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All brain processes that generate behaviour, apart from reflexes, operate with information that is in an “activated” state. This activated information, which is known as working memory (WM), is generated by the effect of attentional processes on incoming information or information previously stored in short-term or long-term memory (STM or LTM). Information in WM tends to remain the focus of attention; and WM, attention and STM together enable information to be available to mental processes and the behaviours that follow on from them. WM and attention underpin all flexible mental processes, such as solving problems, making choices, preparing for opportunities or threats that could be nearby, or simply finding the way home. Neither WM nor attention are necessarily conscious, and both may have evolved long before consciousness. WM and attention, with similar properties, are possessed by humans, archerfish, and other vertebrates; jumping spiders, honey bees, and other arthropods; and members of other clades, whose last common ancestor (LCA) is believed to have lived more than 600 million years ago. It has been reported that very similar genes control the development of vertebrate and arthropod brains, and were likely inherited from their LCA. Genes that control brain development are conserved because brains generate adaptive behaviour. However, the neural processes that generate behaviour operate with the activated information in WM, so WM and attention must have existed prior to the evolution of brains. It is proposed that WM and attention are widespread amongst animal species because they are phylogenetically conserved mechanisms that are essential to all mental processing, and were inherited from the LCA of vertebrates, arthropods, and some other animal clades.
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1. Introduction

The term “working memory” (WM) was proposed by Miller et al. (1960) in reference to the retention of plans for action, which they also referred to as “intentions”. They wrote (p. 59) that the plan is “put into some special state or place where it can be remembered… a kind of quick-access, ‘working memory’.” The concept of WM was extended by Atkinson and Shiffrin (1968) who included “active” information in short-term memory (STM) and long term memory (LTM).

The WM models of Miller et al. (1960) and Atkinson and Shiffrin (1968) were followed by the “multicomponent model” (Baddeley and Hitch, 1974). The multicomponent model had three parts: a verbal working memory (“phonological loop”), a visual–spatial working memory (“visuospatial sketchpad”), and the “central executive”, which included a system for controlling the focus of attention. This model was later modified to include a fourth component, the “episodic buffer”, which combined information from different sources in a form that is experienced (Baddeley, 2000, 2010).

According to this view, WM can include plans, incoming sensory information, and information from STM or LTM (Cowan, 1988, 1999). Cowan wrote that WM is “activated information”, which is the focus of attention, is associated with consciousness, and is used for quite complex operations, such as problem solving, decision-making, and other thought processes.

The Baddeley and Hitch multicomponent model was the dominant view of WM until recently. A move away from this view has occurred as a result of the many investigations of aspects of WM and attention, principally in humans, that has created a more detailed picture of their properties and the relationship between WM and attention. This has led to reports that WM and attention have properties which are very important for the survival of mobile animals. WM and attention help their possessors to determine the identities and movements of objects in their environment, and therefore to respond better to threats and opportunities. Following on from this, it has been suggested that WM and attention may have been early adaptations in the evolution of cognitive systems (Haladjian and Montemayor, 2015).

The current view is that WM is information which is retained by an organism—generally for a short time after an event—in an active state that makes it available for use in the generation of responses. WM enables a wide range of mental activities, from complex calculations to simply preparing to respond to significant objects—predators, prey, potential mates, and so on—that, for some reason are no longer sensed, but may still be nearby (Fuster, 1990; Wallis et al., 2015). WM is essential to us for all thinking, planning and problem-solving, and for simpler tasks such as not looking in the same place twice for a lost object.

Evidence is accumulating in support of the view that WM corresponds to neural activity in relevant areas of STM (Haynes and Rees, 2005; Kamitani and Tong, 2005; Offen et al., 2009; Serences et al., 2009; Chun, 2011; Lewis-Peacock et al., 2012) or LTM (Ruchkin et al., 2003; Lewis-Peacock and Postle, 2008). In each case, attention-related processes activate neurons that represent information concerning whatever is being attended to.

Attention (sometimes referred to as “selective attention”) is the occurrence in animals of enhanced “active” information relevant to a matter of concern (“the focus”), and reduced information concerning matters outside of the focus. Note that the focus is not necessarily a visual focus. This active information is WM, and is available for investigating a focus, and preparing a response to it (Olivers and Roelfsema, 2020). The focus may be important biologically (in any species), or socially or personally (in some species).

There is a reciprocal relationship between WM and attention. Information from the attentional focus becomes the content of WM, but attention tends to be drawn to objects that are related to the information held in WM. This is because WM is information that is available to mental processes, which would include processes that select the attentional focus.

Attentional processes select a focus from WM and other available information. The other available information is preattention (or “global perception”), from which meaningful items or locations can be selected for attention (Logan, 1992; Wolfe, 1992). It appears that preattention and its associated processes are ongoing independently of attention, so that significant items or changes are immediately noticed, they “pop out”, even when attention is directed elsewhere (Hughes et al., 2012). Any matter that was recently a focus of attention—about which information is held in STM—can also determine what is attended to amongst preattentive information (Wolfe and Utochkin, 2019).

Most references to preattention are concerned with visual information. But other non-focus exogenous (sensory) information is within the scope of preattention, as may be endogenous information concerning one’s physiological or emotional state, or other matters that are not the current focus of attention.

The hypothesis proposed here is that WM and attention evolved before the evolution of brains, and have been inherited by vertebrates and arthropods since their last common ancestor (LCA). And, because molluscs and nematodes evolved after the divergence of vertebrates from the predecessors of arthropods, early molluscs and nematodes would probably have inherited WM and attention, though some may have subsequently lost these functions, as may some vertebrates and arthropods.

This report is in two parts. The first concerns the nature, relationship and neural location of WM and attention in humans. It briefly lists some properties of WM and attention in humans, and some interactions between WM and attention, as determined from cognitive behavioural studies and neuroscientific experiments.

The second is a collation of evidence that WM and attention are likely very ancient. It summarises WM and attention data on four phylogenetically diverse species for which there is detailed published evidence concerning the properties of WM and attention possessed by them. This is extended by reports of WM in many other species from related clades, plus various supplemental evidence. The data and arguments are presented in five stages:

1. Data concerning archerfish, and other vertebrate classes, which indicate that WM was very likely possessed by early vertebrates.

2. Data concerning jumping spiders, honey bees, and other arthropods, providing some evidence for possession of WM by early arthropods.

3. WM in Octopus vulgaris, some other molluscs, and possibly Caenorhabditis elegans, a nematode.

4. The phylogenetic relationship between these clades.

5. Claims that the tripartite brain was inherited from the LCA of vertebrates and arthropods.



2. Working memory and attention in humans


2.1. WM and attention are forms of information

WM is information stored for a period of time in a state that makes it immediately available for use by brain processes that determine responses. Thus, WM is stored information of a particular kind.

The standard view of attention is that it is enhancement of focus information, and inhibition of non-focus information. But this is not strictly correct. Attention is not a process; it is an information state. What we experience as attention is a more detailed, or clearer, experience (increased information density) at the focus, accompanied by a less detailed, less clear, experience (reduced information density) outside of the focus. Thus, attention is a specific kind of localised variation in information density.

WM and attention are both information of particular kinds that can influence behaviour. This is because WM and attention, which are outputs from certain brain processes, are also inputs to other brain processes that determine behaviour.



2.2. Working memory in humans

The current view is that WM is information which is retained by an organism for a short time after an event, generally for seconds or minutes (Smith and Jonides, 1999), that is available for use in the selection, storage, and activation of responses (Awh and Jonides, 2001; Cowan, 2008; Oberauer, 2019). In some situations, such as the activation of a plan, or having an intention to do something, WM may retain information for a longer time. WM enables a wide range of activities. When there is no longer incoming information available to an animal about a continuing potential threat or opportunity, it depends upon information in WM to prepare its response. WM can also enhance the ability of its possessor to identify objects in its environment and their movements by allowing incoming information to be compared with WM-stored information, as objects of interest change their position. WM is the temporary activation of focal information, STM, or LTM (Fuster, 1997).

Humans have WM for many, possibly all, sensory modalities, plus WM for other important information, such as intended actions (Miller et al., 1960; D’Esposito and Postle, 2015). There is published evidence for:

• auditory WM (Samms et al., 1993; Awh et al., 1996; Maybery et al., 2009; Kaiser, 2015; Linke and Cusack, 2015; Kumar et al., 2016);

• olfactory WM (Herz and Engen, 1996; White et al., 1998; Andrade and Donaldson, 2007; Zelano et al., 2009);

• gustatory WM (Lara et al., 2009; Daniel and Katz, 2018);

• haptic WM (Sullivan and Turvey, 1974; Harris et al., 2002; Reed et al., 2005); and

• visual WM. Most research has been with visual WM, and all of the research on WM in humans discussed below concerns visual WM. Similarly, the discussions of attention refer to visual attention, except where indicated.



2.3. Attention in humans


2.3.1. Whatever is important, novel, or salient tends to determine the focus of attention

Attention in humans tends to be drawn to information that is, or could be, biologically, socially or personally important. Attention is preferentially captured by bodies and faces (Downing et al., 2004; Ro et al., 2007; Salvato et al., 2017), particularly faces turned toward the observer (Stein et al., 2011; Chen and Yeh, 2012; Gobbini et al., 2013a). Attention tends to be drawn to personally important matters, such as familiar faces (Gobbini et al., 2013b) or one’s own name (Moray, 1959; Wood and Cowan, 1995).

Attention is also attracted to fear-related objects more quickly than objects that are unlikely to provoke fear (Ohman et al., 2001; Lin et al., 2009). Animate objects capture attention more readily than inanimate objects (New et al., 2007; Calvillo and Hawkins, 2016; Saryazdi et al., 2019). Attention tends to be rapidly captured by motion, especially the onset or cessation of movement, or by looming objects (Hillstrom and Yantis, 1994; Abrams and Christ, 2003; Franconeri and Simons, 2003; Kawahara et al., 2012; Smith and Abrams, 2018). Each of these are preferentially attended to because they may be biologically or socially important to the individual.

Attention tends to be captured by salient visual stimuli (Nothdurft, 2002; Forster and Lavie, 2008; Geng and Diquattro, 2010; Kerzel and Schönhammer, 2013; Gayet et al., 2014) or unexpected sounds (Cherry, 1953). Reviews of visual salience in humans (Wolfe and Horowitz, 2004, 2017), concluded that colour, motion, orientation and size are attributes of objects that commonly lead to “pop-out”. Under some conditions, salient stimuli do not capture attention (Yantis and Jonides, 1990), and this has been explained on the basis that “attend-to-me” signals can be overridden by top-down suppression to prevent the capture of attention (Sawaki and Luck, 2010; Gaspelin and Luck, 2018).



2.3.2. Attention is enhanced focus information and reduced non-focus information

Attention is enhanced information concerning its current focus, accompanied by reduced information concerning matters that are irrelevant to the focus. This has been demonstrated in behavioural experiments (Posner, 1994; Awh and Jonides, 2001; Awh et al., 2006; Soto et al., 2008; Cohen et al., 2012; Bahmani et al., 2019), and by noting neural responses to focus-relevant and focus-irrelevant information (Pinsk et al., 2004; Yi et al., 2004; Schwartz et al., 2005; Torralbo et al., 2016).

Under attentional load the enhancement of focal information and reduction in non-focal information are increased (Lavie and Tsal, 1994; Lavie, 1995; Rees et al., 1997; Pinsk et al., 2004; Yi et al., 2004; Schwartz et al., 2005). “Attentional load” is the difficulty, or importance, of identifying or tracking an object of interest. When attentional load is greatest, the information from the attentional focus—which may involve any sensory modality—is maximised, and irrelevant information is minimised, whether from the same or a different sensory modality (Molloy et al., 2015). Attentional load is commonly achieved in experiments by making the object of attention difficult to identify. It is likely that attentional effects on incoming information are graduated according to the attentional load (Torralbo et al., 2016).

Enhanced information about the focus increases the probability of correctly identifying and monitoring objects. This would be very adaptive, and leads to an expectation that attention could have been a very early evolutionary development in mobile animals. Attentional processes that inhibit information which is irrelevant to the focus reduce the possibility that attention—and WM—will move away from the matter currently of interest.




2.4. The relationship between WM and attention

It is widely accepted that, in humans, working memory and attention are closely related (Awh and Jonides, 2001; Berti and Schröger, 2003; Oberauer, 2019):

1. Attention is enhanced focal information and reduced non-focal information, as noted above, particularly under high attentional load, when a difficult-to-identify, or important matter, is in focus (for example, Lavie, 2005).

2. When attention moves to a new focus, information tends to be lost (Hayhoe et al., 2002).

3. The problem of losing important information when attention moves is overcome by information concerning the focus being held in STM or WM.

4. Subsequent to the transfer of focus-related information to WM, processes operating with WM information tend to maintain the focus of attention, thereby reducing unwanted movement of attention away from the focus (Lavie and de Fockert, 2005; Awh et al., 2006; Soto et al., 2008; Cohen et al., 2012; Dowd and Mitroff, 2013; Williams et al., 2013; Olivers and Roelfsema, 2020).

5. Attention may continue to collect focus information, which is transferred to WM (Soto and Humphreys, 2007; Soto et al., 2008; Dalton et al., 2009; Ko and Seiffert, 2009; Zhang et al., 2018).

6. The persistence of attention to a focus stabilises WM (Smyth and Scholey, 1994; Awh and Jonides, 2001; Matsukura et al., 2007; D’Esposito and Postle, 2015).

7. Brain processes operate with incoming focal information and information held in WM to determine a response.

8. If a response—an “action plan”—is selected but not immediately activated, it is copied into STM or WM (Miller et al., 1960; Oberauer, 2019), and attention may be focused in such a way as to prevent the information from being over-written—generally, the focus is appropriate to the first action of the sequence in the action-plan (Miller et al., 1960; Awh and Jonides, 2001), when the first action is completed, attention, and WM move to the next action in the sequence (Hayhoe et al., 2002).

9. When attention activates information in STM or LTM, this information is immediately available for use by brain processes. Processes that determine the focus of attention may also be influenced by this active information, and therefore tend to maintain the focus on information already in WM.



2.5. The location of WM and attention

Since the 1990s, evidence has accumulated that WM and attention are located in relevant sensory areas of the brain. Much of the early evidence is summarised in Fuster (1997) who reported that short-term memory (STM) and long-term memory (LTM) appear be stored in the same location. He reported that WM is temporary activation—increased firing of neurons—of STM or LTM; a view supported by other researchers (Kastner and Ungerleider, 2000; Awh and Jonides, 2001; Barnes et al., 2001; Jonides et al., 2005; Postle, 2006; Lewis-Peacock and Postle, 2008; D’Esposito and Postle, 2015). Fuster claimed that almost all regions of the brain store information of some kind, and that information is held with some of the neural systems that manipulate it, and this is now widely accepted (for example, Jonides et al., 2005; D’Esposito and Postle, 2015).

Processes associated with visual attention and visual WM are located in the visual cortex. Therefore, it is possible that attentional selection and storage of information, together with some associated processes may share common neural mechanisms and circuits, and that these complexes of information storage and associated mechanisms probably occur in each sensory information store (Kastner and Ungerleider, 2000).

A number of experiments employing multivariate pattern analysis (MVPA) with fMRI of early visual areas have determined the location of WM information. Using MVPA with fMRI of the V1 region of the human visual cortex, Haynes and Rees (2005) were able to determine which of two stimuli were being viewed by participants even when the stimuli were masked, and invisible to the participants. Similarly, Kamitani and Tong (2005) found that fMRI signals in early visual areas could predict which of eight stimulus orientations a subject was focussed on. When subjects had to attend to one of two overlapping orthogonal gratings, activity was biased toward neural structures representing the orientation attended to (Kamitani and Tong, 2005). These results are evidence that visual attention and WM occur in early visual areas, and that WM is associated with the activation of neural structures.

In MVPA fMRI analyses, Serences et al. (2009) also reported that the maintenance of information in visual WM is associated with activation patterns in the regions of the visual cortex that encode the sensory information. But, Harrison and Tong (2009) found that early visual areas V1 to V4 can retain information about visual features over periods of many seconds with little or no sustained activity. This may be an attentional-load effect; Offen et al. (2009) reported that the early visual cortex exhibited sustained responses throughout the delay period when subjects performed attention-demanding tasks, but the delay-period activity was not distinguishable from zero when subjects performed a low attentional load task. It is possible that in the low attentional load task, the relevant information was held in short term memory, which could be retained with little or no neural activity, but in the higher load task the memory was held in an active state.

In two fMRI studies; one a delayed-recognition memory for location versus identity of abstract geometric shapes (Postle and D’Esposito, 1999); and the other of “n-back”, in which a sequence of shapes is presented and the subject has to strike a key in response to a shape that they previously saw either 2 or 3 stimuli earlier (Postle et al., 2000); both found object-specific WM-related activity in the ventral temporal and occipital cortex regions associated with the relevant sensory processing. Again, sensory WM was being stored in relevant sensory areas, and was detectable under these high-load conditions.

There has been recent discussion concerning the neural state of WM, with various reports that WM information may be represented in an “active or silent state”, or in “active or passive storage” (Mongillo et al., 2008; Manohar et al., 2019; Stokes et al., 2020). However, these reports do not conflict with the view that WM is generated by attending to information held in relevant brain areas.

It is important to note that WM in humans is not necessarily conscious (Hassin et al., 2009; Soto et al., 2011; Bona et al., 2013; Soto and Silvanto, 2014, 2016; Bergström and Eriksson, 2015, 2018; Trübutschek et al., 2017). There is also evidence that attention is not necessarily conscious (Kentridge et al., 1999, 2004; Koch and Tsuchiya, 2007; van Boxtel et al., 2010; Chong et al., 2014; Bergström and Eriksson, 2015; Prasad and Mishra, 2019). Therefore, it is not necessary for species to possess consciousness in order for them to have WM or attention. Also, evidence that species possess WM or attention tells us nothing about whether those species possess consciousness.

In summary, research concerning the neural location of WM and attention indicate that:

1. STM, like LTM, is based on synaptic strength, not ongoing neural activity.

2. STM and LTM, and attentional selection, occur in the relevant information store, together with the mechanisms that generate them, and some of the mechanisms that utilise them.

3. Attention to incoming sensory information, or to information represented in STM or LTM, generates WM.

4. Storage (as STM or LTM) and attentional activation as WM are systems that do not require consciousness, and may not require a complex brain, and therefore it may be possible for animals with relatively simple nervous systems to possess WM.

It is noteworthy that honey bee visual WM is also located in the early visual areas of the bee brain, and is activated by attention to a task (Paulk et al., 2014), just as with humans.




3. The evolution of WM, and its possible loss in some species

The evolution of WM may not have been a very complex development on the scale of evolutionary changes over time. There appears to be no evidence concerning how WM evolved, but it could have evolved from stimulus–response (S-R) actions, which are possessed by organisms with very simple nervous systems (Reber, 1995). S-R actions, in their simplest form, are fixed behaviours in response to specific stimuli. An example would be when an animal senses the presence of a predator, and either freezes, moves away very rapidly, or withdraws immediately into a safe place.

It is likely that attention evolved early on, so as to enhance S-R behaviour. This is because attention would have permitted improved detection of some types of stimulus in S-R events.

In general, organisms that possess S-R behaviour respond differently to successive similar S-R events. Relatively strong S-R type responses that do not lead to a significant positive or negative outcomes subsequently diminish in strength (they exhibit “inhibition”); and relatively weak S-R type responses that lead to significant outcomes are subsequently enhanced (“sensitisation”). These are the simplest forms of behavioural adaptation in multicellular mobile animals (Roth, 2013).

Inhibition and sensitisation require temporary storage of information concerning the nature and outcomes of each S-R event, and some processing of this information in response to the next similar S-R event. Thus, prior to the evolution of WM there would have been storage of relevant data and processing of this data. It would seem a relatively small change, in evolutionary terms, for these forms of information storage and processing to become STM, that could be activated by attention as WM and processed to generate a response.

These comments are not proposing a hypothesis for the evolution of WM. They merely demonstrate that the acquisition of WM could have been a fairly simple, but adaptive, evolutionary change.

For most species, WM is very adaptive. It permits flexibility of responding by allowing details of the situation to be incorporated into the choice of response. Ultimately, all mental processes from remembering something no longer sensed, or knowing the way home; to problem-solving, thinking, and planning; requires that relevant information be held in STM and activated by attention for processing (Roth, 2013; Hahn and Rose, 2020; Buschman, 2021). The WM mechanism is a basic component of mind1 that is necessary for all response systems (other than S-R mechanisms) to function. This would make WM and attention, core mechanisms upon which all further development of mind depended (D’Esposito and Postle, 2015).

The evolution of WM was a very significant event in the early history of mobile animals. Nevertheless, many species have continued to thrive without WM, and it is possible that some species, whose forebears possessed WM, could have lost WM if their lifestyle changed so that they no longer needed its functionality.

If a species has lost WM due to evolutionary changes, it would be expected that its lifestyle would explain why that occurred—why S-R behaviour is all that is required for continuance of the species. In general, this would require that sufficient of these animals are able to obtain food and avoid predators until they have produced offspring. This is likely to involve the production of many offspring, and not having to take special action to find food, avoid predators, or find a mate. Examples would be living on or in a food source, or reflexively catching passing food in their environment; having evolved protections against predation; and finding mates by responding directly to sensory cues.

Any function can be lost through genetic changes if the changes are not selected against in the situation of the given organism. Or a function may be lost during one or more of its life stages if the loss is not selected against. For example the Mexican cave fish (Astyanax mexicanus) lost its sight as a result of living in darkness. Deleterious changes in eye development genes were not selected against, and may have been selected for in the lightless environment (Torres-Paz et al., 2018). If a function is no longer essential to survival of the gene pool, mechanisms supporting that function may be selected against when a suitable genetic change occurs, because it is more efficient use of resources not to develop mechanisms that are no longer needed.



4. WM and attention in archerfish and other vertebrates

The second part of this report summarises published WM and attention data for a range of non-human species for comparison with human WM and attention, and as evidence for the early evolution of WM and attention. We begin with another vertebrate; archerfish.


4.1. WM and attention in archerfish

Archerfish (Toxotes sp.) live in small groups in mangrove swamps and brackish or fresh water in rivers and estuaries (Lüling, 1963). They are noteworthy for downing prey—flies, spiders or even small lizards—from overhanging vegetation with precisely aimed shots of water (Bekoff and Dorr, 1976; Schuster, 2007), and can even hit moving targets (Schuster et al., 2006; Ben-Simon et al., 2012).


In its native habitat the archerfish swims at the surface or just beneath it, the great eyes peering upward in what appears to be a purposeful search for prey. When it spots a likely insect on a water plant or a mangrove root, it takes up a characteristic position with its snout just breaking the surface (Lüling, 1963, p. 100).

Upon reaching the water surface the fish (T. chatareus) remains motionless for a few seconds at a fixed body angle. During this period the eyes may be seen to rotate in the dorsoventral plane and to converge. This binocular fixation of the prey would allow its correct placement along the extension of the fish's longitudinal axis. It may also allow the archerfish to judge the prey's distance (Dill, 1977, p. 173).
 

When archerfish have searched in a particular area without success they tend not to look there again for some time (Gabay et al., 2013). This is referred to as “inhibition of return”, and is a valuable ability for foragers because it makes foraging more efficient. Inhibition of return requires the possession of a WM to retain a record of recent locations, and it indicates that archerfish possess WM.

After being trained to shoot at targets on a monitor screen, archerfish demonstrated “expectation of location” and inhibition of return in an experiment in which an on-screen red or green mark indicated which side of the screen a target would appear (and provide a reward if hit). Fish demonstrated expectation of location by responding to the target more quickly when it was correctly positioned than when it was incorrectly positioned. When the target appeared after a delay, the fish took longer responding to the correctly positioned target than to the incorrectly positioned target. After initially not finding the target in the correct location, archerfish were slower finding targets due to a tendency not to look in the same place twice—inhibition of return (Saban et al., 2017). Expectation of location and inhibition of return both require a WM.

An archerfish (T. jaculatrix) can predict the point where the prey, when dislodged by a water jet, will land on the water surface. When one of their shots dislodges an insect, all the fish in a group are able, within 100ms, to begin turning to align their body axes to the spot where the insect will hit the water surface (Rossel et al., 2002). The shooter and other members of its group rapidly turn toward the prey impact direction and head toward it at a speed that is adjusted to arrive about 50ms after the prey hits the water. Archerfish can predict the direction and the distance to the point of impact of dislodged prey, and use this ability to determine their direction and speed of movement (Wöhl and Schuster, 2006). This requires WM for the calculation and for retention of their action plan.

Archerfish (T. jaculatrix) shooting at prey vary the velocity of parts of the jet so that the faster-moving tail catches up to the head of the jet just prior to impact with the prey, and a single water drop hits the prey with a large momentum (Vailati et al., 2012; Gerullis and Schuster, 2014). This momentum is sufficient to overcome the strong anchoring forces of the insect (or other) prey. When shooting at insect, spider, or lizard prey, archerfish match the impact momentum of shots to the strength of prey adhesion (Schlegel et al., 2006). For this to occur, there would need to be complex calculations, based upon innate mechanisms, which would require retention of various data in a WM.

In different experimental arrangements, archerfish (T. chatareus) can exhibit serial or parallel visual search (Rischawy and Schuster, 2013; Ben-Tov et al., 2015; Reichenthal et al., 2019). Evidence of parallel search demonstrates that archerfish respond to preattentional information.

In summary, there are four lines of published evidence that archerfish (Toxotes sp.) possess WM:

1. By displaying inhibition of return.

2. By displaying expectation of location.

3. By virtue of being able to hold data sufficiently to carry out complex calculations to determine the direction and distance to the point of impact of falling prey, and to adjust their speed of movement so as to arrive just after the prey lands on the surface of the water.

4. By making adjustments to the water jet to allow for prey size.

It is noteworthy that archerfish (Toxotes sp.), which amongst vertebrates are phylogenetically very distant from humans, possess WM and attentional responses that are similar to humans, though the LCA of archerfish and humans lived about 400mya (Erwin et al., 2011; Briscoe and Ragsdale, 2019). This suggests that WM and attention in vertebrates may have been conserved over a very long period.



4.2. WM in other vertebrates

There are reports of WM in very many vertebrate species, especially among mammals and birds, but there is less published evidence of WM in fish, amphibians and reptiles. In Table 1, I have listed some WM-possessing species from five vertebrate classes: fish, amphibians, reptiles, mammals, and birds, which demonstrates the widespread possession of WM amongst vertebrates.



TABLE 1 WM in five vertebrate classes.
[image: Table1]



TABLE 2 Some arthropods with WM.
[image: Table2]

There are many ways one can determine whether an animal possesses a WM. The lines of evidence that I have chosen are: path integration, remembering the way to a safe place, observational learning (that cannot be ascribed to associative learning), problem solving, and developing and retaining a plan of action (such as for a detour task, or any complex route).

The phylogenetic relationships between these vertebrate classes are shown in Figure 1, and indicate that WM may have existed since the early evolution of bony fish, about 420mya. It is possible that WM separately evolved in each of these vertebrate classes, but this is unlikely, because they all have comparable brain structures and functionalities (Karten, 2015; Murakami, 2017; Pessoa et al., 2019), which implies that all have some cognitive abilities that would require WM.

[image: Figure 1]

FIGURE 1
 Phylogenetic relationships between vertebrate classes. This figure provides a general impression of the dates at which these animal classes first evolved. There are various problems-associated with fossil identification and molecular clocks-that can result in large differences between reported dates (Cunningham et al., 2016). Approximate dates of the LCA of pairs vertebrate classes (shown as vertical lines) were extracted from figures in Laurin and Reisz (1995), Kemp (2005), Alcober, et al. (2010), Godefroit et al. (2013), Nesbitt et al. (2013), Marsicano, et al. (2016), Zhao et al. (2021).


Some cartilaginous fish, which predated bony fish, may also have WM. Manta rays and some sharks have high brain/body ratios but it is very difficult to observe their behaviour or ascertain their abilities (Ari, 2011), but manta rays do exhibit cognitive responses (Ari and D’Agostino, 2016). The earliest cartilaginous fish predated bony fish by about 40 million years (Benton, 2005).

Cyclostomes, which evolved earlier than cartilaginous fish, and of which only lamprey and hagfish survive, may also possess WM. Suryanarayana et al. (2017, p. 12) wrote that,


the basic features of the mammalian cortices had already evolved when the lamprey line of evolution diverged from that leading up to mammals some 500 million years ago. It would seem that this basic organization evolved to control the limited behavioral repertoire of the lamprey and that it has been maintained albeit expanded during evolution to control the more complex and refined movements and sensory processing of ‘higher’ vertebrates.
 

This suggests that the lamprey and hagfish—which have comparable brain structures to each other (Dupret et al., 2014), and comparable brain structures to vertebrates (Pani et al., 2012; Murakami, 2017)—have some cognitive flexibility, for which a WM would be required. Lamprey and hagfish first evolved about 500mya (Kuraku and Kuratani, 2006; Smith et al., 2010; Shimeld and Donoghue, 2012).

According to Sugahara et al. (2016, 2017), the brain regionalisation seen in gnathostomes (vertebrates possessing jaws) dates back to before the divergence of jawless fish and jawed fish. This would mean that some form of cognition, necessitating the possession of WM, existed in very early vertebrates. Apparently, there has been some subsequent degeneration of brain structures in hagfish (Sugahara et al., 2017).

In conclusion, it is likely that some members of all vertebrate classes possess WM, which suggests that WM existed at the time of the LCA of vertebrates—the most recent species or gene pool that was ancestral to all vertebrates. (But some vertebrate species may have since lost WM.)




5. WM and attention in salticids, bees and other arthropods

Next, we look at evidence for WM and attention in arthropods. We begin with jumping spiders because there are very many published reports of relevant behaviour in these species.


5.1. WM and attention in salticids

A common test for WM in animals is to interrupt sensory input concerning an object of interest for a short time, and observe their behaviour after the sensory input is re-established. In separate tests, sensory input is re-established with the object unchanged (the control condition), or with the object changed, and noting whether animals behave differently under the two conditions, indicating “expectancy violation”, which constitutes evidence of WM.

Cross and Jackson (2014) used an araneophagic (spider-eating) salticid, Portia africana, in expectancy violation tests for working memory. Their experiments began with a test spider on a ramp facing a lure (dead prey-spider mounted on a cork disk) that could be reached by jumping. After the test spider faced the lure for 30s, its view of the lure was blocked by lowering an opaque shutter. When the shutter was raised 90s later, either the same lure came into view again (control) or a different lure came into view (experimental). Cross and Jackson reported that when prey type was changed, attack frequency was significantly lower than in control trials when the prey was unchanged, and this demonstrated that P. Africana possesses a visual WM.


5.1.1. Salticids can hold an action plan in WM

Another means to determine the presence and properties of WM is to observe whether an animal is able to continue a sequence of actions when the goal of those actions is no longer sensed. Fifteen species of araneophagic salticids were tested in an experimental arrangement with two raised metal pathways, each with multiple changes of direction (Cross and Jackson, 2016). The spiders began each trial on top of a tower from which they could view the two pathways, with a prey box at the far end of each; one path had a dead prey-spider in the box, but the other path led to an empty box. From the top of the tower, the spiders could see the two routes, and they appeared to make a thorough visual examination of the scene. To reach the paths, the spiders had first to descend the tower to the base on which it and the paths were mounted, from where they could no longer see or smell the prey.

The great majority of the spiders chose the correct route; the number of correct choices was statistically significant for all 15 species. It appeared that each of these species of salticids retained a working memory of how to get to the prey spider. When descending the tower, the spiders seemed intent on the start of the correct path, which is a common phenomenon with WM action plans.

Describing another detour experiment with the salticid, P. fimbriata, Tarsitano (2006, p. 1437) wrote that “Portia… plans the initial stage of its detour by scanning the possible route and picking out an unbroken path from start to goal and then aiming at an initial objective along the detour”. This is typical of situations where an action plan is retained in WM. The first important stage in such an action plan would be the start of the correct pathway, and attention on this point would tend to prevent loss of the action plan from WM (Hayhoe et al., 1999; Land et al., 1999; Land, 2006; Schütz et al., 2011).



5.1.2. Salticid retains knowledge of the number of prey seen and the path to them

The salticid, P. Africana, is able to retain in WM some limited knowledge of the number of prey that it has seen and how to get to them (Cross and Jackson, 2017). Portia saw between one and six spiders at the start of the experiment, but during movement towards the prey its view of the prey was obscured for about one minute, and the number of prey was changed during that time. When the prey were again in sight, a significant number of spiders did not continue towards the prey after certain changes in the number of prey. The results indicated that Portia had recorded in STM that there were 1, 2, or ‘many’ prey, and retained this information for the period of one minute that the prey were out of sight. Apparently, when Portia saw the prey again, its attention was drawn to the number of prey recorded in STM, which became its WM, and caused expectancy violation after certain changes in the number of prey.



5.1.3. Salticid has visual and olfactory WM and exhibits attentional load effects

Evarcha culicivora is a specialist salticid that feeds indirectly on vertebrate blood by eating mosquitos (Cross and Jackson, 2010a). E. culicivora uses sight or smell to select as prey a female mosquito that has taken a recent blood meal. Cross and Jackson (2010a,b) primed E. culicivora with the sight or smell of either blood-carrying mosquitoes or potential mates, and found that these salticids showed evidence of WM for visual or olfactory information. They also exhibited an attentional load effect for both sensory modalities—when visual or olfactory information relevant to WM was difficult to detect, other important sensory information was not noticed.



5.1.4. Salticid secondary eyes appear to have a preattentional function

Salticids have four pairs of eyes, the principal, forward-facing eyes with high visual acuity, and three pairs of lower acuity eyes; the anterior lateral (AL), posterior medial, and posterior lateral (PL) eyes (Harland et al., 2012). Evidence is accumulating that the AL eyes, and probably the PL eyes, have a preattentional function, and that whilst the principal eyes are focused on an object, information from the secondary eyes is analysed and may result in the focus of the principal eyes changing (Land, 1971, 1972), or in the preparation of some other response.

Various experiments have demonstrated that images or objects presented to the AL eyes can result in redirection of the principal eyes towards the object (Servaea vestita: Zurek et al., 2010; Zurek and Nelson, 2012; Phidippus audax: Jakob et al., 2018; Menemerus semilimbatus: De Agrò et al., 2021). Salticids do not turn toward all moving targets in the visual field, which suggests selective attention (De Agrò et al., 2021).

Looming images presented to the AL eyes mediated a response by the principal eyes, but shrinking images did not (P. audax: Spano et al., 2012; Bruce et al., 2021). Movement of the principal eyes towards a second image was significantly less likely when the spiders were already looking at an image of prey (a cockroach) than when they were looking at a blank screen or an oval shape (P. audax: Bruce et al., 2021). Apparently, the redirection of the gaze of the principal eyes from a primary stimulus to a new stimulus detected by the AL eyes is flexible, and depends on characteristics of both the primary and the distractor stimuli.

Together the AL eyes and PL eyes provide almost a 360° field of view (Harland et al., 2012). The salticids appear to exercise a form of preattention, via their AL eyes, and probably also their PL eyes, which appear to have similar functions (De Agrò et al., 2021).



5.1.5. Summary of WM and attention data for Salticids

The various experiments investigating WM and attention in salticids were not confined to a single species unlike the experiments with humans. However, the range of salticid species demonstrating similar behaviours in these experiments would seem to make it reasonable to collate the data for the different species and assume that, for at least some salticids, the collated results would apply. The salticid data may be summarised as follows:

• Salticids possess WM (Tarsitano and Jackson, 1997; Tarsitano, 2006; Cross and Jackson, 2010a,b, 2014, 2016).

• Salticids possess visual and olfactory WM (Cross and Jackson, 2010a,b).

• WM in salticids is generated by immediately prior sensory information that is attended to (Cross and Jackson, 2010a,b, 2014).

• Under attentional load, incoming information relating to the content of WM is enhanced, whilst incoming information unrelated to the content of WM is diminished (Cross and Jackson, 2010a,b).

• Action plans are stored in WM (Tarsitano and Jackson, 1997; Tarsitano, 2006; Cross and Jackson, 2016), and retained in WM by attentional mechanisms.

• Salticids appear to have a preattention mechanism based on information from their secondary eyes.

Subject to the limitations of the published information on salticids, it appears that the properties of WM and attention in salticids and humans are very similar. This could occur either because an attention-WM mechanism with similar properties separately evolved in the ancestors of salticids and humans, or because salticids and humans inherited this mechanism from a common ancestor.




5.2. WM and attention in honey bees (Apis mellifera)

Honey bees (Apis mellifera) belong to a different large clade of arthropods from that of salticids. Bees are mandibulates; spiders are chelicerates. These two clades are believed to have diverged about 550mya, so bees and spiders are phylogenetically very distant from one another. Similarities between WM and attention in species from these two clades contributes some evidence for their presence in the LCA of arthropods.


5.2.1. WM in honey bees

In an unfamiliar environment, bees memorise landmarks as they move away from their starting place, and use these to return (Gould, 1988). After feeding, bees memorise the landmark panorama around the feeding place: “every bee passively transported to a novel feeding site and allowed to perform a TBL [turn back and look] there returns to that site, while bees prevented from performing a TBL never come back” (Lehrer, 1991, p. 273). Their ability to return after the TBL requires a WM.

In familiar territory, honey bees navigate according to a spatial memory of some kind. Bees were captured en route to a food source or when returning to the hive, and were released at a different location. After reorienting themselves, they continued to their original target—the feeding station or the hive (Menzel et al., 2005). These findings suggest that, depending on their circumstances, honey bees exhibited information WM (map-like memory), and an action plan in WM (for continuing their prior task).

A recent view (Hoinville and Wehner, 2018; Kheradmand and Nieh, 2019; Even et al., 2020) regarding bee navigation, is that recorded aspects of the environment are combined with path integration and other incoming sensory information by bees to find the way to the nest, which would require WM.

The honey bee “dance”, performed by bees upon returning to the colony after successfully locating food, provides nest-mates with information on the quality, direction, and distance of the food source (Von Frisch, 1967; Riley et al., 2005; Grüter and Farina, 2009). All of this information would have to be stored and used to determine the future movements of the “recruited” foragers—to generate their action plan—and would require a WM. Additionally, the bees collect odour cues from the successful forager and store this odour information for locating the food source when they are close to it (Von Frisch, 1967; Farina et al., 2005).

There are many published laboratory experiments demonstrating that honey bees retain information in WM. As examples, Zhang et al. (2005) reported that bees can retain a simple visual pattern in WM for up to 5s, and Howard et al. (2019) reported that bees can retain a colour signal in WM and use it, after a delay, to correctly carry out a task to “add one” or “subtract one”, as trained to do in response to the colour.



5.2.2. Attention in honey bees

Various experimental techniques have demonstrated that bees exhibit attention (Zhang and Srinivasan, 1994; Spaethe et al., 2006; Morawetz and Spaethe, 2012; Paulk et al., 2014; Avarguès-Weber et al., 2015). Paulk et al. (2014) recorded brain activity in tethered honey bees, which by walking on an air-supported ball could move an on-screen image of a vertical green bar to a position in front of their eyes. When they did so, attention to the bar was accompanied by activity in the early visual areas of the bees’ brains, suggesting that processes associated with attention were located in these regions of their brain.



5.2.3. Preattention in honey bees

There have been conflicting reports on whether A. mellifera exhibits evidence of preattention in visual search tasks. Spaethe and co-workers (Spaethe et al., 2006; Morawetz and Spaethe, 2012) reported that bees perform serial searches, but other researchers found evidence for preattention processing in bee behaviour (Zhang and Srinivasan, 1994; Dyer et al., 2005; Avarguès-Weber et al., 2015).



5.2.4. Summary of WM and attention data for honey bees

Observations and experiments with honey bees (A. mellifera) have shown that:

• Honey bees possess WM.

• Bees possess visual and olfactory WM.

• Action plans are stored in honey bee WM.

• Visual attention mechanisms are located in the early visual areas of bees’ brains.

• Bees appear to possess preattentional processing that is active in some circumstances.

Subject to the limitations of the published information, it appears that, as with salticids, the properties of WM and attention in honey bees and humans are very similar. This could be because bees and humans both inherited this mechanism from a common ancestor. But it is possible that an attention-WM mechanism with similar properties separately evolved in the ancestors of bees and humans. The fact that humans, archerfish, salticids and honey bees have WM with very similar properties (see Table 3) together with evidence of WM in other vertebrate classes and other chelicerate and mandibulate arthropods suggests that they may have inherited WM from a common ancestor.



TABLE 3 Summary of data for two deuterostomes (D) and four protostomes (P).
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5.3. WM in other arthropods

Many other arthropods have been observed to possess WM; a small selection of them is shown in Table 2. As noted earlier, salticids and honey bees belong to two different clades of arthropods; salticids are chelicerates, and bees are mandibulates. Some other chelicerates and mandibulates are included in Table 2.

In Table 2, many of the examples refer to path integration. When an animal has moved away from its home, or safe place, which is now out of sight, and if, as is commonly the case, it has moved to its present location by an indirect route, its ability to return home, without retracing its movements, involves memory and computation. Etienne and Jeffery (2004) wrote that an organism must continuously gather information on how far, and in which directions it has travelled, and the information on both translations and rotations must be constantly recorded and combined. Alternatively, the animal may navigate based upon remembered landmarks. Either of these methods, or any combination of them, would require a WM. Path integration is a valid indicator of WM that is fairly easily observable, and therefore commonly reported.

An alternative way home that is computationally less demanding for animals, and less adaptive, would be for an animal to retrace its outward route, which would also require a WM. Any animal that returns home, by whatever route, after moving to somewhere from which it cannot sense its home directly, possesses a WM.

The widespread occurrence of WM in chelicerates and mandibulates, which diverged about 550mya (Giribet and Edgecombe, 2019) suggests that their LCA probably possessed WM. It provides some support for the view that WM may have evolved before the separation of arthropods and vertebrates (>600mya).




6. WM and attention in octopuses

Octopus vulgaris, in their natural environment, make long hunting trips, mainly at night, then return to their home (Kayes, 1973). They use visual spatial information for navigation within their home ranges, and to guide their return from hunting trips, but they do not return by their outward routes. Octopuses that have been displaced from their hunting path return home easily, often following features of the rocky landscape. O. vulgaris does not repeat hunts in the same areas of their home ranges on consecutive trips (Mather, 1991). Easily finding their way home, and not repeating the same foraging route on consecutive trips, are evidence that O. vulgaris retain a WM of where they are in relation to their home.

Two experimental arrangements involved learned responses of O. vulgaris to two different but similar stimuli—the alternative responses were to go left or to go right at the end of a passageway for a reward (Schiller, 1949; Wells, 1964, 1967). Octopuses were able to make correct turns on most occasions even when their response was prevented for up to 2 min after removal of the stimulus, thereby establishing that O. vulgaris retained an action-plan in WM.

The animals traversed the passageway with one of their eyes to one wall (Wells, 1964, 1967), or their body oriented to one wall and crawling close to it (Schiller, 1949). In all the experiments, the chosen wall corresponded to the correct choice of direction that would take the octopus to the reward. When the end of this passageway was temporarily closed (Wells, 1964, 1967), only those animals that waited at the closure with their leading eye toward the direction of the reward consistently completed the task successfully. Octopuses that did not wait at the closure but explored the passageway, made random choices which way to go. And, octopuses whose posture was deliberately altered before they reached the end of the passageway, had only a random chance of turning the correct way (Schiller, 1949).

This suggested that the octopus action plan—to turn left, or to turn right—was retained in WM, and maintained by keeping attention to the correct direction by orienting their leading eye or their body towards it. Movement of their attention away from the wall resulted in loss of the action plan from WM.

In another experiment, Octopuses were able to remember where they had seen a crab, though it had been obscured for 30s (Dilly, 1963).

There have also been reports of problem-solving by O. vulgaris. Octopuses were able to remove a plastic plug from a glass jar and extract a crab (prey) from inside it (Fiorito et al., 1990). O. vulgaris also was able to open an L-shaped container, and to manoeuvre it through a tight fitting hole in a clear plastic partition to get to a piece of shrimp (Richter et al., 2016). Problem-solving, such as in these examples, requires a WM.

In conclusion, the evidence indicates that O. vulgaris possesses WM, which can contain information or an action plan. Attention to the next stage of an action plan is necessary for octopuses to retain their action plan in WM.

Some other molluscs have been reported as exhibiting behaviour that requires the presence of WM. Example behaviours are: remembering prey that were out of sight; inhibition of return; direct return to their home; conditional discrimination; delayed gratification; and predicting times and locations that prey would be available:

• Octopuses: O. bimaculatus (Ambrose, 1982), O. bimaculoides (Boal et al., 2000; Hvorecny et al., 2007), O. cyanea (Forsythe and Hanlon, 1997)

• Cuttlefish: Sepia officinalis (Sanders and Young, 1940; Karson et al., 2003; Alves et al., 2007; Jozet-Alves et al., 2013; Billard et al., 2020; Schnell et al., 2021)

• Nautilus: N. pompilius (Crook et al., 2009).

These reports provide evidence that WM is possessed by some coleoids and nautilus, but there are many other molluscs for which no data are available. However, according to Shigeno et al. (2018), in early development the nervous system of all molluscs have three domains that are comparable to the mammalian forebrain, midbrain, and spinal cord. This suggests the ancestors of all molluscs possessed mental functions that required these complex neural systems, for which they would require a WM. However, direct evidence for inheritance of WM by molluscs since their LCA is limited at the present time.



7. WM in Caenorhabditis elegans?

It is likely that the nematode, C. elegans, possesses WM. C. elegans were placed at the base of the stem of a T-maze, and timed to reach a food reward in one arm of the maze (Qin and Wheeler, 2007). The test was repeated, with the reward in place, and it was found that C. elegans reached the reward more quickly on each repeat. The authors considered that these results were evidence of associative learning by C. elegans. This would be an operant-conditioning type association, because an “emitted” behaviour was being rewarded (Reber, 1995). However, this seems an unlikely explanation, because it would have required single event conditioning of a complex sequence of actions, and it is more likely that C. elegans were actually exhibiting signs of an action plan in WM. Returning to a place where an animal previously found food is common WM-based behaviour.

In a similar experimental setup, C. elegans were individually placed at the base of the stem of a T-maze, with the end of one arm containing a food reward (Gourgou et al., 2021). The “worms” moved along the floor or wall of the maze. Those that found the food, were tested again with no reward in the arm of the maze, hence, no chemosensory cues. 71% turned to the previously correct side, and, of those “successful” in an unrewarded trial, 75% made the same floor or wall choice as they had in the rewarded trial. The authors stated that the C. elegans were able to retain a memory of the behaviour that led them to the reward location for up to 8 min. The authors considered their findings were evidence of a form of WM.

Gourgou et al. (2021) initially used mazes with a coarse surface texture. When they repeated the experiment using T-mazes with very smooth surfaces, C. elegans were unable to preferentially choose the correct side of the T on the unrewarded second run. This suggested that C. elegans had been using tactile feedback from the rough surface to retain attention on the task in the first series of tests, as would be expected if they were using an action plan in WM.

There is evidence that C. elegans has STM and LTM (Ackley, 2019), which can be used to determine responses (requiring WM), and that it shares some memory mechanisms with vertebrates (Rose and Rankin, 2001; Rankin, 2004). Rankin (2004, p. R618) wrote that:


C. elegans is capable of integrating and remembering experiences across different sensory modalities [sight, vision, smell, touch, temperature, etc.]. C. elegans has a remarkable ability to learn about its environment and to alter its behavior as a result of its experience.
 

It is likely that the conclusion of Gourgou et al. (2021) was correct, and that C. elegans does possess a WM. I have included C. elegans in Table 3, which is a summary of data for humans, archerfish, salticids, honey bees, octopus, and C. elegans.



8. WM and attention in two deuterostomes and four protostomes

Humans and archerfish are deuterostomes, but salticids, bees, octopus and nematodes are protostomes. The defining difference between protostomes and deuterostomes is the order of development of the gut openings: in protostomes the mouth forms first; in deuterostomes the mouth opening forms second. Protostomes and deuterostomes also differ in the location of the principal nerve cord: protostomes have a ventral nerve cord, deuterostomes have a dorsal nerve cord (De Robertis, 2008).

The main conclusions concerning WM and attention in the two types of deuterostomes and four types of protostomes are summarised in Table 3. (I use “types” because the archerfish data and salticid data each refer to more than one species.) The information in Table 3 shows the close similarity between the properties of WM and attention in the six animal types. This similarity suggests the possibility of common evolutionary origin.


8.1. The phylogenetic relationships between animals with reported WM

Table 3 summarises the properties of WM in the six animal types, and Figure 2 gives an approximate measure of the time since the common ancestor of these species was alive. The LCA of humans (or archerfish) and salticids (or honey bees) are claimed to have lived about 640mya. Yet, the properties of WM in these species is almost identical despite almost 1.3 billion years of evolutionary separation. Either WM has existed since the LCA, and any changes that occurred were common to the different species, or WM evolved multiple times in very similar forms.
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FIGURE 2
 Phylogenetic relationship of six animal. This figure provides only a general impression of the dates at which these animals first evolved. As noted in Figure 1, there are various factors that result in large differences between the dates presented in different reports (Cunningham et al., 2016). I have used dates from a single recent publication (dos Reis et al., 2015). LCA dates are shown as vertical lines. The order in which molluscs and nematodes from the precursors of arthropods is supported (but not dated) by Moroz et al. (2006).


The evidence for WM having been inherited, since the LCA of the species in Table 3, by molluscs and nematodes is very limited. But, as shown in Figure 2, it is reported that vertebrates diverged from protostomes before molluscs and nematodes diverged from other protostomes. Therefore, if vertebrates (and arthropods) inherited WM and attention from the LCA, molluscs and nematodes would have too, provided the phylogenetic dating is in the correct time order.




9. Aspects of brain structure conserved since the LCA of protostomes and deuterostomes

There are currently two views on the evolution of brains (Northcutt, 2012; Liebeskind et al., 2016). The dominant view is that the LCA of protostomes and deuterostomes possessed a simpler form of the tripartite brain—consisting of forebrain, midbrain and hindbrain—that is possessed by vertebrates and arthropods (see references below), but that in some later species the brain has degenerated. The alternative view is that the LCA possessed only a neural net, and that the tripartite structure has separately evolved on multiple occasions (Martín-Durán et al., 2018). The factors which allow this difference of view to persist include: 1. no fossil has yet been found that can be attributed to the LCA, which might resolve this issue; 2. some genes are utilised in different developmental processes and may have been present in the LCA without it having a brain; 3. neural structures can be lost over time, just as other evolved properties can be lost.

The hypothesis presented here, that WM has been inherited since the LCA of protostomes and deuterostomes, depends partly upon the correctness of the view that the LCA possessed a tripartite brain, or at least a somewhat complex neural system. This is because a brain or complex neural system could only have evolved because it was capable of mental processing that was more flexible and adaptive than S-R, and this would require a WM. By contrast, a nerve net would only possess a WM if it were able to store information of some kind and was capable of manipulating this information to determine behaviour beyond the inhibition and sensitisation of S-R actions.

There are many reports, based upon various lines of evidence, that genes which control the development of brain structure in protostomes and deuterostomes (primarily in insects and mammals) have been conserved since the LCA (Arendt and Nübler-Jung, 1999; Hirth and Reichert, 1999; Ghysen, 2003; Hirth et al., 2003; Lichtneckert and Reichert, 2005; Arendt et al., 2008; Nomaksteinsky et al., 2009; Hirth, 2010; Holland et al., 2013; Fiore et al., 2015; Wolff and Strausfeld, 2016; Bridi et al., 2020).

The tripartite brain—comprising the forebrain, midbrain and hindbrain—exists in many protostomes and deuterostomes. These three parts of the brain in the two clades are different in gross structure (though sometimes less so during early development) but they are similar in function (Hirth and Reichert, 1999; Lichtneckert and Reichert, 2005; Hirth, 2010; Tomer et al., 2010; Fiore et al., 2015; Shigeno et al., 2018; Bridi et al., 2020).

It has been reported that genes can be transferred between an insect (a protostome) and mammals (deuterostomes) and cause relatively normal brains to develop where a homologous gene, that is essential to proper brain development, is absent from the recipient. Drosophila genes whose homologues were missing from mutant mice were found to effect a near complete rescue of the mouse brain (Hanks et al., 1998). Brain defects in mutant Drosophila were rescued using homologous human genes (Nagao et al., 1998). Brain structures in mutant Drosophila were rescued by either Drosophila or human gene homologs (Leuzinger et al., 1998). These results indicate that the genetic mechanisms underlying brain development in insects and mammals are evolutionarily conserved (Hirth and Reichert, 1999).

It is surprising that these genes have changed so little over the enormous evolutionary time that separates mammals and insects. This has been explained on the basis that once a certain level of neural complexity, of structures and functions, has evolved, any genetic change is likely to be deleterious (Ghysen, 2003). If that is correct, genetic changes would be selected against unless they have essentially the same properties as the genes they replace.

Genetic analyses in vertebrates (Boyl et al., 2001), arthropods (Hirth et al., 2003), cephalopods (Shigeno et al., 2018), urochordates (Wada et al., 1998), nematodes (Aspöck et al., 2003), and annelids (Denes et al., 2007; Tomer et al., 2010), support the view that genes which control development of the CNS have been conserved since the LCA of protostomes and deuterostomes. This may indicate that the LCA possessed a brain of some kind, and that its structure was similar to those of some modern protostomes and deuterostomes.

In a review of the evidence for single or multiple evolution of brains, Holland et al. (2013, p. 1) wrote that “The bulk of the evidence indicates that a CNS evolved just once—in the ‘ancestral bilaterian’, which was prior to the divergence of protostomes and deuterostomes.” It is likely that the LCA of protostomes and deuterostomes already possessed a tripartite brain of modest complexity (Roth, 2015).

Genetic analyses of relevant genes in cephalopods (Shigeno et al., 2018) support the view that they were inherited since the common ancestor of protostomes and deuterostomes. According to Shigeno et al. (2018) the nervous systems of all molluscs, in early development, have three domains that are comparable to the mammalian forebrain, midbrain and spinal cord. From Figure 2 it can be seen that molluscs are believed to have diverged from other protostomes after the divergence of vertebrates. Therefore, if vertebrates inherited the complex of brain development genes, molluscs must also have inherited them. Subsequently, the brains of some molluscs may have degenerated because they were no longer needed for the lifestyles that the species had adopted.

Evidence of WM has been reported for only one nematode, C. elegans, which might suggest independent evolution of WM in its forebears. But evidence that nematodes inherited genes associated with brain development from the LCA (Aspöck et al., 2003), and that nematodes diverged from other protostomes later than vertebrates (Figure 2) suggests that early nematodes could also have possessed a tripartite brain.

Evidence that genetic structures controlling the development of neural structures existed prior to the LCA is important because it implies some level of cognitive activity existed at that time. Based on commonalities between neural structures in insects and mammals, Wolff and Strausfeld (2016) suggested that elements of learning and memory circuits were possessed by the LCA of protostomes and deuterostomes. They also stated that the correspondence of forebrain centres in protostomes and deuterostomes indicates that their LCA possessed an executive brain. Bridi et al. (2020) wrote that conserved mechanisms control brain development and generate circuits for adaptive behaviour in all animals that possess a brain. This would mean that WM, and attention, existed prior to the LCA, because cognitive activity beyond what is needed for S-R actions requires a WM.



10. Discussion

WM is the retention of information in an “active” state, a condition in which it is available for use by mental processes. Attention is a condition in which focal information is detailed (higher density) and non-focal information is low density. (“Focal” information is information that is currently of interest; it is not necessarily visual information.) Attention is a specific kind of localised variation in information density. The difference between focal and non-focal information density increases with the difficulty or importance of the task being processed, which is referred to as the “attentional load”.

Attention is adaptive because enhancement of focal information allows easier identification of objects of interest, and optimum tracking of their movements. Attention is also important because it is the means whereby retained information is held in an active state—attention determines which information is in WM. Attention can activate incoming information or information in STM or LTM. WM and attention are located in relevant storage locations in the brain for sensory or other information.

WM, with attention, is very adaptive for mobile animals because it permits the retention, in an active state, of information that is needed for response selection. This may be to prepare for a predator, or any other threat or opportunity, that is no longer sensed, but may still be nearby; to avoid foraging in an area recently visited, or returning to an area where a danger was recently detected; to return to an area where possible opportunity, such as a mate, or prey, was observed; for retention of steps in an action plan during preparation or activation of the plan; and for all other mental processes that require retention of information, such as problem-solving.

It is important to note that neither WM nor attention are necessarily conscious. Therefore, the possession of these functions by organisms does not indicate that they possess consciousness of any kind. Unconscious attention may activate unconscious WM to resolve matters of concern outside of awareness, including in humans.

The present hypothesis is that WM, with attention, has been inherited by humans, archerfish, and other vertebrates; jumping spiders, honey bees, and other arthropods; and possibly octopus and the nematode, C. elegans, since their last common ancestor (LCA). Humans and archerfish are deuterostomes, and jumping spiders, honey bees, octopus, and nematodes are protostomes. The LCA (the most recent shared ancestral species or gene pool) of protostomes and deuterostomes is believed to have lived more than 600mya (Peterson et al., 2008; Edgecombe et al., 2011; Erwin et al., 2011; Northcutt, 2012; dos Reis et al., 2015; Erwin, 2015; Peterson and Eernisse, 2016).

Published reports concerning humans, archerfish, salticids, bees, O. vulgaris, and C. elegans, indicate that all six possess WM and attention (with some uncertainty about C. elegans). Within the limitations of the published data, it appears that the properties of attention-WM possessed by humans are very similar to those of the other species. These species are phylogenetically very diverse within the protostome and deuterostome clades and the “total evolutionary distance” between them is equivalent to billions of years of evolution. Yet the properties of attention-WM appear to be similar across these species.

Other mammals and fish in addition to humans and archerfish, and members of other vertebrate classes; amphibians, reptiles and birds, possess WM. Other arthropod species, in addition to spiders and bees, also possess WM, and a few other molluscs in addition to octopus are known to possess WM.

The possession of WM and attention by these various animal types indicates either that WM and attention independently evolved with very similar properties on multiple occasions, or that these functions have been conserved since their LCA. Or it is possible that some species inherited from a common ancestor, but WM independently evolved in the ancestors of other species.

There is evidence that genetic structures which control the development of brains have been conserved since the LCA of protostomes and deuterostomes. Essentially the same combination of genes is central to the development of brains in vertebrates, arthropods, cephalopods, urochordates, nematodes, and annelids. There have been changes in these various genes, but it seems that they continue to perform essentially the same functions during brain development, and there is some evidence that they are exchangeable between insects (protostomes) and mammals (deuterostomes), with near normal development of the recipients’ brains. This appears to be clear evidence that genes which control brain development have been conserved.

Genes that control brain development only evolve and are conserved because the brains generate flexible, adaptive behaviour. Brains could not have evolved without the parallel evolution of flexible behaviour. But flexible behaviour requires that information be retained in an appropriate state for use by the processes that generate these behaviours, and this would be as WM. WM is the essential mechanism that underpins all flexible mental processes. It is proposed that the evolution of WM was a very early step in the in the evolution of flexible processing, which preceded the evolution of brains. This proposal gains some support from evidence that the nematode, C. elegans, with only 302 neurons (White et al., 1986), very likely possesses WM and attention.

It is likely that WM and attention have been conserved in many species since the LCA of protostomes and deuterostomes or earlier. This does not imply that all protostomes and deuterostomes have WM, because evolutionary processes can result in species losing functions that their ancestors possessed where their lifestyle is such that possession of WM is not necessary for continuance of the species. For such species, loss of WM could be adaptive because it would prevent unnecessary expenditure of resources on a function that was not needed.

Additional observations and experiments are needed to extend the knowledge of WM and attention in vertebrates and arthropods, and test the hypothesis that WM and attention were possessed by their LCA. It is predicted that all species which are descendants of the LCA of vertebrates and arthropods will be found to possess WM, excepting where possession of WM is not necessary for continuance of the species.

If the hypothesis that vertebrates and arthropods inherited WM and attention from their LCA is supported, further research could clarify whether other molluscs, other nematodes, and members of other clades possess WM. This may provide an indication of when WM first appeared in the evolution of animals.

In due course, other mental mechanisms may be found that are common to protostomes and deuterostomes, and likely to have been possessed by their LCA. Discovery of other homologous mental mechanisms could enable a better understanding of the nature and lifestyle of the species that was the LCA of protostomes and deuterostomes—our ancestors from long ago.
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Footnotes

1   Mind has been defined as the mechanisms in the brain which select, initiate, and control behaviour (Chalmers, 1996; Earl, 2019). However, this definition excludes animals that do not possess a localised concentration of neural structures which might reasonably considered to be a brain. It is proposed that mind be redefined as neural mechanisms that determine behaviour. This definition would include response systems in animals with neural networks rather than a brain, but would also extend the meaning of mind to include S-R actions, in agreement with Roth (2013).



References

 Abrams, R. A., and Christ, S. E. (2003). Motion onset captures attention. Psychol. Sci. 14, 427–432. doi: 10.1111/1467-9280.01458 

 Ackley, B. D. (2019). Behaviour: should I stay or should I go? Curr. Biol. 29, R842–R844. doi: 10.1016/j.cub.2019.07.057 

 Alcober, O. A., and Martinez, R. N. (2010). A new herrerasaurid (Dinosauria, Saurischia) from the Upper Triassic Ischigualasto Formation of northwestern Argentina. ZooKeys, 55–81. doi: 10.3897/zookeys.63.550

 Alves, C., Chichery, R., Boal, J. G., and Dicke, L. (2007). Orientation in the cuttlefish Sepia officinalis: response versus place learning. Anim. Cogn. 10, 29–36. doi: 10.1007/s10071-006-0027-6 

 Ambrose, R. F. (1982). Shelter utilization by the molluscan cephalopod Octopus bimaculatus. Marine Ecol. Prog. 7, 67–73. doi: 10.3354/meps007067

 Andrade, J. D., and Donaldson, L. (2007). Evidence for an olfactory store in working memory? Psychologia 50, 76–89. doi: 10.2117/psysoc.2007.76 

 Arendt, D., and Nübler-Jung, K. (1999). Comparison of early nerve cord development in insects and vertebrates. Development 126, 2309–2325. doi: 10.1242/dev.126.11.2309 

 Arendt, D., Denes, A. S., Jékely, G., and Tessmar-Raible, K. (2008). The evolution of nervous system centralization. Phil. Trans. Roy. Soc. Biol. Sci. 363, 1523–1528. doi: 10.1098/rstb.2007.2242

 Ari, C. (2011). Encephalization and brain organization of mobulid rays (Myliobatiformes, Elasmobranchii) with ecological perspectives. Open Anat 3, 1–13. doi: 10.2174/1877609401103010001

 Ari, C., and D’Agostino, D. P. (2016). Contingency checking and self-directed behaviors in giant manta rays: do elasmobranchs have self-awareness? J. Ethol. 34, 167–174. doi: 10.1007/s10164-016-0462-z

 Aspöck, G., Ruvkun, G., and Bürglin, T. R. (2003). The Caenorhabditis elegans ems class homeobox gene ceh-2 is required for M3 pharynx motoneuron function. Development 130, 3369–3378. doi: 10.1242/dev.00551 

 Atkinson, R. C., and Shiffrin, R. M. (1968). “Human memory: a proposed system and its control processes” in The psychology of learning and motivation. eds. K. W. Spence and J. T. Spence, vol. 2 (New York: Academic Press), 89–195.

 Avarguès-Weber, A., Dyer, A. G., Ferrah, N., and Giurfa, M. (2015). The forest or the trees: preference for global over local image processing is reversed by prior experience in honeybees. Proc. R. Soc. B 282:20142384. doi: 10.1098/rspb.2014.2384 

 Awh, E., and Jonides, J. (2001). Overlapping mechanisms of attention and spatial working memory. Trends Cogn. Sci. 5, 119–126. doi: 10.1016/S1364-6613(00)01593-X 

 Awh, E., Jonides, J., Smith, E. E., Schumacher, E. H., Koeppe, R. A., and Katz, S. (1996). Dissociation of storage and rehearsal in verbal working memory: evidence from positron emission tomography. Psychol. Sci. 7, 25–31. doi: 10.1111/j.1467-9280.1996.tb00662.x

 Awh, E., Vogel, E. K., and Oh, S. (2006). Interactions between attention and working memory. Neuroscience 139, 201–208. doi: 10.1016/j.neuroscience.2005.08.023 

 Baddeley, A. D. (2000). The episodic buffer: a new component of working memory? Trends Cogn. Sci. 4, 417–423. doi: 10.1016/S1364-6613(00)01538-2 

 Baddeley, A. D. (2010). Working memory. Curr. Biol. 20, R136–R140. doi: 10.1016/j.cub.2009.12.014 

 Baddeley, A. D., and Hitch, G. J. (1974). “Working memory” in Recent advances in learning and motivation. ed. G. A. Bower, vol. 8 (New York: Academic Press), 47–89.

 Bahmani, Z., Clark, K., Merrikhi, Y., Mueller, A., Pettine, W. I., Vanegas, M., et al. (2019). Prefrontal contributions to attention and working memory. Curr. Top. Behav. Neurosci. 41, 129–153. doi: 10.1007/7854_2018_74

 Barnes, L. L., Nelson, J. K., and Reuter-Lorenz, P. A. (2001). Object-based attention and object working memory: overlapping processes revealed by selective interference effects in humans. Prog. Brain Res. 134, 471–481. doi: 10.1016/s0079-6123(01)34031-1

 Bekoff, M., and Dorr, R. (1976). Predation by "shooting" in archer fish, Toxotes jaculatrix: accuracy and sequences. Bull. Psychon. Soc. 7, 167–168. doi: 10.3758/BF03337154

 Ben-Simon, A., Ben-Shahar, O., Vasserman, G., and Segev, R. (2012). Predictive saccade in the absence of smooth pursuit: interception of moving targets in the archer fish. J. Exp. Biol. 215, 4248–4254. doi: 10.1242/jeb.076018

 Benson-Amram, S., and Holekamp, K. E. (2012). Innovative problem solving by wild spotted hyenas. Proc. Roy. Soc. Biol. Sci. 279, 4087–4095. doi: 10.1098/rspb.2012.1450

 Benton, M. J. (2005). Vertebrate Palaeontology. 3rd Edn. Oxford, United Kingdom: Blackwell.

 Ben-Tov, M., Donchin, O., Ben-Shahar, O., and Segev, R. (2015). Pop-out in visual search of moving targets in the archer fish. Nat. Commun. 6:6476. doi: 10.1038/ncomms7476 

 Bergström, F., and Eriksson, J. (2015). The conjunction of non-consciously perceived object identity and spatial position can be retained during a visual short-term memory task. Front. Psychol. 6:1470. doi: 10.3389/fpsyg.2015.01470 

 Bergström, F., and Eriksson, J. (2018). Neural evidence for non-conscious working memory. Cereb. Cortex 28, 3217–3228. doi: 10.1093/cercor/bhx193 

 Berti, S., and Schröger, E. (2003). Working memory controls involuntary attention switching: evidence from an auditory distraction paradigm. Eur. J. Neurosci. 17, 1119–1122. doi: 10.1046/j.1460-9568.2003.02527.x 

 Billard, P., Schnell, A. K., Clayton, N. S., and Jozet-Alves, C. (2020). Cuttlefish show flexible and future-dependent foraging cognition. Biol. Lett. 16:20190743. doi: 10.1098/rsbl.2019.0743 

 Bird, C. D., and Emery, N. J. (2009). Insightful problem solving and creative tool modification by captive nontool-using rooks. Proc. Natl. Acad. Sci. U. S. A. 106, 10370–10375. doi: 10.1073/pnas.0901008106 

 Boal, J. G., Dunham, A. W., Williams, K. T., and Hanlon, R. T. (2000). Experimental evidence for spatial learning on octopuses (Octopus bimaculoides). J. Comp. Psychol. 114, 246–252. doi: 10.1037/0735-7036.114.3.246 

 Bona, S., Cattaneo, Z., Vecchi, T., Soto, D., and Silvanto, J. (2013). Metacognition of visual short-term memory: dissociation between objective and subjective components of VSTM. Front. Psychol. 4:62. doi: 10.3389/fpsyg.2013.00062 

 Boyl, P. P., Signore, M., Annino, A., Barbera, J. P., Acampora, D., and Simeone, A. (2001). Otx genes in the development and evolution of the vertebrate brain. Int. J. Dev. Neurosci. 19, 353–363. doi: 10.1016/S0736-5748(01)00003-X 

 Bridi, J. C., Ludlow, Z. N., Kottler, B., Hartmann, B., Vanden Broeck, L., Dearlove, J., et al. (2020). Ancestral regulatory mechanisms specify conserved midbrain circuitry in arthropods and vertebrates. Proc. Natl Acad. Sci. USA 117, 19544–19555. doi: 10.1073/pnas.1918797117

 Briscoe, S. D., and Ragsdale, C. W. (2019). Evolution of the chordate telencephalon. Curr. Biol. 29, R647–R662. doi: 10.1016/j.cub.2019.05.026 

 Bruce, M., Daye, D., Long, S. M., Winsor, A. M., Menda, G., Hoy, R. R., et al. (2021). Attention and distraction in the modular visual system of a jumping spider. J. Exp. Biol. 224:jeb231035. doi: 10.1242/jeb.231035 

 Bshary, R., Wickler, W., and Fricke, H. (2002). Fish cognition: a primate’s eye view. Anim. Cogn. 5, 1–13. doi: 10.1007/s10071-001-0116-5 

 Buschman, T. J. (2021). Balancing flexibility and interference in working memory. Ann. Rev Vision Sci 7, 367–388. doi: 10.1146/annurev-vision-100419-104831 

 Calvillo, D. P., and Hawkins, W. C. (2016). Animate objects are detected more frequently than inanimate objects in inattentional blindness tasks independently of threat. J. Gen. Psychol. 143, 101–115. doi: 10.1080/00221309.2016.1163249 

 Chalmers, D.J. (1996). The conscious mind. New York: Oxford University Press.

 Chen, Y. C., and Yeh, S. L. (2012). Look into my eyes and I will see you: unconscious processing of human gaze. Conscious. Cogn. 21, 1703–1710. doi: 10.1016/j.concog.2012.10.001 

 Cherry, E. C. (1953). Some experiments on the recognition of speech, with one and with two ears. J Acoust. Soc. Am. 25, 975–979. doi: 10.1121/1.1907229

 Chong, T. T.-J., Husain, M., and Rosenthal, C. R. (2014). Recognizing the unconscious. Curr. Biol. 24, R1033–R1035. doi: 10.1016/j.cub.2014.09.035 

 Chun, M. M. (2011). Visual working memory as visual attention sustained internally over time. Neuropsychologia 49, 1407–1409. doi: 10.1016/j.neuropsychologia.2011.01.029 

 Cohen, M. A., Cavanagh, P., Chun, M. M., and Nakayama, K. (2012). The attentional requirements of consciousness. Trends Cogn. Sci. 16, 411–417. doi: 10.1016/j.tics.2012.06.013 

 Cowan, N. (1988). Evolving conceptions of memory storage, selective attention, and their mutual constraints within the human information-processing system. Psychol. Bull. 104, 163–191. doi: 10.1037/0033-2909.104.2.163 

 Cowan, N. (1999). “An embedded-processes model of working memory,” in Models of working memory: Mechanisms of active maintenance and executive control. eds. A. Miyake and P. Shah (Cambridge, U.K: Cambridge University Press), 62–101.

 Cowan, N. (2008). What are the differences between long-term, short-term, and working memory? Prog. Brain Res. 169, 323–338. doi: 10.1016/S0079-6123(07)00020-9

 Crook, R. J., Hanlon, R. T., and Basil, J. A. (2009). Memory of visual and topographical features suggests spatial learning in nautilus (Nautilus pompilius L.). J. Comp. Psychol. 123, 264–274. doi: 10.1037/a0015921 

 Cross, F. R., and Jackson, R. R. (2010a). The attentive spider: search-image use by a mosquito-eating predator. Ethology 116, 240–247. doi: 10.1111/j.1439-0310.2009.01731.x

 Cross, F. R., and Jackson, R. R. (2014). Specialised use of working memory by Portia africana, a spider-eating salticid. Anim. Cogn. 17, 435–444. doi: 10.1007/s10071-013-0675-2 

 Cross, F. R., and Jackson, R. R. (2016). The execution of planned detours by spider-eating predators. J. Exp. Anal. Beh. 105, 194–210. doi: 10.1002/jeab.189 

 Cross, F. R., and Jackson, R. R. (2017). Representation of different exact numbers of prey by a spider-eating predator. Inter. Focus 7:20160035. doi: 10.1098/rsfs.2016.0035 

 Cross, F. R., and Jackson, R. R. (2010b). Olfactory search-image use by a mosquito-eating predator. Proc. R. Soc. Lond. B :2773173–3178. doi: 10.1098/rspb.2010.0596

 Cunningham, J. A., Liu, A. G., Bengtson, S., and Donoghue, P. C. (2016). The origin of animals: can molecular clocks and the fossil record be reconciled? BioEssays 39, 1–12. doi: 10.1002/bies.201600120

 D’Esposito, M., and Postle, B. R. (2015). The cognitive neuroscience of working memory. Annu. Rev. Psychol. 66, 115–142. doi: 10.1146/annurev-psych-010814-015031 

 Dacke, M., El Jundi, B., Gagnon, Y., Yilmaz, A., Byrne, M., and Baird, E. (2020). A dung beetle that path integrates without the use of landmarks. Anim. Cogn. 23, 1161–1175. doi: 10.1007/s10071-020-01426-8 

 Dalton, P., Lavie, N., and Spence, C. (2009). The role of working memory in tactile selective attention. Quart. J. Exp. Psychol. 62, 635–644. doi: 10.1080/17470210802483503 

 Daniel, T. A., and Katz, J. S. (2018). Primacy and recency effects for taste. J. Exp. Psychol. Learn. Mem. Cogn. 44, 399–405. doi: 10.1037/xlm0000437

 De Agrò, M., Rößler, D. C., Kim, K., and Shamble, P. S. (2021). Perception of biological motion by jumping spiders. PLoS Biol. 19:e3001172. doi: 10.1371/journal.pbio.3001172 

 De Robertis, E. M. (2008). Evo-devo: variations on ancestral themes. Cell 132, 185–195. doi: 10.1016/j.cell.2008.01.003

 Denes, A. S., Jékely, G., Steinmetz, P. R., Raible, F., Snyman, H., Prud’homme, B., et al. (2007). Molecular architecture of annelid nerve cord supports common origin of nervous system centralization in Bilateria. Cells 129, 277–288. doi: 10.1016/j.cell.2007.02.040 

 Dill, L. M. (1977). Refraction and the spitting behaviour of the archerfish (Toxotes chatareus). Behav. Ecol. Sociobiol. 2, 169–184. doi: 10.1007/BF00361900

 Dilly, P. N. (1963). Delayed responses in octopus. J. Exp. Biol. 40, 393–401. doi: 10.1242/jeb.40.2.393 

 dos Reis, M., Thawornwattana, Y., Angelis, K., Telford, M. J., Donoghue, P. C. J., and Yang, Z. (2015). Uncertainty in the timing of origin of animals and the limits of precision in molecular timescales. Curr. Biol. 25, 2939–2950. doi: 10.1016/j.cub.2015.09.066 

 Dowd, E. W., and Mitroff, S. R. (2013). Attentional guidance by working memory overrides saliency cues in visual search. J. Exp. Psychol: Human Percep. Perf. 39, 1786–1796. doi: 10.1037/a0032548

 Downing, P. E., Bray, D., Rogers, J., and Childs, C. (2004). Bodies capture attention when nothing is expected. Cognition 93, 27–38. doi: 10.1016/j.cognition.2003.10.010

 Dupret, V., Sanchez, S., Goujet, D., Tafforeau, P., and Ahlberg, P. E. (2014). A primitive placoderm sheds light on the origin of the jawed vertebrate face. Nature 507, 500–503. doi: 10.1038/nature12980 

 Dyer, A. G., Neumeyer, C., and Chittka, L. (2005). Honeybee (Apis mellifera) vision can discriminate between and recognise images of human faces. J. Exp. Biol. 208, 4709–4714. doi: 10.1242/jeb.01929 

 Earl, B. (2019). The structure of mind and the role of consciousness. J. Psychol. Behav. Sci. 7, 84–101. doi: 10.15640/jpbs.v7n2a9

 Edgecombe, G. D., Giribet, G., Dunn, C. W., Hejnol, A., Kristensen, R. M., Neves, R. C., et al. (2011). Higher-level metazoan relationships: recent progress and remaining questions. Org. Divers. Evol. 11, 151–172. doi: 10.1007/s13127-011-0044-4

 Endler, J. A. (1970). Kinesthetic orientation in the California newt (Taricha torosa). Behaviour 37, 15–23. doi: 10.1163/156853970X00204

 Erwin, D. H. (2015). Early metazoan life: divergence, environment and ecology. Philos. Trans. R. Soc. B 370:0036. doi: 10.1098/rstb.2015.0036

 Erwin, D. H., Laflamme, M., Tweedt, S. M., Sperling, E. A., Pisani, D., and Peterson, K. J. (2011). The Cambrian conundrum: early divergence and later ecological success in the early history of animals. Science 334, 1091–1097. doi: 10.1126/science.1206375 

 Etienne, A. S., and Jeffery, K. J. (2004). Path integration in mammals. Hippocampus 14, 180–192. doi: 10.1002/hipo.10173 

 Even, N., Bertrand, O., and Lihoreau, M. (2020). “Navigation by honey bees” in Encyclopedia of animal cognition and behaviour. eds. J. Vonk and T. Shackelford (Cham, Switzerland: Springer), 1–9.

 Farina, W. M., Grüter, C., and Díaz, P. C. (2005). Social learning of floral odours within the honeybee hive. Proc. R. Soc. Lond. Biol. Sci. 272, 1923–1928. doi: 10.1098/rspb.2005.3172 

 Fiore, V. G., Dolan, R. J., Strausfeld, N. J., and Hirth, F. (2015). Evolutionarily conserved mechanisms for the selection and maintenance of behavioural activity. Philos. Trans. R. Soc. B 370:20150053. doi: 10.1098/rstb.2015.0053 

 Fiorito, G., von Planta, C., and Scotto, P. (1990). Problem solving ability of Octopus vulgaris lamarck (Mollusca, Cephalopoda). Behav. Neural Biol. 53, 217–230. doi: 10.1016/0163-1047(90)90441-8 

 Forster, S., and Lavie, N. (2008). Attentional capture by entirely irrelevant distractors. Vis. Cogn. 16, 200–214. doi: 10.1080/13506280701465049 

 Forsythe, J. W., and Hanlon, R. T. (1997). Foraging and associated behavior by Octopus cyanea Gray, 1849 on a coral atoll, French Polynesia. J. Exp. Mar. Biol. Ecol. 209, 15–31. doi: 10.1016/S0022-0981(96)00057-3

 Franconeri, S. L., and Simons, D. J. (2003). Moving and looming stimuli capture attention. Percept. Psychophys. 65, 999–1010. doi: 10.3758/BF03194829 

 Freas, C. A., Wystrach, A., Narendra, A., and Cheng, K. (2018). The view from the trees: nocturnal bull ants, Myrmecia midas, use the surrounding panorama while descending from trees. Front. Psychol. 9:16. doi: 10.3389/fpsyg.2018.00016

 Fuster, J. M. (1997). Network memory. Trends Neurosci. 20, 451–459. doi: 10.1016/S0166-2236(97)01128-4 

 Fuster, J. M. (1990). Prefrontal cortex and the bridging of temporal gaps in the perception-action cycle. Ann. N. Y. Acad. Sci. 608, 318–329. doi: 10.1111/j.1749-6632.1990.tb48901.x 

 Gabay, S., Leibovich, T., Ben-Simon, A., Henik, A., and Segev, R. (2013). Inhibition of return in the archer fish. Nat. Commun. 4:1657. doi: 10.1038/ncomms2644

 Gaspelin, N., and Luck, S. J. (2018). The role of inhibition in avoiding distraction by salient stimuli. Trends Cogn. Sci. 22, 79–92. doi: 10.1016/j.tics.2017.11.001 

 Gayet, S., Van der Stigchel, S., and Paffen, C. L. E. (2014). Breaking continuous flash suppression: competing for consciousness on the pre-semantic battlefield. Front. Psychol. 5:460. doi: 10.3389/fpsyg.2014.00460 

 Geng, J. J., and Diquattro, N. E. (2010). Attentional capture by a perceptually salient non-target facilitates target processing through inhibition and rapid rejection. J. Vis. 10:5. doi: 10.1167/10.6.5 

 Gerullis, P., and Schuster, S. (2014). Archerfish actively control the hydrodynamics of their jets. Curr. Biol. 24, 2156–2160. doi: 10.1016/j.cub.2014.07.059 

 Ghysen, A. (2003). The origin and evolution of the nervous system. Int. J. Develop. Biol. 47, 555–562.

 Gibson, B., Wilkinson, M., and Kelly, D. (2012). Let the pigeon drive the bus: pigeons can plan future routes in a room. Anim. Cogn. 15, 379–391. doi: 10.1007/s10071-011-0463-9 

 Giribet, G., and Edgecombe, G. D. (2019). The phylogeny and evolutionary history of arthropods. Curr. Biol. 29, R592–R602. doi: 10.1016/j.cub.2019.04.057 

 Gobbini, M. I., Gors, J. D., Halchenko, Y. O., Hughes, H. C., and Cipolli, C. (2013a). Processing of invisible social cues. Conscious. Cogn. 22, 765–770. doi: 10.1016/j.concog.2013.05.002

 Gobbini, M. I., Gors, J. D., Halchenko, Y. O., Rogers, C., Guntupalli, J. S., Hughes, H., et al. (2013b). Prioritized detection of personally familiar faces. PLoS One 8:e66620. doi: 10.1371/journal.pone.0066620

 Godefroit, P., Cau, A., Dong-Yu, H., Escuillié, F., Wenhao, W., and Dyke, G. (2013). A Jurassic avialan dinosaur from China resolves the early phylogenetic history of birds. Nature 498, 359–362. doi: 10.1038/nature12168 

 Gould, J. L. (1988). Timing of landmark learning by honey bees. J. Insect Behav. 1, 373–377. doi: 10.1007/BF01054499

 Gourgou, E., Adiga, K., Goettemoeller, A., Chen, C., and Hsu, A. L. (2021). Caenorhabditis elegans learning in a structured maze is a multisensory behavior. iScience 24:102284. doi: 10.1016/j.isci.2021.102284 

 Grüter, C., and Farina, W. M. (2009). The honeybee waggle dance: can we follow the steps? Trends Ecol. Evolution 24, 242–247. doi: 10.1016/j.tree.2008.12.007 

 Hahn, L. A., and Rose, J. (2020). Working memory as an indicator for comparative cognition – detecting qualitative and quantitative differences. Front. Psychol. 11:1954. doi: 10.3389/fpsyg.2020.01954

 Haladjian, H. H., and Montemayor, C. (2015). On the evolution of conscious attention. Psychon. Bull. Rev. 22, 595–613. doi: 10.3758/s13423-014-0718-y 

 Hanks, M. C., Loomis, C. A., Harris, E., Tong, C. X., Anson-Cartwright, L., Auerbach, A., et al. (1998). Drosophila engrailed can substitute for mouse Engrailed1 function in mid-hind-brain, but not limb development. Development 125, 4521–4530. doi: 10.1242/dev.125.22.4521 

 Harland, D. P., Li, D., and Jackson, R. R. (2012). “How jumping spiders see the world” in How animals see the world. eds. O. F. Lazareva, T. Shimizu, and E. A. Wasserman (Oxford: Oxford University Press), 133–163.

 Harris, J. A., Miniussi, C., Harris, I. M., and Diamond, M. E. (2002). Transient storage of a tactile memory trace in primary somatosensory cortex. J. Neurosci. 22, 8720–8725. doi: 10.1523/JNEUROSCI.22-19-08720.2002 

 Harrison, S. A., and Tong, F. (2009). Decoding reveals the contents of visual working memory in early visual areas. Nature 458, 632–635. doi: 10.1038/nature07832 

 Hassin, R. R., Bargh, J. A., Engell, A. D., and McCulloch, K. C. (2009). Implicit working memory. Conscious. Cogn. 18, 665–678. doi: 10.1016/j.concog.2009.04.003 

 Hayhoe, M. M., Ballard, D. H., Triesch, J., Shinoda, H., Aivar, P., and Sullivan, B. (2002). Vision in natural and virtual environments. Proc. ETRA 2, 7–13. doi: 10.1145/507072.507074

 Hayhoe, M., Land, M., and Shrivastava, A. (1999). Coordination of eye and hand movements in a normal environment. lnvest. Ophthalmol and Vis. Sci. 40:380.

 Haynes, J.-D., and Rees, G. (2005). Predicting the orientation of invisible stimuli from activity in human primary visual cortex. Nat. Neurosci. 8, 686–691. doi: 10.1038/nn1445 

 Herz, R. S., and Engen, T. (1996). Odor memory: review and analysis. Psychon. Bull. Rev. 3, 300–313. doi: 10.3758/BF03210754 

 Hillstrom, A. P., and Yantis, S. (1994). Visual motion and attentional capture. Percept. Psychophys. 55, 399–411. doi: 10.3758/BF03205298 

 Hirth, F. (2010). On the origin and evolution of the tripartite brain. Brain Behav. Evol. 76, 3–10. doi: 10.1159/000320218 

 Hirth, F., Kammermeier, L., Frei, E., Walldorf, U., Noll, M., and Reichert, H. (2003). An urbilaterian origin of the tripartite brain: developmental genetic insights from drosophila. Development 130, 2365–2373. doi: 10.1242/dev.00438 

 Hirth, F., and Reichert, H. (1999). Conserved genetic programs in insect and mammalian brain development. BioEssays 21, 677–684. doi: 10.1002/(SICI)1521-1878(199908)21:8<677::AID-BIES7>3.0.CO;2-8 

 Hoinville, T., and Wehner, R. (2018). Optimal multiguidance integration in insect navigation. Proc. Natl. Acad. Sci. 115, 2824–2829. doi: 10.1073/pnas.1721668115

 Holland, L. Z., Carvalho, J. E., Escrivá, H., Laudet, V., Schubert, M., Shimeld, S. M., et al. (2013). Evolution of bilaterian central nervous systems: a single origin? EvoDevo 4:27. doi: 10.1186/2041-9139-4-27 

 Howard, S. R., Avarguès-Weber, A., Garcia, J. E., Greentree, A. D., and Dyer, A. G. (2019). Numerical cognition in honeybees enables addition and subtraction. Sci. Adv. 5:eaav0961. doi: 10.1126/sciadv.aav0961 

 Hughes, H. C., Caplovitz, G. P., Loucks, R. A., and Fendrich, R. (2012). Attentive and pre-attentive processes in change detection and identification. PLoS One 7:e42851. doi: 10.1371/journal.pone.0042851 

 Hvorecny, L., Grudowski, J., Blakeslee, C., Simmons, T., Roy, P., Brooks, J., et al. (2007). Octopuses (Octopus bimaculoides) and cuttle-fishes (Sepia haraonis, S. Officinalis) can conditionally discriminate. Anim. Cogn. 10, 449–459. doi: 10.1007/s10071-007-0085-4

 Jakob, E. M., Long, S. M., Harland, D. P., Jackson, R. R., Carey, A., Searles, M. E., et al. (2018). Lateral eyes direct principal eyes as jumping spiders track objects. Curr. Biol. 28, R1092–R1093. doi: 10.1016/j.cub.2018.07.065 

 Jonides, J., Lacey, S. C., and Nee, D. E. (2005). Processes of working memory in mind and brain. Curr. Dir. Psychol. Sci. 14, 2–5. doi: 10.1111/j.0963-7214.2005.00323.x 

 Jozet-Alves, C., Bertin, M., and Clayton, N. S. (2013). Evidence of episodic-like memory in cuttlefish. Curr. Biol. 23, R1033–R1035. doi: 10.1016/j.cub.2013.10.021 

 Kaiser, J. (2015). Dynamics of auditory working memory. Front. Psychol. 6:613. doi: 10.3389/fpsyg.2015.00613 

 Kamitani, Y., and Tong, F. (2005). Decoding the visual and subjective contents of the human brain. Nat. Neurosci. 8, 679–685. doi: 10.1038/nn1444 

 Karson, M. A., Boal, J. G., and Hanlon, R. T. (2003). Experimental evidence for spatial learning in cuttlefish (Sepia officinalis). J. Comp. Psychol. 117, 149–155. doi: 10.1037/0735-7036.117.2.149 

 Karten, H. J. (2015). Vertebrate brains and evolutionary connectomics: on the origins of the mammalian ‘neocortex’. Philos. Trans. R. Soc. B 370:20150060. doi: 10.1098/rstb.2015.0060 

 Kastner, S., and Ungerleider, L. G. (2000). Mechanisms of visual attention in the human cortex. Annu. Rev. Neurosci. 23, 315–341. doi: 10.1146/annurev.neuro.23.1.315 

 Kawahara, J., Yanase, K., and Kitazaki, M. (2012). Attentional capture by the onset and offset of motion signals outside the spatial focus of attention. J. Vis. 12:10. doi: 10.1167/12.12.10 

 Kayes, R. J. (1973). The daily activity pattern of Octopus vulgaris in a natural habitat. Marine Beh. Physiol. 2, 337–343. doi: 10.1080/10236247309386935

 Kemp, T. S. (2005). “The Origin and Evolution of Mammals”. Oxford UK: Oxford University Press.

 Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (1999). Attention without awareness in blindsight. Proc. Biol. Sci. 266, 1805–1811. doi: 10.1098/rspb.1999.0850

 Kentridge, R. W., Heywood, C. A., and Weiskrantz, L. (2004). Spatial attention speeds discrimination without awareness in blindsight. Neuropsychologia 42, 831–835. doi: 10.1016/j.neuropsychologia.2003.11.001 

 Kerzel, D., and Schönhammer, J. (2013). Salient stimuli capture attention and action. Atten. Percept. Psychophysiol. 75, 1633–1643. doi: 10.3758/s13414-013-0512-3 

 Kheradmand, B., and Nieh, J. C. (2019). The role of landscapes and landmarks in bee navigation: a review. Insects 10:342. doi: 10.3390/insects10100342 

 Ko, P. C., and Seiffert, A. E. (2009). Updating objects in visual short-term memory is feature selective. Mem. Cogn. 37, 909–923. doi: 10.3758/MC.37.6.909 

 Koch, C., and Tsuchiya, N. (2007). Attention and consciousness: two distinct brain processes. Trends Cogn. Sci. 11, 16–22. doi: 10.1016/j.tics.2006.10.012 

 Kuczaj, S. A., Xitco, M. J., and Gory, J. D. (2010). Can dolphins plan their behavior. Int. J. Comp. Psychol. 23. doi: 10.46867/IJCP.2010.23.04.09

 Kumar, S., Joseph, S., Gander, P. E., Barascud, N., Halpern, A. R., and Griffiths, T. D. (2016). A brain system for auditory working memory. J. Neurosci. 36, 4492–4505. doi: 10.1523/JNEUROSCI.4341-14.2016 

 Kuraku, S., and Kuratani, S. (2006). Time scale for cyclostome evolution inferred with a phylogenetic diagnosis of hagfish and lamprey cDNA sequences. Zool. Sci. 23, 1053–1064. doi: 10.2108/zsj.23.1053 

 Land, M. F. (1971). Orientation by jumping spiders in the absence of visual feedback. J. Exp. Biol. 54, 119–139. doi: 10.1242/jeb.54.1.119 

 Land, M. F. (1972). Stepping movements made by jumping spiders during turns mediated by the lateral eyes. J. Exp. Biol. 57, 15–40. doi: 10.1242/jeb.57.1.15 

 Land, M. F. (2006). Eye movements and the control of actions in everyday life. Prog. Retin. Eye Res. 3, 296–324. doi: 10.1016/j.preteyeres.2006.01.002

 Land, M., Mennie, N., and Rusted, J. (1999). The roles of vision and eye movements in the control of activities of daily living. Perception 28, 1311–1328. doi: 10.1068/p2935 

 Lara, A. H., Kennerley, S. W., and Wallis, J. D. (2009). Encoding of gustatory working memory by orbitofrontal neurons. J. Neurosci. 29, 765–774. doi: 10.1523/JNEUROSCI.4637-08.2009 

 Laurin, M., and Reisz, R. R. (1995). A reevaluation of early amniote phylogeny. Zool. J. Linnean Soc. 113, 165–223. doi: 10.1111/j.1096-3642.1995.tb00932.x

 Lavie, N. (1995). Perceptual load as a necessary condition for selective attention. J. Exp. Psychol.: Hum. Percep. Perf. 21, 451–468. doi: 10.1037/0096-1523.21.3.451

 Lavie, N. (2005). Distracted and confused? Selective attention under load. Trends Cogn. Sci. 9, 75–82. doi: 10.1016/j.tics.2004.12.004 

 Lavie, N., and de Fockert, J. (2005). The role of working memory in attentional capture. Psychon. Bull. Rev. 12, 669–674. doi: 10.3758/BF03196756 

 Lavie, N., and Tsal, Y. (1994). Perceptual load as a major determinant of the focus of selection in visual attention. Percept. Psychophys. 56, 183–197. doi: 10.3758/BF03213897 

 Leal, M., and Powell, B. J. (2011). Behavioural flexibility and problem solving in a tropical lizard. Biol. Lett. 8, 28–30. doi: 10.1098/rsbl.2011.0480

 Lehrer, M. (1991). Bees which turn back and look. Naturwissenschaften 78, 274–276. doi: 10.1007/BF01134357

 Leuzinger, S., Hirth, F., Gerlich, D., Acampora, D., Simeone, A., Gehring, W. J., et al. (1998). Equivalence of the fly orthodenticle gene and the human OTX genes in embryonic brain development of drosophila. Development 125, 1703–1710. doi: 10.1242/dev.125.9.1703 

 Lewis-Peacock, J. A., and Postle, B. R. (2008). Temporary activation of long-term memory supports working memory. J. Neurosci. 28, 8765–8771. doi: 10.1523/JNEUROSCI.1953-08.2008 

 Lewis-Peacock, J. A., Drysdale, A. T., Oberauer, K., and Postle, B. R. (2012). Neural evidence for a distinction between short-term memory and the focus of attention. J. Cogn. Neurosci. 24, 61–79. doi: 10.1162/jocn_a_00140 

 Lichtneckert, R., and Reichert, H. (2005). Insights into the urbilaterian brain: conserved genetic patterning mechanisms in insect and vertebrate brain development. Heredity 94, 465–477. doi: 10.1038/sj.hdy.6800664 

 Liebeskind, B. J., Hillis, D. M., Zakon, H. H., and Hofmann, H. A. (2016). Complex homology and the evolution of nervous systems. Trends Ecol. Evol. 31, 127–135. doi: 10.1016/j.tree.2015.12.005 

 Lin, J. Y., Murray, S. O., and Boynton, G. M. (2009). Capture of attention to threatening stimuli without perceptual awareness. Curr. Biol. 19, 1118–1122. doi: 10.1016/j.cub.2009.05.021 

 Linke, A. C., and Cusack, R. (2015). Flexible information coding in human auditory cortex during perception, imagery, and STM of complex sounds. J. Cogn. Neurosci. 27, 1322–1333. doi: 10.1162/jocn_a_00780 

 Logan, G. D. (1992). Attention and preattention in theories of automaticity. Am. J. Psychol. 105, 317–339. doi: 10.2307/1423031 

 Lüling, K. H. (1963). The archer fish. Sci. Am. 209, 100–109. doi: 10.1038/scientificamerican0763-100 

 Manohar, S. G., Zokaei, N., Fallon, S. J., Vogels, T. P., and Husain, M. (2019). Neural mechanisms of attending to items in working memory. Neurosci. Biobehav. Rev. 101, 1–12. doi: 10.1016/j.neubiorev.2019.03.017 

 Marsicano, C. A., Irmis, R. B., Mancuso, A. C., Mundil, R., and Chemale, F. (2016). The precise temporal calibration of dinosaur origins. Proceedings of the National Academy of Sciences 113, 509–513. doi: 10.1073/pnas.1512541112

 Martín-Durán, J. M., Pang, K., Børve, A., Lê, H. S., Furu, A., Cannon, J. T., et al. (2018). and Hejnol, A. (2018). Convergent evolution of bilaterian nerve cords. Nature 553, 45–50. doi: 10.1038/nature25030 

 Mather, J. A. (1991). Navigation by spatial memory and use of visual landmarks in octopuses. J. Comp. Physiol. A. 168, 491–497. doi: 10.1007/BF00199609

 Matsukura, M., Luck, S. J., and Vecera, S. P. (2007). Attention effects during visual short-term memory maintenance: protection or prioritization? Percept. Psychophys. 69, 1422–1434. doi: 10.3758/BF03192957 

 Maybery, M. T., Clissa, P. J., Parmentier, F. B. R., Leung, D., Harsa, G., Fox, A. M., et al. (2009). Binding of verbal and spatial features in auditory working memory. J. Mem. Lang. 61, 112–133. doi: 10.1016/j.jml.2009.03.001

 Menzel, R., Greggers, U., Smith, A., Berger, S., Brandt, R., Brunke, S., et al. (2005). Honey bees navigate according to a map-like spatial memory. Proc. Nat. Acad. Sci. U. S. A. 102, 3040–3045. doi: 10.1073/pnas.0408550102 

 Miller, G. A., Galanter, E., and Pribram, K. H. (1960). Plans and the structure of behavior. New York: Henry Holt.

 Molloy, K., Griffiths, T. D., Chait, M., and Lavie, N. (2015). Inattentional deafness: visual load leads to time-specific suppression of auditory evoked responses. J. Neurosci. 35, 16046–16054. doi: 10.1523/JNEUROSCI.2931-15.2015 

 Mongillo, G., Barak, O., and Tsodyks, M. (2008). Synaptic theory of working memory. Science 319, 1543–1546. doi: 10.1126/science.1150769 

 Morawetz, L., and Spaethe, J. (2012). Visual attention in a complex search task differs between honeybees and bumblebees. J. Exp. Biol. 215, 2515–2523. doi: 10.1242/jeb.066399 

 Moray, N. (1959). Attention in dichotic listening: affective cues and the influence of instructions. Quart. J. Exp. Psychol. 11, 56–60. doi: 10.1080/17470215908416289

 Moroz, L. L., Edwards, J. R., Puthanveettil, S. V., Kohn, A. B., Ha, T., Heyland, A., et al. (2006). Neuronal transcriptome of Aplysia: neuronal compartments and circuitry. Cells 127, 1453–1467. doi: 10.1016/j.cell.2006.09.052 

 Munteanu, A. M., Starnberger, I., Pašukonis, A., Bugnyar, T., Hödl, W., and Fitch, W. T. (2016). Take the long way home: behaviour of a neotropical frog, Allobates femoralis, in a detour task. Behav. Process. 126, 71–75. doi: 10.1016/j.beproc.2016.03.009 

 Murakami, H., Tomaru, T., and Gunji, Y.-P. (2017). Interaction between path integration and visual orientation during the homing run of fiddler crabs. R. Soc. Open Sci. 4:170954. doi: 10.1098/rsos.170954 

 Murakami, Y. (2017). “The origin of vertebrate brain Centers” in Brain evolution by design. Diversity and commonality in animals. eds. S. Shigeno, Y. Murakami, and T. Nomura (Tokyo: Springer)

 Nagao, T., Leuzinger, S., Acampora, D., Simeone, A., Finkelstein, R., Reichert, H., et al. (1998). Developmental rescue of drosophila cephalic defects by the human Otx genes. Proc. Natl. Acad. Sci. U. S. A. 95, 3737–3742. doi: 10.1073/pnas.95.7.3737 

 Nesbitt, S. J., Barrett, P. M., Werning, S., Sidor, C. A., and Charig, A. J. (2013). The oldest dinosaur? A Middle Triassic dinosauriform from Tanzania The oldest dinosaur? A Middle Triassic dinosauriform from Tanzania. Biol. Lett. 920120949. doi: 10.1098/rsbl.2012.0949

 Neuser, K., Triphan, T., Mronz, M., Poeck, B., and Strauss, R. (2008). nalysis of a spatial orientation memory in Drosophila. Nature 453, 1244–1247. doi: 10.1098/rsbl.2012.0949

 New, J., Cosmides, L., and Tooby, J. (2007). Category-specific attention to animals reflects ancestral priorities, not expertise. Proc. Natl. Acad. Sci. U. S. A. 104, 16598–16603. doi: 10.1073/pnas.0703913104

 Nomaksteinsky, M., Röttinger, E., Dufour, H. D., Chettouh, Z., Lowe, C. J., Martindale, M. Q., et al. (2009). Centralization of the deuterostome nervous system predates chordates. Curr. Biol. 19, 1264–1269. doi: 10.1016/j.cub.2009.05.063 

 Northcutt, R. G. (2012). Evolution of centralized nervous systems: two schools of evolutionary thought. Proc. Natl. Acad. Sci. U. S. A. 109, 10626–10633. doi: 10.1073/pnas.1201889109 

 Nothdurft, H. C. (2002). Attention shifts to salient targets. Vis. Res. 42, 1287–1306. doi: 10.1016/S0042-6989(02)00016-0 

 Oberauer, K. (2019). Working memory and attention—a conceptual analysis and review. J. Cogn. 2:36. doi: 10.5334/joc.58

 Offen, S., Schluppeck, D., and Heeger, D. J. (2009). The role of early visual cortex in visual short-term memory and visual attention. Vis. Res. 49, 1352–1362. doi: 10.1016/j.visres.2007.12.022 

 Ohman, A., Flykt, A., and Esteves, F. (2001). Emotion drives attention: detecting the snake in the grass. J. Exp. Psychol. Gen. 130, 466–478. doi: 10.1037/0096-3445.130.3.466 

 Olivers, C. N. L., and Roelfsema, P. R. (2020). Attention for action in visual working memory. Cortex 131, 179–194. doi: 10.1016/j.cortex.2020.07.011 

 Pani, A. M., Mullarkey, E. E., Aronowicz, J., Assimacopoulos, S., Grove, E. A., and Lowe, C. J. (2012). Ancient deuterostome origins of vertebrate brain signalling centres. Nature 483, 289–294. doi: 10.1038/nature10838 

 Paulk, A. C., Stacey, J. A., Pearson, T. W., Taylor, G. J., Moore, R. J., Srinivasan, M. V., et al. (2014). Selective attention in the honeybee optic lobes precedes behavioral choices. Proc. Natl. Acad. Sci. U. S. A. 111, 5006–5011. doi: 10.1073/pnas.1323297111

 Pessoa, L., Medina, L., Hof, P. R., and Desfilis, E. (2019). Neural architecture of the vertebrate brain: implications for the interaction between emotion and cognition. Neurosci. Biobehav. Rev. 107, 296–312. doi: 10.1016/j.neubiorev.2019.09.021 

 Peterson, K. J., and Eernisse, D. J. (2016). The phylogeny, evolutionary developmental biology, and paleobiology of the Deuterostomia: 25 years of new techniques, new discoveries, and new ideas. Org. Divers. Evol. 107, 401–418. doi: 10.1007/s13127-016-0270-x

 Peterson, K. J., Cotton, J. A., Gehling, J. G., and Pisani, D. (2008). The Ediacaran emergence of bilaterians: congruence between the genetic and the geological fossil records. Phil. Trans. Roy. Soc. Ser. B 363, 1435–1443. doi: 10.1098/rstb.2007.2233

 Pike, T. W., Kendal, J. R., Rendell, L. E., and Laland, K. N. (2010). Learning by proportional observation in a species of fish. Behav. Ecol. 21, 570–575. doi: 10.1093/beheco/arq025

 Pinsk, M. A., Doniger, G. M., and Kastner, S. (2004). Push-pull mechanism of selective attention in human extrastriate cortex. J. Neurophysiol. 92, 622–629. doi: 10.1152/jn.00974.2003 

 Posner, M. I. (1994). Attention: the mechanisms of consciousness. Proc. Natl. Acad. Sci. U. S. A. 91, 7398–7403. doi: 10.1073/pnas.91.16.7398 

 Postle, B. R. (2006). Working memory as an emergent property of the mind and brain. Neuroscience 139, 23–38. doi: 10.1016/j.neuroscience.2005.06.005 

 Postle, B. R., and D'Esposito, M. (1999). "what"-then-where in visual working memory: an event-related fMRI study. J. Cogn. Neurosci. 11, 585–597. doi: 10.1162/089892999563652 

 Postle, B. R., Stern, C. E., Rosen, B. R., and Corkin, S. (2000). An fMRI investigation of cortical contributions to spatial and nonspatial visual working memory. NeuroImage 11, 409–423. doi: 10.1006/nimg.2000.0570 

 Prasad, S., and Mishra, R. K. (2019). The nature of unconscious attention to subliminal cues. Vision 3:38. doi: 10.3390/vision3030038 

 Prévost, E. D., and Stemme, T. (2020). Non-visual homing and the current status of navigation in scorpions. Anim. Cogn. 23, 1215–1234. doi: 10.1007/s10071-020-01386-z 

 Qin, J., and Wheeler, A. (2007). Maze exploration and learning in C. elegans. Lab Chip 7, 186–192. doi: 10.1039/B613414A 

 Rankin, C. H. (2004). Invertebrate learning: what can’t a worm learn?. Curr. Biol. 14, R617–R618. doi: 10.1016/j.cub.2004.07.044

 Reber, A. S. (1995). The penguin dictionary of psychology, second edition. London: Penguin Books.

 Reed, C. L., Klatzky, R., and Halgren, E. (2005). What versus where for haptic object recognition: an fMRI study. NeuroImage 25, 718–726. doi: 10.1016/j.neuroimage.2004.11.044 

 Rees, G., Frith, C. D., and Lavie, N. (1997). Modulating irrelevant motion perception by varying attentional load in an unrelated task. Science 278, 1616–1619. doi: 10.1126/science.278.5343.1616 

 Reichenthal, A., Ben-Tov, M., Ben-Shahar, O., and Segev, R. (2019). What pops out for you pops out for fish: four common visual features. J. Vis. 19, 1–16. doi: 10.1167/19.1.1 

 Reyes-Alcubilla, C., Ruiz, M. A., and Ortega-Escobar, J. (2009). Homing in the wolf spider Lycosa tarantula (Araneae, Lycosidae): the role of active locomotion and visual landmarks. Naturwissenschaften 96, 485–494. doi: 10.1007/s00114-008-0498-1 

 Richter, J. N., Hochner, B., and Kuba, M. J. (2016). Pull or push? Octopuses solve a puzzle problem. PLoS One 11:e0152048. doi: 10.1371/journal.pone.0152048 

 Riley, J. R., Greggers, U., Smith, A. D., Reynolds, D. R., and Menzel, R. (2005). The flight paths of honeybees recruited by the waggle dance. Nature 435, 205–207. doi: 10.1038/nature03526 

 Rischawy, I., and Schuster, S. (2013). Visual search in hunting archerfish shares all hallmarks of human performance. J. Exp. Biol. 216, 3096–3103. doi: 10.1242/jeb.087734 

 Ro, T., Friggel, A., and Lavie, N. (2007). Attentional biases for faces and body parts. Vis. Cogn. 15, 322–348. doi: 10.1080/13506280600590434 

 Rodríguez, R. L., Briceño, R. D., Briceño-Aguilar, E., and Höbel, G. (2015). Nephila clavipes spiders (Araneae: Nephilidae) keep track of captured prey counts: testing for a sense of numerosity in an orb-weaver. Anim. Cogn. 18, 307–314. doi: 10.1007/s10071-014-0801-9 

 Rose, J. K., and Rankin, C. H. (2001). Analyses of habituation in Caenorhabditis elegans. Learn. Mem. 8, 63–69. doi: 10.1101/lm.37801 

 Rossel, S., Corlija, J., and Schuster, S. (2002). Predicting three-dimensional target motion: how archer fish determine where to catch their dislodged prey. J. Exp. Biol. 205, 3321–3326. doi: 10.1242/jeb.205.21.3321 

 Roth, G. (2013).“The Long evolution of brains and minds ” (Springer, NL).

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

 Ruchkin, D. S., Grafman, J., Cameron, K., and Berndt, R. S. (2003). Working memory retention systems: a state of activated long-term memory. Behav. Brain Sci. 26, 709–777. doi: 10.1017/S0140525X03000165 

 Rugani, R., Regolin, L., and Vallortigara, G. (2011). Summation of large numerousness by newborn chicks. Front. Psychol. 2:179. doi: 10.3389/fpsyg.2011.00179 

 Saban, W., Sekely, L., Klein, R. M., and Gabay, S. (2017). Endogenous orienting in the archer fish. Proc. Natl. Acad. Sci. U. S. A. 114, 7577–7581. doi: 10.1073/pnas.1700574114

 Salvato, G., De Maio, G., and Bottini, G. (2017). Exploring biased attention towards body-related stimuli and its relationship with body awareness. Sci. Rep. 7:17234. doi: 10.1038/s41598-017-17528-2

 Samms, M., Hari, R., Rif, J., and Knuutila, J. (1993). The human auditory sensory memory trace persists about 10 sec: neuromagnetic evidence. J. Cogn. Neurosci. 5, 363–370. doi: 10.1162/jocn.1993.5.3.363 

 Sanders, F. K., and Young, J. Z. (1940). Learning and other functions of the higher nervous centers of sepia. J. Neurophysiol. 3, 501–526. doi: 10.1152/jn.1940.3.6.501

 Saryazdi, R., Bak, K., and Campos, J. L. (2019). Inattentional blindness during driving in younger and older adults. Front. Psychol. 10:880. doi: 10.3389/fpsyg.2019.00880

 Sawaki, R., and Luck, S. J. (2010). Capture versus suppression of attention by salient singletons: electrophysiological evidence for an automatic attend-to-me signal. Atten. Percept. Psychophysiol. 72, 1455–1470. doi: 10.3758/APP.72.6.1455 

 Schiller, P. H. (1949). Delayed detour response in the octopus. J. Comp. Physiol. Psychol. 42, 220–225. doi: 10.1037/h0056879 

 Schlegel, T., Schmid, C. J., and Schuster, S. (2006). Archerfish shots are evolutionarily matched to prey adhesion. Curr. Biol. 16, R836–R837. doi: 10.1016/j.cub.2006.08.082 

 Schnell, A. K., Boeckle, M., Rivera, M., Clayton, N. S., and Hanlon, R. T. (2021). Cuttlefish exert self-control in a delay of gratification task. Proc. R. Soc. B :2882020316120203161. doi: 10.1098/rspb.2020.3161 

 Schuster, S. (2007). Archerfish. Curr. Biol. 17, R494–R495. doi: 10.1016/j.cub.2007.04.014 

 Schuster, S., Wöhl, S., Griebsch, M., and Klostermeier, I. (2006). Animal cognition: how archer fish learn to down rapidly moving targets. Curr. Biol. 16, 378–383. doi: 10.1016/j.cub.2005.12.037 

 Schütz, A. C., Braun, D. I., and Gegenfurtner, K. R. (2011). Eye movements and perception: a selective review. J. Vis. 11:9. doi: 10.1167/11.5.9 

 Schwartz, S., Vuilleumier, P., Hutton, C., Maravita, A., Dolan, R. J., and Driver, J. (2005). Attentional load and sensory competition in human vision: modulation of fMRI responses by load at fixation during task-irrelevant stimulation in the peripheral visual field. Cereb. Cortex 15, 770–786. doi: 10.1093/cercor/bhh178 

 Serences, J. T., Ester, E. F., Vogel, E. K., and Awh, E. (2009). Stimulus-specific delay activity in human primary visual cortex. Psychol. Sci. 20, 207–214. doi: 10.1111/j.1467-9280.2009.02276.x 

 Sergi, C. M., Antonopoulos, T., and Rodríguez, R. L. (2021). Black widow spiders use path integration on their webs. Behav. Ecol. Sociobiol. 75:73. doi: 10.1007/s00265-021-03009-0

 Shigeno, S., Andrews, P. L. R., Ponte, G., and Fiorito, G. (2018). Cephalopod brains: an overview of current knowledge to facilitate comparison with vertebrates. Front. Physiol. 9:952. doi: 10.3389/fphys.2018.00952

 Shimeld, S. M., and Donoghue, P. C. (2012). Evolutionary crossroads in developmental biology: cyclostomes (lamprey and hagfish). Development 139, 2091–2099. doi: 10.1242/dev.074716 

 Smith, E. E., and Jonides, J. (1999). Storage and executive processes in the frontal lobes. Science 283, 1657–1661. doi: 10.1126/science.283.5408.1657 

 Smith, J. J., Saha, N. R., and Amemiya, C. T. (2010). Genome biology of the cyclostomes and insights into the evolutionary biology of vertebrate genomes. Integr. Comp. Biol., 50, 130–137. doi: 10.1093/icb/icq023 

 Smith, K. C., and Abrams, R. A. (2018). Motion onset really does capture attention. Atten. Percept. Psychophysiol. 80, 1775–1784. doi: 10.3758/s13414-018-1548-1 

 Smyth, M. M., and Scholey, K. A. (1994). Interference in immediate spatial memory. Mem. Cogn. 22, 1–13. doi: 10.3758/BF03202756 

 Soto, D., and Humphreys, G. W. (2007). Automatic guidance of visual attention from verbal working memory. J. Exp Psychol: Hum. Percep. Perform. 33:730. doi: 10.1037/0096-1523.33.3.730 

 Soto, D., and Silvanto, J. (2014). Reappraising the relationship between working memory and consciousness. Trends Cogn. Sci. 18, 520–525. doi: 10.1016/j.tics.2014.06.005 

 Soto, D., and Silvanto, J. (2016). Is conscious awareness needed for all working memory processes? Neurosci. Conscious 1:niw009. doi: 10.1093/nc/niw009

 Soto, D., Hodsoll, J., Rotshtein, P., and Humphreys, G. W. (2008). Automatic guidance of attention from working memory. Trends Cogn. Sci. 12, 342–348. doi: 10.1016/j.tics.2008.05.007 

 Soto, D., Mäntylä, T., and Silvanto, J. (2011). Working memory without consciousness. Curr. Biol. 21, R912–R913. doi: 10.1016/j.cub.2011.09.049 

 Spaethe, J., Tautz, J., and Chittka, L. (2006). Do honeybees detect colour targets using serial or parallel visual search? J. Exp. Biol. 209, 987–993. doi: 10.1242/jeb.02124 

 Spano, L., Long, S. M., and Jakob, E. M. (2012). Secondary eyes mediate the response to looming objects in jumping spiders (Phidippus audax, Salticidae). Biol. Lett. 8, 949–951. doi: 10.1098/rsbl.2012.0716 

 Stein, T., Senju, A., Peelen, M. V., and Sterzer, P. (2011). Eye contact facilitates awareness of faces during interocular suppression. Cognition 119, 307–311. doi: 10.1016/j.cognition.2011.01.008 

 Stokes, M. G., Muhle-Karbe, P. S., and Myers, N. E. (2020). Theoretical distinction between functional states in working memory and their corresponding neural states. Vis. Cogn. 28, 420–432. doi: 10.1080/13506285.2020.1825141 

 Sugahara, F., Murakami, Y., Pascual-Anaya, J., and Kuratani, S. (2017). Reconstructing the ancestral vertebrate brain. Develop. Growth Differ. 59, 163–174. doi: 10.1111/dgd.12347 

 Sugahara, F., Pascual-Anaya, J., Oisi, Y., Kuraku, S., Aota, S., Adachi, N., et al. (2016). Evidence from cyclostomes for complex regionalization of the ancestral vertebrate brain. Nature 531, 97–100. doi: 10.1038/nature16518 

 Sullivan, E. V., and Turvey, M. T. (1974). On the short-term retention of serial, tactile stimuli. Mem. Cogn. 2, 601–606. doi: 10.3758/BF03198127 

 Suryanarayana, S. M., Robertson, B., Wallén, P., and Grillner, S. (2017). The lamprey pallium provides a blueprint of the mammalian layered cortex. Curr. Biol. 27, 3264–3277.e5. doi: 10.1016/j.cub.2017.09.034 

 Tarsitano, M. S. (2006). Route selection by a jumping spider (Portia labiata) during the locomotory phase of a detour. Anim. Behav. 72:1437e1442. doi: 10.1016/j.anbehav.2006.05.007

 Tarsitano, M. S., and Jackson, R. R. (1997). Araneophagic jumping spiders discriminate between detour routes that do and do not lead to prey. Anim. Behav. 53, 257–266. doi: 10.1006/anbe.1996.0372

 Tomer, R., Denes, A. S., Tessmar-Raible, K., and Arendt, D. (2010). Profiling by image registration reveals common origin of annelid mushroom bodies and vertebrate pallium. Cells 142, 800–809. doi: 10.1016/j.cell.2010.07.043 

 Torralbo, A., Kelley, T. A., Rees, G., and Lavie, N. (2016). Attention induced neural response trade-off in retinotopic cortex under load. Sci. Rep. 6:33041. doi: 10.1038/srep33041 

 Torres-Paz, J., Hyacinthe, C., Pierre, C., and Rétaux, S. (2018). Towards an integrated approach to understand Mexican cavefish evolution. Biol. Lett. 14:20180101. doi: 10.1098/rsbl.2018.0101 

 Trübutschek, Marti, S., Ojeda, A., King, J. R., Mi, Y., Tsodyks, M., et al. (2017). A theory of working memory without consciousness or sustained activity. elife 6:e23871. doi: 10.7554/eLife.23871 

 Vailati, A., Zinnato, L., and Cerbino, R. (2012). How archer fish achieve a powerful impact: hydrodynamic instability of a pulsed jet in Toxotes jaculatrix. PLoS One 7:e47867. doi: 10.1371/journal.pone.0047867 

 van Boxtel, J. J. A., Tsuchiya, N., and Koch, C. (2010). Consciousness and attention: on sufficiency and necessity. Front. Psychol. 1:217. doi: 10.3389/fpsyg.2010.00217 

 Von Frisch, K. (1967). The dance language and orientation of bees. Cambridge, MA: Harvard University Press.

 Wada, H., Saiga, H., Satoh, N., and Holland, P. W. (1998). Tripartite organization of the ancestral chordate brain and the antiquity of placodes: insights from ascidian Pax-2/5/8, Hox and Otx genes. Development 125, 1113–1122. doi: 10.1242/dev.125.6.1113 

 Wallis, G., Stokes, M. G., Arnold, C., and Nobre, A. C. (2015). Reward boosts working memory encoding over a brief temporal window. Vis. Cogn. 23, 291–312. doi: 10.1080/13506285.2015.1013168

 Wells, M. (1964). Detour experiments with octopuses. J. Exp. Biol. 41, 621–642. doi: 10.1242/jeb.41.3.621 

 Wells, M. (1967). Short-term learning and interocular transfer in detour experiments with octopuses. J. Exp. Biol. 47, 393–408. doi: 10.1242/jeb.47.3.393 

 White, G. E., and Brown, C. (2014). A comparison of spatial learning and memory capabilities in intertidal gobies. Behav. Ecol. Sociobiol. 68, 1393–1401. doi: 10.1007/s00265-014-1747-2

 White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1986). The structure of the nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R. Soc. B 314, 1–340. doi: 10.1098/rstb.1986.0056

 White, T. L., Hornung, D. E., Kurtz, D. B., Treisman, M., and Sheehe, P. (1998). Phonological and perceptual components of short-term memory for odors. Am. J. Psychol. 111, 411–434. doi: 10.2307/1423448

 Wilkinson, A., Kuenstner, K., Mueller, J., and Huber, L. (2010). Social learning in a non-social reptile (Geochelone carbonaria). Biol. Lett. 6, 614–616. doi: 10.1098/rsbl.2010.0092 

 Williams, M., Pouget, P., Boucher, L., and Woodman, G. F. (2013). Visual-spatial attention aids the maintenance of object representations in visual working memory. Mem. Cogn. 41, 698–715. doi: 10.3758/s13421-013-0296-7 

 Wöhl, S., and Schuster, S. (2006). Hunting archer fish match their take-off speed to distance from the future point of catch. J. Exp. Biol. 209, 141–151. doi: 10.1242/jeb.01981 

 Wolfe, J. M. (1992). The parallel guidance of visual attention. Curr. Dir. Psychol. Sci. 1, 124–128. doi: 10.1111/1467-8721.ep10769733 

 Wolfe, J. M., and Horowitz, T. S. (2004). What attributes guide the deployment of visual attention and how do they do it? Nat. Rev. Neurosci. 5, 495–501. doi: 10.1038/nrn1411

 Wolfe, J. M., and Horowitz, T. S. (2017). Five factors that guide attention in visual search. Nat. Hum. Beh. 1:0058. doi: 10.1038/s41562-017-0058

 Wolfe, J. M., and Utochkin, I. S. (2019). What is a preattentive feature? Curr. Opin. Psychol. 29, 19–26. doi: 10.1016/j.copsyc.2018.11.005 

 Wolff, G. H., and Strausfeld, N. J. (2016). Genealogical correspondence of a forebrain Centre implies an executive brain in the protostome–deuterostome bilaterian ancestor. Phil. Trans. R. Soc. A :B37120150055. doi: 10.1098/rstb.2015.0055 

 Wood, N., and Cowan, N. (1995). The cocktail party phenomenon revisited: how frequent are attention shifts to one’s name in an irrelevant auditory channel? J. Exp. Psychol.: LMC. 2, 255–260. doi: 10.1037/0278-7393.21.1.255

 Yantis, S., and Jonides, J. (1990). Abrupt visual onsets and selective attention: voluntary versus automatic allocation. J. Exp. Psychol. Hum. Percept. Perform. 16, 121–134. doi: 10.1037//0096-1523.16.1.121 

 Yi, D. J., Woodman, G. F., Widders, D., Marois, R., and Chun, M. M. (2004). Neural fate of ignored stimuli: dissociable effects of perceptualand working memory load. Nat. Neurosci. 7, 992–996. doi: 10.1038/nn1294 

 Zeil, J., and Layne, J. (2002). “Path integration in fiddler crabs and its relation to habitat and social life” in Crustacean experimental Systems in Neurobiology. ed. K. Wiese (Berlin, Heidelberg: Springer)

 Zelano, C., Montag, J., Khan, R., and Sobel, N. (2009). A specialized odor memory buffer in primary olfactory cortex. PLoS One 4:e4965. doi: 10.1371/journal.pone.0004965 

 Zhang, B., Liu, S., Doro, M., and Galfano, G. (2018). Attentional guidance from multiple working memory representations: evidence from eye movements. Sci. Rep. 8:13876. doi: 10.1038/s41598-018-32144-4 

 Zhang, S. W., and Srinivasan, M. V. (1994). Prior experience enhances pattern discrimination in insect vision. Nature 368, 330–333. doi: 10.1038/368330a0

 Zhang, S., Bock, F., Si, A., Tautz, J., and Srinivasan, M. V. (2005). Visual working memory in decision making by honey bees. Proc. Natl. Acad. Sci. 102, 5250–5255. doi: 10.1073/pnas.0501440102

 Zhao, W., Zhang, X., Jia, G., Shen, Y., and Zhu, M. (2021). The Silurian-Devonian boundary in East Yunnan (South China) and the minimum constraint for the lungfish-tetrapod split. Sci. China Earth Sci. 64, 1784–1797. doi: 10.1007/s11430-020-9794-8

 Zurek, D. B., Taylor, A. J., Evans, C. S., and Nelson, X. J. (2010). The role of the anterior lateral eyes in the vision-based behaviour of jumping spiders. J. Exp. Biol. 213, 2372–2378. doi: 10.1242/jeb.042382

 Zurek, D. B., and Nelson, X. J. (2012). Saccadic tracking of targets mediated by the anterior-lateral eyes of jumping spiders. J. Comp. Physiol. A. 198, 411–417. doi: 10.1007/s00359-012-0719-0 


OPS/images/fpsyg-13-937712-t003.jpg
Species

Humans
Toxotes sp.
Salticid sp.
A. mellfera
O. vulgaris

C. elegans

Clade

Mammal
Teleost
Chelicerate
Mandibulate
Molluse

Nematode

DorP

Action plan
inWM

Yes

Likely

Yes

Yes

Yes

Likely

Attention

Preattention

Likely
No data
No data

Attentional load
effect

Yes

No data

Yes

No data

No data

No data





OPS/images/fpsyg-13-937712-t001.jpg
Amphibians

Reptiles

Mammals

Birds

Rock pool goby

Red sea clown fish
Nine-spined stickleback
Newt

Frog

Tortoise

Arboreal lizard
Botlenose dolphin
Hyena

Rook
Chickens

Pigeon

Species
Bathygobius cocosensis,
B krefii
Amphiprion bicinctus
Pungitius pungitius
Taricha torosa
Allobates femoralis
Geochelone carbonaria
Analis evermanni
Tursiops truncatus

Crocuta crocuta

Corvus frugilegus
Gallus gallus

Columbia livia

Evidence of WM

Remembered the decpest pool

Took direct route home
Proportional observation learning
Path integration

Successful in a detour task
Flexible observational learning
Solved a lid-opening problem
Invented an action plan

Solved a problem

Solved problems by using tools
Chicks knew where most “friends” went

Chose future route

References

‘White and Brown, 2014

Bshary et al., 2002
Pike etal, 2010
Endler, 1970
Munteanu et al,, 2016
Wilkinson etal., 2010
Leal and Powell, 2011
Kuczaj etal, 2010
Benson-Amram and
Holekamp, 2012

Bird and Emery, 2009
Rugani etal,, 2011
Gibson et al,, 2012





OPS/images/fpsyg-13-937712-t002.jpg
Clade
Spiders

(Chelicerates)

Scorpion
(Chelcerate)
Insects.

(Mandibulates)

Crustaceans

(Mandibulates)

Species
‘Western black widow Latrodectus hesperus
Golden orb-web spider Nephila clavipes
Wolf spider Lycosa tarantula
Lesser Asian scorpion Mesobuthus eupeus
Bullant Myrmecia midas
Fruit fly Drosophila melanogaster
Dung beetle Scarabacus galenus
Fiddler crabs Uca rapas,

Various species

Evidence of WM

Path integration
Retained memory of number and size of prey
Path integration

Path Integration

ene

Compared current scene to a memorised s
Remembered position of target when not seen
Path integration

Path

tegration

Path integration

References

Sergietal, 2021
Rodriguez etal, 2015
Reyes-Alcubilla et al, 2009

Prévostand Stemme, 2020

Freas etal., 2018
Neuser etal,, 2008
Dacke etal., 2020
Murakami et al, 201

and Layne, 2002





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Humans, fish, spiders and bees inherited working memory and attention from their last common ancestor



		1. Introduction



		2. Working memory and attention in humans



		2.1. WM and attention are forms of information



		2.2. Working memory in humans



		2.3. Attention in humans



		2.3.1. Whatever is important, novel, or salient tends to determine the focus of attention



		2.3.2. Attention is enhanced focus information and reduced non-focus information









		2.4. The relationship between WM and attention



		2.5. The location of WM and attention









		3. The evolution of WM, and its possible loss in some species



		4. WM and attention in archerfish and other vertebrates



		4.1. WM and attention in archerfish



		4.2. WM in other vertebrates









		5. WM and attention in salticids, bees and other arthropods



		5.1. WM and attention in salticids



		5.1.1. Salticids can hold an action plan in WM



		5.1.2. Salticid retains knowledge of the number of prey seen and the path to them



		5.1.3. Salticid has visual and olfactory WM and exhibits attentional load effects



		5.1.4. Salticid secondary eyes appear to have a preattentional function



		5.1.5. Summary of WM and attention data for Salticids









		5.2. WM and attention in honey bees (Apis mellifera)



		5.2.1. WM in honey bees



		5.2.2. Attention in honey bees



		5.2.3. Preattention in honey bees



		5.2.4. Summary of WM and attention data for honey bees









		5.3. WM in other arthropods









		6. WM and attention in octopuses



		7. WM in Caenorhabditis elegans?



		8. WM and attention in two deuterostomes and four protostomes



		8.1. The phylogenetic relationships between animals with reported WM









		9. Aspects of brain structure conserved since the LCA of protostomes and deuterostomes



		10. Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fpsyg-13-937712-g001.jpg
450

300

200 Million years

0

Archer fish,
Goby, Clown fish,
Stickleback

Newt, Frog

Rook, Chicken,
Pidgeon

Tortoise, Lizard

Human, Dolphin,
Hyena





OPS/images/fpsyg-13-937712-g002.jpg
Octopuses

C. elegans
i Jumping spiders.
— Honey bees
D
L—Early vertebrates

Archer fish

P = protostomes D = deuterostomes

700

600

500

400

300

200 Million years 0





OPS/images/cover.jpg
& frontiers | Frontiers in Psychology

Humans, fish, spiders and bees
inherited working memory and
attention from their last
common ancestor












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
' frontiers Frontiers in Psychology






