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SUMMARY

Episodic-like memory in non-human animals represents the behavioral characteristics of human episodic
memory—the ability to mentally travel backward in time to “re-live” past experiences. A focus on traditional
model species of episodic-like memory may overlook taxa possessing this cognitive ability and consequently
its evolution across species. Experiments conducted in the wild have the potential to broaden the scope of
episodic-like memory research under the natural conditions in which they evolved. We combine two distinct
yet complementary episodic-like memory tasks (the what-where-when memory and incidental encoding par-
adigms), each targeting a different aspect of human episodic memory, namely the content (what-where-
when) and process (incidental encoding), to comprehensively test the memory abilities of wild, free-living,
non-caching blue tits (Cyanistes caeruleus) and great tits (Parus major). Automated feeders with custom-built
programs allowed for experimental manipulation of spatiotemporal experiences on an individual-level basis.
In the what-where-when memory experiment, after learning individualized temporal feeder rules, the birds
demonstrated their ability to recall the “what” (food type), “where” (feeder location), and “when” (time since
their initial visit of the day) of previous foraging experiences. In the incidental encoding experiment, the birds
showed that they were able to encode and recall incidental spatial information regarding previous foraging
experiences (“where” test), and juveniles, but not adults, were also able to recall incidentally encoded visual
information (“which” test). Consequently, this study presents multiple lines of converging evidence for
episodic-like memory in a wild population of generalist foragers, suggesting that episodic-like memory

may be more taxonomically widespread than previously assumed.

INTRODUCTION

Mental time travel is the ability to travel through personal subjec-
tive time, reliving memories of past experiences, as well as imag-
ining possible future scenarios. Episodic memory, the structural
foundation of mental time travel,’ is the long term-declarative
memory system that characteristically involves the conscious
recollection of personally experienced events.? Within declara-
tive memory, episodic memory is considered to be distinct from
semantic memory, which concerns the encoding and recall of
factual information that critically does not involve a subjective
experience during recall.?

Episodic memory is thought by many psychologists to be
uniquely human®™® (but see Corballis'® and Boeckle et al.'").
Tulving and Markowitsch® argue that although many non-human
animals exhibit a sensitive and sophisticated semantic knowl-
edge of their environment, they cannot consciously recall and
re-live specific past experiences in the same way as humans.
However, because evidence for episodic recall in humans is
centered around language-based reports, and with there being
no agreed upon non-linguistic behavioral makers of conscious-
ness,'? it is potentially impossible to ascertain whether non-
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human animals have true episodic memory accompanied by
its phenomenological components. That said, Tulving’s original
definition of episodic memory? states that it “receives and stores
information about temporally dated episodes or events and tem-
poral-spatial relations among these events” (p. 385). Using this
definition, Clayton and colleagues'® argue that the simultaneous
retrieval and integration of information about the “what” and
“when” of unique experiences (temporally dated experiences)
and “where” they occurred (temporal-spatial relations) can be
demonstrated in animals through their behavior in experimental
tasks. In the absence of evidence for the associated conscious
experiences during recall, this ability is termed “episodic-like
memory.”"*

Over a series of seminal studies, scrub-jays (Aphelocoma
californica) have fulfilled the criteria for episodic-like memory
through the “what-where-when memory” paradigm.’"? As
jays store non-perishable foods (e.g., nuts) and perishable foods
(e.g., insect larvae) for future consumption, these birds
remember the contents, location, and timing of their caches
and therefore recover foods before they become inedible.'*2°
In utilizing food items that decay at different rates, these exper-
iments demonstrate that the jays, when recovering trial-unique
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caches after varying retention intervals, are recalling integrated
representations of the what (food type), where (cache location),
and when (time of caching relative to retrieval) information asso-
ciated with each cache site and use these memories flexibly to
dictate their search behavior. This what-where-when memory
paradigm has since been adapted to investigate episodic-like
memory in animals across a variety of taxa. Rodents,”'™> non-
human primates,®*** dogs,* other corvids,*® chickadees,®”
and cephalopods,®®*° but not pigeons,*®“" have all passed var-
iations of the what-where-when paradigm but in other instances
have failed (apes,**** monkeys,** corvids,*® and chickadees®’).

In addition to holding information about the what, where, and
when of events, another characteristic of human episodic mem-
ory is that when we recall a particular experience, we are able to
retrieve information associated with the event that was inconse-
quential to our needs, thoughts, or desires at the time of encod-
ing. Although this information held no relevance at the time and
was not marked as important enough to explicitly encode into
memory, we are able to recall this “incidental” information as it
is automatically encoded during the event and subsequently
retained as part of the complete memory.*® Accordingly, the
“incidental encoding and unexpected question” paradigm®*’
has been developed as an alternative methodology to test
episodic-like memory, by unexpectedly asking subjects to recall
incidental information about a specific event. Because the mem-
ory tests are unexpected to the subjects, they do not have the
opportunity to learn that any specific information within an “en-
coding event” will subsequently become useful when attempting
to solve a later memory test (as is the case with other episodic-
like memory paradigms*®). Consequently, if an animal is able to
use information that held no significance at the time of encoding
to solve a subsequent memory test, this suggests a capacity to
encode and recall incidental information and an ability to replay,
target, and access this information within the event representa-
tion*®~®?; indicative of human episodic memory.>® Since its
emergence,”’ the incidental encoding and unexpected question
paradigm has been used to explore episodic-like memory
across multiple non-human animal groups, with evidence of
incidental encoding in rats,**°>°*° dogs,** % cats,® corvids,*°
pigeons,*” %" and dolphins.>®

Each of these methodologies target a distinct aspect of the hu-
man episodic memory system.’®°"%? The what-where-when
memory paradigm tests for the individual components of
episodic memory content (i.e., factual, spatial, and temporal de-
tails) and assesses whether a subject can recall and use certain
information in accordance with the passage of time, whereas the
incidental encoding paradigm tests whether subjects are able to
recall information that could only have been encoded in certain
contexts using processes associated with human episodic
memory (i.e., the automatic encoding of incidental information).
Any single approach to assess episodic-like memory is arguably
limited because evidence is based on the exclusion of alternative
non-episodic solutions,®' rather than proof of episodic-like
memory per se. By contrast, if multiple methodological ap-
proaches are tested together, probing both the contents and
processes of episodic-like memory, it is improbable that these
experiments will lead to the false appearance of episodic-like
memory through the same methodological failures and will build
a more holistic picture of a specie’s episodic-like memory
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capability (as, for instance, pigeons fail what-where-when
tests*®*! but pass incidental encoding tests,*”°>%" perhaps
suggesting that their episodic-like memory abilities are limited).
Here, we provide a multi-faceted assessment of episodic-like
memory to accurately model the different traits of human
episodic memory, by combining multiple, converging lines of ev-
idence utilizing different paradigms together.*%°°

Observations of episodic-like memory may be most likely in spe-
cies where it is predicted to be adaptive.®'2%5455 Food-hoarding
birds (predominantly corvids) are a model for episodic-like
memory because they must recall the temporal characteristics of
caching locations and do this flexibly in accordance with social
interactions.'#1926:37:49.66 Other animals, including non-human
primates,33'34 pigeons,“'ﬁo‘m dogs’35,5€f58 rodents’21732,50,54,55
cuttlefish,®® and, more recently, dolphins® also show evidence
for episodic-like memory. Therefore, episodic-like memory is likely
more taxonomically widespread that previously assumed, and un-
derstanding the evolution of its contents and processes requires
modifying experimental paradigms to target additional taxonomic
groups. We tested episodic-like memory in two species of Paridae,
blue tits (Cyanistes caeruleus) and great tits (Parus major).
These birds form mixed species winter flocks and do not cache
food, rather they are opportunistic foragers that feed on a wide
range of food types, including insects, beechmast, and provisions
from bird feeders.®” To maximize opportunistic foraging efficiency
while minimizing the risk of predation and competition, these birds
may benefit from a memory system that allows them to encode
ecological information during a single experience (e.g., food avail-
ability or recent weather conditions) and recall different details
regarding this experience (e.g., what was experienced, where,
and how long ago, as well as any associated incidental informa-
tion). Episodic-like memory would therefore benefit a foraging
generalist species because it permits flexible decision making
based on rapidly acquired information without the need for
prolonged learning. We tested birds in the wild to capture their
natural behavior in an environment that reflects the conditions un-
der which cognitive abilities evolved and arguably enables a larger
representation of the population,®® while minimizing welfare con-
cerns because birds can freely engage and disengage from the
task. To date, evidence for episodic-like memory in the wild is ab-
sent from the literature,*® in part because of the logistical chal-
lenges associated with controlling for non-sequential time-of-day
cues and presenting subjects with trial-unique elements necessary
to distinguish episodic-like mechanisms from non-episodic
alternatives.®®

To accurately test episodic-like memory in the wild, blue tits
and great tits were fitted with passive integrative transponder
(PIT) tags, and memory tests were conducted using computer-
ized radiofrequency identification (RFID) feeders to detect PIT
tags (Figure 1). Custom-built programs released (or did not
release) food through an electronic door, enabling different
experimental conditions. This included a time component as-
signed to different feeders and, crucially, on an individual-basis,
thus allowing for experimental manipulations that controlled for
potential social and circadian rhythm confounds. Blue tits and
great tits form loose fission-fusion, mixed species flocks of var-
iable size and composition during winter’® and, therefore, visited
feeders that were positioned throughout the woodland at
different times of day, allowing for participation in trial-unique
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tests—a hallmark of episodic-like memory test designs.'*
These features allowed us to adapt two well-established but
methodically dissimilar episodic-like memory paradigms*®
(what-where-when memory and incidental encoding) and imple-
ment them in the field to comprehensively test wild birds’ recall
for personal, unique events in their natural environment.

RESULTS

Blue tits and great tits pass the what-where-when
memory test

To assess what-where-when memory in these birds, we adapted
Clayton and Dickinson’s'* study design for use in the field with
non-caching species. In this design, food items of different pref-
erences and degradation rates are used to test whether subjects
can keep track of what food is hidden where, in relation to when
they had previously interacted with it. We altered the design to
simulate a realistic foraging scenario in which two food items,
sunflower seeds (preferred) and peanut pieces (less-preferred)
(see STAR Methods for food preference test details), had unique
depletion and replenishment rates. The birds were first trained to
learn the temporal feeder rules in a fixed location. When an indi-
vidual was first detected on the preferred feeder, the “selective”
RFID feeder (NatureCounters.com) triggered a 2-h “depletion
period” for that individual. In other words, the feeder was only
available to an individual for 2 h, after which point the “replenish
period” began and the feeder door remained closed for that in-
dividual until the following day (Figure 2A). By contrast, the
less-preferred and control feeders (containing no food) always
remained accessible to any PIT tagged bird that foraged at
them (Figure 2B). Consequently, the birds had access to all
feeders during the depletion phase but, crucially, only the less-
preferred and control feeders during the replenish phase. All
feeder contents were not visible; the items could only be seen
through a small door opening if the bird had (successfully) ac-
cessed a feeder. Following Clayton and Dickinson,'* we re-
corded two types of choices based on the time that had elapsed
since a bird’s initial visit (triggering their depletion period): “short
interval choice,” when the preferred food was available (i.e.,
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Figure 1. The automated, computerized
RFID feeders

(A) The feeders set up in a triangle array (each 2 m
apart) within surrounding cover.

(B) A close up of a feeder, showing the (covered)
food container, electronic door, and RFID perch.
When a bird lands on the perch, its unique passive
integrative transponder (PIT) tag is read, and
custom-built programs release (or do not release)
food through an electronic door, according to
experimental rules assigned to that individual.

during the depletion period), and “long in-
terval choice”: when the preferred food
was unavailable (i.e., during the replenish
period) (Figure 2C). If birds used what-
where-when memory at test (when the
feeders were set up in trial-unique loca-
tions and compositions), they should
choose the less-preferred feeder more after long intervals (dur-
ing the replenish period) than after short intervals (during the
depletion period), thus showing a relative change in preference
as observed in comparable episodic-like memory studies.***”
Only a bird’s first choice after each interval was counted in the
analysis, ensuring that their critical choice regarding which
feeder to visit was based on a memory of their initial visit of the
day, rather than a reaction to a non-rewarding feeder (i.e., a
win-stay/lose-shift strategy). Furthermore, to ensure that the
birds were informed in their choices (i.e., on food locations
across feeder arrays), they had to visit at least one other feeder
alongside their visits to the preferred feeder during their initial
visit.

In line with passing the what-where-when memory test, the
birds’ first choices to the less-preferred food were significantly
higher after long intervals (i.e., when the preferred food was
unavailable), compared with short intervals (i.e., when the
preferred food was available) (z = —2.55, p = 0.0107, estimate =
—0.914, SE = 0.358; Figure 3). There was no effect of species
(z=-0.877, p = 0.380, estimate = —0.405, SE = 0.462) or age
(z=-1.10, p = 0.270, estimate = —0.472, SE = 0.428).

Birds pass incidental encoding tests for “where”, and
juveniles pass “which”

To assess the ability of the birds to encode, recall, and utilize
incidental information in an unexpected memory test, we imple-
mented an incidental encoding test using the same selective
feeders in the wild, following an established protocol originally
developed in a lab-based context.”® Because the birds may
recall incidentally encoded information regarding both spatial
and visual cues in their natural environment, we tested them
on their ability to recall incidental details of the feeders in two
separate tests: “where” (the spatial position of the feeders)
and “which” (the visual characteristics of the feeders). In where
tests, the feeders were spatially arranged in a triangle array (“tri-
angle” condition) or linear array (“linear” condition) (Figures 4A
and 4B) and thus had distinctive spatial positions. In which tests,
each feeder was characterized by a distinctive and unique color
(“color” condition) or pattern (“pattern” condition) (Figures 4C
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Figure 2. Schematic representation of the feeder arrays in the training and test phases across the what-where-when memory experiment
(A and B) In the training phase, the birds experienced the “rules” of each feeder type, containing either the preferred food (sunflower seeds) or the less-preferred
food (peanuts). Feeder rules: (A) once a bird visited the preferred feeder, this triggered the start of the depletion period, in which they had 2 h to forage until the
feeder became inaccessible (the door remained closed) during the replenish period, lasting until the program reset the following morning; (B) birds had free
access at any time to the less-preferred feeder. In the test phase, the feeder rules remained the same, but each test period was set up in a trial-unique feeder array
composition and location. The contents of the feeders in all phases were not visible until a choice was made.

(C) Depicts “correct” choices in the test phase, i.e., when a bird had returned (after their initial visit) following a short interval (during the depletion period, when the
preferred feeder was available) or a long interval (during the replenish period, when the preferred feeder was unavailable). Image sources: Pixabay (bird);

Freelmages (seeds and peanuts).

and 4D). We ran both color and pattern trials because we may
expect a difference in incidental encoding with respect to visual
stimulus type.”" In the “encoding phase,” only one feeder within
the array contained food (Figures 4A and 4C). In this phase, the
food contents were visible as a salient, unconditioned stimulus to
obtain food, and other visual and spatial information were un-
likely to be explicitly encoded and thus represented incidental in-
formation. After 30 min, the feeders were taken down. Only birds
that visited the feeders over a single experience (see STAR
Methods for details), were included in the analysis (because

3596 Current Biology 34, 3593-3602, August 19, 2024

repeated exposure may lead to explicit encoding). 1 h later, the
feeders were set up again for the “memory phase” (Figures 4B
and 4D). In this phase, the contents of all the feeders were not
visible, forcing the use of memory to attempt to locate the
food. If birds were able to encode and recall incidental informa-
tion regarding the spatial position or visual characteristics of the
feeders, then they should preferentially visit the feeder that pre-
viously contained food (i.e., in the same spatial position or with
the same visual characteristic). Only a bird’s first choice to any
feeder was counted in the analysis.
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Figure 3. Blue tits and great tits in the what-where-when memory
experiment switched their preference from visiting their preferred
feeder when the food was available (short interval) to visit the less-
preferred feeder when their preferred food was no longer available
(long interval)

Colored dots show the proportion of visits to the peanut feeder across trials for
each individual. Gray lines connect each individual’s proportion of visits across
intervals. Large black dots show the mean proportion + standard error (bars).
See also Figure S3 and Table S1.

Birds performed significantly above chance levels (1/3) in the
where test (z = 2.21, p = 0.027, estimate = 1.76, SE = 0.796; Fig-
ure 5A), and there was no effect of condition (linear or triangle)
(z=-0.373,p =0.709, estimate = —0.224, SE = 0.602), trial order
(1-4, i.e., 1 trial per condition) z = 0.523, p = 0.601, estimate =
0.281, SE = 0.537), species (blue tit or great tit) z = —0.992, p =
0.321, estimate = —0.774, SE = 0.780), or age (adult or juvenile)
(z=0.940, p = 0.347, estimate = 0.531, SE = 0.565). In the which
test, there was a significant effect of age (z = 3.21, p = 0.00135,
estimate = 3.041, SE = 0.949; Figure 5B). Juvenile birds performed
significantly above chance levels (p < 0.001), but adults did not
(p = 0.973). There was no effect of condition (color or pattern)
(z=-0.809, p = 0.419, estimate = —0.723, SE = 0.895), trial order
(z=0.292, p = 0.770, estimate = 0.135, SE = 0.462), or species
(z=-1.19, p = 0.233, estimate = —1.41, SE = 1.18).

DISCUSSION

Because our results across both experiments suggest the use of
episodic-like memory, we provide two lines of converging evi-
dence for this ability in non-caching, wild, Paridae species. In
trial-unique tests, the birds inhibited their food preferences and
visited the less-preferred feeder once the individually triggered
2-h depletion period had ended (after which their preferred food
was expected to no longer be available), showing that blue tits
and great tits encode and recall information relating to what
occurred, where, and how long ago in reference to their previous
foraging behavior. Furthermore, as they preferentially revisited the
feeders with the same (incidental) characteristics across the
experimental phases, the birds also demonstrated their ability to
encode and recall incidental spatial information associated with
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their earlier foraging experiences, and juveniles, but not adults,
demonstrated their ability to encode and recall incidental visual in-
formation. These abilities were demonstrated in wild subjects
within their natural habitats through the use of simulated ecolog-
ical contexts and thus suggest a situation in which episodic-like
memory appears to have evolved in generalist, non-caching spe-
cies. Although these species are widely used in studies of (social)
learning and problem solving in the wild,”>"® as well as tests of
spatial memory in the lab,”®"® they are not traditionally consid-
ered to be among the most “cognitively complex” non-human
taxa’®; yet, our findings point to these species as novel models
for studies in episodic-like memory.

To convincingly propose that the witnessed behaviors here
can be explained using an episodic-like memory account, other
non-episodic memory-related processes must first be dis-
counted.®" The first main alternative solution is the use of famil-
iarity judgments. When presented with a choice of stimuli that
differ in their relative familiarity, because the subject has encoun-
tered one of the stimuli more recently than the other(s), the sub-
ject may simply choose the stimuli that seems more (or less)
familiar.'* Because relative familiarity is considered distinct
from episodic-like memory,®® experiments must rule out this
possibility."*'* In the current experiments, the stimuli (feeders)
were always presented to the birds simultaneously, meaning
that they all shared the same relative familiarity. Because
familiarity with all stimuli is consistent in our study, differential
familiarity cues were not available to provide a non-episodic fa-
miliarity based method to solve the task.”" Although in the what-
where-when task, the preferred food likely held a higher relative
familiarity to the less-preferred food, the feeder contents were
not visible until a choice was made; therefore, relative familiarity
differences in respect to food items could not have been
used here.

In theory, a what-where-when test could be solved using
circadian rhythm or daylight cues,®27-°%5° rather than personal
recollection of a previous, temporally distinct event. We
controlled for these confounding cues by setting up feeders in
each experimental period (during both training and test phases)
at a randomized time between 8 am and 12 pm (in approximately
1-h intervals), ensuring that the birds chose in reference to their
initial visit and the subsequent depletion period. Furthermore,
because we only counted a bird’s first choice for each interval
(and thus each individual effectively had a single trial per interval,
per session), this excludes the possibility of win-stay/lose-shift
solutions (i.e., if they visited the preferred feeder in the replenish
period first, found the door to remain closed, then subsequently
visited the less-preferred feeder). In addition, we discounted the
possibility that social information influenced decisions on which
feeder to re-visit. If birds flocking together triggered the deple-
tion period at similar times, they could potentially use social in-
formation over personal information when revisiting during the
long interval choice period, but this was not observed. Individ-
uals assigned to the test phase arrived in distinct flocks, and
consequently, the timings of the depletion and replenish periods
for each individual precluded social information as a viable
explanation for their choices (Figure S3). Similarly, as in the inci-
dental encoding tests, all birds were prevented access to the
feeders in the memory (test) phase, the only social information
available would be that a feeder was unrewarded, in which
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ENCODING PHASE

MEMORY PHASE

WHICH

Figure 4. Schematic representation of the
feeders across the incidental encoding
experiment phases in both the “where”
test and the “which” test

In the encoding phase (A and C), the contents of all
feeders were visible, but only one feeder con-
tained food. In the memory phase (B and D), set up
after an interval of 1 h, the feeder contents in all
feeders were no longer visible (occluded by plastic
covers). The position of the feeders (either linear or
triangular array) remained consistent between the
encoding phase and the memory phase in the
where trials (A and B) but were altered (i.e., triangle
to linear or vice versa) in which trials (C and D). The
position of the birds signifies the “correct” choices
in the memory phase, i.e., the location or color of
the feeder that contained food in the encoding
phase. See also Figure S5. Image sources: Pix-
abay (bird); Freelmages (seeds).

incidental information that could only
have been encoded in a specific context
using a process associated with episodic
memory described in humans (i.e., the
automatic encoding of incidental infor-

case we would expect birds to attempt to feed at alternative
feeders and make erroneous choices, which we did not observe.

Another possible non-episodic solution is that the subject, aten-
coding, has retained the relevant information to use it in a subse-
quent memory test. For instance, rather than remembering back
to the original event upon presentation of this memory assess-
ment, as is a defining characteristic of episodic-like memory recall,
the subject may be retaining and carrying forward a memory trace
representing the required information to use in the subsequent, ex-
pected memory test.°’ Although we cannot rule out this mecha-
nism in the what-where-when experiment, 324723546061 thig alter-
native explanation does not apply to the incidental encoding
experiment. When information is encoded incidentally and subse-
quently assessed in an unexpected test, it isimpossible to convert
information at encoding into a planned future behavior.*’:°1:54:81:82
This is because an animal cannot plan for a future behavior when
they do not know that certain information is important and do not
know the future presence or nature of a memory test relating to
this information.®"

Taken together, the non-episodic memory processes we
describe here do not seem to be sufficient in explaining the per-
formance of the birds in each test, although definitive proof of the
use of episodic memory in non-humans through any single para-
digm is contestable.*®°":5% Nevertheless, the contrasting para-
digms used here are based on considerably different techniques
and assess different aspects of human episodic memory
recall*®; thus, it is unlikely that both these tests together indicate
the false appearance of episodic memory.>' Overall, we interpret
these results as evidence that blue tits and great tits can recall
the individual components of episodic-like memory content
(what, where, and when), while demonstrating that the usage
of this recalled information depends on the subjective passage
of time. Additionally, we show that these birds can also recall
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mation). Although evidence shows that
humans have conscious access to incidentally encoded infor-
mation during episodic recall,>>*® we do not claim that the
same is true here and therefore continue to use the term
episodic-like memory.'*

Our results generally show no effect of age on episodic-like
memory ability, comparable to other studies with non-mamma-
lian species,*® although in the current study, juveniles, but not
adults, used incidentally encoded visual information in the which
test. Juvenile blue tits and great tits are more successful at inno-
vating foraging solutions, argued to be a consequence of being
outcompeted by adults who monopolize food.”” We can only
speculate as to whether similar mechanisms explain our findings
or why adults passed the where test but not the which test.
Perhaps with experience, blue tits and great tits rely on spatial in-
formation over visual information. We controlled for spatial infor-
mation in the which test by altering the spatial array between the
encoding and memory phases, meaning that spatial and visual
cues did not conflict, but future investigations could evaluate
whether juveniles still choose the visually relevant information
in the memory phase if spatial cues remained fixed. Age-related
decay associated with the hippocampus has been reported in
mammals,*® although this is unlikely to be the case here because
plumage characteristics indicate a categorical age of 1 year or
above; therefore, many adult birds could be relatively young.
Equally we were unable to test for sex effects because blue tits
cannot be reliably sexed by plumage characteristics.

Although episodic-like memory studies were initially focused
on caching corvis,'* %% with later work on a caching Paridae
species®” (black-capped chickadees, Poecile atricapillus),
recent evidence suggests that this cognitive ability is present
across distantly related taxa with wide-ranging socio-ecological
challenges.'®2%48:64.87.88 Caching Paridae species often outper-
form non-caching species in spatial memory tasks, e.g., Clayton
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Figure 5. Blue tits and great tits in the incidental encoding experiment chose the correct feeder above chance levels (1/3) in the “where” test,
and juveniles, but not adults, chose correctly above chance in the “which” test

(A) Proportion (y axis) and frequency (inside bars) of choices in the where test.

(B) Proportion and frequency of choices in the which test (separated into adults and juveniles). BT, blue tit; GT, great tit. Frequencies without species breakdown
are all blue tits. Dashed red line shows performance expected by chance (1/3). See also Table S2.

and Krebs’® and Clayton®® but in some instances blue tits and
great tits have performed comparably”®®° or almost equally.
Furthermore, great tits show an ability for observational spatial
memory’® (i.e., remembering the observed locations of food
items cached by a heterospecific), whereas caching marsh tits
(Poecile palustris) are unable to do s0.”' Despite being opportu-
nistic foragers, great tits have recently evolved beak adaptations
and associated genetic regions in response to increased reliance
on garden feeder provisioning.®? This raises the question as to
whether their adaptive morphological specialization may also
extend to cognitive specializations. Moreover, their capacity to
switch between food resources that deplete and replenish
across spatiotemporal scales, whether it be garden feeders,
beechmast crops, or insect larvae abundances, may select for
episodic-like memory. If so, we would expect episodic-like
memory to be widespread across generalist foragers experi-
encing patchy, dynamic resources® or, indeed, in any animals
whose natural habitat contains abundant potential sources of
useful information®®©® that can be amenable to flexible memory
systems.

Wild studies have the power to elucidate the evolutionary pro-
cesses underlying the selection of various cognitive traits®*
because the information available to an animal in their natural
habitat differs from the lab, and in some cases, lab studies can
lead to erroneous results when assessing a specie’s cognition.
For example, in a what-where-when experiment, wild-caught
black-capped chickadees tested in captivity were only able to
recall the “when” information when tested in settings that resem-
bled their natural habitat (i.e., with the test involving foraging in
trees).®” Similarly, captive great tits’ learning performance
across different spatial scales did not correlate.®® Therefore, an

animal’s ability to perform in cognitive tests may be influenced
by the scale, availability, or sparsity of the naturally occurring in-
formation that they are evolutionarily and developmentally at-
tuned to. By utilizing computerized, autonomous experimental
apparatuses with dynamic temporal rules assigned on an indi-
vidual level, we have demonstrated how episodic-like memory
can be tested in a natural setting while controlling for extraneous
variables. We encourage the further development of this meth-
odology because we believe it has the potential to enhance
our understanding of the evolution of cognition and the varying
socio-ecological selection pressures shaping it across taxa.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o General
o What-where-when memory
o Incidental encoding
e METHOD DETAILS
o General
o What-where-when
o Incidental encoding
o QUANTIFICATION AND STATISTICAL ANALYSIS
o General
o What-where-when
o Incidental encoding

Current Biology 34, 3593-3602, August 19, 2024 3599




¢? CellPress

OPEN ACCESS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2024.06.029.

ACKNOWLEDGMENTS

We thank Hannah Rowland, Tony Fulford, Chris Thorne, Jo Beaver, and all
those who assisted the Madingley Bird Ringing group, as well as Pheobe Pri-
chard for assisting with data collection and the University of Cambridge for
financial support. G.L.D. was funded by The Isaac Newton Trust and Lever-
hulme Early Career Fellowship (ECF-2018-700).

AUTHOR CONTRIBUTIONS

What-where-when experiment: conceptualization, G.L.D. and N.S.C.; meth-
odology, J.R.D., G.L.D., and N.S.C.; investigation, J.R.D. and G.L.D.; formal
analysis, J.R.D. and G.L.D.; incidental encoding experiment: conceptualiza-
tion, J.R.D.; methodology, J.R.D., G.L.D., and N.S.C.; investigation, J.R.D.
and L.S.K;; formal analysis, J.R.D., L.S.K., and G.L.D.; overall: writing — original
draft, J.R.D.; writing — review & editing, J.R.D., G.L.D., L.S.K., and N.S.C.; su-
pervision, G.L.D. and N.S.C.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: February 25, 2024
Revised: May 23, 2024
Accepted: June 10, 2024
Published: July 3, 2024

REFERENCES

1. Suddendorf, T., and Busby, J. (2005). Making decisions with the future in
mind: developmental and comparative identification of mental time
travel. Learn. Motiv. 36, 110-125. https://doi.org/10.1016/j.Imot.2005.
02.010.

2. Tulving, E. (1972). Episodic and semantic memory. In Organization of
Memory, E. Tulving, and W. Donaldson, eds. (Academic Press),
pp. 381-403.

3. Tulving, E. (1983). Elements of Episodic Memory (Oxford University
Press).

4. Suddendorf, T., and Corballis, M.C. (1997). Mental time travel and the
evolution of the human mind. Genet. Soc. Gen. Psychol. Monogr. 123,
133-167.

5. Tulving, E., and Markowitsch, H.J. (1998). Episodic and declarative mem-
ory: role of the hippocampus. Hippocampus 8, 198-204. https://doi.org/
10.1002/(SICl)1098-1063(1998)8:3<198::AID-HIP0O2>3.0.CO;2-G.

6. Suddendorf, T., and Corballis, M.C. (2010). Behavioural evidence for
mental time travel in nonhuman animals. Behav. Brain Res. 275,
292-298. https://doi.org/10.1016/j.bbr.2009.11.044.

7. Suddendorf, T., and Corballis, M.C. (2007). The evolution of foresight: what
is mental time travel, and is it unique to humans? discussion 313. Behav.
Brain Sci. 30, 299-313. https://doi.org/10.1017/S0140525X07001975.

8. Suddendorf, T., Addis, D.R., and Corballis, M.C. (2009). Mental time
travel and the shaping of the human mind. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 364, 1317-1324. https://doi.org/10.1098/rstbh.2008.0301.

9. Tulving, E. (2005). Episodic memory and autonoesis: uniquely human? In
The Missing Link in Cognition: Origins of Self-Reflective Consciousness,
H.S. Terrace, and J. Metcalfe, eds. (Oxford University Press), pp. 3-56.
https://doi.org/10.1093/acprof:0s0/9780195161564.003.0001.

10. Corballis, M.C. (2013). Mental time travel: a case for evolutionary con-
tinuity. Trends Cogn. Sci. 17, 5-6. https://doi.org/10.1016/].tics.2012.
10.009.

3600 Current Biology 34, 3593-3602, August 19, 2024

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Clayton, N.S., Yu,

Current Biology

. Boeckle, M., Schiestl, M., Frohnwieser, A., Gruber, R., Miller, R.,

Suddendorf, T., Gray, R.D., Taylor, A.H., and Clayton, N.S. (2020). New
Caledonian crows plan for specific future tool use. Proc. Biol. Sci. 287,
20201490. https://doi.org/10.1098/rspb.2020.1490.

. Griffiths, D., Dickinson, A., and Clayton, N. (1999). Episodic memory:

what can animals remember about their past? Trends Cogn. Sci. 3,
74-80. https://doi.org/10.1016/s1364-6613(98)01272-8.

. Clayton, N.S., Griffiths, D.P., Emery, N.J., and Dickinson, A. (2001).

Elements of episodic-like memory in animals. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 356, 1483-1491. https://doi.org/10.1098/rstb.2001.0947.

. Clayton, N.S., and Dickinson, A. (1998). Episodic-like memory during

cache recovery by scrub jays. Nature 395, 272-274. https://doi.org/10.
1038/26216.

. Clayton, N.S., Dally, J., Gilbert, J., and Dickinson, A. (2005). Food cach-

ing by western scrub-jays (Aphelocoma californica) is sensitive to the
conditions at recovery. J. Exp. Psychol. Anim. Behav. Process. 317,
115-124. https://doi.org/10.1037/0097-7403.31.2.115.

. Clayton, N.S., Yu, K.S., and Dickinson, A. (2003). Interacting cache mem-

ories: evidence for flexible memory use by Western scrub-jays
(Aphelocoma californica). J. Exp. Psychol. Anim. Behav. Process. 29,
14-22. https://doi.org/10.1037/0097-7403.29.1.14.

. Clayton, N.S., and Dickinson, A. (1999). Memory for the content of ca-

ches by scrub jays (Aphelocoma coerulescens). J. Exp. Psychol. Anim.
Behav. Process. 25, 82-91. https://doi.org/10.1037/0097-7403.25.1.82.

K.S., and Dickinson, A. (2001). Scrub jays
(Aphelocoma coerulescens) form integrated memories of the multiple
features of caching episodes. J. Exp. Psychol. Anim. Behav. Process.
27, 17-29. https://doi.org/10.1037/0097-7403.27.1.17.

. Clayton, N.S., and Dickinson, A. (1999). Scrub jays (Aphelocoma coeru-

lescens) remember the relative time of caching as well as the location and
content of their caches. J. Comp. Psychol. 113, 403-416. https://doi.org/
10.1037/0735-7036.113.4.403.

Grodzinski, U., and Clayton, N.S. (2010). Problems faced by food-cach-
ing corvids and the evolution of cognitive solutions. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 365, 977-987. https://doi.org/10.1098/rstb.2009.0210.

Dere, E., Huston, J.P., and De Souza Silva, M.A.D.S. (2005). Integrated
memory for objects, places, and temporal order: evidence for episodic-
like memory in mice. Neurobiol. Learn. Mem. 84, 214-221. https://doi.
org/10.1016/j.nIm.2005.07.002.

Babb, S.J., and Crystal, J.D. (2006). Episodic-like memory in the rat. Curr.
Biol. 16, 1317-1321. https://doi.org/10.1016/j.cub.2006.05.025.

Kart-Teke, E., De Souza Silva, M.A.D.S., Huston, J.P., and Dere, E.
(2006). Wistar rats show episodic-like memory for unique experiences.
Neurobiol. Learn. Mem. 85, 173-182. hitps://doi.org/10.1016/j.nIm.
2005.10.002.

Chao, O.Y., de Souza Silva, M.A,, Yang, Y.-M., and Huston, J.P. (2020).
The medial prefrontal cortex-hippocampus circuit that integrates
information of object, place and time to construct episodic memory in
rodents: behavioral, anatomical and neurochemical properties.
Neurosci. Biobehav. Rev. 113, 373-407. https://doi.org/10.1016/j.neu-
biorev.2020.04.007.

Huston, J.P., and Chao, O.Y. (2023). Probing the nature of episodic mem-
ory in rodents. Neurosci. Biobehav. Rev. 144, 104930. https://doi.org/10.
1016/j.neubiorev.2022.104930.

Crystal, J.D., and Smith, A.E. (2014). Binding of episodic memories in
the rat. Curr. Biol. 24, 2957-2961. https://doi.org/10.1016/j.cub.2014.
10.074.

Babb, S.J., and Crystal, J.D. (2005). Discrimination of what, when, and
where: implications for episodic-like memory in rats. Learn. Motiv. 36,
177-189. https://doi.org/10.1016/j.Imot.2005.02.009.

Ergorul, C., and Eichenbaum, H. (2004). The hippocampus and memory
for “what,”“where,” and “when”. Learn. Mem. 11, 397-405. https://doi.
org/10.1101/Im.73304.


https://doi.org/10.1016/j.cub.2024.06.029
https://doi.org/10.1016/j.cub.2024.06.029
https://doi.org/10.1016/j.lmot.2005.02.010
https://doi.org/10.1016/j.lmot.2005.02.010
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref2
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref2
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref2
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref3
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref3
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref4
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref4
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref4
https://doi.org/10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-HIPO2&gt;3.0.CO;2-G
https://doi.org/10.1002/(SICI)1098-1063(1998)8:3&lt;198::AID-HIPO2&gt;3.0.CO;2-G
https://doi.org/10.1016/j.bbr.2009.11.044
https://doi.org/10.1017/S0140525X07001975
https://doi.org/10.1098/rstb.2008.0301
https://doi.org/10.1093/acprof:oso/9780195161564.003.0001
https://doi.org/10.1016/j.tics.2012.10.009
https://doi.org/10.1016/j.tics.2012.10.009
https://doi.org/10.1098/rspb.2020.1490
https://doi.org/10.1016/s1364-6613(98)01272-8
https://doi.org/10.1098/rstb.2001.0947
https://doi.org/10.1038/26216
https://doi.org/10.1038/26216
https://doi.org/10.1037/0097-7403.31.2.115
https://doi.org/10.1037/0097-7403.29.1.14
https://doi.org/10.1037/0097-7403.25.1.82
https://doi.org/10.1037/0097-7403.27.1.17
https://doi.org/10.1037/0735-7036.113.4.403
https://doi.org/10.1037/0735-7036.113.4.403
https://doi.org/10.1098/rstb.2009.0210
https://doi.org/10.1016/j.nlm.2005.07.002
https://doi.org/10.1016/j.nlm.2005.07.002
https://doi.org/10.1016/j.cub.2006.05.025
https://doi.org/10.1016/j.nlm.2005.10.002
https://doi.org/10.1016/j.nlm.2005.10.002
https://doi.org/10.1016/j.neubiorev.2020.04.007
https://doi.org/10.1016/j.neubiorev.2020.04.007
https://doi.org/10.1016/j.neubiorev.2022.104930
https://doi.org/10.1016/j.neubiorev.2022.104930
https://doi.org/10.1016/j.cub.2014.10.074
https://doi.org/10.1016/j.cub.2014.10.074
https://doi.org/10.1016/j.lmot.2005.02.009
https://doi.org/10.1101/lm.73304
https://doi.org/10.1101/lm.73304

Current Biology

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Ferkin, M.H., Combs, A., delBarco-Trillo, J., Pierce, A.A., and Franklin, S.
(2008). Meadow voles, Microtus pennsylvanicus, have the capacity to
recall the “what”,“where”, and “when” of a single past event. Anim.
Cogn. 11, 147-159. https://doi.org/10.1007/s10071-007-0101-8.

DeVito, L.M., and Eichenbaum, H. (2010). Distinct contributions of the
hippocampus and medial prefrontal cortex to the “what-where-when”
components of episodic-like memory in mice. Behav. Brain Res. 215,
318-325. https://doi.org/10.1016/j.bbr.2009.09.014.

Eacott, M.J., Easton, A., and Zinkivskay, A. (2005). Recollection in an
episodic-like memory task in the rat. Learn. Mem. 12, 221-223. https://
doi.org/10.1101/Im.92505.

Zhou, W., and Crystal, J.D. (2011). Validation of a rodent model of
episodic memory. Anim. Cogn. 714, 325-340. https://doi.org/10.1007/
s$10071-010-0367-0.

Martin-Ordas, G., Haun, D., Colmenares, F., and Call, J. (2010). Keeping
track of time: evidence for episodic-like memory in great apes. Anim.
Cogn. 13, 331-340. https://doi.org/10.1007/s10071-009-0282-4.

Hoffman, M.L., Beran, M.J., and Washburn, D.A. (2009). Memory for
“what”,“where”, and “when” information in rhesus monkeys (Macaca
mulatta). J. Exp. Psychol. Anim. Behav. Process. 35, 143-152. https://
doi.org/10.1037/a0013295.

Lo, K.H., and Roberts, W.A. (2019). Dogs (Canis familiaris) use odor cues
to show episodic-like memory for what, where, and when. J. Comp.
Psychol. 133, 428-441. https://doi.org/10.1037/com0000174.

Zinkivskay, A., Nazir, F., and Smulders, T.V. (2009). What-where-when
memory in magpies (Pica pica). Anim. Cogn. 12, 119-125. https://doi.
org/10.1007/s10071-008-0176-x.

Feeney, M.C., Roberts, W.A., and Sherry, D.F. (2009). Memory for what,
where, and when in the black-capped chickadee (Poecile atricapillus).
Anim. Cogn. 12, 767-777. https://doi.org/10.1007/s10071-009-0236-x.

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

Schnell, A.K., Clayton, N.S., Hanlon, R.T., and Jozet-Alves, C. (2021).
Episodic-like memory is preserved with age in cuttlefish. Proc. Biol.
Sci. 288, 20211052. https://doi.org/10.1098/rspb.2021.1052.

Meyers-Manor, J.E., Overmier, J.B., Hatfield, D.W., and Croswell, J.
(2014). Not so bird-brained: pigeons show what-where-when memory
both as time of day and how long ago. J. Exp. Psychol. Anim. Learn.
Cogn. 40, 225-240. https://doi.org/10.1037/xan0000016.

Skov-Rackette, S.I., Miller, N.Y., and Shettleworth, S.J. (2006). What-
where-when memory in pigeons. J. Exp. Psychol. Anim. Behav.
Process. 32, 345-358. https://doi.org/10.1037/0097-7403.32.4.345.

Pladevall, J., Mendes, N., Riba, D., Llorente, M., and Amici, F. (2020). No
evidence of what-where-when memory in great apes (Pan troglodytes,
Pan paniscus, Pongo abelii, and Gorilla gorilla). J. Comp. Psychol. 134,
252-261. https://doi.org/10.1037/com0000215.

Dekleva, M., Dufour, V., de Vries, H., Spruijt, B.M., and Sterck, E.H.M.
(2011). Chimpanzees (Pan troglodytes) fail a what-where-when task but
find rewards by using a location-based association strategy. PLoS One
6, €16593. https://doi.org/10.1371/journal.pone.0016593.

Hampton, R.R., Hampstead, B.M., and Murray, E.A. (2005). Rhesus mon-
keys (Macaca mulatta) demonstrate robust memory for what and where,
but not when, in an open-field test of memory. Learn. Motiv. 36, 245-259.
https://doi.org/10.1016/j.Imot.2005.02.004.

Gould, K.L., Ort, A.J., and Kamil, A.C. (2012). Do Clark’s nutcrackers
demonstrate what-where-when memory on a cache-recovery task?
Anim. Cogn. 15, 37-44. https://doi.org/10.1007/s10071-011-0429-y.

Morris, R.G., and Frey, U. (1997). Hippocampal synaptic plasticity: role in
spatial learning or the automatic recording of attended experience?
Philos. Trans. R. Soc. Lond. B Biol. Sci. 352, 1489-15083. https://doi.
org/10.1098/rstb.1997.0136.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

¢? CellPress

OPEN ACCESS

Zentall, T.R., Clement, T.S., Bhatt, R.S., and Allen, J. (2001). Episodic-like
memory in pigeons. Psychon. Bull. Rev. 8, 685-690. https://doi.org/10.
3758/bf03196204.

Davies, J.R., and Clayton, N.S. (2024). Is episodic-like memory like
episodic memory? Philos. Trans. R. Soc. Lond. B. Forthcoming.
https://doi.org/10.1098/rstb.2023.0397.

Davies, J.R., Garcia-Pelegrin, E., and Clayton, N.S. (2024). Eurasian jays
(Garrulus glandarius) show episodic-like memory through the incidental
encoding of information. PLoS One 79, e0301298. https://doi.org/10.
1371/journal.pone.0301298.

Sheridan, C.L., Lang, S., Knappenberger, M., Albers, C., Loper, R., Tillett,
B., Sanchez, J., Wilcox, A., Harrison, T., Panoz-Brown, D., et al. (2024).
Replay of incidentally encoded episodic memories in the rat. Curr. Biol.
34, 641-647.e5. https://doi.org/10.1016/j.cub.2023.12.043.

Crystal, J.D. (2021). Evaluating evidence from animal models of episodic
memory. J. Exp. Psychol. Anim. Learn. Cogn. 47, 337-356. https://doi.
org/10.1037/xan0000294.

Panoz-Brown, D., lyer, V., Carey, L.M., Sluka, C.M., Rajic, G.,
Kestenman, J., Gentry, M., Brotheridge, S., Somekh, I., Corbin, H.E.,
et al. (2018). Replay of episodic memories in the rat. Curr. Biol. 28,
1628-1634.e7. https://doi.org/10.1016/j.cub.2018.04.006.

Davies, J.R., Garcia-Pelegrin, E., Baciadonna, L., Pilenga, C., Favaro, L.,
and Clayton, N.S. (2022). Episodic-like memory in common bottlenose
dolphins. Curr. Biol. 32, 3436-3442.e2. https://doi.org/10.1016/j.cub.
2022.06.032.

Zhou, W., Hohmann, A.G., and Crystal, J.D. (2012). Rats answer an unex-
pected question after incidental encoding. Curr. Biol. 22, 1149-1153.
https://doi.org/10.1016/j.cub.2012.04.040.

Sato, N. (2021). Episodic-like memory of rats as retrospective retrieval of
incidentally encoded locations and involvement of the retrosplenial cor-
tex. Sci. Rep. 11, 2217. https://doi.org/10.1038/s41598-021-81943-9.

Fugazza, C., Pongracz, P., Pogany, A., Lenkei, R., and Miklési, A. (2020).
Mental representation and episodic-like memory of own actions in dogs.
Sci. Rep. 10, 10449. https://doi.org/10.1038/s41598-020-67302-0.

Fugazza, C., Pogany, A., and Mikldsi, A. (2016). Recall of others’ actions
after incidental encoding reveals episodic-like memory in dogs. Curr.
Biol. 26, 3209-3213. https://doi.org/10.1016/j.cub.2016.09.057.

Fujita, K., Morisaki, A., Takaoka, A., Maeda, T., and Hori, Y. (2012).
Incidental memory in dogs (Canis familiaris): adaptive behavioral solution
at an unexpected memory test. Anim. Cogn. 15, 1055-1063. https://doi.
0rg/10.1007/s10071-012-0529-3.

Takagi, S., Tsuzuki, M., Chijiiwa, H., Arahori, M., Watanabe, A., Saito, A.,
and Fujita, K. (2017). Use of incidentally encoded memory from a single
experience in cats. Behav. Processes 7141, 267-272. https://doi.org/10.
1016/j.beproc.2016.12.014.

Singer, R.A., and Zentall, T.R. (2007). Pigeons learn to answer the ques-
tion “where did you just peck?” and can report peck location when unex-
pectedly asked. Learn. Behav. 35, 184-189. https://doi.org/10.3758/
bf03193054.

Zentall, T.R., Singer, R.A., and Stagner, J.P. (2008). Episodic-like mem-
ory: pigeons can report location pecked when unexpectedly asked.
Behav. Processes 79, 93-98. https://doi.org/10.1016/j.beproc.2008.
05.008.

Cheke, L.G., and Clayton, N.S. (2013). Do different tests of episodic
memory produce consistent results in human adults? Learn. Mem. 20,
491-498. https://doi.org/10.1101/Im.030502.113.

Crystal, J.D. (2018). Animal models of episodic memory. Comp. Cogn.
Behav. Rev. 13, 105-122. https://doi.org/10.3819/CCBR.2018.130012.
Emery, N.J., and Clayton, N.S. (2004). The mentality of crows: conver-
gent evolution of intelligence in corvids and apes. Science 306, 1903-
1907. https://doi.org/10.1126/science.1098410.

Feenders, G., and Smulders, T.V. (2008). Chapter 2.4 Episodic-like mem-
ory in food-hoarding birds. Handb. Behav. Neurosci. 18, 197-216.
https://doi.org/10.1016/S1569-7339(08)00212-9.

Current Biology 34, 3593-3602, August 19, 2024 3601



https://doi.org/10.1007/s10071-007-0101-8
https://doi.org/10.1016/j.bbr.2009.09.014
https://doi.org/10.1101/lm.92505
https://doi.org/10.1101/lm.92505
https://doi.org/10.1007/s10071-010-0367-0
https://doi.org/10.1007/s10071-010-0367-0
https://doi.org/10.1007/s10071-009-0282-4
https://doi.org/10.1037/a0013295
https://doi.org/10.1037/a0013295
https://doi.org/10.1037/com0000174
https://doi.org/10.1007/s10071-008-0176-x
https://doi.org/10.1007/s10071-008-0176-x
https://doi.org/10.1007/s10071-009-0236-x
https://doi.org/10.1016/j.cub.2013.10.021
https://doi.org/10.1098/rspb.2021.1052
https://doi.org/10.1037/xan0000016
https://doi.org/10.1037/0097-7403.32.4.345
https://doi.org/10.1037/com0000215
https://doi.org/10.1371/journal.pone.0016593
https://doi.org/10.1016/j.lmot.2005.02.004
https://doi.org/10.1007/s10071-011-0429-y
https://doi.org/10.1098/rstb.1997.0136
https://doi.org/10.1098/rstb.1997.0136
https://doi.org/10.3758/bf03196204
https://doi.org/10.3758/bf03196204
https://doi.org/10.1098/rstb.2023.0397
https://doi.org/10.1371/journal.pone.0301298
https://doi.org/10.1371/journal.pone.0301298
https://doi.org/10.1016/j.cub.2023.12.043
https://doi.org/10.1037/xan0000294
https://doi.org/10.1037/xan0000294
https://doi.org/10.1016/j.cub.2018.04.006
https://doi.org/10.1016/j.cub.2022.06.032
https://doi.org/10.1016/j.cub.2022.06.032
https://doi.org/10.1016/j.cub.2012.04.040
https://doi.org/10.1038/s41598-021-81943-9
https://doi.org/10.1038/s41598-020-67302-0
https://doi.org/10.1016/j.cub.2016.09.057
https://doi.org/10.1007/s10071-012-0529-3
https://doi.org/10.1007/s10071-012-0529-3
https://doi.org/10.1016/j.beproc.2016.12.014
https://doi.org/10.1016/j.beproc.2016.12.014
https://doi.org/10.3758/bf03193054
https://doi.org/10.3758/bf03193054
https://doi.org/10.1016/j.beproc.2008.05.003
https://doi.org/10.1016/j.beproc.2008.05.003
https://doi.org/10.1101/lm.030502.113
https://doi.org/10.3819/CCBR.2018.130012
https://doi.org/10.1126/science.1098410
https://doi.org/10.1016/S1569-7339(08)00212-9

¢? CellPress

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

OPEN ACCESS

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. Lond. B Biol. Sci. 362, 507-522. https://doi.org/
10.1098/rstb.2006.1992.

Chamberlain, D.E., Gosler, A.G., and Glue, D.E. (2007). Effects of the
winter beechmast crop on bird occurrence in British gardens. Bird
Study 54, 120-126. https://doi.org/10.1080/00063650709461463.
Pritchard, D.J., Hurly, T.A., Tello-Ramos, M.C., and Healy, S.D. (2016).
Why study cognition in the wild (and how to test it)? J. Exp. Anal.
Behav. 105, 41-55. https://doi.org/10.1002/jeab.195.

Marshall, R.E.S., Hurly, T.A., Sturgeon, J., Shuker, D.M., and Healy, S.D.
(2013). What, where and when: deconstructing memory. Proc. Biol. Sci.
280, 20132194. https://doi.org/10.1098/rspb.2013.2194.

Perrins, C. (1979). British Tits (HarperCollins).

. Aronsson, M., and Gamberale-Stille, G. (2008). Domestic chicks primarily

attend to colour, not pattern, when learning an aposematic coloration.
Anim. Behav. 75, 417-423. https://doi.org/10.1016/j.anbehav.2007.
05.006.

Morand-Ferron, J., Cole, E.F., Rawles, J.E.C., and Quinn, J.L. (2011).
Who are the innovators? A field experiment with 2 passerine species.
Behav. Ecol. 22, 1241-1248. https://doi.org/10.1093/beheco/arr120.

Reichert, M.S., Crofts, S.J., Davidson, G.L., Firth, J.A., Kulahci, I.G., and
Quinn, J.L. (2020). Multiple factors affect discrimination learning perfor-
mance, but not between-individual variation, in wild mixed-species
flocks of birds. R. Soc. Open Sci. 7, 192107. https://doi.org/10.1098/
rsos.192107.

Farine, D.R., Aplin, L.M., Sheldon, B.C., and Hoppitt, W. (2015).
Interspecific social networks promote information transmission in wild
songbirds. Proc. Biol. Sci. 282, 20142804. https://doi.org/10.1098/
rspb.2014.2804.

Cauchard, L., Bize, P., and Doligez, B. (2024). How to solve novel prob-
lems: the role of associative learning in problem-solving performance in
wild great tits Parus major. Anim. Cogn. 27, 32. https://doi.org/10.
1007/s10071-024-01872-8.

Clayton, N.S., and Krebs, J.R. (1994). One-trial associative memory:
comparison of food-storing and nonstoring species of birds. Anim.
Learn. Behav. 22, 366-372. https://doi.org/10.3758/BF03209155.

Clayton, N.S., and Krebs, J.R. (1994). Memory for spatial and object-spe-
cific cues in food-storing and non-storing birds. J. Comp. Physiol. A 174,
371-379. https://doi.org/10.1007/BF00240218.

Brodin, A., and Urhan, A.U. (2014). Interspecific observational memory in
a non-caching Parus species, the great tit Parus major. Behav. Ecol.
Sociobiol. 68, 649-656. https://doi.org/10.1007/s00265-013-1679-2.
Van Horik, J.0., Clayton, N.S., and Emery, N.J. (2012). Convergent evo-
lution of cognition in corvids, apes and other animals. In The Oxford
Handbook of Comparative Evolutionary Psychology ((Oxford University
Press), pp. 80-101.

Clayton, N.S., Bussey, T.J., and Dickinson, A. (2003). Can animals recall
the past and plan for the future? Nat. Rev. Neurosci. 4, 685-691. https://
doi.org/10.1038/nrn1180.

Crystal, J.D. (2022). Memory: dolphins remember incidental events. Curr.
Biol. 32, R929-R931. https://doi.org/10.1016/j.cub.2022.08.007.
Crystal, J.D. (2016). Comparative cognition: action imitation using
episodic memory. Curr. Biol. 26, R1226-R1228. https://doi.org/10.
1016/j.cub.2016.10.010.

Matthews, J., Schroder, P., Kaunitz, L., Van Boxtel, J.J.A., and Tsuchiya,
N. (2018). Conscious access in the near absence of attention: critical ex-
tensions on the dual-task paradigm. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 373, 20170352. https://doi.org/10.1098/rstb.2017.0352.

Matthews, J., Wu, J., Corneille, V., Hohwy, J., van Boxtel, J., and
Tsuchiya, N. (2019). Sustained conscious access to incidental memories

3602 Current Biology 34, 3593-3602, August 19, 2024

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.
101.

102.

103.

Current Biology

in RSVP. Atten. Percept. Psychophys. 81, 188-204. https://doi.org/10.
3758/s13414-018-1600-1.

Qianchen, L., Gallagher, R.M., and Tsuchiya, N. (2022). How much can
we differentiate at a brief glance: revealing the truer limit in conscious
contents through the Massive Report Paradigm (MRP). R. Soc. Open
Sci. 9, 210394. https://doi.org/10.1098/rs0s.210394.

Kaunitz, L.N., Rowe, E.G., and Tsuchiya, N. (2016). Large capacity of
conscious access for incidental memories in natural scenes. Psychol.
Sci. 27, 1266-1277. https://doi.org/10.1177/0956797616658869.

Allen, T.A., and Fortin, N.J. (2013). The evolution of episodic memory.
Proc. Natl. Acad. Sci. USA 710, 10379-10386. https://doi.org/10.1073/
pnas.1301199110.

van Woerkum, B. (2021). The evolution of episodic-like memory: the
importance of biological and ecological constraints. Biol. Philos. 36,
11. https://doi.org/10.1007/s10539-021-09785-3.

Clayton, N.S. (1995). Development of memory and the hippocampus:
comparison of food-storing and nonstoring birds on a one-trial associa-
tive memory task. J. Neurosci. 15, 2796-2807. https://doi.org/10.1523/
JNEUROSCI.15-04-02796.1995.

Krebs, J.R., Healy, S.D., and Shettleworth, S.J. (1990). Spatial memory of
Paridae: comparison of a storing and a non-storing species, the coal tit,
Parus ater, and the great tit, P. major. Anim. Behav. 39, 1127-1137.
https://doi.org/10.1016/S0003-3472(05)80785-7.

Urhan, A.U., and Brodin, A. (2015). No evidence for memory interference
across sessions in food hoarding marsh tits Poecile palustris under lab-
oratory conditions. Anim. Cogn. 18, 649-656. https://doi.org/10.1007/
s10071-015-0833-9.

Bosse, M., Spurgin, L.G., Laine, V.N., Cole, E.F., Firth, J.A., Gienapp, P.,
Gosler, A.G., McMahon, K., Poissant, J., Verhagen, I., et al. (2017).
Recent natural selection causes adaptive evolution of an avian polygenic
trait. Science 358, 365-368. https://doi.org/10.1126/science.aal3298.

Morand-Ferron, J., Hamblin, S., Cole, E.F., Aplin, L.M., and Quinn, J.L.
(2015). Taking the operant paradigm into the field: associative learning
in wild great tits. PloS One 70, e0133821. https://doi.org/10.1371/jour-
nal.pone.0133821.

Morand-Ferron, J., and Quinn, J.L. (2015). The evolution of cognition in
natural populations. Trends Cogn. Sci. 19, 235-237. https://doi.org/10.
1016/j.tics.2015.03.005.

Troisi, C.A., Cooke, A.C., Davidson, G.L., de la Hera, I., Reichert, M.S.,
and Quinn, J.L. (2020). No evidence for cross-contextual consistency
in spatial learning and behavioural flexibility in a passerine. Preprint at
bioRxiv. https://doi.org/10.1101/2020.09.04.282566.

Kelber, A. (2019). Bird colour vision—from cones to perception. Curr.
Opin. Behav. Sci. 30, 34-40. https://doi.org/10.1016/j.cobeha.2019.
05.003.

RStudio Team (2020). RStudio: Integrated Development Environment for
R (RStudio, PBC).

R Core Team (2021). R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing).

Wickham, H., Francois, R., Henry, L., Muller, K., and Wickham, M.H.
(2019). Package ‘dplyr’: A Grammar of Data Manipulation. R package
version 8.

Grolemund, M.G., and Wickham, H. (2013). Package ‘lubridate’.
Wickham, H. (2017). Package tidyverse: Easily install and load the
‘Tidyverse. R package version 1.2.1. https://CRAN.R-project.org/
package=tidyverse.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R.H.B.,
Singmann, H., Dai, B., Grothendieck, G., Green, P., and Bolker, M.B.
(2015). Package ‘Ime4’. Convergence 12, 2.

Hartig, F., and Hartig, M.F. (2017). Package ‘DHARMa’. R package.


https://doi.org/10.1098/rstb.2006.1992
https://doi.org/10.1098/rstb.2006.1992
https://doi.org/10.1080/00063650709461463
https://doi.org/10.1002/jeab.195
https://doi.org/10.1098/rspb.2013.2194
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref70
https://doi.org/10.1016/j.anbehav.2007.05.006
https://doi.org/10.1016/j.anbehav.2007.05.006
https://doi.org/10.1093/beheco/arr120
https://doi.org/10.1098/rsos.192107
https://doi.org/10.1098/rsos.192107
https://doi.org/10.1098/rspb.2014.2804
https://doi.org/10.1098/rspb.2014.2804
https://doi.org/10.1007/s10071-024-01872-8
https://doi.org/10.1007/s10071-024-01872-8
https://doi.org/10.3758/BF03209155
https://doi.org/10.1007/BF00240218
https://doi.org/10.1007/s00265-013-1679-2
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref79
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref79
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref79
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref79
https://doi.org/10.1038/nrn1180
https://doi.org/10.1038/nrn1180
https://doi.org/10.1016/j.cub.2022.08.007
https://doi.org/10.1016/j.cub.2016.10.010
https://doi.org/10.1016/j.cub.2016.10.010
https://doi.org/10.1098/rstb.2017.0352
https://doi.org/10.3758/s13414-018-1600-1
https://doi.org/10.3758/s13414-018-1600-1
https://doi.org/10.1098/rsos.210394
https://doi.org/10.1177/0956797616658869
https://doi.org/10.1073/pnas.1301199110
https://doi.org/10.1073/pnas.1301199110
https://doi.org/10.1007/s10539-021-09785-3
https://doi.org/10.1523/JNEUROSCI.15-04-02796.1995
https://doi.org/10.1523/JNEUROSCI.15-04-02796.1995
https://doi.org/10.1016/S0003-3472(05)80785-7
https://doi.org/10.1007/s10071-015-0833-9
https://doi.org/10.1007/s10071-015-0833-9
https://doi.org/10.1126/science.aal3298
https://doi.org/10.1371/journal.pone.0133821
https://doi.org/10.1371/journal.pone.0133821
https://doi.org/10.1016/j.tics.2015.03.005
https://doi.org/10.1016/j.tics.2015.03.005
https://doi.org/10.1101/2020.09.04.282566
https://doi.org/10.1016/j.cobeha.2019.05.003
https://doi.org/10.1016/j.cobeha.2019.05.003
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref97
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref97
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref98
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref98
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref99
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref99
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref99
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref100
https://CRAN.R-project.org/package=tidyverse
https://CRAN.R-project.org/package=tidyverse
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref102
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref102
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref102
http://refhub.elsevier.com/S0960-9822(24)00813-3/sref103

Current Biology ¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data Open Science Framework https://doi.org/10.17605/0SF.I0/QW7GU
Experimental models: Organisms/strains

Blue tit (Cyanistes caeruleus) Madingley Wood, Cambridgeshire, UK N/A

Great tit (Parus major) Madingley Wood, Cambridgeshire, UK N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, James Davies (jd940@
cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The data and code have been deposited in an Open Science Framework Repository and are publicly available as of the date of
publication. DOIs are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

General

The experiments were reviewed and approved by the University of Cambridge AWERB (Animal Welfare Ethical Review Body) and
were conducted under university non-regulated licence (what-where-when, ZO068/19; incidental encoding, NR2022/92). Experi-
ments took place in Madingley Wood, Cambridgeshire, UK. Birds were ringed as part of longitudinal population monitoring and fitted
with a British Trust for Ornithology (BTO) ring, and a passive integrated transponder (PIT) tag. Blue tits and great tits were sexed and
aged according to plumage characteristics, although sexing was unreliable for blue tits and therefore not recorded. As interaction
with the experimental feeders was voluntary, not all tagged birds could be used in this study.

What-where-when memory

Data were collected from January to March 2022. 77 individuals (blue tits, n = 50; great tits, n = 27) participated in this experiment. A
bird was considered to have participated if they took part in at least 16 training trials (the minimum number of trials that an individual
passed the training criterion in, see below for definitions). 19 individuals (blue tits, n = 11; great tits, n = 8) passed the training criterion
(reached in 16-42 trials, mean = 29.16 + 1.60 SE), and of those, 18 (blue tits, n = 10; great tits, n = 8) participated in at least one test
trial. Sample details (individual characteristics, training criterion pass date and number of trials, and test trial participation) can be
found in Table S1.

Incidental encoding

Data were collected from January to March 2023. 78 individuals (blue tits, n = 66; great tits, n = 12) participated in this experiment, in
that they completed at least one trial across the experiment (in either “which” or “where” tests). 68 individuals (blue tits, n = 58; great
tits, n = 10) completed at least one where test trial (in either “linear” or “triangle” conditions). Of these, 39 birds completed linear
condition trials (blue tits, n = 32; great tits, n = 7) and 48 completed triangle condition trials (blue tits, n = 44; great tits, n = 4). 30 in-
dividuals (blue tits, n = 25; great tits, n = 5) completed at least one which test trial (in either “colour” or “pattern” conditions). Of these,
19 birds completed colour condition trials (blue tits, n = 14; great tits, n = 5) and 20 completed pattern condition trials (blue tits, n =17;
great tits, n = 3). Sample details (individual characteristics and test trial participation) can be found in Table S2.
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METHOD DETAILS

General

Feeders were hung from metal poles with squirrel baffle-domes placed above and below the feeder, surrounded by a wire cage to
shield from rain and squirrels (Figure 1A). The feeder perch (only large enough for a single bird) contained a strain-gauge, which acti-
vated the radio-frequency identification reader (thus saving battery power when birds were not visiting). The feeder logged time-
stamped visits for each unique PIT tag number, saved to an SD card. Upon detection of a bird, the programmable rules either trig-
gered or did not trigger the servo-operated door to open. Once a bird left (and its PIT tag was no longer detected), the feeder door
quickly closed, preventing access to other birds. Whilst another bird may to attempt to access the food before the door closed, we
never observed successful scrounging attempts (based on video recordings of feeder activity), so these are likely rare or entirely
absent.

What-where-when

Food preference test

The what-where-when memory test requires subjects to switch from preferred to unpreferred food choices once the preferred food
item is expected to be unavailable. Therefore, we confirmed that birds exhibited a food preference for sunflower seeds over peanuts
by providing birds with a choice between pairs of feeders containing either shelled sunflower hearts or peanut pieces matched for
size, deployed in January 2021 and again in November and December 2021. Feeder position was swapped every other day to control
for positional preferences. We predicted that birds would visit the sunflower seed feeder more than the peanut feeder (based on per-
sonal observations).

Training phase

Three feeders were placed in a triangular array (Figure 1), as linear arrays can bias learning speed.’® Feeders were spaced 2m apart,
and at equal distance from cover (bramble bushes and elm trees). All feeder doors faced outward toward cover. We assigned three
experimental food items (matched for size) to each feeder location: sunflower seeds (preferred), peanuts (less-preferred), and gravel
(control) at random. The control feeder was included to ensure that a bird’s choice of feeders was not simply due to the avoidance of
another feeder (i.e., if they had learned to avoid the preferred feeder after the depletion period had ended). These food locations re-
mained fixed throughout the training phase. All feeders (including doors) were covered with white tape (Figure 1) to obstruct visual
access to the food within, forcing the birds to rely on memory, and to increase their visual salience within the woods. When an indi-
vidual was first detected on the preferred feeder, a 2 hour “depletion period” was triggered for that individual. In other words, the
feeder was only available to an individual for 2 hours, after which point the “replenish period” began and the feeder door remained
closed for that individual, until the following day (Figure 2A). By contrast, the less-preferred and control feeders always remained
accessible to any PIT tagged bird that foraged at them (Figure 2B). Consequently, the birds had access to all feeders during the
depletion phase, but crucially, only the less-preferred and control feeders during the replenish phase. If birds used what-where-
when memory, they should preferentially visit the preferred feeder during the depletion period, and switch to visiting the less-
preferred feeder during the replenish period. To ensure birds learned “when” the preferred feeder was available relative to their daily
initial, rather than using circadian rhythm or daylight cues, the feeders were manually set up between 8am and 12pm (randomised in
1-hour intervals each set up date), thus preventing birds from habitually arriving to the feeders at the same time each morning.
Feeders were dismantled the following day just before sunset (2:30-5pm according to daylight cycles) and data were downloaded.
To ensure the birds used spatial information, rather than local visual cues, the computerised feeders (as well as the poles and cages)
were randomised at each set up (with the food type locations remaining consistent). A bird’s “initial visit” was their first visit of the day
to the preferred feeder, which began the depletion period. When birds visit the array of feeders to forage, they may make multiple
visits before leaving the area. These visits are typically within a 5-minute interval (Figure S4). Therefore, to test whether birds remem-
bered where food was available when, we recorded an individual’s visit as a “choice” if they had not been detected at a feeder for at
least 5 minutes. This conservative threshold ensured the birds’ choice was their first visit following a period of inactivity with the
feeders, which we define here as a “foraging event”. We recorded two types of choices: “short interval choice”, when the preferred
food was available, and “long interval choice”: when the preferred food was unavailable (Figure 2C). To pass the training phase, in-
dividuals had to reach a criterion of 8/10 correct training trials, i.e., choosing the less-preferred feeder first during the replenish period,
over a period of 10 days (as only one long interval choice could be made per day). We only counted correct long interval choices
towards training trials and the criterion as these choices represent the critical inversion of preference and thus demonstrates that
they had learned the “when” component of the feeder rules. Once a bird reached the training criterion, the training feeders became
inaccessible to them (including the less-preferred and control feeders), and these individuals were provided access to the test
feeders. The test feeders and training feeders ran simultaneously in different locations (see below). Therefore, advancing to the
test phase was based on individual-level, rather than population-level, progression. This ensured that birds who reached the criterion
were not over-reinforced at the training location, and allowed them to immediately advance to the test phase whilst simultaneously
allowing others to continue training

Test phase

Feeder arrays were set up in trial-unique locations (“sites”) throughout the woods. We selected 15 suitable sites (with roughly equal
cover and high bird activity) that were at least 20m apart. The order of sites used was pseudo-randomised, in that no single site was
selected more than once until the others had been used. If it was not possible to have all three feeders under completely equal cover,
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the positions of the feeders (and thus their contents) were counterbalanced across sites, according to their distance from cover. We
identified all sites in advance of the experiment, erected support poles in a triangular array, then designated each feeder position
according to relative cover within a site (e.g., the closest feeder to cover = 1, furthest away = 3). This then meant that we counter-
balanced the relative cover rating of the feeders so that e.g., the less-preferred feeder was not closest to cover more than the
preferred or control feeders across sites. If a site was re-used, the positions of the feeders were changed to ensure that each exper-
imental period was trial-unique. The same feeder rules and set up procedures were used for the test phase as the training phase. In
order to be considered as participating and included in the analysis, for each site, individuals had to make at least one initial visit to the
preferred feeder (triggering the depletion period), at least one visit to one of the other two feeders during the initial foraging event (so
they had the opportunity to experience a preferred feeder, a less-preferred feeder and/or a control feeder; thus allowing an informed
choice on subsequent visits), and at least one short or long interval choice. Only a bird’s first choice (i.e., their first visit to any feeder
following a >5-minute period of inactivity) of the day for each interval (short or long) was counted in the analyses. In other words, an
individual only had a single trial per interval for each test session (even if they returned in a subsequent foraging event within interval
periods). This ensured that their critical choice regarding which feeder to visit after each interval was based on a memory of the initial
visit of the day, rather than a reaction to a non-rewarding feeder (i.e., win-stay/lose-shift). 10 blue tits and 8 great tits participated in
test trials and made an average of 4.28 + 0.71 (SE) short interval choices (min = 0, max = 11) and 3.44 + 0.59 (SE) long interval choices
(min =0, max = 9). 3 birds made short interval choices but no long interval choices and 1 bird made long interval choices but no short
interval choices. Results did not differ if they were removed, so we included them in the analysis to increase the sample size.

Incidental encoding

As the birds readily forage at artificial feeders, no training phase was required. Three sites were selected as testing sites surrounded
by roughly equal tree and bush cover with high levels of bird activity. We placed three feeder poles in an array, each 2m apart. Each
feeder pole had a pair of feeders to reduce dominance effects on individual choices. As each pair of feeders represents the informa-
tion cue, we refer to them as “feeder” for simplicity. Although the cover was roughly equal, the feeders were ranked in order of prox-
imity to cover. The rank of the feeder containing food was counterbalanced across testing periods. The feeders were set up in either a
linear array (i.e., in a row) or a triangular array (as in the what-where-when test). The position of the feeder with food (e.g., right, middle
or left) was also counterbalanced across test periods. Two incidental encoding tests were conducted: the “where” test (incidental
encoding of spatial information) and the “which” test (incidental encoding of visual information). Test types were alternated. Both
tests were split into two phases: the “encoding phase” and the “memory phase” (Figure 4). In the encoding phase, the feeders
were set up from 8:30-10am. In this phase, only one of the 3 feeders contained food (Figures 4A and 4C). The incidental encoding
paradigm works on the basis that food contents were visible as a salient, unconditioned stimulus to obtain food and other visual and
spatial information were unlikely to be explicitly encoded. These details were not explicitly trained to be associated with food rewards
as there were not repeated trials, thus they did not have the opportunity to learn that this information will become a useful cue to
obtain rewards in an anticipated memory test. Instead, the additional visual/spatial information represented background, or inci-
dental, information. Moreover, there was no specific motor training required for this experiment (the birds simply landed on a feeder
containing visible food and were not required to learn to perform a specific action to receive this food), it is highly unlikely that these
details represented useful information to the birds in obtaining current or future rewards. Therefore, if encoded and utilised at test, this
information was encoded automatically, mirroring the incidental encoding process of human episodic memory. However, as with
what-where-when memory, we do not know if this recall involves conscious experience as it does with humans. The feeders were
left up in the encoding phase format for half an hour in order allow time for the birds to discover the food and to make visits, but
to minimise the time for them to visit repeatedly. Only birds that visited the feeders over a single foraging event, and thus a single
experience, were included in the analysis (as repeated exposure may lead to the explicit encoding of the feeder details). Any bird
with a PIT tag could participate in these trials. After this period, the feeders were taken down. After an hour, the feeders were set
up again for the memory phase (Figure 4). In this phase, the contents of all the feeders were not visible (the section containing the
food was occluded with plastic covers; Figures 4B and 4D), forcing the use of memory to attempt to locate the food. Only a bird’s
first choice to any feeder was counted in the analysis. None of the feeders contained food (to control for olfactory or subtle visual
cues) and were programmed to inhibit access to any bird (to control for social information).

Where test

All feeders in where trials were visually identical. In the encoding phase, the feeders were set up in either a linear array (“linear” con-
dition) or in a triangular array (“triangle” condition). Only individuals’ first trial for each condition was counted in the analysis, as
although food was not accessible in the memory phase thus preventing positive reinforcement, repeated trials may lead to the explicit
encoding of feeder details. During the memory phase, the feeders were set back up in the exact same positions (with the actual
feeders and feeder poles swapped to prevent the use of accidental visual cues), so that the “correct” feeder was in the exact
same spatial position as the feeder containing food in the encoding phase (Figures S5A-S5D). Consequently, if the birds encoded
incidental information regarding the spatial position of the feeder that contained food in the encoding phase, then they should re-visit
the feeder in the same position in the memory phase. The conditions (linear or triangle) were alternated across test periods.
Which test

Each of the feeders in which trials were visually distinct, in that each was topped by a uniquely painted plastic cover (Figures 4C and
4D). In “colour” condition trials, the cover was painted either yellow, red, or blue (visually discriminable to birds®® and chosen to stand
out against the green foliage) (Figures 4C and 4D). In “pattern” condition trials, the covers were painted white with either straight
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black stripes, wavey lines, or spots. We ran both colour and pattern trials as we may expect a difference in incidental encoding with
respect to visual stimulus type.”" Again, only an individual’s first trial for each condition was counted in the analysis. In the encoding
phase, the feeders were set up in either a linear array or in a triangular array, alternated between each test. During the memory phase,
the feeders were set back up, but in the alternative array (i.e., if they were set up in a linear array in the encoding phase, then they
would be set up in a triangular array in the memory phase), so that the “correct” feeder was now in a distinct spatial location to
the feeder containing food in the encoding phase (Figures S5E-S5H). Consequently, if the birds encoded incidental information
regarding the visual characteristic of the feeder that contained food in the encoding phase, then they should re-visit the feeder
with the same characteristic in the memory phase. The conditions (colour or pattern) were alternated with each test period.

QUANTIFICATION AND STATISTICAL ANALYSIS

General

All analysis were conducted using RStudio.””® Visitation data were sorted and filtered using the “dplyr”,%® “lubridate”,'®° and “ti-
dyverse”'?" packages. Generalised linear mixed models (GLMMSs) were generated with the “Ime4” package.'% Models’ assump-
tions were checked using the “DHARMa” package. '

What-where-when

Food preference test

To test whether birds preferred sunflower seeds over peanuts, we performed two GLMMs with the following response variables: 1.
Total number of visits to each feeder with a Poisson distribution, and 2. The proportion of visits to one feeder out of total visits to both
feeders with a binomial distribution. We included “feeder” (sunflower seeds or peanuts), “species” (great tit or blue tit) and “season”
(Jan or Nov/Dec) as fixed effects, including an interaction between feeder and species, and feeder and season. “Individual” and
“day” were included as random effects. For model 1, we included observational level random effects to control for overdispersion,
and for model 2, we controlled for total number of visits by including the function offset() and the log of total number of visits to both
feeders. Birds visited the sunflower heart feeder significantly more than the peanut feeder (z = 5.45, p < 0.001; Figure S1), and this
effect was most pronounced in January compared to November/December (feeder*season interaction: z = -2.77, p = 0.006). There
was no significant interaction between species and feeder (z = 2.22, p = 0.27). The proportion of visits to the sunflower heart feeder
was significantly greater than the proportion of visits to the peanut feeder (z = 6.3, p < 0.001; Figure S2), and this effect was more
pronounced in January compared to November/December (feeder*season interaction: z = -4.72, p < 0.001). There was no significant
interaction between species and feeder (z = 1.64, p = 0.1), and there were significantly less great tit visits compared to blue tit visits
(z=-2.8, p =0.005).

Main test

If blue tits and great tits pass the what-where-when test, they should choose the non-preferred feeder when the preferred feeder is
not available. We quantified this as a relative change in food choice, i.e., if the birds chose the less-preferred feeder more during the
replenish period compared to during the depletion period. We ran binomial GLMMs with the response variable of “proportion” of
choices to the less-preferred feeder. The full model assessed whether the proportion was influenced by the fixed effects “interval”
(short - during the depletion period; or long - during the replenish period), “species” (blue tit or great tit), and “age” (juvenile or adult),
with number of “trials” modelled with an offset term (offset(log(trials))) to control for variation in the number of trials each individual
participated in, and “individual” as a random effect, as well as interactions between interval and species and interval and age. Non-
significant interactions were dropped from the final model to avoid over-fitting and Akaikie Information Criterion were > 4 units less in
the model without interactions.

Satiation test

To test whether performance in the what-where-when test could be explained by birds becoming sated on sunflower seeds and
therefore switched to peanuts, rather than recalling when their preferred food was available, we examined the preference test
data when both food types were freely available. We performed GLMMs with the proportion of visits to sunflower hearts out of total
visits to both feeders with a binomial distribution. We included “hour of the day” as a fixed variable as we expected the proportion of
peanuts to increase throughout the day if birds became sated on sunflower hearts. We also included an interaction with “species”
(blue tit or great tit), and included “day” and “individual” as random effects. We ran this analysis twice, once from the preference test
data collected in November, and again with the preference test data collected in January. There was no significant main effect for
hour of the day (November: z = 0.05, p = 0.83; January: z = 1.04, p = 0.30), and the interaction was non-significant (November:
z=-0.16, p = 0.88; January: z = 0.54, p = 0.60).

Incidental encoding

Main tests

If blue tits and great tits pass the incidental encoding test, they should choose the feeder that previously contained food (i.e., isin
the same spatial position or has the same visual characteristics). For each test (where or which) we conducted binomial GLMMs
with the binary response variable of “choice” to the correct feeder. Both models assessed whether choice was influenced by the
fixed effects “condition” (where = linear or triangle; which = colour or pattern), “species” (blue tit or great tit) and age (adult or
juvenile), and “trial order” (1-4, i.e., 1 trial per condition), with “individual” as a random effect. To test against the null value of

e4 Current Biology 34, 3593-3602.e1-€5, August 19, 2024



Current Biology ¢? CellPress

OPEN ACCESS

0.33, i.e., if choice was above levels expected by chance, we included an offset model (the logit transform of the null value) as an
additional fixed effect. Where appropriate, post hoc binomial tests were run to analyse if data within categories (e.g., age:juvenile)
were above chance levels.

Cover test

Although the relative position of the feeder containing food in relation to cover (i.e., proximity to foliage cover) was pseudorandomised
across the experiment, we ran an additional binomial GLMM with the response variable of “proportion of choices” to each feeder in
the memory phases (per test session, in both where and which tests) with the fixed effect relative “cover” (rated 1-3) and “session” as
arandom effect. Cover did not have a significant effect on the proportion of choices to each feeder across the experiment (z = -0.688,
p = 0.491).
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