the body (biological motion, Johansson, 1973) (Figure 1). The phenomenon has been found in various species, including invertebrate species [e.g., human (Di Giorgio et al., 2021); dog (Canis familiaris) (Abdai et al., 2017b), chick (Gallus gallus) (Mascalzoni et al., 2010), common toad (Bufo bufo) (Ewert and Burghagen, 1979), zebrafish (Danio rerio) (Nunes et al., 2020), jumping spiders (Menemerus semilimbatus) (De Agrò et al., 2021)]. However, there are still a number of open questions about the evolutionary background, whether and how social and ecological environment influences animacy perception, and regarding potential changes in the perception (or behavioral response) during development.


[image: Panel A displays two motion conditions with circles moving between gray barriers: self-propelled motion (top row) and ambiguous motion (bottom row). Panel B shows chasing motion and independent motion with white dots and arrows indicating paths. Panel C illustrates upright lateral and inverted lateral motion using scattered white dots on black backgrounds.]
FIGURE 1
 Examples of displays applied to investigate the perception of animate motion. (A) Schematic representation of the continuous motion of the dot. On the top, the onset of the dot's motion is visible and it moves out of view, disappearing behind the gray screen (self-propelled, animate), whereas on the right side the onset is ambiguous as the dot appears from behind the gray screen, and it stops when reaching the gray screen on the other side (ambiguous/inanimate motion). (B) On the left side, one dot is chasing the other, while on the right side they move independently from each other; gray arrows indicate the motion direction. (C) Point-light display of a laterally moving human figure, in an upright position on the left, and inverted position on the right side (figure based on Eatherington et al., 2019).


Investigating animacy perception in dogs is advantageous because there is large variability within the species (e.g., selection for specific behavior traits), broad interindividual differences (e.g., sociability, training for specific tasks), and differences in social/ecological environment (e.g., pet dogs vs. free-ranging dogs) allowing the investigation of the influence of wide range of factors. Dogs are considered as an important model species to understand human social behavior (Miklósi and Topál, 2013). The possibility to compare their behavior to that of wolves with which they share a recent common ancestor but has evolved in a different environment in the past ca. 16–32,000 years (e.g., Kubinyi et al., 2007), or with other pet species (e.g., cats or miniature pigs; e.g., Marino and Colvin, 2015; Pongrácz and Lugosi, 2024) whose evolutionary and ecological histories, as well as the domestication processes differ, further highlights the relevance of dogs in comparative research. From a methodological point of view, it is also important that a wide variety of approaches can be easily applied for the investigation, which can provide us with a more complex overview of the phenomenon.

Although there is a significant interest in animacy perception in humans (Torabian and Grossman, 2023), research in dogs is scarce despite the advantages mentioned above. In the following, we will review the current findings of animacy perception in dogs. As research about static cues of animacy, such as face detection, role of fur and having filled rather than hollow insides (for a review, see Lorenzi and Vallortigara, 2021) is limited in dogs, we focus on dynamic cues, including (1) simple dynamic stimuli, (2) chasing pattern, and (3) biological motion.

Although animacy and agency are strongly related concepts, researchers have hypothesized that they are processed differently and thus should be treated distinctly (e.g., Spelke, 2000; Leslie, 2010). Animacy refers to the presence of some “life-like” features of the object, such as self-propulsion, whereas agency includes the agent having (some level of) control over its action, for example, moving in a goal-directed manner. Thus, in the case of displays of simple motion cues we refer to the acting object as “object,” whereas in the case of chasing and biological motion perception as “object/agent” as it is unclear which aspect of the motion might influence dogs' perception.



2 Main methodological approaches

In dogs, the phenomenon has been investigated by either using the video displays of specific stimuli, or by the live demonstration of motion patterns performed by artificial agents unfamiliar to dogs (Unidentified Moving Object, UMO). Applying video displays not only allows assessing the spontaneous visual interest/preference of subjects with highly controlled and reproducible stimuli, but by measuring pupil size changes further information can be obtained (Völter and Huber, 2022). Pupillometry in humans has been suggested to be a reliable measurement of arousal, attention and cognitive load (for a review, see Mathôt, 2018). Studies show that dogs' pupil size also increases when presented with angry emotional expressions (arousal; Somppi et al., 2017; Karl et al., 2020), and in the case of expectancy violation (Völter et al., 2023), providing a promising basis for animacy perception research.

The above methods give an insight about how specific motion characteristics can drive the attention and trigger the perception of animacy, but they do not provide information about whether and how it influences the subsequent behavior of dogs in relation to the observed object/agent (cf. Don't-Get-Caught task or wolfpack-effect in humans, Gao et al., 2009, 2010). Using robots to present the stimuli facilitates maintaining high control, replicability and reproducibility, and subjects can engage in physical interaction with the performing objects. Applying UMOs, that is, artificial agents capable of self-propelled motion and having an embodiment not resembling any animal species, allows to separate the influence of physical characteristics and motion on subjects' behavior. Flexible changes in the embodiment and motion features of the robot further contributes to the presentation of a wide range of stimuli (Abdai et al., 2018).



3 Perceiving animacy based on motion


3.1 Simple dynamic stimuli

One of the simplest motion cues that triggers animacy perception is self-propelledness, that is, the ability of an object to carry out (changes in) motion without visible external force (e.g., Premack, 1990; Leslie, 2010; Vallortigara, 2012; Schultz and Frith, 2022). These simple stimuli can include different motion characteristics, such as, initiating motion from rest (e.g., Mascalzoni et al., 2010; Di Giorgio et al., 2017), changes in speed (e.g., Rosa-Salva et al., 2016; Di Giorgio et al., 2021), change in the direction of motion (e.g., Tremoulet and Feldman, 2000), aligning the main axis of the bilateral body toward the direction of motion (e.g., Ewert and Burghagen, 1979; Hernik et al., 2014; Rosa-Salva et al., 2018; but see Rosa-Salva et al., 2023), or moving against gravity (Szego and Rutherford, 2008; Bliss et al., 2023).

In Völter and Huber (2022), dogs observed videos of events showing (1) objects being dropped by a human (inanimate) vs. the same event in reverse order, that is, the object initiating its own motion (animate); and (2) variability in the speed of an object (animate) vs. moving with constant speed (inanimate). Although regarding the looking time toward the events, they only found a difference between the animate and inanimate conditions in one instance, in all of the cases dogs' pupil size changed significantly during the presentation of the animate, but not the inanimate motion. Völter and Huber (2022) suggested that changes in pupil dilation in their study reflected an orienting response, balancing between visual sensitivity (dilated pupil) and acuity (constricted pupil) (see also Mathôt, 2018). In another study by Völter and Huber (2021) focusing on contact causality (Michotte, 1963), they further found that dogs' pupil size changed more and was overall larger when there was no contact between the two objects, that is, the second (“launched”) object started to move without a visible external cause. However, dogs looked longer at the “launched” object in the contact, and the “launching” object in the no-contact scenario (i.e., not at the object showing self-propulsion). These findings indicate that although overall looking time may not indicate preference, pupillometry may reveal sensitivity to animate motion cues in dogs.

Applying artificial agents (UMOs) (Abdai et al., 2022b), dogs were presented with the animate motion of a UMO including start-from-rest, visible acceleration and deceleration, and sharp change in direction; and with inanimate (ambiguous) motion, having the same dynamics of motion, but the key elements (e.g., moment of speed change) being occluded from the dogs. Subjects showed more interest toward the UMO that displayed animate motion, regarding both their looking behavior and physical contact with the UMO. Thus, it seems that simple visual cues lead dogs' attention to an object having animate motion characteristics, and facilitating dogs to enter into an interaction with these objects/agents.



3.2 Chasing perception

Simple motion dynamics provide a foundation for detecting animacy, but using more complex patterns may offer additional insights into the perception of animate entities. Chasing is an ecologically relevant pattern for many species, either in the context of predation (for both the predator and prey) or in social interaction (e.g., play). Several characteristics of the motion pattern can elicit the perception of the objects as animate, and parameters of the pattern are easy to manipulate, allowing to investigate the influence of different characteristics on the perception (e.g., Nahin, 2007; Scholl and Gao, 2013).

In a series of studies, Abdai and colleagues investigated chasing perception in dogs, by assessing dogs' looking duration toward geometric shapes displaying chasing pattern (dependent motion) vs. moving independently from each other, presented simultaneously on two sides of a screen. Both when using dots (Abdai et al., 2017b) and isosceles triangles (aligning their main axis with their motion direction) (Abdai et al., 2021) as moving shapes, dogs turned their visual attention to the independently moving figures shortly after the presentation started. Similar results were found in adult humans (Rochat et al., 1997; Abdai et al., 2017b, 2021) and 5-month-old human infants (Rochat et al., 1997). Such looking preference was suggested to be the result of the rapid perception of the chasing motion, which quickly led observers' attention to the independent motion, that is, the “unrecognized” pattern (for similar explanations in animacy perception, see Rochat et al., 1997; Kovács et al., 2016).

One interesting aspect of studying dogs' behavior lies in the large variability within the species. Selection for specific traits resulted in marked differences between breeds, including social behavior (e.g., Gácsi et al., 2009) and vision (e.g., distribution of ganglion cells in the retina and the visual field including; Peichl, 1992; McGreevy et al., 2004). When comparing chasing perception in hunting dogs (selected for chasing vs. retrieving), no overall difference was found between the two groups of dogs regarding their looking preference (Abdai and Miklósi, 2022). Thus, the basic mechanisms of animacy perception seem to be independent of the changes introduced by artificial selection in dogs.

Dogs were also presented with the live demonstration of chasing and independent motion patterns using UMOs (Abdai et al., 2017a). Following the observation of the UMOs' motion, subjects approached sooner the UMO that participated in the chasing interaction, also touching and grabbing sooner a ball attached to these UMOs after the demonstration. Thus, it seems that dogs were more likely to consider the UMOs from the chasing as potential interactive partners.

Although the above results indicate that dogs discriminate between a chasing and an independent motion pattern, it is unclear whether they indeed recognize the motion as chasing or reacted to another aspect of the motion (e.g., predictability, Lemaire et al., 2022). Although our findings showed that selection for specific behavior traits did not influence dogs' perception of the chasing motion (Abdai and Miklósi, 2022), between species comparisons may reveal how evolutionary background of the species or their socio-ecological environment influences their perception of the chasing motion. For example, predator and prey species may react differently or their perception is influenced by different motion characteristics. Also, within predator species, solitary vs. group hunting may influence perception of the moving object. For example, when using the video display of the chasing vs. independent stimuli, we previously found that although cats (Felis catus) also discriminate between the two patterns, they react differently than dogs (Abdai et al., 2022a). However, more information would be needed to reveal whether different behavior in cats was driven by differences in the perception of the pattern or other aspect of the stimuli or the method influenced their visual preference.



3.3 Biological motion

Applying chasing pattern facilitates the investigation of perceiving the interaction of multiple objects (dependency in the motion dynamics of two or more objects), but in animacy research it is also important whether stylized depiction of an animal's body can lead to its perception as biological motion and what information can be obtained from it. Despite the interest in the perception of biological motion in humans (for a recent review, see Troje and Chang, 2023), to date only five studies have investigated the phenomenon in dogs. In these studies, researchers presented the point-light displays (Johansson, 1973) of human or dog figures, that is, their regular social partners.

Eatherington et al. (2019) found that dogs preferentially looked at the motion of an upright dog figure compared to its inverted display, regardless of whether the point-lights representing the joints moved coherently or were scrambled. However, dogs did not react when the figure was a laterally moving human. The results of Delanoeije et al. (2020) were similar when presenting lateral motion of the human point-light figure, but applying a frontal moving human vs. an inverted-and-scrambled or just scrambled version of it, dogs preferred to look at the upright, coherent human motion. Thus, it seems that not only moving in accordance with gravity, but the global form of the figure is also important. Dogs reacting to the frontally but not to the laterally moving human figure indicates that spatial arrangement of the motion may be important for the perception. However, it cannot be excluded that their looking preference is not influenced by the (lack of) perception of the human figure but rather lateral motion is irrelevant from the viewpoint of interaction, resulting in lower visual interest (see also Ishikawa et al., 2018; Delanoeije et al., 2020).

Indeed, the results of Ishikawa et al. (2018) show that social relevance of the moving figure might influence dogs' perception of biological motion, or at least the behavioral response to the display. Frontal motion of a socially relevant agent (dog or human in this case) can be perceived as an initiation of interaction which can be positive for a highly sociable dog whereas taken negatively by a less sociable one. On the other hand, lateral motion can be of less interest if one seeks for social encounters, but may provide safer observation for an individual that prefers to avoid social interactions (Ishikawa et al., 2018). Their results were in line with this assumption, that is, dogs that scored higher on sociability toward humans looked less at the laterally moving human figure than those scoring lower. Dogs rated as highly social with other dogs also preferred to look at the frontal compared to lateral upright display of a dog, whereas those scoring low on sociability toward dogs showed the opposite looking preference (Ishikawa et al., 2018).

Ishikawa et al. (2018) relied on the general sociability of the dogs to see how it influences their perception of, and reaction to biological motion. Kovács et al. (2016) applied a different approach, in which they intranasally administered oxytocin to dogs (or placebo) that has been shown to increase social behavior toward other dogs and humans (e.g., Romero et al., 2014; Oliva et al., 2015). Oxytocin was found to increase sensitivity to biological motion in adult humans (Kéri and Benedek, 2009), but the results of Kovács et al. (2016) showed that although after receiving placebo, dogs looked longer at the biological than at the non-biological (inverted-and-scrambled) motion, this preference disappeared when they received oxytocin. Authors proposed that increased oxytocin might indeed facilitate the recognition of the biological motion in their subjects, but instead of focusing on this display, they rather directed their visual attention to the “unrecognized” stimulus (for similar explanation in chasing perception, see Abdai et al., 2017b).

Humans can obtain many information from point-light displays of a human figure, such as the gender of the figure (Mather and Murdoch, 1994), the action it performs (Manera et al., 2010), or the emotional state (Parkinson et al., 2017). Although dogs can find a hidden reward based on the pointing gesture of a human displayed on a screen (Péter et al., 2013; Eatherington et al., 2021), they did not follow the pointing when it was performed by a silhouette or a point-light display of a human (Eatherington et al., 2021).

Eatherington et al. (2021) suggested that dogs may react to the biological motion itself and do not recognize the displays as representing a human (or a dog), and based on the current findings, biological motion perception is not analogous in dogs and humans. However, aspects of the stimuli presentation beside animate motion might influence dogs' looking behavior (see below).




4 Conclusion and future directions

Although investigating animacy perception relying on looking preferences is a common approach in dogs (and humans), several factors other than animacy perception per se may influence dogs' looking behavior, either leading to the lack of, or opposite as (generally) expected preference (Kovács et al., 2016; Abdai et al., 2017b; Ishikawa et al., 2018). Dogs may be less motivated to watch two-dimensional displays on a screen as it is an artificial context for them, and it is also difficult to take into account all aspects specific to dogs' vision (e.g., differences in the visual field). As the results of Abdai and Miklósi (2022) suggests, differences in looking preference of dogs and humans may be influenced not by animacy perception, but rather by basic differences in the visual characteristics of the two species (e.g., dogs having slower and bigger saccades, and longer fixations than humans; see also Park et al., 2020). Also, the specific stimuli may be irrelevant for dogs (e.g., Ishikawa et al., 2018), or interest is influenced by another feature of the display (e.g., unfamiliarity) (Kovács et al., 2016; Abdai et al., 2017b). These can result in drawing false conclusions about the perceptual abilities of dogs. Relying on measurements other than looking preference, such as, changes in pupil dilation (e.g., Völter and Huber, 2021, 2022) can provide important insight about perception in dogs. Further, showing actions that are relevant for dogs or potentially leading to an interaction may also facilitate research on the topic (Abdai et al., 2017a, 2022b; Eatherington et al., 2021).

Research indicates that (1) simple motion cues associated with animacy influences dogs' perception of these objects/agents, (2) they rely on similar kinematic characteristics as other species, and (3) perception of an object as animate may provide a basis for dogs to establish further interaction with the agent. Still, we know little about, for example, (1) which cues may elicit such rich, spontaneous social perception, (2) how different animate cues may influence dogs' behavior toward an object/agent, (3) whether sensitivity to specific cues changes during development, (4) whether perceiving an object as animate leads to further expectations about its behavior (e.g., goal-directed motion; Biro and Leslie, 2007), and (5) about the neural mechanisms. Recent brain imaging studies in dogs investigated face- and/or body-sensitive (Bunford et al., 2020; Boch et al., 2023) brain areas, and neural representation of animate stimuli (human, dog, and/or cat pictures) vs. inanimate stimuli (Boch et al., 2023; Farkas et al., 2024); however, there is no information about the neural mechanisms underlying animacy perception (e.g., chasing or biological motion perception) in dogs. Applying neuroimaging and electrophysiological measures could provide meaningful contribution to comparative research on perceptual animacy.

Current data suggest that cats show preference to a UMO previously moving in an animate manner (Abdai et al., 2022b), they discriminate between chasing and independently moving motion patterns (although react differently than dogs in the same context) (Abdai et al., 2022a), and they prefer biological over non-biological motion (Blake, 1993). However, it is unclear which motion characteristics influence their perception, and whether and how different evolutionary and ecological background of cats and dogs might contribute to differences in their visual preference (see Abdai et al., 2022a). Comparison of dogs with other species (e.g., wolves or cats), and taking the large variability within the species, dogs may become important in testing the effect of a wide range of factors on animacy perception, including for example, selection for specific behavior traits (Abdai and Miklósi, 2022), individual differences (e.g., Ishikawa et al., 2018), or anatomy (see e.g., McGreevy et al., 2004; Bognár et al., 2018). Testing dogs also provide a unique opportunity to study how training for specific behaviors (e.g., hunting or herding), or different environment (e.g., pet vs. free-ranging dogs) may influence the perception. Future research in dogs may provide further insight about the evolutionary background and potential influence of environment on the perception of animacy or its influence on behavior.
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Introduction: Seeing faces in random patterns, such as in clouds, is known as pareidolia. Two possible mechanisms can cause pareidolia: a bottom-up mechanism that automatically detects inverted triangle or top-heavy patterns, and a top-down mechanism that actively seeks out faces. Pareidolia has been reported in nonhuman animals as well. In chimpanzees, it has been suggested that the bottom-up mechanism is involved in their pareidolic perception, but the extent of the contribution of the top-down mechanism remains unclear. This study investigated the role of topdown control in face detection in chimpanzees.
Methods: After being trained on an oddity task in which they had to select a noise pattern where a face (either human or chimpanzee) or a letter (Kanji characters) was superimposed among three patterns, they were tested with noise patterns that did not contain any target stimuli.
Results: When the average images of the patterns selected by the chimpanzees in these test trials were analyzed and compared with those that were not selected (i.e., difference images), a clear non-random structure was found in the difference images. In contrast, such structures were not evident in the difference images obtained by assuming that one of the three patterns was randomly selected.
Discussion: These results suggest that chimpanzees may have been attempting to find “faces” or “letters”in random patterns possibly through some form of top-down processing.
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Introduction

Humans often find meaningful patterns in various objects and textures, a phenomenon known as pareidolia (Gardner, 1985; see also Flessert, 2022; Zhou and Meng, 2020 for review). There are different types of pareidolic perception, with face pareidolia being particularly well-studied from psychological, neuropsychological, and neuroscientific perspectives (e.g., Liu et al., 2014; Rolf et al., 2020; Takahashi and Watanabe, 2015; Wardle et al., 2020; Yokoi et al., 2014). Research suggests that two main mechanisms are involved in face pareidolia: bottom-up and top-down. The bottom-up mechanism automatically processes a distinctive facial structure, typically an inverted triangular pattern with two horizontally aligned shapes at the top and one shape below, known as a “top-heavy” pattern (e.g., Kato and Mugitani, 2015; Morton and Johnson, 1991; Takahashi and Watanabe, 2015). In contrast, the top-down mechanism, often triggered by verbal instructions, actively searches for facial features even when the top-heavy pattern is not clearly present (Hansen et al., 2010; Liu et al., 2014; Pavlova et al., 2020; Rieth et al., 2011; Romagnano et al., 2024; Zhou and Meng, 2020).

Takahashi and Watanabe (2015) examined the relationship between these two mechanisms. They conducted an experiment in which participants judged whether briefly presented figures were faces, inverted triangles, or noise patterns. There were two conditions: one for detecting faces and the other for detecting inverted triangles, with a top-heavy pattern appearing in both. In each condition, participants’ expectancies were controlled in a bottom-up manner by presenting either face or inverted triangle figures. Simultaneously, verbal instructions to “look for faces (or triangles)” were given to encourage top-down control. As a result, despite detecting the same top-heavy pattern, the detection rate was higher in the face condition compared to the triangle condition. These results clearly indicate that top-down processing plays a significant role in face pareidolia.

Several studies have visualized what participants perceived during face pareidolia under top-down control using the classification image or reverse correlation method (Gosselin and Schyns, 2003; Hansen et al., 2010; Liu et al., 2014; Rieth et al., 2011; see Murray, 2011 for review). For example, Hansen et al. (2010) conducted an experiment where participants rated whether fractal noise patterns contained faces. Comparing the classification images, derived from the difference between patterns rated as containing a face and those rated as not, to an average face embedded in noise, Fourier analysis revealed similar amplitude spectra. In a subsequent experiment, EEGs were recorded during the behavioral task. When strong negative amplitudes around 170 ms (N170) were observed, classification images with face-like structures appeared in the theta to gamma frequency bands. Similar findings were reported by Rieth et al. (2011) and Liu et al. (2014) using two-dimensional Gaussian noise patterns.

There have been a few studies on face pareidolia in non-human primates (Flessert et al., 2023; Kuwahata et al., 2003, 2004; Myowa-Yamakoshi and Tomonaga, 2001; Taubert et al., 2017, 2022; Tomonaga, 2007). Notably, the perception of top-heavy patterns has been observed in infant chimpanzees, gibbons, and macaques (Kuwahata et al., 2003, 2004; Myowa-Yamakoshi and Tomonaga, 2001). Free-viewing tasks using photographs of objects that resemble faces (face-like objects) have demonstrated face pareidolia, with brain regions responsive to actual face stimuli also reacting to face-like stimuli (Taubert et al., 2017). However, in discrimination tasks, face discrimination using real face stimuli does not generalize to face-like stimuli in capuchin monkeys and rhesus macaques (Flessert et al., 2023).

Chimpanzees have shown efficient search for upright faces compared to inverted faces in visual search tasks (Tomonaga, 1999, 2007). This upright face superiority was also evident when extremely schematic faces were used (Tomonaga, 2007). Furthermore, Tomonaga and Kawakami (2022) tested the chimpanzees on face pareidolia using visual search tasks with photographs of face-like objects. The chimpanzees successfully detected face-like objects among various non-face objects, and their performance declined when the stimuli were horizontally misaligned, disrupting the facial configuration (cf. Taubert et al., 2012; Young et al., 1987). This decline was not observed when photographs of fruits were used as target stimuli. These findings suggest that chimpanzees may process stimuli containing face-like structures, such as top-heavy configurations, as “faces” in a bottom-up manner.

However, in matching-to-sample tasks, the chimpanzees failed to select face-like stimuli when the sample was a real face, and vice versa (Tomonaga and Kawakami, 2022). Matching-to-sample tasks require the subject to select either an identical stimulus or one from the same category as the sample, implying that this behavior involves some degree of top-down control, as the sample explicitly indicates the category to be chosen. The failure of the chimpanzees to match real faces with face-like stimuli in these tasks suggests that top-down processing may not play a significant role in their experience of face pareidolia.

In the present study, we further investigated pareidolia in chimpanzees. Previous humans studies explicitly instructed participants to “find the face,” facilitating top-down processing of face-like objects (Hansen et al., 2010; Liu et al., 2014; Rieth et al., 2011; Takahashi and Watanabe, 2015). While effective for humans, this method is inapplicable to human infants or non-human animals who do not understand such verbal instructions. Therefore, this study aimed to “simulate” top-down control by increasing attentional focus or “expectancy” toward a specific stimulus category through repeated exposure, based on the effects of repetition or sequential priming. In humans, repeated presentation of the same stimulus or category has been shown to enhance task performance (Cameron et al., 2012; Found and Müller, 1996; Hayashi and Kumada, 1999; Logan, 1990; McCarley and He, 2001; Scarborough et al., 1977; Treisman, 1988). Similarly, sequential priming effects in visual search tasks have been reported in non-human animals, including chimpanzees (Tomonaga, 1993), pigeons (Blough, 1989, 1991; Blough and Lacourse, 1994; Bond and Riley, 1991), and blue jays (Bond and Kamil, 1999; Pietrewicz and Kamil, 1979). Such facilitative effects induced by sequential priming may be closely related to the “search image” proposed by von Uexküll (Bond and Riley, 1991; Pietrewicz and Kamil, 1979; von Uexküll, 1934; Tønnessen, 2018). In other words, we employed a kind of top-down control through the formation of search images in the present study.

We employed an oddity discrimination task, where chimpanzees selected the target noise pattern containing an embedded face or letter from among three noise patterns. Human studies often use a yes-no task, asking participants to report whether a face or letter is embedded within a single pattern (e.g., Hansen et al., 2010; Liu et al., 2014; Rieth et al., 2011). However, we chose the oddity discrimination task (e.g., Komaki, 1991; Nissen and McCulloch, 1937; Tomonaga and Imura, 2010), a kind of forced-choice tasks, as it is more suitable for the chimpanzees in the present study, who were well-trained in this task (cf. Tomonaga, 2001, 2010).

The three stimulus categories, human faces, chimpanzee faces, and letters, were used. Rather than presenting these categories randomly within a session, the same category was consistently repeated throughout the preliminary training and the subsequent 25 test sessions. This repetition aimed to establish an “attentional control setting” or learned expectancy akin to top-down control.

The test sessions included baseline trials, where a target stimulus was presented, and test trials, where all stimuli consisted of noise patterns without any target stimuli. If the chimpanzees anticipated a specific stimulus category due to sequential priming, they would likely search for that category even in the test trials. To visualize what the chimpanzees were searching for in the noise patterns, we created classification images by comparing the average images of the selected patterns with those not selected. While standard classification image experiments require a large number of trials, we analyzed data from 300 test trials per category, comparable to the study by Liu et al. (2014), in which 480 patterns were used. If the chimpanzees were indeed searching for the target stimulus within the noise patterns, non-random structures should appear in the difference images. Conversely, if they were guessing, no such structures would appear.



Methods


Participants

In the present experiment, five chimpanzees (Pan troglodytes) participated: Ai (female, 35 years old at the beginning of the present experiment, Great Ape Information Network (GAIN)1 ID#0434), Ayumu (male,11 years old, #0608), Chloe (female, 30 years old, #0441), Cleo (female, 11 years old, #0609), and Pendesa (female, 34 years old, #0095). They had participated in various computer-controlled perceptual and cognitive experiments, such as visual search, oddity discrimination tasks, and face pareidolia (Dahl et al., 2013; Matsuzawa et al., 2006; Tomonaga, 2001, 2010; Tomonaga and Imura, 2010, 2015, 2023b; Tomonaga and Kawakami, 2022; Tomonaga et al., 2003). They lived in a social group of 14 individuals within an indoor area and environmentally enriched outdoor compounds (770 m2) at the Primate Research Institute, Kyoto University (Matsuzawa, 2006). In this experiment, no food or water deprivation was employed.



Ethics statement

For the care and use of the chimpanzees, we followed the 3rd edition of the institute’s Guide for the Care and Use of Laboratory Primates. Experimental designs of the present study with chimpanzees were approved by the Animal Welfare and Animal Care Committee of the institute (2011–078, 2012–041). All procedures also adhered to the Guideline of the Animal Experimentation of the Japanese Society of Animal Psychology, Guideline for the Care and Experimental Use of Captive Primates of the Primate Society of Japan, Code of Ethics and Conduct of the Japanese Psychological Association, and Japanese Act on Welfare and Management of Animals.



Experimental setting

Experimental sessions were conducted in a booth (1.8 × 2.15 × 1.75 m) located in a laboratory adjacent to the chimpanzee facility. The chimpanzees accessed the booth via an overhead pathway connecting the facility to the booth. Two 17-inch LCD monitors (I-O Data LCD-AD172F2-T, 1280 × 1,024 pixels, pixel size: 0.264 mm x 0.264 mm) with touch panels were installed on the booth wall. The viewing distance was approximately 40 cm. Food rewards (small pieces of apple) were provided through food dispensers (Biomedica BUF-310) positioned outside the booth. Computers controlled all equipment and experimental events.



Stimuli

In the present experiment, three categories of stimuli were prepared (Figure 1): chimpanzee faces, human faces, and letters. Photographs of chimpanzees living at the Kyoto University Kumamoto Sanctuary were used for the chimpanzee faces. The human faces consisted of photographs of Asian male individuals used in the previous studies (Liu et al., 2014; Rieth et al., 2011). The letter stimuli were Kanji characters. Twenty different stimuli were prepared for each category. All stimuli were converted to grayscale, resized to 200 × 220 pixels, and superimposed onto the center of 300 × 350 noise patterns (see below) using Adobe Photoshop®. Two types of stimulus sets were created by adjusting the opacity of the layers: one easily recognizable and one difficult to recognize. For each stimulus, 100 variations were created by superimposing them on different noise patterns. Each stimulus was enclosed within a black elliptical frame of 238 × 294 pixels, with a 12 × 12 pixel cross added at the center.

[image: Composite image showing sixteen grayscale visual stimuli categorized into four types: chimpanzee face, human face, kanji character, and noise pattern. Each type is presented twice for easy and difficult recognition conditions, with each image enclosed in a black oval and a central fixation cross.]

FIGURE 1
 Examples of stimuli used in the present experiment. Easy: The target stimulus in the Easy baseline trial, Difficult: The target stimulus in the Difficult baseline trial, Noise pattern: The distractors used in the baseline trials and the stimuli used in the test trials. Note that the human face stimuli shown here differ from the actual stimuli used due to portrait rights considerations.


The noise patterns used were two-dimensional Gaussian noise patterns, generated in the same manner as described by Liu et al. (2014) and Rieth et al. (2011). Approximately 30,000 noise patterns were created.



Procedure

In this experiment, an oddity discrimination task was employed (Figure 2). The chimpanzees were required to detect and touch the target stimulus from among three stimuli, where the target stimulus had a face or letter superimposed on it. The remaining two stimuli, serving as distractors, did not contain any faces or letters and differed from each other.

[image: Experimental task diagram showing a sequence: first, a black screen with a blue square labeled “Warning signal (WS)”; arrows indicate “2 touches to WS” lead to one of two screens. The top screen, labeled “Baseline trial (Chimpanzee, Easy condition),” presents three blurred grayscale images with oval outlines, one containing faint facial features. The bottom screen, labeled “Test trial (All noise stimuli),” shows three similar grayscale images with no facial features. Task display label appears below these panels.]

FIGURE 2
 Schematic diagram of the oddity discrimination tasks.


Figure 2 illustrates the flow of baseline and test trials. Each trial began with the presentation of a blue warning signal (WS, 100 × 100 pixels) at a random position on the lower part of the black monitor screen. If the chimpanzee touched the WS twice, it disappeared, and three stimuli were then presented on the screen at random positions within a predetermined 3 × 2 grid. If the chimpanzee selected the target stimulus in the baseline trial, a chime sounded, and a food reward was given. If an incorrect stimulus was selected, only a buzzer sounded. A correction procedure was employed, where, following an incorrect trial, only the target stimulus from the previous trial was presented.

In the test trials, all three stimuli were noise patterns. Each noise pattern was unique across all trials for each chimpanzee. Regardless of which stimulus was selected in the test trials, the chimpanzee received a food reward 50% of the time. This procedure was introduced to prevent inappropriate incidental learning and the formation of position biases.

The experiment was conducted sequentially, starting with chimpanzee faces, followed by human faces, and then letters. Preliminary training for each stimulus set was first conducted using only easy stimuli, followed by training with difficult stimuli. Each session consisted of 48 trials. After the completion of this preliminary training, the experiment proceeded to the test sessions. Each test session consisted of 48 trials: 36 baseline trials (24 difficult trials and 12 easy trials) and 12 test trials. These trials were presented in a random order. The positions of the stimuli and the correct positions in the baseline trials were randomized in each trial. A total of 25 test sessions were conducted for each stimulus category. Therefore, the chimpanzees underwent 300 trials for each stimulus category.



Data analysis

The response times in the baseline trials of the test sessions were logarithmically transformed and analyzed using a generalized linear mixed model (GLMM). Data from correction trials were excluded from the analysis, while data from both correct and incorrect trials were included. These analyses were performed using the lmerTest package (Kuznetsova et al., 2017) in R version 4.2.0 (R Core Team, 2022). Since the error rates were very low (4.0% averaged across chimpanzees and stimuli), no statistical analysis was conducted on the errors (Figure 3).

[image: Bar chart comparing response times in milliseconds for three types of stimuli—chimpanzee, human, and letter—across three trial types: easy, difficult, and test. For all stimuli, response times are lowest for easy trials, higher for difficult trials, and highest for test trials. Median response times for five individuals, represented by different symbols, are displayed on top of the test bars. Error bars indicate variability in response times.]

FIGURE 3
 Mean response time for each trial type in the test sessions. Error bars indicate standard error. The symbols in the test trials represent the median response time for each chimpanzee.


The results of the test trials were analyzed as follows. First, the luminance (RGB values) of each pixel of each noise pattern selected by each chimpanzee was recorded. Similarly, for the two stimuli that were not selected, the average luminance of the corresponding coordinates was recorded. As a result, data from 300 trials were collected for each stimulus category. Next, using this dataset, average images of the selected and unselected noise patterns were created for each stimulus category (see Figure 4). When creating these images, the luminance level was enhanced using the following equation:

[image: Mathematical equation showing E at coordinates i, j equals the quantity L at i, j minus M, multiplied by twenty, then added to one hundred twenty-eight.]

where E(i, j) is the enhanced luminance at the coordinate (i, j) in the image, L(i, j) is the original luminance, and M is the average luminance of the entire image. Additionally, the difference in luminance between the two images was calculated for each coordinate, and a difference image was created using the above equation, where L(i, j) represented the luminance difference between the two images.

[image: Figure presenting three rows labeled Chimpanzee, Human, and Letter with five columns showing averaged image, selected averaged, non-selected averaged, difference image (enhanced), and p-values (controlling FDR). Each row displays visual comparisons for each category, highlighting differences and statistical significance using color-coded heatmaps for p-values on the rightmost column.]

FIGURE 4
 Difference image analysis based on data from all chimpanzees for each stimulus category. The light blue frames indicate the AOIs (areas of interest). The leftmost images show the average image for each stimulus category in the Easy trials. Selected: enhanced average image of the noise patterns actually selected by the chimpanzees, Unselected: the enhanced average image of the stimuli that were not selected, Difference Image: the enhanced difference image obtained by subtracting “Unselected” from “Selected.” Heatmap: FDR-controlled p-values based on the results of the GLMM at each point.


For the statistical analysis, a 200 × 220 area centered on the noise patterns presented in each trial was designated as the area of interest (AOI). A GLMM was conducted separately for each coordinate within the AOI. The fixed factor was the stimulus type (selected versus unselected), and the random factors were the participants (N = 5) and trials (N = 300, nested within participants). Based on the p-values of the parameter estimates for the stimulus type obtained for each coordinate, a heatmap was created. The p-values were corrected by controlling the false discovery rate (FDR), which was set at 0.05.

For comparison, a random selection simulation was also performed. In this simulation, one of the three stimuli presented in each trial was randomly selected by the computer, and the same analysis as above was applied to this dataset to create difference images and heatmaps.

Due to the small number of participants (N = 5), additional GLMMs were conducted for each individual chimpanzee. In these analyses, the only random factor was the trials.




Results


Preliminary training

The mean number of preliminary training sessions, averaged across chimpanzees and stimulus categories, was 2.7 sessions (range: 1–7) for easy stimuli and 4.0 sessions (range: 1–11) for difficult stimuli, respectively. Since the chimpanzees had prior experience with visual search and oddity tasks, they performed well from the start of the preliminary training. The overall error rate during the preliminary training was 10.4% (SEM = 3.3%) for easy sessions and 15.7% (SEM = 4.5%) for difficult sessions.



Test sessions

In the test sessions, the error rate in the baseline trials was 0.3% (SEM = 0.2%) for easy trials and 4.4% (SEM = 2.1%) for difficult trials in the chimpanzee face condition. The error rate for human faces was 0.9% (SEM = 0.4%) for easy trials and 11.8% (SEM = 8.1%) for difficult trials. For Kanji characters, the error rate was 2.1% (SEM = 1.3%) for easy trials and 4.7% (SEM = 1.8%) for difficult trials.

Figure 3 shows the response times in baseline and test trials. The GLMM results revealed that parameter estimates for the stimulus type, trial type, and their interaction were all significant (Table 1). In each stimulus type, response times (RTs) were longer for difficult trials than for easy trials, and longer in test trials compared to the baseline trials. In comparing stimulus types, it was observed that in both difficult and test trials, response times were longest for human stimuli, followed by chimpanzee stimuli, with letter stimuli being the fastest.



TABLE 1 Summary of the generalized linear mixed model analysis for response times in the test sessions.
[image: Data table presenting linear estimate comparisons and ninety-five percent confidence intervals for stimulus and trial type interactions across humans, chimpanzees, and letters. Comparisons include Easy vs Difficult, Easy vs Test, and Difficult vs Test trial types for each stimulus, as well as pairwise stimulus type comparisons within each trial. A footnote explains abbreviations for difficult task, chimpanzee, and confidence interval.]



Difference image analysis

Figure 4 shows the average noise patterns selected by the chimpanzees during the test trials, the averaged unselected patterns, and the difference images for each stimulus condition. The leftmost column shows the average image for each stimulus condition. The light-blue square frame in the images indicates the AOI. The rightmost heatmap displays the p-values for the difference images controlled by FDR. Figure 5 shows the results of the random selection simulation. Figure 4 shows clearly significant regions in the difference image for each stimulus condition, while the difference images obtained from the random selection simulation (Figure 5) did not show any significant regions like those based on the chimpanzee’s actual selections.

[image: Five-column comparative figure displaying rows labeled Chimpanzee, Human, and Letter. Columns show averaged images, averaged “selected” images, averaged “non-selected” images, enhanced difference images, and p-value heatmaps with FDR control. Averaged images show faint, centered representations of chimpanzee, human, or letter, each with circled areas and marks. “Selected” and “non-selected” images appear blurred and unstructured. Enhanced difference images include blue-outlined regions. P-value columns are solid black, indicating no statistically significant differences; a color scale is present for reference.]

FIGURE 5
 Difference image analysis based on random simulations for each stimulus category.


From Figure 4, it can be observed that the brightness within the AOI of the difference images (i.e., the difference in brightness between the selected and non-selected images) varied depending on the stimulus type. A GLMM analysis based on the average brightness differences at each point within the AOI revealed that the difference was smallest for chimpanzee stimuli (M = −1.63, SE = 0.71), followed by human stimuli (M = −2.43, SE = 0.35), with letter stimuli (M = −3.03, SE = 0.58) showing the largest average brightness difference (chimpanzee vs. human: β = −0.795, [−0.806, −0.784]; chimpanzee vs. letter: β = −1.400, [−1.412, −1.389]; human vs. letter: β = −0.605, [−0.617, −0.594]).



Individual analysis

Figure 6 presents the results of the difference image analysis for each individual. The p-value heatmaps, based on the actual selections of each individual, are displayed. Notable individual differences are observed in the heatmaps. For example, in the results for Ai and Cleo with chimpanzee faces and Pendesa with human faces, there are almost no significant regions in the heatmaps, similar to the heatmaps in Figure 5.

[image: Grid of three rows and six columns compares visual attention heatmaps for three categories: chimpanzee face, human face, and letter, each shown in grayscale on the left. Five columns labeled Ai, Ayumu, Chloe, Cleo, and Pendesa present heatmaps for each image and subject. Colors range from black to red and yellow, indicating lower to higher intensity, with a legend bar showing values 10 to the negative 4 to 10 to the negative 1. Rows show varying attention patterns across subjects and images.]

FIGURE 6
 Difference image analysis based on data from each chimpanzee for each stimulus category. Only the heatmaps for each chimpanzee for each stimulus category are shown. Note that the color scale differs from the ones in Figures 4, 5.


One possible reason for these results is that the chimpanzees might have been guessing during the test trials. This possibility can be assessed by analyzing position biases as strong position biases might indicate guessing. Therefore, we performed the Spearman’s rank correlation analysis between the mean uncorrected p-values for each coordinate in the heatmaps and the position bias evaluated by chi-square values for each condition. The result is shown in Figure 7, but no significant correlation was found between the position bias and the mean p-values (Spearman’s rank correlation coefficient: rho = −0.375, p = 0.168, two-tailed).

[image: Scatter plot comparing position bias (vertical axis, chi-squared values from 0 to 80) and mean p-value of the AOI (horizontal axis, 0.0 to 0.5), separated by stimulus type: chimpanzee face (blue squares), human face (orange squares), and letter (gray circles). Data points represent individual subjects Ai, Ayumu, Chloe, Cleo, and Pendesa, identified by unique shapes. Spearman correlation coefficient rho equals negative 0.375, p equals 0.168, indicating no statistically significant relationship.]

FIGURE 7
 Relationship between the mean p-values in the AOIs and each chimpanzee’s position bias of choice response. Different symbols represent the results of different chimpanzees. Blue: chimpanzee face, orange: human face, gray: letters.rho: Spearman’s rank correlation coefficient.




Comparison with the bottom-up face pareidolia experiment

The chimpanzees who participated in the present experiment had also taken part in a previous study by Tomonaga and Kawakami (2022). This earlier study used a visual search task similar to the one employed here to investigate bottom-up face pareidolia with face-like stimuli. In that study, they were required to detect a face-like object among photos of various non-face objects presented in a search display. The findings showed a significant difference in accuracy between unmanipulated upright stimuli and stimuli in which the top and bottom halves were horizontally misaligned, thereby disrupting the spatial configuration. Building on these findings, we explored the relationship between the accuracy difference for each individual in that study between upright and misaligned stimuli, and the mean p-value of the AOI for the two face conditions in the current top-down face pareidolia study. If the chimpanzees recognized the face-like objects as faces in the previous study, their performance would be expected to decline when the spatial configuration was disrupted, leading to a greater difference in accuracy compared to the intact stimuli. On the other hand, if they searched for faces in noise patterns in the present experiment, the mean p-value of the AOI would likely increase. Therefore, if the extent of face pareidolia exhibited by each chimpanzee influences both measures, a negative correlation between them would be expected.

The results of this analysis are presented in Figure 8. The vertical axis represents the difference in the percentage of correct trials from the study by Tomonaga and Kawakami (2022), while the horizontal axis represents the mean p-value of the AOI in the present experiment. Although the small sample size limits the strength of our conclusions, a near-significant correlation was observed between the bottom-up face pareidolia index and the top-down face pareidolia index (rho = −0.542, p = 0.053, one-tailed).

[image: Scatter plot showing accuracy difference (upright minus shifted, y-axis) versus mean p-value of the area of interest (x-axis). Data points represent five subjects, each indicated by unique symbols, and are colored by condition: blue for chimpanzee faces and orange for human faces. A negative correlation is reported (rho = -0.542, p = 0.053). An emoji resembling an electrical outlet and a blurred grayscale image appear in the plot corners.]

FIGURE 8
 Rlationship between top-down face pareidolia (this experiment) and bottom-up face pareidolia (Tomonaga and Kawakami, 2022). The horizontal axis represents the mean p-values in the AOIs, and the vertical axis represents the differences in accuracy (percent points) between the upright and misaligned conditions for face-like stimuli.




Effect of response times

The response times in test trials were significantly longer than those in baseline trials, suggesting that the chimpanzees did not respond by guessing. However, previous studies have shown that in situations where a speed-accuracy trade-off does not occur, chimpanzees tend to exhibit longer response times for incorrect responses compared to correct ones (Tomonaga and Matsuzawa, 1992; Tomonaga et al., 2023). In other words, taking more time to respond does not necessarily mean that the chimpanzees were able to choose the “correct” stimulus. On the contrary, longer response times may indicate that they found nothing meaningful. This is also the case for humans. Hansen et al. (2010) excluded data with longer response times (e.g., those longer than the median) from their analyses. This data screening was based on research showing that object or face recognition generally occurs within a relatively short time frame (Johnson and Olshausen, 2003; Quiroga et al., 2005; Rekow et al., 2022; Wardle et al., 2020).

Following these findings, we further investigated the effects of response times on the current chimpanzee data. For each chimpanzee, the median reaction time for test trials in each stimulus condition was calculated (see symbols in Figure 3), and the data were divided into the two groups: those with response times equal to or shorter than the median (faster RTs), and those with response times longer than the median (slower RTs). The analyses of difference images were then conducted using GLMMs, both for the combined data of all chimpanzees and for each individual separately, as in the previous difference image analyses.

The results for all chimpanzees are shown in Figure 9. The left and right panels represent the results for faster RTs and slower RTs, respectively. In each panel, the left side displays the enhanced difference images cropped with the AOI, while the right side shows p-value heatmaps based on the GLMM results. As can be seen from the figure, clearer structures were observed in the difference images obtained from the shorter RT data across all stimulus conditions. Figure 10 presents the results of the analysis conducted for each individual, where similar findings were obtained.

[image: Grid of twelve brain imaging results divided by row into chimpanzee, human, and letter categories, and by column into faster and slower reaction times, showing difference images and P-values. P-value maps display color gradients from yellow to black, representing statistical significance levels.]

FIGURE 9
 Effect of response times on face pareidolia. Difference image analysis based on the data from all chimpanzees. Left: faster response times, right: slower response times. The color scale is the same as Figures 4, 5.


[image: Heatmap visualization compares faster and slower reaction times for five subjects across three categories: chimpanzee, human, and letter. Color intensity indicates response probability, from yellow (higher probability) to black (lower), with faster reaction times showing more pronounced hot spots than slower ones.]

FIGURE 10
 Effect of response times on face pareidolia. Difference image analysis based on each chimpanzee’s data. Left: faster response times, right: slower response times. The color scale is the same as Figure 6.





Discussion

In the present experiment, after training the chimpanzees to repeatedly detect stimuli from a specific category in the oddity discrimination task, they were required to select one pattern from three noise patterns during the test sessions. As a result, statistically significant structures were observed in the difference images between the averaged patterns they selected and those they did not select. In contrast, when similar analyses were conducted using patterns randomly selected by a computer, no such structures were observed.

Response times in the test trials were significantly longer than those in the baseline trials, suggesting that the chimpanzees were unlikely to have selected the noise patterns by guessing. Although individual differences were observed in the difference images for each category, no correlation was found between the clarity of the structures (assessed by the mean p-values across the entire AOI) and the response biases in each individual. These results suggest that even when no clear structures were detected, the chimpanzees did not select the patterns by guessing.

However, further analysis revealed that longer response times did not necessarily mean that the chimpanzees were able to find something meaningful in noise patterns. When the data for each chimpanzee were divided based on the median response times and analyzed, clearer structures were observed in the difference images for shorter response times compared to longer ones. This finding suggests that while longer response times may indicate deeper decision-making processes, they do not necessarily lead to improved detection accuracy. In other words, the current data suggest that there were trials where the chimpanzees were unable to detect faces or letters. Response times may indirectly indicate the certainty of the decisions made by the chimpanzees in each trial (Tomonaga et al., 2023; Tomonaga and Matsuzawa, 2002).

Conversely, it may be possible to further filter the data using such a certainty indicator of accuracy made by observers. Many studies have reported that non-human animals are capable of monitoring the accuracy of their own choices (Smith et al., 1995, 1997; see also Fujita, 2010; Hampton, 2009; Tomonaga et al., 2023 for review). For example, in a separate study, the chimpanzees who participated in the present experiment spontaneously displayed a behavior where, immediately after making a response, they would look back at the food dispenser to check whether it was operating correctly. This looking-back behavior occurs even in the absence of auditory feedback, such as the sound of the dispenser or a chime for correct responses. Moreover, it has been found that this behavior occurs more frequently when their response was correct than incorrect (Tomonaga et al., 2023). Thus, this looking-back behavior could be used as a spontaneous indicator of the accuracy. Unfortunately, in the present experiment, the chimpanzees’ behavior during the trials was not recorded, so filtering the data based on this behavior was not possible. However, future studies could incorporate procedures that allow for the use of such behaviors as part of the analysis.

Regardless, the present results strongly suggest that the chimpanzees were attempting to find “something” within the noise patterns that did not contain embedded stimuli from any category. When examining the p-value heatmaps and the extracted patterns, a top-heavy structure was observed in the human-face condition. However, the positions of the components were slightly misaligned compared to the positions of the eyes and mouth in the averaged images. In contrast, for the chimpanzee-face condition, the significant areas were smaller than those for the other categories. Nevertheless, the highlighted area corresponded to the bright regions around the chimpanzee’s mouth. For the letter category, significant areas were concentrated in the center of the image, which is similar to results observed in humans (Liu et al., 2014; Rieth et al., 2011).

Liu et al. (2014) conducted a correlation analysis based on the results of a one-dimensional Fourier analysis of each image to evaluate the similarity between the structures observed in the difference images and the average images of each category. Their analysis found significant correlations only between the average and difference images of faces and between those of letters, suggesting a similarity between the average and difference images. We also conducted similar correlation analyses to those by Liu et al. (2014) and additional analyses using Euclidean distances between difference images on the results obtained from chimpanzees, but unfortunately, no systematic trends were observed.

The key difference between the present experiment and the study by Liu et al. (2014) lies in the control of the observer’s gaze. In the human experiment, only one image was shown at a time with a consistent fixation point, which allowed some control over the observer’s gaze. If the fixation point had effectively controlled the observer’s gaze, the one-to-one correspondence among the selected images at each pixel would likely have been maintained. In contrast, in our chimpanzee experiment, three stimuli were presented in random positions on each trial, without any control over gaze. In such a free-viewing condition, the chimpanzees may have searched for faces by focusing on different regions of each image in each trial. Although an elliptical frame and a central point were added to each noise pattern in the present experiment to somewhat control spatial attention, this may have been insufficient. The slight shifts in the fixation point across trials may have blurred the average image and, as a result, diminished the clarity of the structure in the difference images.

Another possibility is that the effects of repetition or sequential priming on “expectancy” may not have been as strong in controlling the chimpanzees’ behavior as the top-down control provided by explicit verbal instructions in humans. As mentioned in the introduction, because it is impossible to give verbal instructions, a standard method for enhancing top-down control, to non-human animals like chimpanzees, we attempted to enhance expectancy through repetitive presentations, a bottom-up approach. The chimpanzees likely made their choices based on some expectancy, as evidenced by their prolonged response times during the test trials. However, it cannot be ruled out that this bottom-up priming of behavior may lead to fundamentally different outcomes compared to top-down control. This might be also the case for humans. Takahashi and Watanabe (2015) reported a contrary finding, showing that top-down control of face pareidolia is insufficient with verbal instruction alone, and that baseline trials with face stimuli, as in our experiment, are necessary.

To further explore this issue, I propose two approaches. The first is to use a matching-to-sample task, which aligns more closely with top-down control. In this task, a sample stimulus identical or categorically similar to the correct choice is presented before the alternatives. This sample may function similarly to verbal instructions in human experiments, potentially enabling top-down control over chimpanzees’ face perception by presenting it before the choice stimuli in test trials.

The second approach involves using humans as a positive control for procedures used (or to be used) in chimpanzees (cf. Tomonaga and Imura, 2023a, 2023b). The repetitive presentations used in this study, as well as the proposed matching-to-sample method, may not effectively enable top-down control of face perception regardless of the participant species. To rule out this possibility, positive control experiments with humans are necessary. Specifically, if clear structures are observed in the difference images under these tasks in humans, it would indicate that these tasks are effective at the procedural level for examining top-down control of face perception. Further investigation of these approaches is warranted.

Lastly, it is important to acknowledge the small sample size in the present experiment. While the number of trials per individual in a study with humans by Liu et al. (2014) was comparable to that in our experiment, their study included significantly more participants. This discrepancy may have influenced the robustness of the present findings. This concern is further highlighted by the relatively large individual differences observed in our experiment, as shown in Figures 6, 10. Although we employed GLMMs to account for individual differences, future studies with a larger sample size will be necessary to replicate and strengthen these results.

In the present experiment, five chimpanzees participated, which was due to facility constraints and the difficulty of the discrimination task. In other studies conducted in our laboratory, the number of participants has never exceeded 10 (Gao et al., 2020; Gao and Tomonaga, 2018; Gao and Tomonaga, 2020a; Gao and Tomonaga, 2020b; Kawaguchi et al., 2020; Tomonaga and Kawakami, 2022; Ludwig et al., 2011; Tomonaga et al., 2024; Xu et al., 2024; Yokoyama et al., 2024). Similarly, in comparative cognitive research conducted at other laboratories, studies involving great apes typically include fewer than 10 individuals per species (Chertoff et al., 2018; Kret et al., 2016; Krupenye et al., 2016; Parr et al., 1998; Parr and Waller, 2006). Studies with more than 10 participants are rare and often involve tasks that do not require complex learning skills, such as eye-tracking (Kano and Call, 2014). To overcome the issue of sample size, multi-facility collaborations will likely be essential in the future (ManyPrimates, 2019a, b).

Despite the individual differences observed, a weak but noticeable correlation was found between those in the top-down and bottom-up face pareidolia experiments. The chimpanzees in the present study exhibited clear inversion and misalignment effects when using facial stimuli (Dahl et al., 2013; Tomonaga and Kawakami, 2022), suggesting that individual differences in face recognition itself are unlikely. Additionally, no clear relationship was observed between the indices from both experiments and the ages of the participants. Further research with a larger sample size will be required to better explore the relationship between bottom-up and top-down face pareidolia.

It may also be possible to retain the current sample size while significantly increasing the number of trials per individual, similar to previous classification-image studies (e.g., Gosselin and Schyns, 2003; Hansen et al., 2010). However, this approach carries the potential risk that, with prolonged exposure to test sessions, the chimpanzees may learn that no stimulus is embedded in the test trials, resulting in random guessing. This possibility warrants careful consideration in future experimental designs.

In conclusion, the present results suggest that the chimpanzees tried to detect something meaningful in noise patterns when repeatedly exposed to a specific stimulus category. These results may correspond to top-down pareidolia observed in humans. While it is likely that what they detected shares features with the repeatedly presented stimulus category, further methodological improvements and studies with larger sample sizes will be necessary to draw firmer conclusions.
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The recognition of familiar individuals relies not only on static features of the person but also on dynamic characteristics unique to each person’s movements. This mini review synthesizes current research on the role of motion in identity recognition, examining how characteristic dynamic cues from the face, voice, and body may contribute to perceivers’ ability to recognize familiar individuals. We highlight corresponding dynamic covariances that may be present across different aspects of an individual’s motion, such as those linking facial and vocal motion. We evaluate the extent to which dynamic patterns might form a coherent ‘dynamic fingerprint.’ Finally, we consider how variability, distinctiveness, and perceiver-related factors (e.g., individual differences and neural mechanisms) shape the recognition of identity through motion. We outline open questions and propose new directions for understanding the integration of dynamic information in person perception.
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1 Introduction

The way a person moves reflects their underlying anatomy and changes in the positions of their bones and muscles (Mileva and Burton, 2018; Vick et al., 2007). Yovel and O'Toole (2016) argue that ‘motion acts as the key element for binding together faces, bodies, and voices into a coherent representation of a person that supports recognition’ (p. 383). Indeed, seeing a person move may provide a general ‘form-from-motion’ advantage for recognition, by providing additional views of the person, as well as enhanced structural information about the viewed individual (Johansson, 1973). A complementary idea is that for familiar people, the idiosyncrasies of their observed motion contribute to identity recognition. For example, individuals may have a characteristic smile or way of shaking their head, that serves as a cue to identity. This may also be true of idiosyncrasies present in other aspects of their biological motion, for example gait or gestures (Loula et al., 2005).



2 Dynamic characteristics of identity from face and voice

Faces move in rigid and non-rigid ways (Lander et al., 1999). During rigid motion, the face moves as a single object, for example during head nodding and shaking. In contrast, non-rigid motion is deformable or elastic (Xiao et al., 2013), with parts of the face moving in relation to one another, for example when expressing, talking etc. Individuals vary in the amount and way they move their faces, and this can influence how they are perceived by others. Indeed, more facially expressive participants are rated as being more likeable, agreeable, and successful (Cavanagh et al., 2024). Conversely, people who do not move their faces very much are often perceived as uninterested. For example, see work on the impact of reduced facial expression in Parkinson’s (Tickle-Degnen et al., 2011).

Research has shown that seeing a face move leads to better face matching (speaking, Bennetts et al., 2013; expressions, Thornton and Kourtzi, 2002), learning of unfamiliar faces (speaking, Butcher et al., 2011; non-rigid and rigid, Lander and Bruce, 2003; rigid, Pike et al., 1997) and identification of familiar faces (speaking, Butcher and Lander, 2017; non-rigid, Lander et al., 2001). The ‘movement advantage’ may be particularly pronounced when viewing conditions are difficult (Lander et al., 2001) or there is reduced recognition by the observer due to impairment (Bennetts et al., 2015; Longmore and Tree, 2013) or age (Otsuka et al., 2009; Xiao et al., 2014). Dynamic cues may be used flexibly when static cues are insufficient for identification, with facial form and motion information optimally integrated to support recognition (Dobs et al., 2017).

Seminal work by O'Toole et al. (2002) formalizes, for faces, the distinction between a general advantage of motion and one linked to the characteristics of the observed motion. Indeed, the ‘representation enhancement hypothesis’ (O'Toole et al., 2002; O'Toole and Roark, 2011) suggests that seeing a face move aids recognition by facilitating perception of the three-dimensional face structure. Here, there is thought to be a generic benefit (over any advantage of multiple statics) of seeing a face move, that is useful both when learning a face or when recognizing it (Pike et al., 1997; Butcher et al., 2011). The ‘supplemental information hypothesis’ (O'Toole et al., 2002) proposes that we represent characteristic facial motions of individual faces, in addition to the invariant structure of the face. These characteristic facial motions are referred to as ‘dynamic identity signatures’ (Simhi and Yovel, 2020) and are typically found through characteristic expressions, manner of speaking (Dobs et al., 2016) or ways of looking (Peterson et al., 2025). This theory is supported by studies that manipulate the temporal characteristics of the observed facial motion by slowing, speeding or reversing clips (e.g., Lander and Bruce, 2000; Lander et al., 2006). These manipulations disrupt the characteristic patterns of movement and reduce the movement advantage for familiar faces. Such characteristic information may be inherent to ‘dynamic’ representations (Freyd, 1987) or be stored alongside a static-based representation.

Importantly, dynamic facial signatures are thought to be learnt over time, providing a reliable cue to identity for familiar faces, and one that is increasingly useful the more familiar the face is. Accordingly, Butcher and Lander (2017) found that the magnitude of the motion advantage observed for an individual face correlated with how familiar that face was (but see Bennetts et al., 2013). Further, more distinctive facial movement patterns were associated with a greater movement advantage in familiar faces (Lander and Chuang, 2005). Here, distinctive refers to movement characteristics that differ from average or typical movements – they are unique, unusual, or idiosyncratic to an individual. This finding supports the idea that dynamic facial signatures are more relevant for familiar than unfamiliar face recognition.

Interestingly, dynamic characteristics in the way a face moves may also be present in the way a person sounds (Kamachi et al., 2003; Lander et al., 2007; Munhall and Buchan, 2004). Kamachi et al. (2003) found that participants could match unfamiliar faces to voices (or voices to faces) above chance and that matching performance was best with dynamic face stimuli (but see Lavan et al., 2021, who found chance-level dynamic face-voice matching). Face to voice matching tasks demonstrate that dynamic covariances of identity are present in the movement of faces and voices. Similar to visual-only dynamic identity signatures, these identity covariances are likely based on relative timing information: reversing or transforming speech in a non-linear manner disrupts cross-modal matching performance (Lachs and Pisoni, 2004a,b).



3 Dynamic characteristics of identity from body movement and actions

Body motion is a pivotal factor in human perception and the recognition of identity (Troje, 2002). Perceivers use body motion to help categorize others’ social identities, and these categorizations may carry important consequences such as mate selection (Lick et al., 2013) and prejudice (Johnson et al., 2007). Simplistically, non-rigid body motion can be categorized into: (i) biological motion, which refers to the natural movements of people, like gait or gestures and (ii) motions associated with specific purposeful activities like drinking or sports type actions (Dittrich, 1993).

One of the most studied aspects of body motion in identity recognition is gait analysis. Gait refers to an individual’s unique pattern of walking (Whittle, 2007), which possesses measurable properties that remain consistent over time, are observable from a distance and difficult to camouflage (Zhang et al., 2011). These individualized parameters include stride length, step frequency, limb movement, posture and rhythm, which may be used as biometric markers for identity verification or identification, especially within automated security settings (Bastos and Tavares, 2025).

Early work focusing on the recognition of identity from gait used point-light displays (PLDs), where ‘lights’ are placed on key areas of the body with all other visual cues removed. When static the image appears like a collection of spots, but when the image moves the body becomes apparent. Cutting and Kozlowski (1977) showed that participants were able to correctly identify an individual walker from six friends 38% of the time (also see Troje et al., 2005). Loula et al. (2005) asked participants to make forced choice decisions about whether a PLD was displaying themselves, a friend or a stranger. Results found that self-recognition was best (69% correct) with friend recognition also significantly above chance. Interestingly, the greatest advantage for accurate recognition of self was from more expressive movements like dancing and boxing.

Further work on the role of gait in identity recognition has used impoverished ‘natural’ image sequences. For example, Stevenage et al. (1999) found that participants were able to use gait to distinguish between six individuals. Additionally, Baragchizadeh et al. (2020) found that participants’ were able to make identity matching decisions to unfamiliar people performing the same action (e.g., both walking) or different actions (e.g., walking and boxing) above chance. Further, Simhi and Yovel (2017) asked participants to study people in motion and recognise them from dynamic or multi-static images. Results suggested that dynamic identity signatures may contribute to person recognition, but only of familiar people previously seen in motion. Finally, Simhi and Yovel (2020) used a virtual reality recognition memory task, with participants learning dynamic identities at study. At test, images were shown dynamic or as a series of multi-statics. At test, dynamic identities with distinctive gaits were recognized more accurately, from a greater distance away, compared to less distinctive walkers. No such effect was found in the multi-static condition, highlighting the importance of dynamic gait to person recognition.

Beyond gait, other elements of body motion, such as hand gestures, posture shifts, and head movements, may also contribute to identity recognition (Pilz and Thornton, 2016). Hand gestures facilitate communication for both the speaker and listener (Wagner et al., 2014). They are known to be idiosyncratic, influenced by cultural and personal habits (Gawne, 2025), making them distinguishable between individuals (see Gillespie et al., 2014). Further, exaggeration of body actions may be particularly important for identification of an individual (Hill and Pollick, 2000). It seems likely that when viewing bodies in motion we are able to use characteristic motion signatures to help identify the individual shown. To summarize, research has established a beneficial role of motion when recognizing familiar people from body movements and actions, centered around idiosyncratic patterns of movement that aid identification.



4 Considerations and future directions

We have outlined the sources of evidence that support the idea of characteristic motion patterns, useful in the recognition of identity. Such characteristics seem to present in the movement of our faces, voices, bodies and actions. Several issues for consideration remain.

First, we need to understand more clearly what we exactly mean by ‘characteristic motion patterns’. Here, it is not clear whether ‘characteristic’ is synonymous with ‘distinctive’ – in other words, whether characteristic movement patterns need to be unusual or unique to the individual in some way to support recognition. One way to better understand the extent to which the two parameters are related is to examine how variation in the distinctiveness of movement patterns affects the movement advantage. Some people naturally move more distinctively than others, which may mediate the size of any motion advantage (Lander and Chuang, 2005), supporting a possible effect of natural between-person variability in distinctiveness. Other studies have examined whether the movement advantage is affected by manipulating distinctiveness artificially. As with spatially-based distinctiveness (Valentine, 1988), we can also manipulate the distinctiveness of observed motion by caricaturing motion relative to a ‘norm’. Furl et al. (2022) used a face space account (Valentine, 1991) where the axes in the multi-dimensional space reflect spatiotemporal dimensions such as speed, displacement, and relative timing. In this work, spatiotemporal caricatures of unfamiliar faces had a minimal effect on identity processing, regardless of whether presented at learning or test. In contrast, Hill and Pollick (2000) found a benefit of caricatures for the recognition of body motion. They trained participants to recognise individuals’ arm movements, and then tested them on temporally exaggerated movements made by the same actors. Recognition levels were higher for increasing levels of exaggeration, suggesting that time-based cues were important for identification. Further studies with familiar people and matched methodologies are required to compare the role of distinctiveness of movement cues in face and body identification. Current disparate findings raise the possibility that movement cues might be integrated into identity judgements differently for faces and bodies – at least, when they are unfamiliar.

Second, we should also consider whether there are common dynamic characteristics found across different aspects of a person that are identity specific – a dynamic fingerprint, if you like, that acts as a cue to identity. Research has generally supported a link between visible face motion and the audible sound of the voice, although it is important to note that some people look and sound more similar than others (Smith et al., 2016). But what about other possible links between person specific motion? At the most basic level, for example, does a person who has particularly pronounced facial movements also have similar style body movements. Future work needs to look at whether such commonalities in motion exist – and if they do, what they look like – and how they might be used to create a dynamic fingerprint that aids identification of a person. Future work may explore between-person variability in the usefulness of dynamic signatures for identification. As reviewed above, there is preliminary evidence that some between-person variability in movement characteristics affects the extent to which they benefit recognition (Lander and Chuang, 2005), but there is little research on other factors that might make some people easier to recognise than others (or, conversely, that lead us to perceive their motion as very similar). Here, multivariate time-series modelling of the dynamic parameters of the whole person may facilitate intra- and inter-subject comparison of dynamic movement patterns (Joo et al., 2018). Understanding the relative reliability and usefulness of dynamic information from the face, body, and voice when making identity judgements – and how this relates to their actual use in identification scenarios – could inform human- and computer-based person identification. Crucially, research investigating the integration of different cues (e.g., face and body) needs to focus specifically on moving stimuli: previous work has shown that people allocate attention to faces and bodies differently when they are static (attention primarily to the face) and dynamic (attention to both the face and body) (O’Toole et al., 2011).

Further, in order for dynamic fingerprints to be useful for recognition, we might expect these to be relatively stable across time and context. However, as well as being more useful for some compared with others, the movement of a person might also vary between different viewing instances of the same person. On some occasions a person might move in their typical way, whereas on other occasions they may not. For example, they may be tired, flattening the characteristics of their observed motion. Alternatively, people might naturally exaggerate their movements, either intentionally (e.g., overenunciating speech) or unintentionally (e.g., intense emotional expressions). Surprisingly little work has addressed how this natural variation affects characteristic motion patterns: for example, whether it increases or hinders the usefulness of movement cues for identification, or whether there are certain dynamic cues that remain consistently available across situations. In the domain of emotion recognition, the increased physical movements associated with higher emotional intensity improve emotion recognition performance (e.g., Hess et al., 1997), but to date there has been no research directly examining the effects of natural variations (exaggerations or reductions) of movement on identification.

Third, if we accept the idea of dynamic fingerprints then we need to consider where such information is integrated in the brain. Early neural models of person perception drew a distinction between the processing of invariant and changeable aspects of a person (Haxby et al., 2000). Invariant features like identity were thought to be processed in the occipital and fusiform face areas (OFA and FFA) and the fusiform and extrastriate body areas (FBA and EBA). Whereas the processing of changeable aspects of a person (like eye gaze, expressions etc.) were linked to the posterior superior temporal sulcus (pSTS; O'Toole et al., 2002; Yovel and O'Toole, 2016). Importantly, research has shown the pSTS responds more strongly to dynamic than static faces, while the FFA and OFA show similar responses to static and dynamic faces (Pitcher et al., 2011; Bernstein et al., 2018). The pSTS is also strongly activated in response to biological motion and to human voices and audiovisual speech (Deen et al., 2015), making it likely that this area plays a key role in the processing and integration of dynamic fingerprints (Yovel and O'Toole, 2016). However, the pSTS is likely only one part of a broader network involved in dynamic person representations. Preliminary evidence (with emotional face expressions) suggests that spatiotemporal facial cues may be represented throughout the face-selective and motion-selective networks in the brain in a spatiotemporal version of ‘face space’ (Furl et al., 2020). Other work has found a relationship between biological motion perception and activation in both pSTS and the ventral premotor cortex (Gilaie-Dotan et al., 2013). Further work examining other forms of facial, biological, and cross-modal dynamic information (Küçük et al., 2024) is needed to confirm the regions, interactions, and mechanisms involved in processing whole-person dynamic cues.

Finally, research needs to take individual differences of perceivers into account when considering the usefulness of dynamic fingerprints for identification. It is well-established that some people are better at static face identification than others (Wilmer, 2017); likewise, there is individual variation in biological motion perception (Miller and Saygin, 2013), and the movement advantage for face recognition (Butcher and Lander, 2017). However, the extent and consistency of individual differences in the movement advantage have not yet been examined. Interestingly, individuals with prosopagnosia – a severe deficit in face recognition – still show a movement advantage for faces (Bennetts et al., 2015; Longmore and Tree, 2013; Steede et al., 2007). This supports the idea, discussed above, that movement cues might act as a complementary source of information when static cues are less reliable. Super-recognizers, who show exceptional face recognition ability (Russell et al., 2009), also show a movement advantage for famous face recognition (Davis et al., 2016). Thus, findings suggest that the ability to extract and use static cues to identity does not align directly with the ability to extract and use facial movement as a cue to identity (notably, there is also no relationship between static face recognition and identification of biological motion in bodies; Noyes et al., 2018). Nor can the movement advantage be linked to underpinning visual processing strategies: recent work found no association between the movement advantage for famous face recognition and differences in eye-movements to static and dynamic faces (Butcher et al., 2025). It may be that other factors, such as sensitivity to biological motion or other spatiotemporal information, might predict individual differences in this skill. Research into these factors, applying not only to faces but recognition of identity from other aspects like gait, body movement etc. is needed. The development of reliable and consistent measures of individual differences in identifying dynamic signatures may be particularly important in applied contexts, where it may be useful to screen for individuals who excel at specific recognition-based tasks (e.g., identifying known suspects on poor-quality video footage; Bate et al., 2021).



5 Conclusion

This mini review explores how characteristic motions contribute to recognizing familiar people. Movement provides structural and identity-specific cues that enhance recognition, especially under challenging conditions or when static information is limited. Research shows that individuals have dynamic identity signatures, which are learned over time and aid recognition. These cues may be consistent across face, body, and voice, forming a ‘dynamic fingerprint.’ However, more research is needed to clarify the importance of distinctiveness, how stable these motion cues are between- and within-people, how they are processed in the brain, and how individual differences in perceiver affect their use.
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Biological motion (BM), the movement generated by living entities, transmits signals of life and conveys vital cues for animacy perception. In this review, we synthesize empirical findings from human and non-human animal studies to reveal how BM enjoys a unique position in visual perception as an animate motion and how it elicits animacy perception. Compared to non-biological and inanimate motions, BM engages specialized perceptual processing mechanisms and a dedicated cortical–subcortical network. Local motion cues, especially the foot movements of terrestrial animals, are pivotal in driving such specificity, and emerging evidence supports the existence of an innate, evolutionarily conserved “Life Detector” or “Step Detector” tuned to such information in the human and other vertebrate brains. The direct perception of animacy from BM relies on the processing of low-level kinematic features and mid-level motion features embedded in both intrinsic joint movements and extrinsic body motion. While ecological constraints and implied internal energy sources may serve as generic factors affecting animacy perception from visual motion, how precise BM features (both in intrinsic and extrinsic movements) combine to influence animacy percepts and the neural implementation remain largely unexplored. Addressing these gaps will help establish a framework for understanding BM through the lens of animate motion processing. This approach will offer deeper insights into how the life detection system hardwired in the vertebrate brain distinguishes animate from inanimate motion, further uncovering its broader cognitive and evolutionary implications.
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1 Introduction

Biological motion (BM)—the movement produced by humans or other living creatures—conveys prominent visual cues that elicit a perception of life (Giese and Poggio, 2003; Pavlova, 2012). Compared with static properties of living beings (e.g., forms or surface textures of faces and bodies), BM is more powerful and robust in signaling animacy. It enables rapid detection and efficient perception of animate beings, even under conditions of blurred vision, small object sizes, or great distances (Borst and Egelhaaf, 1989). This ability is essential for survival and reproduction in complex natural environments (Wheatley et al., 2007) and may serve as a gateway to higher-level cognitive processes, such as action understanding and social interaction (Thurman and Lu, 2014; Zanon et al., 2024).

Over the past half-century, numerous studies have revealed the remarkable ability of BM perception in humans (Blake and Shiffrar, 2007), as well as in many other species (Cheng et al., 2025; De Agrò et al., 2021; Jastorff et al., 2012; Larsch and Baier, 2018; Lu et al., 2024; Ma et al., 2022; Nakayasu and Watanabe, 2014; Vallortigara et al., 2005). Human observers could immediately recognize BM from sparse point-light displays that portray only the movement of major body joints (Johansson, 1973). This capacity is inheritable (Wang Y. et al., 2014; Wang et al., 2018), and a visual preference for BM emerges early in life in human infants and visually inexperienced chicks (Bardi et al., 2014, 2011; Simion et al., 2008; Vallortigara et al., 2005). These findings suggest the existence of innate mechanisms, potentially conserved across vertebrates, underlying their superior sensitivity to life motion signals (Lu et al., 2024; Troje and Chang, 2023; Troje and Westhoff, 2006).

While existing theoretical accounts imply that BM serves as a signal of life that is inherently associated with animacy perception (Chang and Troje, 2008; Johnson, 2006; Troje and Westhoff, 2006), surprisingly few studies have directly explored the mechanisms for the perception of animacy from BM. Animacy perception refers to perceiving an entity as alive or possessing a lifelike quality (Chang and Troje, 2008; Scholl and Tremoulet, 2000; Tremoulet and Feldman, 2000). In the literature, it has been discussed across various contexts, engaging multiple mechanisms at perceptual and cognitive levels (Huang et al., 2023; Rosa Salva et al., 2015). Some research concerns the fast, automatic, and irresistible detection and perception of animate properties from static or motion stimuli (e.g., faces, BM, self-propelled motion) based on visual analysis (Chang and Troje, 2008; Koldewyn et al., 2014; Stewart, 1982). Other studies go further and explore how to infer an entity’s goals and even “mind” based on its interaction with others or the environment (Gao et al., 2010; Heider and Simmel, 1944; Scholl and Tremoulet, 2000), eliciting an impression of an intentional agent (i.e., autonomous and volitional control of action) beyond mere animacy (i.e., being alive, lifelikeness). Here, we focus on animacy perception elicited by non-interactive BM (Figure 1), approaching it primarily from the perspective of visual processing rather than the higher-level mentalizing or social causality comprehension processes. Investigating this issue will expand our understanding of how the human brain processes BM as a signal of life and achieves animacy perception.
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FIGURE 1
 A conceptual framework for decomposing and investigating animate motion. In the literature, the term “animate motion” generally refers to motion that elicits animacy perception. It can be categorized along two dimensions. First, based on engagement with others or the environment, it can be classified as interactive or non-interactive motion. These motion stimuli elicit animate perception via different mechanisms, either through social cognitive inferences or visual feature analysis. Second, based on the motion-generating entity, animate motion can be distinguished as veridical motion or simulated motion. Along this dimension, veridical BM represents the most essential form of animate motion in reality. It consists of intrinsic joint motion and extrinsic body motion components. The area outlined by the red dashed box (i.e., non-interactive BM) represents the primary focus of this review. Additionally, some studies outlined by the gray dashed box also provide insights for understanding animacy perception from BM patterns and are addressed in the third section of the review.


In this article, we propose a framework for understanding the neurocognitive architecture of BM perception from the perspective of animate motion processing. We consider BM as the most essential form of animate motion in reality, examining the perceptual and neural mechanisms that underlie (1) its prominent position in visual processing relative to inanimate or less animate motions and (2) its capability to elicit a sense of animacy. We will discuss these topics in the next two sections, while also considering their ontogenetic and phylogenetic origins based on behavioral genetic, early developmental, and cross-species evidence.

Notably, the term BM is sometimes interpreted as the experimental stimulus, namely, point-light displays depicting articulated joint movements. Whereas, this review adopts a broader, ecological perspective, investigating BM as a natural phenomenon—that is, motion produced by living organisms (Giese and Poggio, 2003; Pavlova, 2012). Based on its manifestation, BM can further be decomposed into two components (Figure 1)—intrinsic joint/limb motion (i.e., the relative movements of body parts in the object-based reference system, typically depicted by point-light displays) and extrinsic motion (i.e., movements of the whole body across space) (Thurman and Lu, 2014). Studies on veridical BM sometimes draw inspiration from and inspire those on simulated BM stimuli. Considering the existing research, the second section of this review primarily addresses visual BM processing based on intrinsic motion, and the third section explores animacy perception from BM based on both intrinsic and extrinsic motions.



2 Processing BM as animate motion

The significance of BM as a crucial animate motion may have driven the evolution of specialized mechanisms for its perception. In this section, we review empirical findings on the domain-specific perceptual processing mechanisms and neural foundations of BM, as compared to those for inanimate or less animate motions (e.g., random motion, rigid motion, inverted BM). Two fundamental visual cues, namely the local motion capturing the movements of critical joints and the global configuration representing the skeletal structure of bodies, may contribute to these distinctive behavioral and neural responses. We introduce evidence highlighting the crucial contribution of local motion, which leads to theoretical hypotheses about the existence of a cross-species life detection system tuned to local BM cues hardwired in the vertebrate brain.


2.1 The specificity of BM perception revealed by human and non-human animal studies

Taking advantage of point-light BM displays (Figure 2a), extensive research has revealed the distinctive mechanisms underlying BM perception. Compared with inanimate motions, people recognize BM with higher accuracy and faster speed (Dittrich, 1993). The temporal summation of BM signals occurs over a longer time than that for translational motion and varies with motion speed (Neri et al., 1998). The differences between processing BM and inanimate motion may be traced back to their genetic and evolutionary basis. Twin studies suggest that perceiving the facing direction or motion direction of BM is governed by genetic factors, while the perception of inanimate motions like sphere rotation is largely determined by the environment (Wang Y. et al., 2014; Wang et al., 2018). Furthermore, human newborns spontaneously prefer to look at BM compared to random or rigid motion (Bardi et al., 2011; Simion et al., 2008). This innate preference also extends to other species, including terrestrial vertebrates (e.g., visually inexperienced chick) (Miura and Matsushima, 2012; Vallortigara et al., 2005; Vallortigara and Regolin, 2006) and aquatic vertebrates (e.g., zebrafish) (Larsch and Baier, 2018; Nakayasu and Watanabe, 2014). These findings suggest the existence of a heritable, evolutionarily conserved mechanism selectively dedicated to BM processing.
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FIGURE 2
 Illustrations of point-light BM sequences and the key brain regions involved in BM processing. (a,b) Intact and spatially scrambled BM sequences. (c) Cortical (purple) and subcortical (yellow) regions for BM processing in the human brain. SC, superior colliculus; VLN, ventral lateral nucleus; Prem, premotor; pSTS, posterior superior temporal sulcus; MT+, middle temporal complex; FBA, fusiform body area; EBA, extrastriate body area; IFG, inferior frontal gyrus; INS, insula.


In addition, the remarkable capability of BM perception is significantly impaired when the visual stimuli are inverted. Compared with inverted counterparts, people demonstrate greater sensitivity in detecting upright BM (Thomas and Shiffrar, 2010) and exhibit enhanced accuracy in discriminating its identity (Loula et al., 2005), walking direction (Troje and Westhoff, 2006), and audiovisual temporal relations (Saygin et al., 2008). Moreover, for both human infants and visually inexperienced chicks, there is an innate preference for upright BM over the inverted counterparts (Bardi et al., 2014; Vallortigara and Regolin, 2006). Since inversion disrupts gravity-compatible motion cues but not the low-level properties of upright BM, this cross-species disposition is considered a “gravity bias” that reflects the visual system’s selective tuning to life motion signals within the Earth’s gravitational field. This bias may, to some extent, contribute to the advantage of gravity-compatible BM in visual perception, presumably reflecting the adaptation of terrestrial life to Earth’s environment. Consistent with this assumption, a recent study has demonstrated that exposure to microgravity during spaceflight significantly reduced the inversion effect in BM perception, suggesting the significant role of the gravitational environment in shaping the visual sensitivity to BM (Wang et al., 2022).



2.2 The significance of local motion cues in life motion perception

BM perception relies on the processing of global configuration and local motion cues (Chang and Troje, 2009b). While early studies emphasized the significance of global configuration processing (Beintema and Lappe, 2002; Bertenthal and Pinto, 1994; Dittrich, 1993; Lange and Lappe, 2006; Reed et al., 2003; Shiffrar et al., 1997), later work by Troje and Westhoff proposed that local motion processing is another independent component of BM perception (Troje and Westhoff, 2006). Local motion cues can be extracted by spatially scrambling the point-light BM stimuli (Figure 2b), which disrupts the global configuration but preserves the movements of each joint. Troje and Westhoff found that humans can retrieve walking direction information from scrambled BM, whereas inverting the scrambled stimuli severely impaired visual perception, inducing an inversion effect comparable to that obtained with intact BM. Such an inversion effect is mainly driven by the motions of the feet, as inverting only the feet has a much stronger impact on walking direction discrimination compared to inverting all points except the feet (Troje and Westhoff, 2006). The following research suggests that local BM alone can modulate a variety of cognitive processes (e.g., visual attention, visual awareness, time perception, audiovisual integration) at levels comparable to those elicited by intact BM (Shen et al., 2023a; Shen et al., 2025a; Shi et al., 2010; Sun et al., 2022; Wang and Jiang, 2012; Wang L. et al., 2014). Moreover, both human newborns and newly hatched chicks exhibit comparable visual preferences toward intact BMs and scrambled ones (Bardi et al., 2011; Vallortigara et al., 2005), suggesting that the cross-species visual preference for BM may be primarily driven by local motion cues, even though the global configuration can modulate such effects (Bardi et al., 2014; Hirai et al., 2011). This is likely because local motion cues convey gravitational acceleration and exhibit semi-rigid characteristics, both of which have been implicated in eliciting spontaneous attention preferences (Bardi et al., 2011; Vallortigara and Regolin, 2006).



2.3 Theoretical accounts of life motion perception

The above findings have provided converging support for the “life detector” hypothesis originally proposed by Troje and Westhoff, which posits the existence of a specialized system in the human brain, and potentially in other vertebrates, that enables efficient detection of life motion signals based on distinctive local motion cues (Lemaire and Vallortigara, 2022; Troje and Chang, 2023; Troje and Westhoff, 2006). Recently, Hirai and Senju (2020) proposed a two-process theoretical model for the development of BM perception, parallel with the two-process model of face and gaze processing (Johnson et al., 2015; Senju and Johnson, 2009). According to this model, BM processing engages two systems: the Step Detector and the Bodily Action Evaluator. The Step Detector system quickly and coarsely processes the local feet motion and the feet-below-body information. It detects life motion signals generated by both conspecifics and other vertebrates and is largely innate. The Bodily Action Evaluator system slowly and precisely processes the global structure-from-motion information. It selectively responds to the motion from conspecifics and is mainly shaped by learning. The two-process model systematically develops and extends the earlier “Life Detector” hypothesis. The Step Detector system is generally compatible with the original Life Detector hypothesis but highlights the significance of feet-related motion and configurational information. The Bodily Action Evaluator engages in global configuration processing that was underrepresented in the Life Detector framework. The two-process model also characterizes the different developmental trajectories for the two systems, which are consistent with findings from a twin study that local and global BM perception are determined, respectively, by genetic and environmental factors (Wang et al., 2018). Based on the characteristics of the two systems, Hirai and Senju further hypothesized that the two systems involve distinct neural substrates, with the first system primarily relying on subcortical processing and the second system relying on cortical processing. In the next section, we will review the relevant evidence.



2.4 A cortical–subcortical network for BM processing

Previous reviews have provided comprehensive summaries of the human cortical network engaged in BM perception (Blake and Shiffrar, 2007; Giese and Poggio, 2003; Hirai and Senju, 2020). Figure 2c provides a brief overview of these cortical regions, including the superior temporal sulcus (STS), extrastriate body area (EBA), fusiform body area (FBA), middle temporal area (MT+), premotor cortex, inferior frontal gyrus (IFG), and insula. The STS is a core region that integrates form and motion cues to construct coherent representations of BM (Jastorff and Orban, 2009; Sokolov et al., 2018). Beyond human studies, a few non-human animal studies and cross-species studies offer insights into the evolution of this cortical network. By contrasting the neural response to BM versus that to static figures or non-BM, previous research has demonstrated STS activations in both monkeys and humans, regardless of whether the motion is generated by conspecifics or nonconspecifics, although with stronger responses to conspecific motions (Jastorff et al., 2012). By comparing the neural response to BM with that to inverted stimuli, a recent study found a selective response to conspecific motion in the human STS but not in the monkey STS, while the MT region in human as well as monkey brains responds to both conspecific and nonconspecific motions without conspecific preference (Cheng et al., 2025). Taken together, these findings indicate that upstream cortical regions (i.e., MT) may retain homologous functions across species (i.e., lack conspecific selectivity), and downstream cortical regions (i.e., STS) may have undergone differentiation and specialization throughout evolution.

Recent studies have also explored the subcortical processing of BM (Figure 2c). One study found that the ventral lateral nucleus (VLN) is involved in the processing of both global configuration and local motion cues of BM (Chang et al., 2018). Another recent study based on 3 T and 7 T functional magnetic resonance imaging (fMRI) found that the superior colliculus (SC), a subcortical structure involved in early visual processing, is activated more strongly by upright scrambled BM compared to the inverted counterpart (Lu et al., 2024). Moreover, it reveals a subcortical–cortical functional pathway from SC through the MT to the pSTS in the human brain. More potential subcortical–cortical connectivities remain to be examined in the future. The activation of SC is observed not only in humans but also in macaque monkeys, suggesting a cross-species mechanism in the primate SC that facilitates the detection of local BM at the early stage of the visual processing stream. The subcortical encoding of BM has also been observed in non-primates. The preoptic area and septum of newly hatched chicks are involved in discriminating BM from rigid motion (Lorenzi et al., 2024; Mayer et al., 2017). The visual input to the preoptic area in chicks is mainly provided by the optic tectum, an area homologous to the mammalian SC and responsible for the detection of animate cues, especially dynamic motion cues (Rosa Salva et al., 2015). These findings suggest that the processing of local motion cues may recruit early and primitive brain areas in different species (e.g., SC, preoptic area), providing supporting evidence for the existence of a “Step Detector” (Hirai and Senju, 2020) or a “life detector” (Troje and Westhoff, 2006) system in the evolutionarily ancient subcortical structures.

In addition to the cerebrum, several neuroimaging studies have reported cerebellum activation during BM processing (Sokolov et al., 2012, 2018), although one lesion study found that cerebellum dysfunction did not impair the detection of BM (Jokisch et al., 2005). Furthermore, BM perception may also rely on embodied motor simulation (Arrighi et al., 2011; Bosbach et al., 2006; Cavallo et al., 2012; Wilson and Knoblich, 2005). By modulating the availability of online stimulation, a recent study suggests that sensorimotor simulation at peripheral effectors plays an irreplaceable role in processing BM, especially for local motion cues (Shen et al., 2025a). The brain–body entanglement mechanism in BM perception may provide a certain physiological basis for the timely execution of fight-or-flight and other action responses.




3 Animacy perception from BM

Although BM is a vital signal for the existence of life, how it leads to animacy perception remains largely unknown. In the current section, we review empirical evidence on this issue. Compared to other attributes of BM, animacy is a more fundamental and vital dimension associated with life, given its invariance across different circumstances and its role as a prerequisite for conveying other attributes (e.g., emotion) unique to living entities. Note that the perception of animacy and other attributes from BM is not perceptually independent. Chang and Troje (2008) found a significant correlation between walking direction discrimination and animacy ratings for point-light walking motion, suggesting potentially shared visual mechanisms underlying the two processes, such as visual motion analysis. However, perceiving animacy from BM should not be conflated with the processing of walking directions, as these processes serve distinct perceptual and cognitive functions. Walking direction conveys others’ goals and interests in the surroundings. Thus, perceiving and discerning walking direction enables rapid access to the direction of others’ intentions and automatic orienting toward it through a specialized social attentional mechanism (Ji et al., 2020; Shi et al., 2010; Wang L. et al., 2014; Wang et al., 2020; Zhao et al., 2014). In comparison, animacy perception refers to perceiving an entity as alive or possessing agency (Scholl and Tremoulet, 2000; Vallortigara, 2012). It enables organisms to differentiate between animate and inanimate objects and develop appropriate adaptive responses.

As previously mentioned, this article focuses on animacy perception elicited by non-interactive BM, exploring the mechanism for perceiving animacy based on visual motion processing rather than social cognitive inferences. We will introduce key factors and motion features that influence animacy perception based on intrinsic and extrinsic motion patterns, respectively, and explore the potential neural substrates.


3.1 Perceiving animacy from the intrinsic joint movements of BM

Only a few studies explored how intrinsic joint movements of BM lead to animacy perception. Most of them utilized walking stimuli, one of the most prevalent types of locomotion for terrestrial vertebrates, based on rating tasks or comparing visual stimuli on the animacy dimension. By measuring the animacy perception induced by point-light sequences of a walking human, cat, and pigeon, Chang and Troje (2008) found that upright stimuli were rated more animate than inverted stimuli. Such inversion effect of animacy rating also existed in scrambled point-light BM sequences, in which the local trajectories are preserved while the global configurations are disrupted. It suggests that at least part of animacy information is carried by the local motion cues without relying on global configuration. In addition, since the inverted point-light displays alter only the motion in the vertical direction while preserving the horizontal component, the inversion effect may indicate the influence of gravity direction on the animacy judgment of local motion. Thurman and Lu (2013) further found that gravity direction and the congruency between intrinsic and extrinsic motion have an interactive influence on animacy percept. Animacy ratings only increased for spatially scrambled point-light walkers with upright orientation and congruent intrinsic-extrinsic motion direction, compared with inverted or incongruent conditions. Taken together, these findings underscore the importance of local BM with ecological constraints (both physical and biological) in perceiving animacy. Combined with prior evidence for the influence of the gravitational environment on BM processing (Wang et al., 2022), these findings suggest that the ecological environment, along with the concomitant constraints and expectations, may shape the perception of animate motion information.



3.2 Perceiving animacy from extrinsic motion patterns

In addition to the intrinsic joint movement of animate agents, extrinsic motion patterns also constitute an integral component of BM and embody vital life signatures. While most studies on BM perception adopted point-light displays that eliminate extrinsic body locomotion, some evidence suggests that the extrinsic motion of BM also modulates its perception and animacy rating (Masselink and Lappe, 2015; Thurman and Lu, 2013). Even without intrinsic relative motion, observers can easily discriminate animate motion from inanimate one in the real world based on their low-level kinematics and trajectories of extrinsic motion (Han et al., 2023). Given the complexity of real animate motion, some researchers used a single inanimate object without animate form or texture (e.g., a dot or a geometrical shape) to simulate extrinsic motions, allowing the isolation of key motion factors that contribute to animacy impression under rigorous experimental control. Although these simulated motions are not identical to veridical BMs, identifying the critical motion factors in such stimuli that trigger animacy perception could offer insights into how we perceive animacy from the extrinsic motion patterns of living creatures.

A large number of studies have demonstrated that self-propelled motion elicited a stable perception of animacy. Observers attributed animacy to geometric shapes exhibiting autonomous motion initiation (Stewart, 1982), speed modulation, direction change, or alignment between the principal axis orientation and its motion direction (Tremoulet and Feldman, 2000). Another cue signaling animacy is motion against gravity. Szego and Rutherford (2008) demonstrated that extrinsic motions inconsistent with gravity elicited stronger animacy perception than those consistent with gravity. In particular, more participants judged the upward motions (against gravity) of a single dot as more animate compared with the downward ones presented on a vertically oriented computer screen. However, when the screen was horizontal (i.e., parallel to the ground), altering the directional relationship of the motion and the gravitational context, participants no longer showed preference in their animacy judgments. This gravitational modulation of animacy judgments suggests that gravity is an ecological constraint shaping animacy perception from extrinsic motion, and identifying motion against the gravitational force may be essential for animacy perception.

Although these findings were derived from the extrinsic motions along synthetic paths, terrestrial, aquatic, and aerial animals in the natural world are all able to initiate motion autonomously and move against gravity, driven by an internal energy source. Cross-species evidence suggests that the visual sensitivity to such motion patterns emerges early in life. Di Giorgio et al. (2017) first demonstrated human newborns’ ability to differentiate between self- and non-self-propelled objects and their visual preference toward self-produced motion. Studies on visually-naïve chicks demonstrated their spontaneous preference for a geometric shape’s motion exhibiting speed changes (Rosa-Salva et al., 2016), axis-path parallelism, or spontaneous rotation (Rosa-Salva et al., 2018), relative to constant-speed, non-parallel, or translational motions. Moreover, newborn chicks have a predisposition to approach stimuli moving against gravity (Bliss et al., 2023). These findings, together with the abovementioned evidence, open the possibility that identifying internal energy sources indicated by particular motion features (i.e., self-propelled, against-gravity) serves as a general mechanism for animacy perception from visual motion. They also suggest an early ontogenetic origin of the capacity to detect animate motion and perceive animacy based on some general animate kinematic features, possibly driven by a phylogenetically old mechanism shared among various vertebrates.



3.3 Comparison of animacy perception between intrinsic and extrinsic motions

Beyond those general factors, cognitive processing mechanisms for intrinsic and extrinsic motion still differ in some aspects. For instance, the perception of extrinsic motion does not require the complex analysis and integration of intrinsic kinematic characteristics. This may account for the seemly contradictory findings that the gravity-incompatible intrinsic movements in inverted point-light BM reduce animacy perception while the extrinsic motion of a single point against gravity enhances animacy perception. Since the local kinematics of intrinsic joint ballistic movements reflect the combined influences of gravity and biomechanics, the inverted gravity-incongruent movements impair this inherent ecological validity and thus reduce perceived animacy. In comparison, the downward global extrinsic motion indicates only the gravitational constraint, therefore the ability to move against gravity can be interpreted as evidence of an internal energy source generated by an animate agent, prompting observers to perceive animacy.

While these findings can be understood within a unified framework considering fundamental physical and biological constraints, the similarities and differences in animacy impression mediated by intrinsic versus extrinsic motions and their integration remain underexplored. Thus, further investigation is required to advance our understanding of animacy perception from BM by considering both intrinsic and extrinsic motions.



3.4 Neural mechanism for animacy perception from motion cues

Most studies on the neural mechanism of point-light BM focused on its visual processing rather than the animacy percepts. Among the studies concerning animacy perception, most elicited higher-level social cognitive processes along with basic animacy impressions by imposing inter-object or object-environment interactions to simple objects. Only a limited number of studies have preliminarily investigated the neural substrates for animacy perception based on the visual processing of motion cues, and these studies typically examined the extrinsic motions of simple, non-interactive objects.

Schultz and Bülthoff (2019) have demonstrated that the intraparietal sulcus (IPS) serves as a key cortical region for perceiving animacy from extrinsic motion patterns. Using simulated animation sequences showing a single dot’s self-propelled motion transitioning through six morph levels from inanimate to animate, they found that the right IPS showed a higher response when observers perceived animacy compared with when they did not. However, they did not observe the involvement of some typical cortical regions associated with BM perception, such as the pSTS. This discrepancy may occur because perceiving animacy from such a simplified moving stimulus does not rely on form-motion integration or action recognition. It is likely that animacy perception from different motion cues, particularly the intrinsic joint movements in point-light displays and the global extrinsic motion of a single dot, involves distinct neural substrates. Therefore, it is necessary to reassess the functional contributions of brain regions engaged in complex BM processing and elucidate their role in perceiving animacy from motion cues.

Moreover, evidence from studies in humans and other animals indicates the role of subcortical structures in perceiving general animate motion with different forms. Previous studies have demonstrated that chicks exhibit innate predispositions for animate motion eliciting animacy perception in humans (Bliss et al., 2023; Rosa-Salva et al., 2016, 2018; Vallortigara et al., 2005; Vallortigara and Regolin, 2006). Given the substantial brain organization differences and phylogenetic distance between species, this cross-species mechanism potentially involves evolutionarily ancient neural substrates (Hirai and Senju, 2020; Johnson, 2006; Troje and Westhoff, 2006). More specifically, certain homologous subcortical structures may contribute to the cross-species capacity for innate and rapid perception of animacy, distinct from cortical elaboration. Lorenzi et al. (2017) found that the right septum and the preoptic area of newly hatched chicks exhibited higher neuronal activity when they were exposed to the motion of a disk with speed changes compared to that at a constant speed. These findings, combined with the recent empirical results of the preoptic area involvement in BM perception in newborn chicks (Lorenzi et al., 2024), establish evidence for the crucial role of the preoptic area, a conserved subcortical structure, in general animate motion processing at birth. In addition, the SC is a pivotal subcortical region for processing local motion cues of BM in humans and macaques (Lu et al., 2024), as previously discussed. Given the contributions of local motion in perceiving animacy (Chang and Troje, 2008; Thurman and Lu, 2013), not just in processing BM, the SC may also be closely related to animacy detection and perception in primates. However, since these findings are based on the visual processing of animate versus inanimate motion rather than being directly linked to animacy percept, the exact role of subcortical structures in perceiving animacy from motion cues remains to be delineated.




4 Discussion and future directions

In this review, we focus on the perceptual and neural processing of a vital type of animate motion, namely, BM, spanning from its visual perception to animacy perception based on visual motion analysis. By reviewing key findings in human and non-human animal studies, we have outlined the specialized processing of BM across different species and emphasized the role of local motion cues in driving the domain-specific mechanisms. Compared to the emerging understanding of the cortical–subcortical networks involved in BM processing, much less is known about the neural networks underlying animacy perception from BM. The latter topic requires more systematic and in-depth investigations.

In addition, what key motion features in BM elicit animacy perception remains to be investigated. The current “Life Detector” and “Step Detector” hypotheses emphasize the significance of low-level kinematic features, namely the acceleration profile of local BM and especially the foot motions, in perceiving walking direction as well as the animate properties of a creature (Chang et al., 2018; Chang and Troje, 2008, 2009a; Hirai and Senju, 2020; Johnson, 2006; Troje and Westhoff, 2006). Between processing low-level local motion and perceiving global BM, mid-level motion features provide structured motion units that capture spatiotemporal relations between joints. Previous research employing simulated motion stimuli suggests that some mid-level motion features, such as the combination of deformation and translation (Kawabe, 2017), as well as alternating contraction and expansion accompanied by translational movement (Parovel et al., 2018), could trigger the impression of animacy. Other mid-level features, such as opponent motion, are crucial for BM perception (Casile and Giese, 2005; Thurman and Grossman, 2008), while their role in animacy perception remains unclear. In addition, how low-level kinematic features and mid-level motion patterns are integrated to support animacy perception and agency attribution also awaits further investigation. Exploring these questions may not only help broaden our understanding of how the brain identifies BM as a signal of life but may also provide valuable insights for designing bio-robots capable of producing life-like movements.

Notably, rhythm is an inherent and intrinsic feature of basic locomotion patterns across many species, such as the walking of humans, the swimming of jellyfish, and the flying of butterflies. Moreover, like BM processing, rhythm processing also has an evolutionary basis (Kotz et al., 2018). These suggest a potential link between rhythm processing and animacy perception elicited by BM. Previous research has shown that neural oscillations will align to and continuously track the temporal structures in external and internal rhythms (Lakatos et al., 2019; Thut et al., 2011), a mechanism that enables humans to maintain perceptual and cognitive representations of rhythmic stimuli even after they have disappeared (Miller et al., 2013). Recent electroencephalograph (EEG) studies have found that the neural tracking of rhythmic structures in human walking movements contributes to domain-specific encoding of BM signals (Shen et al., 2023b; Shen et al., 2025b). These findings raise an important question: does the neural encoding of locomotion rhythms also contribute to the animacy perception elicited by BM?

Finally, future studies could integrate the investigation of neural mechanisms underlying animacy perception from visual motion cues with that from static cues. Previous work has revealed a lateral-to-medial functional gradient organization in the ventral visual pathway for distinguishing animate from inanimate categories through static cues (Grill-Spector and Weiner, 2014; Kriegeskorte et al., 2008). Apart from the ventral temporal cortex (VTC), the superior temporal sulcus (STS) is also sensitive to static animate cues such as face and body (Allison et al., 2000; Pinsk et al., 2009). Static animate images and dynamic animate cues seem to share a part of overlapping neural substrates, including the STS, despite differences in visual representation. However, it remains unclear whether static and motion cues elicit distinctive activation patterns in these regions, how integration occurs between the processing of static and motion cues, and whether they rely on a common core network or dissociable pathways in evoking animacy perception. Addressing these questions would lead to a more comprehensive understanding of the neurocognitive mechanism of animacy perception.
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