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Working memory (WM), the representation of information held accessible for
manipulation over time, is an essential component of all higher cognitive abilities. It
allows for complex behaviors that go beyond simple stimulus-response associations
and inflexible behavioral patterns. WM capacity determines how many different pieces
of information (items) can be used for these cognitive processes, and in humans, it
correlates with fluid intelligence. As such, WM might be a useful tool for comparison
of cognition across species. WM can be tested using comparatively simple behavioral
protocols, based on operant conditioning, in a multitude of different species. Species-
specific contextual variables that influence an animal’s performance on a non-cognitive
level are controlled by adapting the WM paradigm. The neuronal mechanisms by which
WM emerges in the brain, as sustained neuronal activity, are comparable between the
different species studied (mammals and birds), as are the areas of the brain in which
WM activity can be measured. Thus WM is comparable between vastly different species
within their respective niches, accounting for specific contextual variables and unique
adaptations. By approaching the question of “general cognitive abilities” or “intelligence”
within the animal kingdom from the perspective of WM, the complexity of the core
question at hand is reduced to a fundamental memory system required to allow for
complex cognitive abilities. This article argues that measuring WM can be a suitable
addition to the toolkit of comparative cognition. By measuring WM on a behavioral level
and going beyond behavior to the underlying physiological processes, qualitative and
quantitative differences in cognition between different animal species can be identified,
free of contextual restraints.

Keywords: Macphail, null-hypothesis, quantifying cognition, models of working memory, comparative cognition

INTRODUCTION

In his article on vertebrate intelligence, Macphail (1985) argues that there are no qualitative
differences between vertebrate species when it comes to their cognitive abilities. His major
line of reasoning builds on the success of the “Columban Simulation Project” to reproduce
experiments performed with primates, using pigeons (Epstein, 1981, 1986; Epstein et al., 1984).
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While quantitative differences can be described, e.g., by
inspecting the required amount of training to master a task (Scarf
and Colombo, 2020), the claim for a lack of qualitative difference
appears to be more robust. Macphail identifies contextual
variables [species-specific experimental conditions, a notion also
investigated by Bitterman (1975)] as the source of perceived
qualitative differences amongst vertebrates. Neutralizing them
would reveal cognitive abilities to be identical.

A prominent approach for comparative cognition features
experiments that have shown the impressive abilities of higher
cognition of primates, and apply these experiments to other
species. Amongst those are protocols that train the animal
to apply an abstract rule to a novel set of stimuli. This is
the case for numerical competence (Brannon and Terrace,
1998) and orthographic processing (Grainger et al., 2012),
to name but two examples. Other experiments focus on an
innate cognitive ability that should be present without training
a specific response. Famous examples are the mirror self-
recognition test (Gallup, 1970) and experiments testing “theory
of mind” (Hare et al., 2001). While it is not impossible to train
animals other than primates on these tasks (Reiss and Marino,
2001; Plotnik et al., 2006; Clayton et al., 2007; Prior et al.,
2008; Scarf et al., 2011, 2016), the experiments might contain
insurmountable methodological hurdles for some vertebrate
species (e.g., the task may require more training than is possible
in animals with short life-span or hands to manipulate objects or
operate a touch-screen). These hurdles may prevent an animal
from performing successfully in the task, sometimes leading
to ambivalent results (Call and Tomasello, 2008; de Waal,
2019). Bitterman focused on qualitative differences of cognition
regarding learning (Bitterman, 1975). For example, monkeys
and rats maximized reward in probability learning, pigeons
and fish showed probability matching (Bitterman et al., 1958;
Bullock and Bitterman, 1962b; Wilson et al., 1964; Woodard and
Bitterman, 1973). For habit reversal pigeons and rats showed
progressive improvement while fish did so only under specific
circumstances (Bitterman et al., 1958; Bullock and Bitterman,
1962a; Engelhardt et al., 1973). Together these tests represent
a large family (also including tests of inhibitory control, object
permanence, and social cognition) that are a set of tools with
which complex cognitive behavior can be described and its
intricacies can be investigated and disentangled. We suggest
adding a different approach to this family. One that investigates
a fundamental trait of cognition on a physiological level that
can be compared between species. To that end, we suggest
working memory (WM) as a critical component of many higher
cognitive functions. This addition is warranted by findings of
comparative behavioral science and neuroscience. Despite their
long independent evolution (Hedges, 2002) resulting in vastly
different brain architectures, the cognitive abilities of mammals
and birds are very similar, a case of convergent evolution
(Colombo and Scarf, 2012; Güntürkün, 2012; Güntürkün and
Bugnyar, 2016; Nieder, 2017). WM has been investigated on a
behavioral and a physiological level in birds and compared to
mammalian WM (Veit and Nieder, 2013; Ditz and Nieder, 2015;
Balakhonov and Rose, 2017; Rinnert et al., 2019; Fongaro and
Rose, 2020). The bottom line under all these investigations is

that besides the different organizations of their brains the same
fundamental processes take place. A comparison of different
species at this physiological level of WM would widen the scope
of comparative cognition and would allow testing Macphail’s idea
that focusses primarily on learning, in a new way. Differences and
similarities in WM (e.g., in its capacity) may offer insights into
why some animals may be (un-)able to display certain cognitive
behaviors. Macphail’s null-hypothesis can thus be investigated in
the light of potentially qualitative, and quantitative differences of
a fundamental trait of cognition.

Using WM comes with its own set of challenges: a precise
definition, its concrete link with higher cognition, a precise
measurement of the process, and control of the testing
environment are all required to ensure a comparable metric.
If those challenges are met, WM can be a powerful tool
to determine quantitative or even qualitative differences in
cognition amongst vertebrates.

A DEFINITION OF WORKING MEMORY

The concept of WM was originally devised by Baddeley and
Hitch (1974), developed from the earlier models of short
term memory of Broadbent (1958) and Atkinson and Shiffrin
(1968). Fundamentally, WM is the process of holding limited
information accessible for a limited time. Importantly, this
maintenance is controlled by executive processes that also allow
for the manipulation of this information (Honig, 1978; Baddeley,
2000; Cowan, 2014). A common test in humans is the n-back task
(Conway et al., 2005), here participants memorize sequentially
presented numbers and indicate if a number is the repetition
of the number presented n numbers earlier. A typical test in
the animal literature is the delayed match to sample task: An
animal has associated two stimuli, for instance, the colors red
and blue, with food. At the start of a trial, it sees the color
red, which then disappears from view. After a delay, the animal
has the choice between a red and a blue food bowl. It chooses
the red bowl (using WM) because the condition of the trial
(the red color) determines which bowl is baited. The blue
bowl, equally associated with food, is not chosen because the
information held in WM allows for a goal selection based on
the task demands on the current trial. This general protocol
has been used in numerous experiments and variations with
different species (e.g., Weinstein, 1941; Lu et al., 1993; Zhang
et al., 2005; Bloch et al., 2019). The neuroscientific literature
interprets physiologically sustained activity during the delay as a
correlate of WM, other physiological processes notwithstanding.
This concept of “active memory” has shaped our understanding
of this cognitive process (Fuster and Alexander, 1971; Funahashi
et al., 1989; Goldman-Rakic, 1995; Miller et al., 1996; Fuster,
2000). Sustained activity, of which persistent neuronal spiking is a
simple form, differentiates between samples and thereby encodes
them as information. The presence or decay of this information
during the delay is correlated with correct and incorrect matching
of the sample, respectively. The amount of information encoded
by neuronal activity is quantifiable, and significant differences
between correct and error trials exist that indicate information
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loss (Brody et al., 2003; Nieder, 2012; Jacob and Nieder, 2014;
Veit et al., 2014; Moll and Nieder, 2015). For this article, we
will consider the active physiological process of sustained activity
during the delay to be the “fingerprint of WM” (Box 1). Its
presence can be unequivocally detected by neuronal recordings
from animals performing a task. Such sustained activity has been
recorded in mammals and birds (e.g., Fuster and Alexander,
1971; Funahashi et al., 1989; Diekamp et al., 2002; Baeg et al.,
2003; Veit and Nieder, 2013; Tsutsui et al., 2016; Wu et al.,
2020). The similarity of the WM fingerprint in these different
species is indicative of a common mechanism (Veit and Nieder,
2013). This definition of WM narrowly focusses on one aspect

of WM, it can only explain WM as an effect under equally
narrow experimental circumstances (Miller et al., 2018). We
chose to focus on this simple physiological definition, with all
its limitations, to facilitate comparability between species. The
definition is limited to maintenance of information for a short
time, and cannot be used to differentiate the many possibilities
of how successful behavioral performance emerges in a WM
task (Zentall and Smith, 2016), nor can it tease apart the many
intricacies of WM function at the physiological level (Miller
et al., 2018). But by using an appropriate experimental setup, the
physiological measure at the center of our definition is robust
and can be controlled for influences on WM (Box 2). This

BOX 1 | Different approaches of measuring WM.
There are two different approaches for measuring WM in behavioral experiments, focusing on different aspects of the concept. In the first approach, WM is
operationalized as both temporary storage of information (in a range from seconds to hours) and executive functions for retrieval and manipulation of this information
(Baddeley, 1992; Floresco and Phillips, 2001; Phillips et al., 2004). This means WM contains accessible information, up to hours after the information has been
initially available, and even if the animal, at acquisition, did not know it would require the information later on. The approach is commonly tested in rodents (most
prominently rats) and on occasion in other species (e.g., fish and pigeons). Animals are usually tested in a spatial context and over retention intervals ranging from a
few seconds to hours (e.g., Olton and Samuelson, 1976; Roitblat et al., 1982; Roberts and Van Veldhuizen, 1985). The tasks the animals perform often consist of
navigation in an open area or a radial arm maze in search of food. Efficient navigation of the maze requires memorizing which parts have already been visited (and
hence are depleted of food) and visiting only those that have not yet been visited still containing food.

In the second approach, WM is measured as a form of actively sustained short-term memory. In this case, the animal knows that the information will be
behaviorally relevant soon and has to hold it accessible and subject it to manipulation, during and after a short delay, in the range of a few seconds (Goldman-Rakic,
1995). Monkeys and birds (but also rodents) are usually tested in tasks during which actively sustained WM can be measured, requiring the animal to attend to a
stimulus, remember it and perform a discriminative choice based on the retained stimulus after a short delay of a few seconds (e.g., monkeys: (Fuster and
Alexander, 1971), pigeons: (Diekamp et al., 2002), crows: (Veit et al., 2014), mice: (Wu et al., 2020), rats: (Baeg et al., 2003; Tsutsui et al., 2016). The active memory
component in these tasks bridges the temporal gap in which the stimulus is not present and holds the information accessible. The absence of the stimuli defines
the duration of WM.

These approaches can be challenging to disentangle at the behavioral level since they build on the same definition of working memory introduced by Baddeley
and Hitch (1974). However, it is important to keep in mind that these approaches can imply different neural mechanisms. Active maintenance was never
demonstrated, and seems counterintuitive, for maintenance that lasts several hours, but the term WM has been used for such long delays. Likewise, many animal
studies of WM utilizing a delayed matching to sample task do not directly demonstrate an executive component, which makes it difficult to distinguish behaviorally
between short term and working memory. We favor a definition of WM as the cognitive effort of actively keeping stimulus information in an accessible state that can
be manipulated for cognitive processes while the stimulus is not physically present. This definition implies a testable neural fingerprint (sustained physiological
activity), short duration, susceptibility to interference (Box 2), and limited capacity. These are all aspects that allow for a quantification of WM in different species while
the definitive neural fingerprint, active maintenance, can provide a qualitative test if this WM is present in a given species.

BOX 2 | Influences on WM.
Proactive and retroactive interference:
When testing WM, both proactive (e.g., Grant, 1975) and retroactive interference can occur. Our definition makes the measuring of WM robust to such interference.
The physiological trace is informative about which stimulus sample is encoded, thus stimuli from both sources of interference can be differentiated in terms of cause
for memory failure.

Encoding of preceding sample stimuli is reflected in the activity of individual neurons that show specific sustained activity during the delay that corresponds to
correct and incorrect choice behavior. For example, neuron N has elevated sustained activity during the delay following the presentation of sample A and baseline
activity following the presentation of sample B. Another neuron AN shows sustained activity following B but only baseline activity following A. On correct trials with
sample A, N has sustained activity, AN does not, and the animal matches the sample. On error trials, with sample A, N has baseline activity and AN has sustained
activity, subsequently the animal mismatches the sample by choosing B. This has been shown in both monkeys and crows (Brody et al., 2003; Nieder, 2012; Veit
et al., 2014; Moll and Nieder, 2015). The same holds on a more abstract level for neurons encoding different behavioral rules like “match” or “non-match,” instead of
purely sensory stimuli (Wallis et al., 2001; Veit and Nieder, 2013). In this way, if e.g., trial one was correct with sample A, trial two was correct with sample B, and trial
three was incorrect with sample A, the possible interference of sample B with WM of sample A can be detected. This also fits the conclusion of Grant about
prospective interference that “the retention deficit in pigeon STM is the product of competition between the prior, conflicting memory and the current memory at the
time of the Trial 2 test” (Grant, 1975, p. 214).

The effect of retroactive interference on WM during the delay (in the form of distractors) has been detected in the physiological trace of neurons. During the
presentation of the distractor, information about the sample (i.e., differential neuronal activity) diminishes, and the distractor is encoded in neuronal activity (Miller
et al., 1996; Jacob and Nieder, 2014). In the following delay, sample information recovers, while distractor information is not sustained (Miller et al., 1996; Jacob and
Nieder, 2014). Memory failure (mismatching the sample) correlates with the decay of sample information following the distractor presentation, while the information
about the distractor does not have any influence (Jacob and Nieder, 2014). Additionally, if instead of a distractor the sample is repeated, information about the
sample increases (Jacob and Nieder, 2014).
Differential behavior during the delay:
Differential behavior (e.g., Zentall et al., 1978) can be used as a strategy to avoid the use of WM as we define it. Its presence should thus result in the absence of the
WM trace (sustained activity), while behavioral performance solves the task. Subsequently, if there is no WM trace during the delay of the task, the experimental
parameters must be adjusted to prohibit alternative behavior-mediated strategies.
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is essential for the comparative approach, to ensure that the
measurements in different animal species are always of the raw
information-storage, quantifying WM abilities.

How is the definition of WM, and its measurement,
informative about general cognitive abilities? Cognition requires
a system that processes information to produce behavior. We
argue that “the neuron remains the important unit of function
for developing a rational account of how behavior is generated”
(Barlow, 1995). The mechanisms underlying WM (Miller et al.,
2018) are essential for the maintenance and processing of sensory
stimuli and the generation of action plans (“executive control”)
that are the foundation of flexible behavior. One key aspect of
WM is its capacity, as it determines how much information
is simultaneously available for processing. By comparing this
capacity, we aim to understand, if cognitive abilities are based on
the same fundamental resources, or if already on this basic level
a divergence occurs that limits some species’ cognitive abilities.
Measuring the capacity and complexity of WM could serve as
a proxy for measuring the complexity of cognition in general.
Indeed, using a battery of different tests, Kolata et al. (2005)
quantified the learning and success rate of mice and found that
“general cognitive ability” co-varied with spatial WM capacity.
In humans too, WM capacity is correlated with fluid intelligence
(Cowan et al., 2005; Fukuda et al., 2010; Luck and Vogel, 2013).

THE ROLE OF CONTEXTUAL VARIABLES
IN WORKING MEMORY TASKS

A precise measurement of the underlying process is required
to compare the cognitive abilities of different animal species.
This implies that “contextual variables” must not influence the
results. A contextual variable is the result of an interaction
between species and the test environment. Examples are the
motivational state of the animal for an available reward, sensory
demands of relevant stimuli, and motoric demands of the
behavioral task (Bitterman, 1965; Macphail, 1985). Removing
the influence of contextual variables on an animal’s performance
is, therefore, essential for comparative research. For example,
a food reward used to motivate a pigeon may not motivate
a monkey to work in an otherwise identical task, leading
to vastly different performances (Macphail, 1985) argued that
such contextual variables are the parsimonious explanation
for observed performance differences, instead of underlying
cognitive differences. Hence, in this example, the appropriate
food reward for each animal is required to motivate the same
behavioral and cognitive process. Saturation is another variable
that determines the motivational drive (Bitterman et al., 1958)
found that for their fish, food intake and the number of
days of food deprivation are positively correlated, with a few
days of deprivation already showing a strong effect on intake,
comparable to what has been found for water deprivation in
rats (Stellar and Hill, 1952). By using non-differential reward,
motivation should only be affected in a general matter (e.g., by
saturation). Unfortunately, it’s not always as simple as controlling
saturation or switching the food reward. Animals whose ecology
is based around active foraging for long periods can be trained

comparatively easy because the task design is similar to naturally
occurring foraging. Pigeons, corvids, rats, and monkeys are part
of this group. Other animals cannot be motivated as readily
because testing them in isolation, in what is an ecologically
untypical task for them, is prohibitive for any performance in the
task. Rewards commonly used in DMTS tasks, small amounts of
food or water, might be unsuitable to elicit any kind of motivation
(a snake who may only eat once a month and actively hunts
for its food might be a striking example for such issues). This
means that the reward for matching behavior needs to be adapted
to elicit a motivational drive in the tested species, ideally in
multiple trials back-to-back. Social or environmental variables
that are rewarding to the animal might be an alternative to food-
based rewards (e.g., for a snake, escaping a cold place to enter
a warm place might be rewarding; for a fish leaving a current
and entering still water might be rewarding, etc.). This requires
precise knowledge of the animal’s ecological background and
creative experimental design to ensure that the animal can only
use the sample information to solve the task.

Many tasks that test cognitive abilities were designed
for primates and make use of their specific abilities (e.g.,
manipulations of objects, touchscreens, long periods of training,
etc.). Due to contextual variables, the translation of such task
designs to the needs of other species can be very challenging.
Pigeons, for instance, require many more learning trials than
monkeys until they perform equally well on many tasks (Scarf
and Colombo, 2020), even though a behavioral protocol might
be well established for pigeons. It might, therefore, prove to
be virtually impossible to train species like fish on such tasks,
entirely because a non-cognitive trait, like a limited trial number
due to quick saturation, prevents task acquisition. These tests of
impressive higher cognitive abilities are, therefore, often difficult
to compare between different species, simply because the tested
animal does not produce the cognitive trait at all. The issue
might even arise at a more basic level. The lack of a hand to
manipulate things, or eyes to see with, will dramatically alter
the way an animal cognitively engages with the environment.
This raises the question if the WM measures of DMTS tasks,
performed with samples of different sensory modalities, can even
be compared in a meaningful way. Sensory specialization is
commonplace and testing an animal within a sensory dimension
it is adapted to is a prerequisite to investigate its WM capacity.
This is exemplified by using different modalities in the same
species that will yield different performances in DMTS tasks.
These differences can be explained by sensory discriminability
that is required for differential encoding. A pigeon might not
be able to differentiate between two odors, while a rat easily
can. However, no meaningful information about the sample can
be memorized when the upcoming choice between alternatives
does not allow for differentiation. By investigating WM, as code
for information about samples, the cognitive process is reduced
to the differential translation of sensory input into a neuronal
representation. This is a very simple form of cognition that we
assume to be present irrespective of sensory-motor adaptation.
How much information can be encoded at the same time thus
becomes a “pure” capacity for comparison. Such information
can even be independent of its sensory origin, exemplified by
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the neuronal activity of monkeys and crows, where neurons
encode the same meaning, rather than just the sensory identity,
of stimuli (Wallis et al., 2001; Veit and Nieder, 2013; Moll
and Nieder, 2017). By measuring WM abilities, we might be
able to quantify differences in cognitive abilities, using a unified
testing regime that overcomes hurdles imposed by contextual
variables. Such context-free WM abilities allow testing Macphail’s
null-hypothesis (Macphail, 1985), supporting it with WM being
similar in animals, or disproving it with differences in WM.

ADEQUATELY MEASURING WM

The delayed matching to sample (DMTS) task, originally
introduced by Blough (1959), has become a benchmark for
investigating memory processes (Zentall and Smith, 2016). In
DMTS tasks, an animal has to attend to a behaviorally relevant
stimulus (“sample”), and following a delay, in which the sample is
not present, select a matching stimulus from an array of multiple
stimuli. Alternatively, it is also possible that a non-matching
stimulus has to be selected (delayed non-match to sample,
DNMTS) for an emphasis on control processes (manipulation
of information). Both experimental designs require the animal
to encode the sample, actively maintain its representation
throughout the delay, and choose the matching stimulus (Box 3).
Therefore, WM can be measured in the delay period, when
the stimulus is not present, isolating the process of active
maintenance from sensory processes. This describes the concept
of DMTS. The way this task is implemented can differ based
on species-specific requirements (see below), making the DMTS
suited for many different species. For instance, it can be spatially
distributed, with the sample in one location and the match
in another, where the delay is defined by the animal covering
the distance between sample stimulus and choice array. Or on
a touchscreen by attending to the sample and after a delay,
matching it in a stimulus-array. The DMTS task alone primarily
tests the short term memory of an animal. A component
guiding behavior may add the requirement for manipulation of
this information in combination with the stimulus, like a rule
instructing a response to “same” or “different,” depending on
stimulus identity.

We suggest two measures to quantify WM. The capacity of
WM (how many items can be stored simultaneously) is indicative
of how much available information can be integrated by a
cognitive process. This measure can be influenced by chunking

individual pieces of information into larger units (Miller, 1956;
Cowan, 2001; Cowan et al., 2005). Our approach seeks to quantify
WM at the level of differential items to elucidate if differences
in capacity exist. Thus, experimental conditions that prohibit
chunking are required. A possible outcome of testing raw capacity
is to find great similarity between species, as is the case for
monkeys and crows (Buschman et al., 2011; Balakhonov and
Rose, 2017). Further experiments with conditions that allow
chunking may then reveal if all animals can make use of
this cognitive strategy. However, successfully testing chunking
in non-human animals comes with its own set of challenges
(Terrace, 2001; Mathy and Feldman, 2012), especially if a
comparative approach is aimed for. Information decay is an
indicator of WM performance. This can be measured directly by
investigating the neuronal signal, comparing information at the
start of the delay (after stimulus offset) to the end of the delay
(Buschman et al., 2011). The retention of the sample through
a delay needs to be part of the initial training to ensure that
the animal learns to maintain the information (Dorrance et al.,
2000). Short delays (one to 2 s) facilitate testing of different
species because the burden on WM is kept as small as possible
while still allowing for meaningful quantification of information.
The key to comparability is that sustained activity is present.
Short delays that facilitate successful performance, allow for
species comparison of the amount of retained information at the
end of the delay. Delays can subsequently be prolonged to see
how information decays, resulting in task failure. If prolonged
retention (e.g., Grant, 1976) is based on sustained activity, a
comparison of information at different time points of the delay
is possible between animals. If the delay activity is not sustained
(but performance is), this would be indicative of other processes
not covered by our narrow definition of WM. This can also be
tested by adding components to the task that interfere with WM
but not with, for example, long term memory (e.g., familiarity
Brady and Hampton, 2018). Additional experiments investigating
this different process would then be required. By appropriately
adapting a DMTS task for different animals, quantification of
WM can become a suitable tool to compare cognitive abilities
between individuals of one species [as has been shown to work
in mice by Kolata et al. (2005)] and ultimately between different
species. Measuring WM with a DMTS task is very suitable to
neutralize the role contextual variables may play. This is based
on three attributes of the test regime: (1) The DMTS task is
usable with stimuli of different modalities (visual, olfactory,
auditory), thereby eliminating species-specific sensory demands.

BOX 3 | The “nature” of sustained activity.
Reward coding signals, motor preparation signals, and retrospective (encoding the memorandum) or prospective (e.g., encoding the identity of the response
stimulus, or the response location) content can be encoded by sustained activity. These different interpretations can be dissociated through the experimental design
of the DMTS task on both a behavioral level (Zentall and Smith, 2016) and on a physiological level. Motor related signals (i.e., planning on where to respond) can be
controlled for by randomizing the response location or limiting it to one kind of response. To avoid that the sustained delay activity reflects differential reward [as it
does for monkeys and pigeons (Watanabe, 1996; Browning et al., 2011; Johnston et al., 2017a)], a common-outcome procedure is sufficient, for which sustained
neuronal activity then encodes the sample stimulus (Johnston et al., 2017b). If every memorandum of the DMTS task is represented with the same amount of
information (i.e., by the same type of representation and all stimuli are equally easy to differentiate from one another), comparing WM capacity between species can
be based on this information being encoded in the neuronal representation of WM. Knowing how this information is represented, as sample identity, reward code, or
any other form of code, is not required for the measurement of capacity. Decoding neuronal activity during the delay reveals the amount of information in WM
(Buschman et al., 2011) and this measure is to be compared between species.
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(2) The task duration can be adapted to match the ecological
and ethological time scale of the tested animal, which overcomes
hurdles of temporal scaling (e.g., a bird pecking on a touchscreen
responds a lot faster than a fish swimming to an answer location).
(3) The choice the animal has to make during the matching
can be adapted according to the animal’s abilities to indicate a
decision (e.g., by touching a choice key, navigating to a choice
position, etc.). By adapting the DMTS task to a species specialized
adaptations (e.g., using rats’ excellent sense of smell, instead
of their comparatively poor vision), tests can make use of the
ethological repertoire of the animal instead of forcing it into
producing disjointed conditioned responses.

WORKING MEMORY OF DIFFERENT
SPECIES: SIMILARITIES, DIFFERENCES,
AND COMPARISONS

There is an abundance of studies investigating WM in different
species, Lind et al. (2015), list such studies. The primary concern
of this article is how the results of the individual studies may
support a claim for Macphail’s null-hypothesis in principle. To
that end, studies have been selected that fulfill the following
criteria. The WM tested in the animal is considered “active”
in the sense of this text (i.e., the maintained information is
accessible for manipulation while it is not physically available).
The experimental design is suitable for adaptation for other
animal species (i.e., contextual variables can be neutralized).
Alternative explanations of performance can be excluded (e.g.,
associative memory, stereotypical responses, etc.).

Due to the relative ease of adapting the task design, the
WM abilities of monkeys are easiest to compare to humans’.
Quantification of WM performance can be assessed with delay
length, the number of training trials, and capacity (Weinstein,
1941) showed that rhesus monkeys successfully perform a DMTS,
using objects at delay lengths of 5, 10, and 15 s, for a sample
size of one. This study simultaneously also tested two young,
pre-verbal children in the same task. Both species learned to
perform at virtually the same level for all delay lengths, but
humans took far fewer trials to learn the procedure. This might
reflect a quantitative difference between the species. The number
of trials to reach a defined performance threshold in a DMTS
task is a good measure for this quantitative difference (Scarf
and Colombo, 2020) have suggested the same metric when
comparing the performance of monkeys to pigeons. The capacity
of WM at stable delay length was investigated by Buschman et al.
(2011), who showed in a DNMTS task that macaques perform
successfully for short delay lengths of 800–1000 ms with up to five
samples. A marked drop in performance occurred at five items,
indicating a capacity of about four items, strikingly similar to the
famous “magical number four” of human WM (Cowan, 2001;
Buschman et al., 2011).

The DMTS and DNMTS protocols are also used in rats and
mice. Rats have been shown to successfully learn to discriminate
and match stimuli in the visual domain (Mumby et al., 1990;
Prusky et al., 2004), but in these experiments, additional factors
may interfere with the measurement of WM. Unlike monkeys,

rats and mice have poor vision, so visual stimuli are most likely
not adequate for testing WM in comparable ways. Additional
features of task design (the novelty of stimuli, olfactory cues,
and object recognition processes) require special attention to
ensure that WM is adequately measured and compared to what
is being measured in other species (Ennaceur, 2010). Fortunately,
adapting DMTS tasks from the visual to the olfactory domain
resolves these issues. When different odors are used as sample and
choice stimuli, both rats and mice can perform at very high levels
of asymptotic performance and show degrading performance
as a function of delay length (Lu et al., 1993; Liu et al., 2014;
Roddick et al., 2014).

The range of species is not limited to mammals. Birds
were successfully tested in WM paradigms. The physiological
correlate of WM has been described in pigeons performing
a visual go-no-go task (Diekamp et al., 2002), where pigeons
had to maintain an instructive color across a delay and match
a behavioral response. Direct comparisons of monkeys and
pigeons performing the same task have been performed, using a
change detect paradigm (Leising et al., 2013; Wright and Elmore,
2016). The results indicate that there is no major difference
between the species. A second bird species adds to these findings.
Crows’ WM has been investigated in the visual domain in
combination with abstract rules, here too the physiological
process of WM has been recorded (Veit and Nieder, 2013;
Veit et al., 2014; Balakhonov and Rose, 2017) have explicitly
compared WM capacity in crows to monkeys reproducing the
task of Buschman et al. (2011) and were able to show that crows
and monkeys show the same capacity dependent function of
performance, reaching a plateau performance at about four items
(Buschman et al., 2011; Balakhonov and Rose, 2017). Overall, the
results of WM studies in birds and monkeys indicate virtually
identical physiological processes and behavioral performance
amongst these two groups of animals (Colombo and Scarf,
2012; Güntürkün, 2012; Güntürkün and Bugnyar, 2016), a result
congruent with behavioral observations of cognitive abilities and
indicative of convergent evolution (Emery and Clayton, 2004;
Jarvis et al., 2005).

Amongst “fish” (a paraphyletic group of animals), few species
were tested on their WM abilities. Recently, zebrafish (Danio
rerio) have been tested in a DMTS task, using different colors
with a delay of three and 4 s (Bloch et al., 2019). With their
study, Bloch and colleagues established an experimental setup
that allows fish to be tested, overcoming contextual hurdles for an
animal species that is notoriously difficult to train on a behavioral
task. A substantial constraint is the meager amount of trials that
can be performed by the fish in a session [in the study of Bloch
et al. (2019), only ten trials]. The fish were considered to have
learned the task only if they performed at a level of ≥70% correct
in a session, for three consecutive sessions, to account for this
low number of trials. This study nicely overcomes contextual
variables impeding comparative cognition between fish and other
animals, by using the DMTS task. Similarly, WM abilities can
be quantified even outside of the vertebrate clade. Bees (Apis
mellifera) can learn to match visual and odor samples after a
delay and are able to successfully transfer to novel stimuli (Giurfa
et al., 2001; Zhang et al., 2005). Performance of fish and bees is
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reported to be lower than what can be found in other vertebrates
and the length of the delay strongly influences the performance,
nonetheless, the principle holds.

The results of mammals, birds, fish, and bees show that WM
can be comparably measured across species. Even when they
have vastly different organizations of their brains, vastly different
ecological niches, and vastly different contextual specialties.
Comparisons across species have to be considered carefully
nonetheless. WM capacity, retention time, and length of training
(measured in trials to criterion) are valuable indicators that
allow us to compare the vastly different species sensibly. But
these metrics are themselves not completely context-free. The
capacity of WM is subject to two competing models of resource
allocation, discrete (Luck and Vogel, 1997; Awh et al., 2007)
and continuous (Alvarez and Cavanagh, 2004; Bays and Husain,
2008). Depending on which model is being tested in a given
experiment, the capacity estimate of WM might vary, based on
the applied method of measurement (Fukuda et al., 2010; Luck
and Vogel, 2013). Similarly, the quantified amount of training
can only be compared if species-specific attributes are taken
into account. For example, a singular trial for the pigeon (who
performs several hundred per session) is relatively speaking less
relevant for performance than a singular trial for a fish (with only
ten trials per session). Careful normalization within species may
resolve such issues. A final open issue that remains is that WM has
not (yet) been shown on the physiological level for all species and
thus can only be inferred from the task design if the same “active
memory” system is tested in all instances. Ultimately WM can
help us resolve the difficulties of application of the famous studies
developed for primates, for other vertebrates. With WM and the
DMTS task to measure it, we can actively quantify differences in
a basic component of all higher cognition and add to the analysis
of the principles of animal cognition.

CONCLUSION

To understand animal cognition and to investigate Macphail’s
null-hypothesis, different approaches can offer insight. Tackling
higher cognitive abilities with complex tasks can produce
milestones indicative of qualitative differences, while a focus
on fundamental aspects of cognition, like WM, with simple
tasks, allows us to recognize the quantitative scaling of abilities.
The relative simplicity of WM allows us to quantify an

animal’s cognitive ability with a unified testing paradigm (the
DMTS/DNMTS) that is adaptable to the species of interest,
overcoming methodological and contextual hurdles imposed by
the complex tasks. Many vastly different species from different
classes of vertebrates (mammals, birds, and ray-finned fish)
have been successfully tested in the DMTS task, and it is
even applicable for an invertebrate like the bee. This is a vital
step toward the goal of comparative cognition. A physiological
definition, such as active memory, can offer an additional
tool beyond behavior to quantify cognition. Importantly, this
physiological approach offers precise criteria for comparison
along with tools to analyze the underlying processes not only
qualitatively but also quantitatively. There is still a lack of
physiological evidence of WM in many species (like fish and bees)
that unequivocally shows this basic neural process. However,
the addition of avian electrophysiology concerning WM has
produced results that strongly support the idea that active WM
is a universal neural process amongst vertebrates. Concerning
Macphail’s null-hypothesis, we conclude that, on the level of
WM ability, there does not appear to be a qualitative difference
between different vertebrate species. On the quantitative side,
differences between species are detectable. The WM of fish and
bees seems to be more limited when compared to mammals and
birds. This is indicated by the relative difficulty that comes with
training them. Data is, however, still lacking and a comprehensive
evaluation of WM in different groups of vertebrates, using
the same tests and systematically measuring WM capacity, and
retention decay of information, along with the physiological
correlates of WM, needs to be performed to conclude whether
Macpahil’s null-hypothesis can be disproven on this most basic
level of cognition.

AUTHOR CONTRIBUTIONS

LH and JR conceptualized and wrote the manuscript.
Both authors contributed to the article and approved the
submitted version.

FUNDING

Freigeist Fellowships awarded to JR by the Volkswagen
Foundation.

REFERENCES
Alvarez, G. A., and Cavanagh, P. (2004). The capacity of visual short-term memory

is set both by visual information load and by number of objects. Psychol. Sci. 15,
106–111. doi: 10.1111/j.0963-7214.2004.01502006.x

Atkinson, R. C., and Shiffrin, R. M. (1968). “Human memory: a proposed system
and its control processes,” in Psychology of Learning and Motivation, eds K. W.
Spence and J. T. Spence (Cambridge, MA: Academic Press), 89–195. doi: 10.
1016/s0079-7421(08)60422-3

Awh, E., Barton, B., and Vogel, E. K. (2007). Visual working memory represents
a fixed number of items regardless of complexity. Psychol. Sci. 18, 622–628.
doi: 10.1111/j.1467-9280.2007.01949.x

Baddeley, A. (1992). Working memory. Science 255, 556–559. doi: 10.1126/science.
1736359

Baddeley, A. (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., and Hitch, G. (1974). “Working memory,” in Psychology of
Learning and Motivation, ed. G. H. Bower (Cambridge, MA: Academic Press),
47–89.

Baeg, E. H., Kim, Y. B., Huh, K., Mook-Jung, I., Kim, H. T., and Jung, M. W. (2003).
Dynamics of population code for working memory in the prefrontal cortex.
Neuron 40, 177–188. doi: 10.1016/S0896-6273(03)00597-X

Balakhonov, D., and Rose, J. (2017). Crows rival monkeys in cognitive capacity. Sci.
Rep. 7:8809. doi: 10.1038/s41598-017-09400-0

Barlow, H. (1995). “The neuron doctrine in perception,” in The Cognitive
Neurosciences, ed. M. S. Gazzaniga (Cambridge, MA: The MIT Press), 415–435.

Bays, P. M., and Husain, M. (2008). Dynamic shifts of limited working memory
resources in human vision. Science 321, 851–854. doi: 10.1126/science.1158023

Frontiers in Psychology | www.frontiersin.org 7 August 2020 | Volume 11 | Article 1954

https://doi.org/10.1111/j.0963-7214.2004.01502006.x
https://doi.org/10.1016/s0079-7421(08)60422-3
https://doi.org/10.1016/s0079-7421(08)60422-3
https://doi.org/10.1111/j.1467-9280.2007.01949.x
https://doi.org/10.1126/science.1736359
https://doi.org/10.1126/science.1736359
https://doi.org/10.1016/S1364-6613(00)01538-2
https://doi.org/10.1016/S0896-6273(03)00597-X
https://doi.org/10.1038/s41598-017-09400-0
https://doi.org/10.1126/science.1158023
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-11-01954 August 4, 2020 Time: 15:48 # 8

Hahn and Rose Working-Memory Indicator of Cognitive Abilities

Bitterman, M. E. (1965). The evolution of intelligence. Sci. Am. 212, 92–101.
Bitterman, M. E. (1975). The comparative analysis of learning. Science 188, 699–

709. doi: 10.1126/science.188.4189.699
Bitterman, M. E., Wodinsky, J., and Candland, D. K. (1958). Some comparative

psychology. Am. J. Psychol. 71, 94–110. doi: 10.2307/1419199
Bloch, S., Froc, C., Pontiggia, A., and Yamamoto, K. (2019). Existence of working

memory in teleosts: establishment of the delayed matching-to-sample task
in adult zebrafish. Behav. Brain Res. 370, 111924. doi: 10.1016/j.bbr.2019.
111924

Blough, D. S. (1959). Delayed matching in the pigeon. J. Exp. Anal. Behav. 2,
151–160. doi: 10.1901/jeab.1959.2-151

Brady, R. J., and Hampton, R. R. (2018). Nonverbal working memory for novel
images in Rhesus monkeys. Curr. Biol. 28, 3903.e–3910.e. doi: 10.1016/j.cub.
2018.10.025

Brannon, E. M., and Terrace, H. S. (1998). Ordering of the numerosities 1 to 9 by
Monkeys. Science 282, 746–749. doi: 10.1126/science.282.5389.746

Broadbent, D. E. (1958). Perception and Communication. Elmsford, NY: Pergamon
Press.

Brody, C. D., Hernández, A., Zainos, A., and Romo, R. (2003). Timing and neural
encoding of somatosensory parametric working memory in macaque prefrontal
cortex. Cereb. Cortex 13, 1196–1207. doi: 10.1093/cercor/bhg100

Browning, R., Overmier, J. B., and Colombo, M. (2011). Delay activity in avian
prefrontal cortex – sample code or reward code? Eur. J. Neurosci. 33, 726–735.
doi: 10.1111/j.1460-9568.2010.07540.x

Bullock, D. H., and Bitterman, M. E. (1962a). Habit reversal in the pigeon. J. Comp.
Physiol. Psychol. 55, 958–962. doi: 10.1037/h0041070

Bullock, D. H., and Bitterman, M. E. (1962b). Probability-matching in the Pigeon.
Am. J. Psychol. 75, 634–639. doi: 10.2307/1420288

Buschman, T. J., Siegel, M., Roy, J. E., and Miller, E. K. (2011). Neural substrates of
cognitive capacity limitations. Proc. Natl. Acad. Sci. U.S.A. 108, 11252–11255.
doi: 10.1073/pnas.1104666108

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

Clayton, N. S., Dally, J. M., and Emery, N. J. (2007). Social cognition by food-
caching corvids. The western scrub-jay as a natural psychologist. Philos. Trans.
R. Soc. B Biol. Sci. 362, 507–522. doi: 10.1098/rstb.2006.1992

Colombo, M., and Scarf, D. (2012). Neurophysiological studies of learning and
memory in pigeons. Comp. Cogn. Behav. Rev. 7, 23–43. doi: 10.3819/ccbr.2012.
70002

Conway, A. R. A., Kane, M. J., Bunting, M. F., Hambrick, D. Z., Wilhelm, O., and
Engle, R. W. (2005). Working memory span tasks: a methodological review and
user’s guide. Psychon. Bull. Rev. 12, 769–786. doi: 10.3758/BF03196772

Cowan, N. (2001). The magical number 4 in short-term memory: a reconsideration
of mental storage capacity. Behav. Brain Sci. 24, 87–114. doi: 10.1017/
S0140525X01003922

Cowan, N. (2014). Working memory underpins cognitive development, learning,
and education. Educ. Psychol. Rev. 26, 197–223. doi: 10.1007/s10648-013-9246-
y

Cowan, N., Elliott, E. M., Scott Saults, J., Morey, C. C., Mattox, S., Hismjatullina,
A., et al. (2005). On the capacity of attention: its estimation and its role in
working memory and cognitive aptitudes. Cogn. Psychol. 51, 42–100. doi: 10.
1016/j.cogpsych.2004.12.001

de Waal, F. B. M. (2019). Fish, mirrors, and a gradualist perspective on self-
awareness. PLoS Biol. 17:e3000112. doi: 10.1371/journal.pbio.3000112

Diekamp, B., Kalt, T., and Güntürkün, O. (2002). Working memory neurons in
pigeons. J. Neurosci. 22:RC210.

Ditz, H. M., and Nieder, A. (2015). Neurons selective to the number of visual items
in the corvid songbird endbrain. Proc. Natl. Acad. Sci. U.S.A. 112, 7827–7832.
doi: 10.1073/pnas.1504245112

Dorrance, B. R., Kaiser, D. H., and Zentall, T. R. (2000). Event-duration
discrimination by pigeons: the choose-short effect may result from retention-
test novelty. Anim. Learn. Behav. 28, 344–353. doi: 10.3758/BF03200268

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

Engelhardt, F., Woodard, W. T., and Bitterman, M. E. (1973). Discrimination
reversal in the goldfish as a function of training conditions. J. Comp. Physiol.
Psychol. 85, 144–150. doi: 10.1037/h0034879

Ennaceur, A. (2010). One-trial object recognition in rats and mice: methodological
and theoretical issues. Behav. Brain Res. 215, 244–254. doi: 10.1016/j.bbr.2009.
12.036

Epstein, R. (1981). On pigeons and people: a preliminary look at the Columban
simulation project. Behav. Anal. 4, 43–55. doi: 10.1007/BF03391851

Epstein, R. (1986). “Simulation research in the analysis of behavior,” in Research
Methods in Applied Behavior Analysis: Issues and Advances, eds A. Poling and
R. W. Fuqua (Boston, MA: Springer), 127–155. doi: 10.1007/978-1-4684-8786-
2_7

Epstein, R., Kirshnit, C. E., Lanza, R. P., and Rubin, L. C. (1984). ‘Insight’ in the
pigeon: antecedents and determinants of an intelligent performance. Nature
308, 61–62. doi: 10.1038/308061a0

Floresco, S. B., and Phillips, A. G. (2001). Delay-dependent modulation of memory
retrieval by infusion of a dopamine D1 agonist into the rat medial prefrontal
cortex. Behav. Neurosci. 115, 934–939. doi: 10.1037/0735-7044.115.4.934

Fongaro, E., and Rose, J. (2020). Crows control working memory before and after
stimulus encoding. Sci. Rep. 10, 1–10. doi: 10.1038/s41598-020-59975-4

Fukuda, K., Vogel, E., Mayr, U., and Awh, E. (2010). Quantity, not quality: the
relationship between fluid intelligence and working memory capacity. Psychon.
Bull. Rev. 17, 673–679. doi: 10.3758/17.5.673

Funahashi, S., Bruce, C. J., and Goldman-Rakic, P. S. (1989). Mnemonic coding of
visual space in the monkey’s dorsolateral prefrontal cortex. J. Neurophysiol. 61,
331–349. doi: 10.1152/jn.1989.61.2.331

Fuster, J. M. (2000). Executive frontal functions. Exp. Brain Res. 133, 66–70. doi:
10.1007/s002210000401

Fuster, J. M., and Alexander, G. E. (1971). Neuron activity related to short-term
memory. Science 173, 652–654. doi: 10.1126/science.173.3997.652

Gallup, G. G. (1970). Chimpanzees: self-recognition. Science 167, 86–87. doi: 10.
1126/science.167.3914.86

Giurfa, M., Zhang, S., Jenett, A., Menzel, R., and Srinivasan, M. V. (2001). The
concepts of ‘sameness’ and ‘difference’ in an insect. Nature 410, 930–933. doi:
10.1038/35073582

Goldman-Rakic, P. S. (1995). Cellular basis of working memory. Neuron 14,
477–485. doi: 10.1016/0896-6273(95)90304-6

Grainger, J., Dufau, S., Montant, M., Ziegler, J. C., and Fagot, J. (2012).
Orthographic processing in Baboons (Papio papio). Science 336, 245–248. doi:
10.1126/science.1218152

Grant, D. S. (1975). Proactive interference in pigeon short-term memory. J. Exp.
Psychol. Anim. Behav. Process. 1, 207–220. doi: 10.1037/0097-7403.1.3.207

Grant, D. S. (1976). Effect of sample presentation time on long-delay matching in
the pigeon. Learn. Motiv. 7, 580–590. doi: 10.1016/0023-9690(76)90008-4

Güntürkün, O. (2012). The convergent evolution of neural substrates for cognition.
Psychol. Res. 76, 212–219. doi: 10.1007/s00426-011-0377-9

Güntürkün, O., and Bugnyar, T. (2016). Cognition without cortex. Trends Cogn.
Sci. 20, 291–303. doi: 10.1016/j.tics.2016.02.001

Hare, B., Call, J., and Tomasello, M. (2001). Do chimpanzees know what
conspecifics know? Anim. Behav. 61, 139–151. doi: 10.1006/anbe.2000.1518

Hedges, S. B. (2002). The origin and evolution of model organisms. Nat. Rev. Genet.
3, 838–849. doi: 10.1038/nrg929

Honig, W. K. (1978). “Studies of working memory in the Pigeon,” in Cognitive
Processes in Animal Cognition, eds S. H. Hulse, H. Fowler, and W. K. Honig
(New Jersey, NJ: Lawrence Erlbaum Associates, Inc.), 211–248. doi: 10.4324/
9780203710029-8

Jacob, S. N., and Nieder, A. (2014). Complementary roles for primate frontal and
parietal cortex in guarding working memory from distractor stimuli. Neuron
83, 226–237. doi: 10.1016/j.neuron.2014.05.009

Jarvis, E. D., Gunturkun, O., Bruce, L., Csillag, A., Karten, H., Kuenzel, W., et al.
(2005). Avian brains and a new understanding of vertebrate brain evolution.
Nat. Rev. Neurosci. 6, 151–159. doi: 10.1038/nrn1606

Johnston, M., Anderson, C., and Colombo, M. (2017a). Neural correlates of
sample-coding and reward-coding in the delay activity of neurons in the
entopallium and nidopallium caudolaterale of pigeons (Columba livia). Behav.
Brain Res. 317, 382–392. doi: 10.1016/j.bbr.2016.10.003

Johnston, M., Anderson, C., and Colombo, M. (2017b). Pigeon NCL and NFL
neuronal activity represents neural correlates of the sample. Behav. Neurosci.
131, 213–219. doi: 10.1037/bne0000198

Kolata, S., Light, K., Townsend, D. A., Hale, G., Grossman, H. C., and Matzel, L. D.
(2005). Variations in working memory capacity predict individual differences

Frontiers in Psychology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 1954

https://doi.org/10.1126/science.188.4189.699
https://doi.org/10.2307/1419199
https://doi.org/10.1016/j.bbr.2019.111924
https://doi.org/10.1016/j.bbr.2019.111924
https://doi.org/10.1901/jeab.1959.2-151
https://doi.org/10.1016/j.cub.2018.10.025
https://doi.org/10.1016/j.cub.2018.10.025
https://doi.org/10.1126/science.282.5389.746
https://doi.org/10.1093/cercor/bhg100
https://doi.org/10.1111/j.1460-9568.2010.07540.x
https://doi.org/10.1037/h0041070
https://doi.org/10.2307/1420288
https://doi.org/10.1073/pnas.1104666108
https://doi.org/10.1016/j.tics.2008.02.010
https://doi.org/10.1098/rstb.2006.1992
https://doi.org/10.3819/ccbr.2012.70002
https://doi.org/10.3819/ccbr.2012.70002
https://doi.org/10.3758/BF03196772
https://doi.org/10.1017/S0140525X01003922
https://doi.org/10.1017/S0140525X01003922
https://doi.org/10.1007/s10648-013-9246-y
https://doi.org/10.1007/s10648-013-9246-y
https://doi.org/10.1016/j.cogpsych.2004.12.001
https://doi.org/10.1016/j.cogpsych.2004.12.001
https://doi.org/10.1371/journal.pbio.3000112
https://doi.org/10.1073/pnas.1504245112
https://doi.org/10.3758/BF03200268
https://doi.org/10.1126/science.1098410
https://doi.org/10.1126/science.1098410
https://doi.org/10.1037/h0034879
https://doi.org/10.1016/j.bbr.2009.12.036
https://doi.org/10.1016/j.bbr.2009.12.036
https://doi.org/10.1007/BF03391851
https://doi.org/10.1007/978-1-4684-8786-2_7
https://doi.org/10.1007/978-1-4684-8786-2_7
https://doi.org/10.1038/308061a0
https://doi.org/10.1037/0735-7044.115.4.934
https://doi.org/10.1038/s41598-020-59975-4
https://doi.org/10.3758/17.5.673
https://doi.org/10.1152/jn.1989.61.2.331
https://doi.org/10.1007/s002210000401
https://doi.org/10.1007/s002210000401
https://doi.org/10.1126/science.173.3997.652
https://doi.org/10.1126/science.167.3914.86
https://doi.org/10.1126/science.167.3914.86
https://doi.org/10.1038/35073582
https://doi.org/10.1038/35073582
https://doi.org/10.1016/0896-6273(95)90304-6
https://doi.org/10.1126/science.1218152
https://doi.org/10.1126/science.1218152
https://doi.org/10.1037/0097-7403.1.3.207
https://doi.org/10.1016/0023-9690(76)90008-4
https://doi.org/10.1007/s00426-011-0377-9
https://doi.org/10.1016/j.tics.2016.02.001
https://doi.org/10.1006/anbe.2000.1518
https://doi.org/10.1038/nrg929
https://doi.org/10.4324/9780203710029-8
https://doi.org/10.4324/9780203710029-8
https://doi.org/10.1016/j.neuron.2014.05.009
https://doi.org/10.1038/nrn1606
https://doi.org/10.1016/j.bbr.2016.10.003
https://doi.org/10.1037/bne0000198
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-11-01954 August 4, 2020 Time: 15:48 # 9

Hahn and Rose Working-Memory Indicator of Cognitive Abilities

in general learning abilities among genetically diverse mice. Neurobiol. Learn.
Mem. 84, 241–246. doi: 10.1016/j.nlm.2005.07.006

Leising, K. J., Elmore, L. C., Rivera, J. J., Magnotti, J. F., Katz, J. S., and Wright,
A. A. (2013). Testing visual short-term memory of pigeons (Columba livia) and
a rhesus monkey (Macacamulatta) with a location change detection task. Anim.
Cogn. 16, 839–844. doi: 10.1007/s10071-013-0644-9

Lind, J., Enquist, M., and Ghirlanda, S. (2015). Animal memory: a review of delayed
matching-to-sample data. Behav. Process. 117, 52–58. doi: 10.1016/j.beproc.
2014.11.019

Liu, D., Gu, X., Zhu, J., Zhang, X., Han, Z., Yan, W., et al. (2014). Medial prefrontal
activity during delay period contributes to learning of a working memory task.
Science 346, 458–463. doi: 10.1126/science.1256573

Lu, X.-C. M., Slotnick, B. M., and Silberberg, A. M. (1993). Odor matching and odor
memory in the rat. Physiol. Behav. 53, 795–804. doi: 10.1016/0031-9384(93)
90191-H

Luck, S. J., and Vogel, E. K. (1997). The capacity of visual working memory for
features and conjunctions. Nature 390:279. doi: 10.1038/36846

Luck, S. J., and Vogel, E. K. (2013). Visual working memory capacity: from
psychophysics and neurobiology to individual differences. Trends Cogn. Sci. 17,
391–400. doi: 10.1016/j.tics.2013.06.006

Macphail, E. M. (1985). Vertebrate intelligence: the null hypothesis. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 308, 37–51. doi: 10.1098/rstb.1985.0008

Mathy, F., and Feldman, J. (2012). What’s magic about magic numbers? Chunking
and data compression in short-term memory. Cognition 122, 346–362. doi:
10.1016/j.cognition.2011.11.003

Miller, E. K., Erickson, C. A., and Desimone, R. (1996). Neural mechanisms of
visual working memory in prefrontal cortex of the Macaque. J. Neurosci. 16,
5154–5167. doi: 10.1523/JNEUROSCI.16-16-05154.1996

Miller, E. K., Lundqvist, M., and Bastos, A. M. (2018). Working memory 2.0.
Neuron 100, 463–475. doi: 10.1016/j.neuron.2018.09.023

Miller, G. A. (1956). The magical number seven, plus or minus two: some limits on
our capacity for processing information. Psychol. Rev. 63, 81–97. doi: 10.1037/
h0043158

Moll, F. W., and Nieder, A. (2015). Cross-modal associative mnemonic signals in
crow endbrain neurons. Curr. Biol. 25, 2196–2201. doi: 10.1016/j.cub.2015.07.
013

Moll, F. W., and Nieder, A. (2017). Modality-invariant audio-visual association
coding in crow endbrain neurons. Neurobiol. Learn. Mem. 137, 65–76. doi:
10.1016/j.nlm.2016.11.011

Mumby, D. G., Pinel, J. P. J., and Wood, E. R. (1990). Nonrecurring-items delayed
nonmatching-to-sample in rats: a new paradigm for testing nonspatial working
memory. Psychobiology 18, 321–326. doi: 10.3758/BF03327250

Nieder, A. (2012). Supramodal numerosity selectivity of neurons in primate
prefrontal and posterior parietal cortices. Proc. Natl. Acad. Sci. U.S.A. 109,
11860–11865. doi: 10.1073/pnas.1204580109

Nieder, A. (2017). Inside the corvid brain—probing the physiology of cognition in
crows. Curr. Opin. Behav. Sci. 16, 8–14. doi: 10.1016/j.cobeha.2017.02.005

Olton, D. S., and Samuelson, R. J. (1976). Remembrance of places passed: spatial
memory in rats. J. Exp. Psychol. Anim. Behav. Process. 2, 97–116. doi: 10.1037/
0097-7403.2.2.97

Phillips, A. G., Ahn, S., and Floresco, S. B. (2004). Magnitude of dopamine release
in medial prefrontal cortex predicts accuracy of memory on a delayed response
task. J. Neurosci. 24, 547–553. doi: 10.1523/JNEUROSCI.4653-03.2004

Plotnik, J. M., de Waal, F. B. M., and Reiss, D. (2006). Self-recognition in an Asian
elephant. Proc. Natl. Acad. Sci. U.S.A. 103, 17053–17057. doi: 10.1073/pnas.
0608062103

Prior, H., Schwarz, A., and Güntürkün, O. (2008). Mirror-induced behavior in
the Magpie (Pica pica): evidence of self-recognition. PLoS Biol. 6:e202. doi:
10.1371/journal.pbio.0060202

Prusky, G. T., Douglas, R. M., Nelson, L., Shabanpoor, A., and Sutherland, R. J.
(2004). Visual memory task for rats reveals an essential role for hippocampus
and perirhinal cortex. Proc. Natl. Acad. Sci. U.S.A. 101, 5064–5068. doi: 10.1073/
pnas.0308528101

Reiss, D., and Marino, L. (2001). Mirror self-recognition in the bottlenose dolphin:
a case of cognitive convergence. Proc. Natl. Acad. Sci. U.S.A. 98, 5937–5942.
doi: 10.1073/pnas.101086398

Rinnert, P., Kirschhock, M. E., and Nieder, A. (2019). Neuronal correlates of spatial
working memory in the endbrain of crows. Curr. Biol. 29, 2616.e4–2624.e4.
doi: 10.1016/j.cub.2019.06.060

Roberts, W. A., and Van Veldhuizen, N. (1985). Spatial memory in pigeons on the
radial maze. J. Exp. Psychol. Anim. Learn. Cogn. 11, 241–260. doi: 10.1037/0097-
7403.11.2.241

Roddick, K. M., Schellinck, H. M., and Brown, R. E. (2014). Olfactory delayed
matching to sample performance in mice: sex differences in the 5XFAD mouse
model of Alzheimer’s disease. Behav. Brain Res. 270, 165–170. doi: 10.1016/j.
bbr.2014.04.038

Roitblat, H. L., Tham, W., and Golub, L. (1982). Performance of Betta splendens in
a radial arm maze. Anim. Learn. Behav. 10, 108–114. doi: 10.3758/BF03212055

Scarf, D., Boy, K., Reinert, A. U., Devine, J., Güntürkün, O., and Colombo, M.
(2016). Orthographic processing in pigeons (Columba livia). Proc. Natl. Acad.
Sci. U.S.A. 113, 11272–11276. doi: 10.1073/pnas.1607870113

Scarf, D., and Colombo, M. (2020). Columban simulation project 2.0: numerical
competence and orthographic processing in pigeons and primates. Front.
Psychol. 10:3017. doi: 10.3389/fpsyg.2019.03017

Scarf, D., Hayne, H., and Colombo, M. (2011). Pigeons on par with primates in
numerical competence. Science 334, 1664–1664. doi: 10.1126/science.1213357

Stellar, E., and Hill, J. H. (1952). The rat’s rate of drinking as a function of water
deprivation. J. Comp. Physiol. Psychol. 45, 96–102. doi: 10.1037/h0062150

Terrace, H. S. (2001). “Chunking & serially organized behavior in pigeons,
monkeys and humans,” in Avian Visual Cognition, ed. H. G. Cook (Medford,
MA: Comparative Cognition Press).

Tsutsui, K.-I., Oyama, K., Nakamura, S., and Iijima, T. (2016). Comparative
overview of visuospatial working memory in Monkeys and Rats. Front. Syst.
Neurosci. 10:99. doi: 10.3389/fnsys.2016.00099

Veit, L., Hartmann, K., and Nieder, A. (2014). Neuronal correlates of visual
working memory in the corvid endbrain. J. Neurosci. 34, 7778–7786. doi: 10.
1523/jneurosci.0612-14.2014

Veit, L., and Nieder, A. (2013). Abstract rule neurons in the endbrain support
intelligent behaviour in corvid songbirds. Nat. Commun. 4:11. doi: 10.1038/
ncomms3878

Wallis, J. D., Anderson, K. C., and Miller, E. K. (2001). Single neurons in prefrontal
cortex encode abstract rules. Nature 411, 953–956. doi: 10.1038/35082081

Watanabe, M. (1996). Reward expectancy in primate prefrontal neurons. Nature
382, 629–632. doi: 10.1038/382629a0

Weinstein, B. (1941). Matching-from-sample by rhesus monkeys and by children.
J. Comp. Psychol. 31, 195–213. doi: 10.1037/h0063449

Wilson, W. A., Oscar, M., and Bitterman, M. E. (1964). Visual probability-learning
in the monkey. Psychon. Sci. 1, 71–72. doi: 10.3758/BF03342795

Woodard, W. T., and Bitterman, M. E. (1973). Further experiments on probability
learning in goldfish. Anim. Learn. Behav. 1, 25–28. doi: 10.3758/BF0319
8993

Wright, A. A., and Elmore, L. C. (2016). Pigeon visual short-term memory directly
compared to primates. Behav. Process. 123, 84–89. doi: 10.1016/j.beproc.2015.
09.002

Wu, Z., Litwin-Kumar, A., Shamash, P., Taylor, A., Axel, R., and Shadlen, M. N.
(2020). Context-dependent decision making in a premotor circuit. Neuron 106,
316.e6–328.e6. doi: 10.1016/j.neuron.2020.01.034

Zentall, T. R., Hogan, D. E., Howard, M. M., and Moore, B. S. (1978). Delayed
matching in the pigeon: effect on performance of sample-specific observing
responses and differential delay behavior. Learn. Motiv. 9, 202–218. doi: 10.
1016/0023-9690(78)90020-6

Zentall, T. R., and Smith, A. P. (2016). Delayed matching-to-sample: a tool to assess
memory and other cognitive processes in pigeons. Behav. Process. 123, 26–42.
doi: 10.1016/j.beproc.2015.07.002

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. U.S.A. 102,
5250–5255. doi: 10.1073/pnas.0501440102

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hahn and Rose. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 9 August 2020 | Volume 11 | Article 1954

https://doi.org/10.1016/j.nlm.2005.07.006
https://doi.org/10.1007/s10071-013-0644-9
https://doi.org/10.1016/j.beproc.2014.11.019
https://doi.org/10.1016/j.beproc.2014.11.019
https://doi.org/10.1126/science.1256573
https://doi.org/10.1016/0031-9384(93)90191-H
https://doi.org/10.1016/0031-9384(93)90191-H
https://doi.org/10.1038/36846
https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1098/rstb.1985.0008
https://doi.org/10.1016/j.cognition.2011.11.003
https://doi.org/10.1016/j.cognition.2011.11.003
https://doi.org/10.1523/JNEUROSCI.16-16-05154.1996
https://doi.org/10.1016/j.neuron.2018.09.023
https://doi.org/10.1037/h0043158
https://doi.org/10.1037/h0043158
https://doi.org/10.1016/j.cub.2015.07.013
https://doi.org/10.1016/j.cub.2015.07.013
https://doi.org/10.1016/j.nlm.2016.11.011
https://doi.org/10.1016/j.nlm.2016.11.011
https://doi.org/10.3758/BF03327250
https://doi.org/10.1073/pnas.1204580109
https://doi.org/10.1016/j.cobeha.2017.02.005
https://doi.org/10.1037/0097-7403.2.2.97
https://doi.org/10.1037/0097-7403.2.2.97
https://doi.org/10.1523/JNEUROSCI.4653-03.2004
https://doi.org/10.1073/pnas.0608062103
https://doi.org/10.1073/pnas.0608062103
https://doi.org/10.1371/journal.pbio.0060202
https://doi.org/10.1371/journal.pbio.0060202
https://doi.org/10.1073/pnas.0308528101
https://doi.org/10.1073/pnas.0308528101
https://doi.org/10.1073/pnas.101086398
https://doi.org/10.1016/j.cub.2019.06.060
https://doi.org/10.1037/0097-7403.11.2.241
https://doi.org/10.1037/0097-7403.11.2.241
https://doi.org/10.1016/j.bbr.2014.04.038
https://doi.org/10.1016/j.bbr.2014.04.038
https://doi.org/10.3758/BF03212055
https://doi.org/10.1073/pnas.1607870113
https://doi.org/10.3389/fpsyg.2019.03017
https://doi.org/10.1126/science.1213357
https://doi.org/10.1037/h0062150
https://doi.org/10.3389/fnsys.2016.00099
https://doi.org/10.1523/jneurosci.0612-14.2014
https://doi.org/10.1523/jneurosci.0612-14.2014
https://doi.org/10.1038/ncomms3878
https://doi.org/10.1038/ncomms3878
https://doi.org/10.1038/35082081
https://doi.org/10.1038/382629a0
https://doi.org/10.1037/h0063449
https://doi.org/10.3758/BF03342795
https://doi.org/10.3758/BF03198993
https://doi.org/10.3758/BF03198993
https://doi.org/10.1016/j.beproc.2015.09.002
https://doi.org/10.1016/j.beproc.2015.09.002
https://doi.org/10.1016/j.neuron.2020.01.034
https://doi.org/10.1016/0023-9690(78)90020-6
https://doi.org/10.1016/0023-9690(78)90020-6
https://doi.org/10.1016/j.beproc.2015.07.002
https://doi.org/10.1073/pnas.0501440102
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Working Memory as an Indicator for Comparative Cognition – Detecting Qualitative and Quantitative Differences
	Introduction
	A Definition of Working Memory
	The Role of Contextual Variables in Working Memory Tasks
	Adequately Measuring Wm
	Working Memory of Different Species: Similarities, Differences, and Comparisons
	Conclusion
	Author Contributions
	Funding
	References


