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MEGAN L. HOFFMAN

Under the Direction of David A. Washburn

ABSTRACT

The purpose for the present study was to examine workingpryefor what where and
wheninformation in rhesus monkeyslécaca mulattapnd adult humans using a computerized
task. In Experiment 1, monkeys and humans completee tlalayed matching-to-sample
(DMTS) tasks: 1) identity DMTS, 2) spatial DMTS, and 3pp®ral DMTS. In Experiments 2,
the identity and spatial tasks were combined so that ngsrikad to report botwhatandwhere
information about an event. In Experiment 3, the itigrépatial, and temporal tasks were
combined in order to examinghat-where-whememory integration. In Experiment 4, monkeys
and humans were presented with two sequential events,raathary cue indicated which event
they were required to report. The rhesus monkeys améimyarticipants were able to report all
three components of the events and there was some evisleggesting that these components

were integrated in memory for the rhesus monkeys.

INDEX WORDS: Episodic memory, Episodic-like, Evenémory, Temporal, What, Where,
When, Nonhuman primates, Human participants
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Memory for “What”, “Where”, and “When” Information by

Rhesus Monkeydacaca mulattaand Adult Humans

INTRODUCTION

In a natural environment, many species, including nonhumaraes must remember
multiple types of information, including memory for whegyarticular foods are located in space
and memory for temporal information concerning their pnevifmraging experiences, in order to
keep track of available food sources. Inthe comparét@rature, there are numerous
impressive examples of working memory and long-term séimenemory in a variety of
nonhuman species, including nonhuman primates (Beran, 206, Btate, & Richardson,
2000; Washburn & Astur, 1998). However, few studies havaaitkpkexamined memory for
multiple components of a single past event in nonhuysnamate species. In the human
literature, the ability to remember multiple componegita personally experienced event is
referred to as episodic memory and has been argued todae taihumans and absent in other
species including our closest living relatives, the nonhupnamates (Tulving, 1972, 1993,
2005). However, in recent years there has been ireteasearch devoted to examining
memory in nonhuman species for episodes or eventd é&eace and Metcalfe, 2005 for a
review).

In contrast to other forms of memory such as workinghorg or long-term semantic
memory, episodic memory refers to memory for a uniqeaiefvom one’s past in which
multiple components of the event (i.e.., what, wharel when the event took place) are bound
together and integrated in long-term memory (Tulving, 1972, 19B3)thermore, for humans

the retrieval of episodic memory is accompanied byweareness of one’s past and a subjective



conscious experience, in which the owner of an episodimory feels as if he or she is mentally
traveling back to the time and place where the event memtutn contrast to semantic memory,
which refers to memory for general information aboutwbeld (i.e., knowing factual

information about events that you directly experienaedarned about through another source),
episodic memory refers to memory for a specific pashein which spatial and temporal
information concerning the event are bound together mong The episodic-semantic

memory distinction has been described as remembearngrécalling the event when the
information was acquired) versus simply knowing infation without any explicit recall of the
event when the information was acquired (Roediger & btoibtt, 2000).

The definition of episodic memory contains relativebjective behavioral elements,
including the binding of several types of information in mgntbat can be studied in nonhuman
species. However, the definition of episodic menaisp contains relatively vague subjective
conscious qualities that cannot be assessed in nonhpe@ies It is impossible to assess the
phenomenological quality of episodic retrieval in ansrad they are unable to describe their
mental states verbally. It is presumably the subjeauality of retrieval that has caused
comparative psychologists to avoid discussion of esmémory in nonhuman animals, as
nonverbal species are unable to describe their intereatal experiences to human
experimenters. However, the assumption that langsagecessary to study long-term memory
for past events has recently been challenged both bgstwdh nonhuman species that have
employed behavioral definitions episodic-likememory (Clayton & Dickinson, 1998, 1999;
Clayton, Yu, & Dickinson, 2001; de Kort, Dickinson, & Clagt 2005; Hampton, Hampstead, &
Murray, 2005; C. Menzel, 1999, 2005; Schwartz, Colon, SanchekziqRez, & Evans, 2002;

Schwartz, Hoffman, & Evans, 2005; Schwartz, Meissneffriklm, Evans, & Frazier, 2004;



Zentall, Clement, Bhatt, & Allen, 2001) and by studiedwiatman infants who are in the early
stages of language acquisition and are not yet able talizeritheir experiences to the same
extent as human adults (Bauer, 2002; Bauer, Hertsgaardw& T894; Bauer, Wiebe, Carver,
Waters, & Nelson, 2003). In the studies with nonhuman spgttie ternepisodic-likememory
has been used to differentiate this behavioral defmaioepisodic memory that includes
memory for a trial-unique event, the integratiomwft, where andwheninformation in
memory, and retrieval from long-term memory, from gle@eral definition of episodic memory
used in the human literature.

Why Predict Similar Memory Processes in Nonhuman Species?

There is evidence that some of the brain regions aai@d in the retrieval of episodic
memory in humans also are essential in integratingasand temporal information in animals.
The hippocampus, which has been implicated in episodicomeratrieval for both remote and
recent past events in humans (Rekkas & Constable, 2005) appsarse a related function in
binding spatial and temporal memory in some food-caching aadif@ species. Nonhuman
animals with damage to the hippocampus demonstrate defigitegratingwhat where and
wheninformation in memory (Colombo & Broadbent, 2000; Eiclanh & Fortin, 2003;
Ergorul & Eichenbaum, 2004). In addition to this similaafyfunction, the neural structure of
the hippocampus has been found to be relatively similasa@pecies (Morris, 2002).
Therefore, it would seem reasonable to predict on this b&these structural and functional
similarities that humans and nonhuman species may simattar underlying mechanisms for
integratingwhat where andwheninformation about past episodes in memory. The albdity
integrate multiple components of past events in mepadttyough not sufficient for episodic

memory, does appear to be one of the prerequisites fydpimemory in humans. Therefore,



in beginning to investigate whether nonhuman species haabilitg to recall specific past
episodes, it is necessary to understand how humans andnmamispecies integrate information
about what occurred, where the event occurred, and ivteok place relative to other points in
time.
Separate Studies of What, Where, and When in Nonhuman Primates

In recent years there has been an increased interglether animals integrate temporal
and spatial information from novel events in memorthi form of episodic-like memory, but in
the past these forms of memory (spatial memory, teahmoemory, and object memory) have
often been investigated through separate lines of rdsearc

Spatial Memory There have been an extensive number of fieldabatatory studies
investigating spatial memory in nonhuman species, incluconguman primates. Some of
these investigations were conducted using delayed-respeksditat have been modeled after
the foraging ecology of the species under investigatiardelayed-response tasks an animal
learns that an item has been hidden in one of seveatldos (either by caching the item
themselves, finding it in a foraging task, or by watchingresx@erimenter hides the food item),
and after some period of delay the individual is theswadd to search for the hidden item.
These studies have demonstrated that a variety of nomhoimmaates, including monkey and
great ape species, retain information about where foate® are located in a complex
environment after both short-term and long-term memdent®n intervals (Gibeault &
MacDonald, 2000; Hunter, 1913; Kohler & Winter, 1925; Lacreusé,e2Q05; MacDonald,
1994; MacDonald & Agnes, 1999; MacDonald, Pang, & Gibeault, 1994/. Blenzel, 1973,;

Tinklepaugh, 1932; Yerkes & Yerkes, 1928).



Object Memory There also have been a number of studies examiniathehanimals
remember information about specific objects they haventdy encountered. In these tasks,
working memory has been assessed using delayed matching-tie-sasks (DMTS) in which
an animal is presented with a particular stimulus aed,tafter a brief delay, the animal is
presented with a discrimination task in which severaiags are present and the animal must
select the stimulus that was presented as the sammpleese laboratory studies, a variety of
species have demonstrated memory for what they hadiexped by selecting the previously
seen stimulus at levels that are above what woukkpected by chance (Colombo, Swain,
Harper, & Alsop, 1997; Roitblat, Penner, & Nachtigall, 1998vares & Tomaz, 2002,
Washburn, Hopkins, & Rumbaugh, 1989).

Temporal Memory There is also some evidence that suggests thatimamhspecies
are able to retain some temporal information concernisggents. Memory for temporal
information has been assessed by constructing a simddateging task, in which animals were
given the opportunity to consume a particular food soatrome of several locations, and then
were reintroduced to the environment after either a sbtattion interval or a long retention
interval. The food at the previously visited locatiemained depleted when the individuals
were returned after a short retention interval, betfdlod source at the same location was
replenished after a long retention interval. In otdedemonstrate memory for temporal
information about food sources in the environment,ramal would need to discriminate
between the two retention intervals by returning to theipusly visited food site only after long
retention intervals (referred to as a win-stay etygt. However, when returned after a short
retention interval, the animal should choose to s@eother location (referred to as a win-shift

strategy). In one study, a species of nectar feedidgl¥anthomyza phryg)eadopted a win-



shift strategy when reintroduced into the environment afhort retention interval (10 min),
but adopted a win-stay strategy when reintroduced intertigonment after a long retention
interval (3 h; Burke & Fulham, 2003). However, this paradi@® limitations for examining
temporal memory, as some species demonstrate biassmgithese foraging strategies based on
their natural foraging ecology. For example, someispdtave a diet that is primarily composed
of foods that replenish fairly quickly, whereas otheeces have a diet that is composed of foods
that take a long time to replenish (Burke, Cieplucha, Gasssell, & Fry, 2002; Platt, Brannon,
Briese, & French, 1996). There also have been stuti¢fitve examined whether pigeons can
discriminate different retention intervals using a disgration task in which the animal was
required to make one response (or in some cases inlspaneing) if the retention interval was
of a particular length, and to make another resportbe ifetention interval was a different
length (Zentall, Weaver, & Clement, 2004). The tempdisdriminations in these studies were
between relatively short time periods (2 s vs. 8 s a&@ 16 s). The results from these studies
suggest that pigeons are able to discriminate between kslveratemporal periods.
Experiments Examining Memory for Multiple Components of Events

Indirect Evidence for Integration of Multiple Componeni$ere has been some indirect
evidence for the integration ehatandwherememory in early studies of spatial memory in
great apes (Menzel, 1973; Tinklepaugh, 1932). Tinklepaugh (1932nhd&ated that
chimpanzeesRan troglodytesjemembered multiple locations of hidden food itemg afte
relatively long delay intervals and noted that theacted with “surprise” when a preferred food
item had been surreptitiously replaced with a less desifabt item while the chimpanzees
were absent during the delay, suggesting that the chimparetae®ed some memory fahat

information in addition tavhereinformation. In another study, E. Menzel (1973) found that



when chimpanzees searched for food items they had ssemhin an outdoor environment,
they recovered highly preferred foods (fruits) befor@vecing less desirable foods (vegetables),
suggesting that they had some knowledge abbatwas hidderwhere

What-Where-When Memory: The Food-Caching Paradigmthe food-caching
paradigm, developed by Clayton and Dickinson (1998, 2001), sorsidjphelocoma
coerulescensyere given the opportunity to cache perishable and nahzdale food items (e.g.,
mealworms and peanuts) in specific locations in satetifite cube trays. The scrub jays were
removed from the caching environment and returned to redosiercaches after relatively long
retention intervals (1 h - 24 h). Although the scrub jagg a preference for the highly
perishable food (e.g., mealworms) those foods degradedshéig retention intervals (1 h)
whereas the less desirable food (e.g., peanuts) reinfagsdh after the long retention intervals
(24 h). The scrub jays searched where they had cachéuptily perishable food items after
short retention intervals, but switched to searchiegtions containing less perishable foods if
they were returned to the caching environment after lomgtien intervals.

These results indicate that the scrub jays integragsdory forwhatandwherefood
items were located with memory for how much time Hagsed between their initial visit and
the time when they were allowed to search. It isiptesghat the jays were able to accomplish
this task by using familiarity cues and memory trace gtheat retrieval, for example, by simply
adopting the rule to search for preferred food iteimet (ecay quickly) if the food sites were
familiar or if the memory trace was vivid. Howevestih-jays maintained their high level of
accuracy for novel variations in which the use of meniage strength cues would lead to

significantly reduced performance (de Kort, DickinsorCyton, 2005).



Hampton et al. (2005) adapted the food-caching paradigm favittsehesus macaques
(Macaca mulattqa The subjects included both normal individuals and monkewshad
experienced damage to the hippocampus. The monkeys learaddteary rule that a preferred
food item was still fresh after a 1-hour delay, but taded after a 25-hour delay. If macaques
retained information about what food was hidden, whena# hidden, and how much time had
passed since it was hidden, one would expect them to geahehhighly preferred food site
after 1-hour delays, but switch to selecting the lesepesl, but more stable food item after 25-
hour delays. Both groups of macaques demonstrated memaviidbandwhere but not
memory forwhen as they continued to search for the preferred foed a8-hour delays. It is
unclear why the monkeys were unable to retain informatmout how much time had passed
since the last foraging episode. It is possible thatkegs were not able to retaihen
information in memory, but it is also possible thas task was not well suited to investigating
the integration ofvhat, where andwhenmemory in nonhuman primates. The task was modeled
after a species-specific food-caching task, which maypadahe best paradigm for testing
laboratory animals that do not have any experience agiog. Indeed, there have been other
tasks designed to investigate episodic memory in nonhunraatps, as well as other species,
that are quite different from the food-caching paradigm.

Unanticipated Memory Tests for Recently Performed Evetdstall et al. (2001)
examined episodic-like memory in pigeo@(umbia livig by training pigeons to “comment”
behaviorally on whether they had recently performedciion. The pigeons were trained to
peck when presented with one type of color stimulus (elge), but not to peck when presented
with another color stimulus (e.g., green). In a sépgrhase of training, the pigeons were

trained to press one particular color (e.g., yelldthey had recently pecked and to press



another color (e.g., red) if they had not recently peckehese components were combined in
unexpected tests in which the pigeons were instructed togpexk to peck (e.g., blue or green),
but after a short retention interval they were unetguilg asked about whether they had recently
performed the pecking behavior (i.e., they were givelmoéce between yellow or red).

Although these studies do not address the bindinghaf where andwheninformation in
memory, the “surprise” element of these memory tempsures an essential feature of episodic
memory, as these unexpected tests reduce the posshalitthe pigeons were rehearsing the
information in semantic memory in anticipation ofrigetested about that memory.

Mercado, Uyeyama, Pack, and Herman (1999) examined menagckntly performed
novel events in a bottlenosed dolphlugsiops truncatgsby instructing the dolphin (through
the use of gestural signs) to use a particular partrdiday to perform an action with specific
objects located in her tank (e.gsetail flukesto hit thebeach bal). After some trials, the
dolphin was unexpectedly presented with the sign for “tgp@atructing her to repeat the novel
action she had recently performed. The dolphin suadéssépeated the novel behavior at
levels that were significantly above chance. Thes#ifgs suggest that at least one dolphin was
capable of remembering multiple components of a behaabistie recently performed when
she presumably was unaware that she would be requestgretd the behavior. However, this
performance could be accomplished through procedural mea®tlie dolphin only had to
repeat the behavior she recently performed without neclysisaving any reference to the past.

In a different paradigm using unanticipated memory t&tsy-Rackette, Miller, &
Shettleworth (2006) examined memory for what-where-whémmation in pigeons. The
pigeons were trained on three separate tasks: 1) artydeatiching-to-sample task in which the

pigeon had to respond to the recently presented stinft)lasspatial matching-to-sample task in
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which the pigeon had to respond to the location whersttimeillus was presented, and 3) a
temporal discrimination task in which the pigeon had tonrtempow much time had elapsed since
the stimulus was presented (3 s vs. 6 s) by respondingetofawo symbols which represented
these two intervals. After being trained on thesgmasate tasks, the pigeons were presented with
a new task in which the question type varied across tad the pigeons were not cued as to
which question would be presented. If pigeons simultasige@ncodedavhat where andwhen
information in memory, they should have responded ateabbance levels on any given trial
with any question type. However, the pigeons demonstratkaed accuracy farhen
information, but maintained high accuracy Wnatandwherememory, suggesting that these
three components were not integrated in memory.

What & Where Memory - Unprompted Recall of Events in a Chimpareblenzel
(1999) investigated recall memory f@whatandwhereinformation after extremely long delays in
Panzee, a language-trained chimpan®eam (roglodytes).In this study, the chimpanzee viewed
an experimenter hiding a particular food item in a largededaarea outside of her enclosure. In
contrast to other studies of episodic memory in nonhuph@shimpanzee spontaneously
conveyed information about the type of item hidden intbeds to an experimentally blind
caretaker using her large vocabulary of symbolic lexigraBise used gestures to accurately
convey information about where the item was hiddenttoraan caretaker who was unaware of
where the food item was hidden. Panzee was highly decairaeporting the type of food item
that was hidden and where it was hidden often after vexy dielays of days or weeks.

Memory for What, Where, When & Who Information in a Gorilgchwartz et al. (2002)
examined memory fovhatandwho information about novel events in an adult westewidad

gorilla (Gorilla gorilla gorilla). In a series of experiments, the gorilla was presentddaype
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of fruit (apple, orange, banana, pear or grapes) by otineesf familiar experimenters. The

gorilla later was presented with a set of large woo@edscthat contained pictures of the five
food items and another set of cards that symbolicafiyesented the three experimenters used in
the task. The gorilla was significantly above chaatcadicating both the type of fruit and the
experimenter involved in the event after both shodnt&n intervals (7 m) and long retention
intervals (24 h). In another study, the gorilla was &ighly accurate at reporting components

of novel events involving both familiar and unfamiliadividuals (Schwartz et al. 2004).

In another study, Schwartz et al. (2005) conducted two gepsitalies investigating
whether the gorilla was capable of remembering separfatenation about where an event
occurred and when an event occurred relative to othet®irethe past. The results indicated
that the gorilla was above chance at demonstrating myeimowhereinformation by selecting
the appropriate photo of the event location, but wasdesgrate at reporting information
concerning the temporal order of a series of three svent

What & Where Memory - Computer Tasks with Monke&shburn and Gulledge
(2002; Washburn, Gulledge & Martin, 2003) examined the integrafiaiatandwhere
memory in joystick-trained rhesus macagqudag¢aca mulattausing a computerized task
modeled after the children’s memory gar@encentration. The task was not designed to
examine episodic memory, but to examine memory for bt andwhereinformation about
past events in working memory. In this task, the monkeye presented with an array of cards
on a computer screen that they were able to “flip olgriising a joystick to reveal the picture
on the card. The monkeys were trained to find the catdwhtched the one they had just
selected. Although the data indicated that the macaqdesoinae knowledge afhatcards had

been seen and which locations were previously visitedntdrmkeys made frequent perseverative
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errors when required to integratdatandwhereinformation in memory (i.e., they would
occasionally continue to select the pair that theyjhat selected despite the fact that it was
incorrect). The authors speculated that this may heea due to the fact that the monkeys were
unable to use language to encode information about theptadéications and objects within the
array, which may have accounted for their relatively &&curacy.
Summary

The experimental paradigms reviewed here capture emseletnents of episodic
memory. The experiments with food-caching scrub feyse demonstrated integrated memory
for what where andwheninformation after long-term retention intervals whamiliarity and
stimulus strength cues have been experimentally céadrollhe unanticipated memory tests
used with pigeons and dolphins address the spontaneousgalessociated with episodic
memory, and unlike the food-caching studies, refer to cet@gplevents in the past and not the
present location of food in the environment. It is gmedghat in the food-caching tasks,
successful performance may not require memory for pasitgvout may be accomplished
through something more similar to prospective or semamtmory. The studies that have used
unanticipated memory tests with pigeons and dolphins ha¢karsother method for
investigating memory for past events by providing unanticipatechory tests after some of the
trials. The unprompted recall studies with a languagaddachimpanzee and the recognition
tests with a gorilla both demonstrate integrated merargnultiple types of information about
past events after long-term delays. However, thegbest have not demonstrated memory for
wheninformation in these great ape species. There haarme feer studies with nonhuman
primates assessing memory fanenin addition towhatandwherememory; the few studies that

have been done did not find evidencevitlenmemory in rhesus monkeys using an adaptation
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of the food-caching paradigm (Hampton et al., 2005) or ev&léor temporal sequencing of
events in a gorilla (Schwartz et al., 2005). In the &uiterature, temporal information about
when an event took place appears to be a relatively wealomeue (Wagenaar, 1986), which
may partially explain why there is evidence for integtathatandwhereinformation in
nonhuman primates, but less evidence for integratiovhat whereandwheninformation in
nonhuman primates. However, it is important to notettiere are too few studies examining
memory for temporal information for when an event tptaice in nonhuman primates to draw
any certain conclusions (Hampton et al., 2005; Schwagk 2005).

The purpose of the present study was to examine whet®rgimonkeys are capable of
integratingwhat, where andwheninformation in memory using a task in which monkeysewver
required to make discrete responses concerning eachtseparaory component. Although the
Concentrationtask should have been easier for the monkeys, astiyehad to make one
response to a stimulus to indicate memory for bdtatandwhereinformation, the large
number of spatial locations on a two-dimensional compgtees may not have been distinct
enough for the monkeys to encode as unique location®ntrast to previous studies that have
only examined memory foxhat where andwheninformation in one particular species without
any comparison to human participants, the present stuthsigned to examine integration of
what, where andwhenmemory in rhesus monkeySlacaca mulatthand compare their
performance to the performance of human participaimsprevious research, the performance
of nonhuman species have typically been compared witt we assume humans would be able
to do in a comparable task, but few studies (with theptiare of Washburn & Gulledge, 2002)

have directly compared the performance of humans and n@arhprimates.
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It was predicted that the rhesus monkeys would be gigntfy above chance at
indicating object information, spatial information, aediporal information about past events,
but that human participants would perform at higher leves the rhesus monkeys. The human
participants were expected to perform better than rhesnkeys, and the reason for this
difference in accuracy could be: 1) the ability toeaise information verbally in working
memory may facilitate performance in humans, or 2)duparticipants may just be more
accurate at reporting information from past eventsn @igen verbal rehearsal is controlled.
These two possible explanations were tested by comparifayrpance of human participants in
a control group with participants who were required to perfa distracting verbal task (an
articulatory suppression task) while simultaneously engagdeimemory tasks. It was
predicted that human participants in the control camdivould be more accurate than
participants in the articulatory suppression conditicaken together these findings would
suggest that although species differences may also benpresdoal rehearsal in humans
facilitates memory.

However, | predicted that the pattern of results mhlvhesus monkeys and human
participants would demonstrate similar trends and that acgum both groups would be
influenced by similar variables (e.g., the length of yi&latween presentation and test and the
type of information that must be recalled). Specificddoth humans and rhesus monkeys
should be less accurate when tested after long retanti@rvals than when tested after short
retention intervals. In addition, | predicted that batimans and rhesus monkeys should be less
accurate at reportinghenan event took place, than reporting Wit or wherecomponent of
the event, as the human literature suggests that mdorompeninformation is a less salient

retrieval cue than the other types of information.
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EXPERIMENT 1

In this experiment rhesus monkelacaca mulattaand human participants were
presented with three separate delayed matching-to-sampl€3Ptdsks to assess independent
memory forwhat where andwheninformation: 1) andentity delayed matching-to-sample task,
2) aspatialdelayed matching-to-sample task, and 8ymbolic-temporatielayed matching-to-
sample task. The identity DMTS task required the sulpestrhembewhat stimulus was
presented, the spatial DMTS task required the subject meerwherethe photo stimulus was
presented, and the temporal DMTS task required the subjestnembewhenthe stimulus was
presented (either 1-s or 10 s in the past).
Method

Participants In this study, rhesus monkeys € 4) and human participantd £40) were
tested. The rhesus monkeys that participated in the sieictyjoystick-trained, adult males,
housed at the Language Research Center. The rhesus s\¢8kdgy, Murph, Willie, & Chewie)
had participated in numerous cognitive studies using th@utmmzed testing system developed
at the Language Research Center. In addition, sonmesd individuals had participated in
previous computerized delayed matching-to-sample tasks and spatiry tasks (e.qg.,
Washburn & Gulledge, 2002; Washburn, et al., 2003; Washburn &,A%0B8). The monkeys
were never food- or water-deprived for research purpdsash monkey participated in the
research on a voluntary basis, receiving supplementdirfagards in exchange for participation.
Each monkey had a computerized test system in its hageeand had the opportunity to work
on the task at any time. The human participaxts 40) were recruited from undergraduate

psychology courses at Georgia State University and metewurse credit for their participation.
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The participants were randomly assigned to one of tvaglitions, an articulatory suppression
condition = 20) and a control conditiom € 20).

General Procedure In the DMTS tasks, the rhesus monkeys and humaieipartts
were presented with a brief event, in which a photo apgestrone location on the computer
screen. The event was followed by a “question” in whiehparticipant was presented with a
choice between two alternatives (photos, locationtgraporal symbols, depending on the
DMTS task) and had to select the stimulus corresponditigetevent. The rhesus monkeys
completed the tasks while working on the test systernisin home cage. The tasks were
presented during 4-h testing sessions, which were preseraeégidays each week. The total
number of trials each monkey completed was determinelddayrhotivation to participate in the
task. In each task, monkeys were reinforced for coresgionses with positive auditory
feedback and the presentation of a 97-mg banana flavargesNbrimate chow pellet, delivered
by an automatic pellet dispenser. After incorrect reggmnmaonkeys were presented with
negative auditory feedback (a brief low tone). Howgm@nkeys were not given any timeout
for incorrect responses and were allowed to proceed dhatedy to the next trial.

The human participants were also tested individuadlg, similar fashion to the monkeys,
each in their own room test room with a computer syst&€he participants completed
comparable tasks, with the exception that they were ¢gedwivith brief verbal instructions. The
purpose of providing humans with explicit verbal instrutsiovas to ensure that they reached
criterion on these tasks, and that we could comparepgbgormance on subsequent tasks with
the rhesus monkeys. In contrast to the monkeys, wihdhoaisands of trials to learn the tasks,

the human participants had less than an hour to conglletEthe tasks. In pilot testing with
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human participants, some of the tasks were not dedetparticipants (especially the temporal
DMTS task).

As the principle purpose of the study was to examineangprocesses, and not learning
processes, | decided to provide the humans with verbali@tistns to ensure that they
understood the objective of the task. Although human paatits did not receive any food
reinforcement for correct responses, they did redbiwesame auditory feedback for correct and
incorrect responses as did the rhesus monkeys. Tiiggants in the articulatory suppression
condition @ = 20) and control conditiom(= 20) received the same instructions, with the
exception that participants in the articulatory suppressamdition were told that they would be
required to repeat the word “the” aloud while completingtéis&s. In order to ensure that they
completed the articulatory suppression task, the pantitspaere told that they would be
monitored (using a baby monitor) to ensure that they emgaged in the task. The purpose of
the articulatory suppression task was to examine whé#thdanability to verbally rehearse
information about past events affected accuracy.

Identity Delayed Matching-to-Sampl&he identity delayed matching-to-sample task was
used to assess memory fa@natinformation in rhesus monkeys and human participamts$his
task, the photo stimulus was randomly selected on eatfrém a set of 80 clipart photos of
different items (e.g., fruits, vegetables, monkeys, atipand objects). The sample photo
randomly appeared at one of the four corners of the c@mpateen and flashed every second
for a total of three seconds. The photo disappeared antblaved by a 1-s delay in which the
computer screen remained blank. The subjects then weenfgesvith a choice between two
alternatives, the previously presented sample photo aaliesinate photo that had not been

presented (see Figure 2.1). The monkeys received feedhamdriomg their response, followed
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by a brief intertrial interval (1 s). The monkeys gdated this task when they reached a
criterion of 75% correct over the last 100 trials. Thenan participants were presented with the
same general task, but were given verbal instructions@ngleted a smaller number of trials
(10 trials). The human participants in both conditiamese told that they would be presented
with a brief event on the computer screen and would teakeport information abowhat had

been presented.

Identity DMTS

Presentation Test

-3 * fia

Figure 2.1 Identity Delayed Matching-to-Sample.

Spatial Delayed Matching-to-Sampl&he rhesus monkeys and human participants were
presented with a spatial delayed matching-to-sample taskoaftey trained on the identity
delayed matching-to-sample task. In this task, the nunilsesjponse locations was reduced
from four to two locations, as pilot testing with tiesus monkeys revealed that with four
locations the monkeys’ performance never exceeded ehavels. In addition, the response
location boxes were filled with a light yellow backgnd to make the locations more visually

distinctive (see Figure 2.2). In this task, the photoidtisi(a photo of strawberry) remained the
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same on every trial, but the location where the phpfeared was randomly selected on each
trial. The strawberry photo appeared at one of thddeations on the computer screen and
flashed every second for a total of three seconds.phbt disappeared and was followed by a
one second delay in which the computer screen remainekl bldre subjects then were
presented with a choice between the two responsadasatThis was followed by a brief
intertrial interval (1 s). The monkeys completed thisk when they reached a criterion of 75%
correct in a block of 100 trials. The human participantapleted a smaller number of trials (10
trials) and were told that they would be presented avibhief event on the computer screen and

would have to report information about where they had geeavent.

Spatial DMTS

Presentation Test

o

Figure 2.2 Spatial Delayed Matching-to-Sample.

Temporal Delayed Matching-to-Samplehe rhesus monkeys and human participants
then were presented with a symbolic delayed-matching-tglsaiask in order to assess memory
for temporal information. In this task, subjects weguired to indicate delay length between

the presentation of the event and subsequent memorysteg temporal symbols. In this task, a
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photo appeared in the center of the screen and then disagdi@r a brief interval (3 s). The
disappearance of the photo was followed by either & skt@ntion interval (1 s) or a long
retention interval (10 s), which was randomly determineeach trial. After the delay, the
subjects were presented with a choice between two ayhdtienuli (a purple triangle and a
black circle). If the delay between the presentatia@htast was short (1 s), reinforcement was
given for selecting the purple triangle. In contrdghe delay between the presentation and test
was long (10 s), subjects were reinforced for selectingltuk circle (see Figure 2.3). In this
task, the rhesus monkeys had to learn to select the pingkeitthe event was presented
recently, but select the black circle if the event wasented in the more distant past (after a
10-s delay). Some of the monkeys first completed alemuprsion of the task, in which the
purple triangle and black circle were always positiondthénsame locations on each trial.
These monkeys were then presented with a more advaecgdnvof the task, in which the
locations of the temporal symbols was randomly detexthon each trial. In this version, the
task could not be solved by simply moving the cursor to thé the delay was short or moving
the cursor to the right if the delay was long, but mdteequired an understanding of the
temporal symbols. The monkeys completed this task wWienreached a criterion of 75%
correct over the last 100 trials.

The human participants completed a smaller numbieiadg (10 trials) and were told that
they would be presented with a brief event on the coanmatreen and would have to report how
long ago the event was presented. They were toldftinet delay was short they were to select
one symbol (the purple triangle) but if the delay veasylthey were to select another symbol (the
black circle). These specific instructions were giverpit testing revealed that participants

did not understand the task requirements when no verialdatiens were presented. As the
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purpose of the study was to compare memory processeshnman primates and human
participants, and not learning of arbitrary task ruleslt itfevas necessary to ensure that the
human participants understood what the symbols represextted than allow them to learn

those rules over many trials.

Temporal DMTS

Presentation Test

Figure 2.3 Temporal Delayed Matching-to-Sample.

Hypotheses | predicted that both rhesus monkeys and human participants Ve
highly accurate on all three of the DMTS tasks (atlies@gnificantly above chance
performance). However, | expected that human partitsparthe articulatory suppression
condition would be less accurate than participantsearctimtrol condition on all of the DMTS
tasks. In addition, it was predicted that the lengtlreténtion interval would affeathen
accuracy in both the monkeys and human participaets ffierformance would be significantly

better for short retention interval trials comparedbng retention interval trials).
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Results

Identity Delayed Matching-to-SampleThe rhesus monkeys and human participants in
both conditions were significantly above chance (50%hendentity DMTS task, as analyzed a
binomial testp < .001 (see Table 2.1 for descriptive statistics). THerdifice in accuracy
between the control condition and the articulatanypsession condition was not significant, as

determined by a chi-square difference tg&tl, N= 400) = 0.34p > .10.

Table 2.1 The percent correct for the identity, spatialand temporal DMTS tasks.

Identity Spatial Nonsymbolic Symbolic
DMTS DMTS Temporal DMTS Temporal DMTS
Monkeys | Trials Correct Trials Correct Trials Correct Trials Correct

Gale 7,394 90% *|16,374 87% *| 5326 81% *|11,433 87% *
Murph | 23,966 97% 121,587 93% * ------ - 10,901 91% *
Willie 4,459 89% *| 9,834 73% 25,866 92% *{ 22,045 89% *
Chewie| 7,553 85% *| 8,653 77% 2927 8% * 1,798 91% *

*

*

Humans
Control 200 99% * 200 100%  *| --eemmm emeeee- 200 95% *
AS 200 100% * 200 100%  *| —-eemmm ememee- 200 92% *

Note: An asterisk indicates above chance performance, as analyzednoyradbitest, p < .001

The rhesus monkeys completed a larger number of thatsthe human participants.
The percent correct during the first 100 trials was conapiréhe last 100 trials completed to
determine whether accuracy increased as a result of empenvith the task (see Table 2.2).
Although only two of the monkeys, Murph and Willie, perfexdrat levels significantly above
chance during the first 100 trials, all of the monkeysevgggnificantly above chance during the
last 100 trials, as determined by a binomial test,.001. For the two monkeys who were not

initially above chance during the first 100 trials (Gael Chewie), the increase in accuracy
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during the last 100 trials compared to the first 100 trialssigasficantly different, as
determined by a chi-square difference test, Gald,, N = 200) = 23.58) < .001; Chewiex?(1,

N = 200) = 23.58p < .001.

Table 2.2 Accuracy during the first 100 and last 100 trials on eadMTS task.

Identity Spatial Nonsymbolic Symbolic
DMTS DMTS Temporal DMTS Temporal DMTS
Firsi Las Firsi Las Firsi Las Firsi Las

Gale 56% 87% 43% 96% 50% 89% *| 75% * 90% *
Murph | 92% * 93% 43% 99% - - 49% 100% *
Willie [78% * 90% 47% 63% 50% 87% *|69% * 95% *
Chewie| 40% 74% 53% 96% 51% 100% * 71% * 90% *

.0

Note: An asterisk indicates above chance performanamadgzed by a binomial test, p <

* %k ok
R

1.

Spatial Delayed Matching-to-SampleThe rhesus monkeys and human participants in
both conditions were significantly above chance (50%herspatial DMTS task, as analyzed a
binomial testp < .001 (see Table 2.1 for descriptive statistics). THerdifice in accuracy
between the control condition and the articulatenypsession condition was not significant, as
determined by a chi-square difference tg&tl, N = 400) = 1.00p > .01.

The rhesus monkeys completed a larger of number & thian the human participants.
The percent correct during the first 100 trials was conaptréhe last 100 trials completed to
determine whether accuracy increased as a result of empenivith the task (see Table 2.2).
The rhesus monkeys all performed at chance levels dimenfiyst 100 trials, but were
significantly above chance during the last 100 trials cetagl as analyzed by a binomial test,
<.001. There difference in accuracy between thefd8tand last 100 trials was significant for
three individuals, , Galeg(1, N = 200) = 66.26) < .001; Murphx?(1, N = 200) = 76.15) <

.001; Chewiex*(1, N = 200) = 48.66p < .001.
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Temporal Delayed Matching-to-Samplin this task, three monkeys first completed a
simple nonsymbolic temporal DMTS training task, in whied temporal response symbols
always remained in the same positions. After reachingriom (75%) correct on this task, the
monkeys were presented with the symbolic-temporal DKEEE, in which the left and right
positions of the symbols were randomly determined on &&th In order to determine whether
this training task was necessary to learn the symbdaridiination, one monkey, Murph, did
not complete the first training task and began immediatelthe symbolic-temporal DMTS task.

Nonsymbolic DMTS Training The rhesus monkeys were all significantly above
chance (50%) on the nonsymbolic DMTS task, as determinadbomial testp < .001 (see
Table 2.1). In comparing accuracy for the first 100 triat$ the last 100 trials, it was found that
all of the monkeys performed at chance levels duringdir$te100 trials, but were significantly
above chance during the last 100 trials, as determinedimgmial testp < .001 (see Table
2.2). The increase in accuracy during the last 100 trialpaced to the first 100 trials was
significant for each individual, Galg?(1, N = 200) = 35.88) < .001; Willie,x*(1, N = 200) =
31.72,p < .001; Chewiex?(1, N = 200) = 64.90p < .001.

Symbolic-Temporal DMTST he rhesus monkeys and human participants were all
significantly above chance (50%) on the symbolic DMa&kt as determined by a binomial test,
p < .001 (see Table 2.1he monkeys who had previous experience working on the
nonsymbolic training version of the task were above ahancing the first 100 trials completed,
as determined by a binomial tgsts .01, but the monkey that did not have any previous
experience with the nonsymbolic version of the taskrf) performed at chance levels during
the initial 100 trials. However, this individual, alonghvihe other monkeys, demonstrated

above chance performance during the last 100 trials ctedplas determined by a binomial test,
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p <.001 (see Table 2.2). The monkey that did not have gxerience with the nonsymbolic
training task demonstrated errorless performance duriniggh&00 trials completed, suggesting
that although helpful in initial task acquisition, tinaining task was not necessary to learn the
symbolic discrimination. The increase in accuracynftbe first 100 trials completed to the last
100 trials completed was significant for all four monkeysdetermined by a chi-square
difference test, Galg?(1, N = 200) = 7.79p = .005; Murphx?*(1, N = 200) = 68.4¢ < .001;

Willie, X%(1, N = 200) = 22.9p < .001; Chewiex?(1, N = 200) = 11.5p = .001.

Table 2.3 Accuracy after short and long delays on the symbolic temporal TS task.

All Trials First 100 Trials Last 100 Trials

Short Long Short Long Short Long

Monkeys
Gale 83% * 90% *| 76% * 75% *| 81% * 100% *
Murph | 90% * 91% * | 52% 47% 100% * 100% *
Willie [88% * 90% *| 76% * 63% 91% * 100% *
Chewie| 93% * 90% * | 85% * 56% 84% * 96% *

Humans

Control{ 96% * 93% * | --—--
AS 91% * 92% *| ----

Note: An asterisk indicates above chance performasamalyzed by a binomial test, p <.001

The rhesus monkeys and human participants were simifjcabove chance on both
short retention interval trials and long retentiotemaal trials, as analyzed using a binomial test,
p <.001 (see Table 2.3). An analysis of the last 100 t@ispleted revealed that, for three of
the monkeys, accuracy was significantly better fagleetention interval trials than short
retention intervals (Gale(1, N = 200) = 10.26p = .001; Willie, x*(1, N = 200) = 4.48p =

.034; Chewiex?(1, N = 200) = 4.27p = .039. However, the length of the retention intedidl
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not significantly affect performance for the humartiparants in either condition [contro{3(1,
N = 200) = 1.14p > .05; articulatory suppressioxf(1, N = 200) = 0.04p > .05].
Discussion

The rhesus monkeys and human participants were abavnee on each of the separate
DMTS tasks, as predicted, suggesting that both monkeys arahbumere able to retrieve these
separate memory components from working memory aftef tatention intervals. The role of
verbal rehearsal did not affect performance on angeseparate DMTS tasks, as participants in
the articulatory suppression group did not perform signifigahfferent than participants in the
control condition. The rhesus monkeys completedgetanumber of trials than the human
participants, and accuracy did improve as experience kgthask increased, suggesting that the
monkeys’ memory for these components can be faetitttirough increased task experience.
However, the prediction that monkeys and humans woultktier when tested after short
retention intervals than long retention intervalswat supported. In fact, the rhesus monkeys
performed better when tested after long retentionvatercompared to short retention intervals.
It is possible that long retention intervals (10 s)evaore aversive to the rhesus monkeys than
short retention intervals, and that the aversive quafithe delay may have made the event more
salient.

EXPERIMENT 2

The rhesus monkeys were able to perform each of gaeate DMTS tasks at levels
significantly above chance, but Experiment 2 was desigmesdamine whether monkeys were
able to report two componentst{atandwhereinformation) from the same event. In this
experiment, the monkeys were presented with the sgmaeofyevent on the computer screen, but

then were required to repawherethe photo had been presented, ahat photo had been
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presented. The questions were asked in this order orablitb avoid any interference effects.
That is, if the identity question were presented fitst,rhonkey would have to make a match-
to-sample response to a location on the screen (wméghor may not correspond to the location
of the event) before making a response to the eveattidoc It is possible that the monkeys
would become confused by the task and select the locaabithey had just selected using the
joystick cursor, not the location where the event sfaswvn.
Method

Participants The same four rhesus monkeys that were trained orefiagsge DMTS
and tasks in Experiment 1 served as subjects in this exgrinihe human participants did not
participate in this experiment, as the purpose of this arpeat was to determine whether
monkeys would be able to understand the task of reporting timameone component from the
same event. The identity and spatial components wesenor this task, under the assumption
that if the monkeys were able to understand this forti@ttemporal question could be added to
the sequence of questions in the next experiment.

Procedure The monkey had to move the joystick cursor to a starirbthe center of
the screen in order to start a trial. A stimulus pheas randomly selected (from a set of 80
photos) on each trial and was randomly assigned to appeae of two locations on the screen
(see Figure 3.1). The photo flashed in the location oncegueind, lasting three seconds in
total. The photo then disappeared and was followed byti@tanterval (1 s, 5s, 10 s, or 20 s).
After the retention interval, the monkey was presentitll a choice between the two response

locations (i.e., the spatial question).
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Experiment 2: What & Where Memory

Event

Where Question

&
A A

What Question

Figure 3.1 What & Where Memory Task

If correct, the monkey received positive sound feedbadladruit-flavored pellet.
However, if the spatial-memory response was incoreeptief low tone was presented. The
monkey was then presented with a choice between thdesahmto and a distractor photo, each
in random positions on the screen (i.e., the idenqtigstion). Again, if the monkeys were
correct they received positive sound feedback and a favitifed pellet, but heard a low buzz on
errors. There was a brief intertrial interval (before the next trial was available to the monkey.
The monkeys were initially presented with 1-s retenimbervals, but progressed to a longer
retention interval (5 s) when they reached criteriéb®4 correct). Similarly, after reaching
criterion on the 5-s retention intervals, the animedse tested with 10-s retention intervals. This

continued until the monkeys reached 20-s retention alerv
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Hypotheses It was predicted that the monkeys would be signifigatiove chance for
each of the retention intervals (1 s, 5 s, 10 s, 2Bie)vever, it was expected that there would be
a general trend of decreasing accuracy for each of téetien interval lengths.

Results

The rhesus monkeys were each significantly abovecehgb0%) at reportingghat
informationandwhereinformation for each of the retention intervals (5%, 10 s, 20 s), as
analyzed by a binomial tesi,< .001 (see Table 3.1). The initial accuracy (the 16} trials)
was compared to the final accuracy (the last 100 trialdgtermine if initial performance was

above chance and whether increased experience witagkéacilitated performance.

Table 3.1 Accuracy for 1-s, 5-s, 10-s, and 20-s retention invais.

Trials Where What

1-s Retention Interval

Gale 588 80% * 83% *

Murph 466 97% * 92% *

Willie 24,568 84% * 88% *

Chewie 9,862 96% * 78% *
5-s Retention Interval

Gale 4,584 77% * 88% *
Murph 8,087 88% * 93% *
Willie 28,355 63% * 86% *
Chewie 8,955 92% * 79% *
10-s Retention Interval
Gale 5,917 82% * 93% *
Murph 9,654 91% * 93% *
Willie 9,455 63% * 89% *
Chewie 8,654 85% * 78% *
20-s Retention Interval
Gale 4,034 74% * 91% *
Murph 768 76% * 89% *
Willie 3,971 58% * 88% *
Chewie 781 77% * 75% *

Note: An asterisk indicates above chance perfacejaas analyzed by a binomial test .001
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1-s Retention Interval The rhesus monkeys were each significantly above ehanc
during the first 100 trials of the first task (1-s retemtiatervals), suggesting that the task of
reporting multiple components was not difficult for thenkeysp < .01. For some individuals,
accuracy increased significantly from the first 1004rtalthe last 100 trials. Specifically, one
monkey (Chewie) was significantly more accurate abntapy whereinformation during the
final 100 trials of the task than during the initial 100 &;igf(1, N = 200) = 14.2Qp < .001.

Two individuals (Chewie and Gale) were significantly enaccurate at reportinghat
information during the last 100 trials compared to the fié trials, Chewie x*(1, N = 200) =
13.67,p < .001, and Galex’(1, N = 200) = 5.10p = .024 (see Table 3.2).

5-s Retention Intervalln this task, the monkeys were required to respond afterger
retention interval, and this task (specifically the&ktahaving to report spatial information after
a delay) was initially difficult for the monkeys, d®et/ were not above chance at reportiigre
information during the first 100 trials completed, as yred by a binomial tesp, > .05.
However, increased experience with the task facittgerformance, as there was a significant
increase in accuracy fevhereinformation during the last 100 trials compared to the gl
trials for each of the monkeys, Gaf&1, N = 200) = 33.6& < .001; Murphx?(1, N = 200) =
51.43,p < .001; Willie,x*(1, N = 200) = 6.1p = .013; Chewiex?(1, N = 200) = 31.23 <
.001. In contrast, the monkeys were immediately acewatateportingvhat information after the
delay, demonstrating significantly above chance accuraagfmrtingwhat information during
the first 100 trials of the task (see Table 3.2).

10-s Retention Interval After the monkeys had experience responding after a longer
delay (5 s), they were able to proceed to the next retemtierval (10 s) with minimal difficulty,

as performance was significantly above chance duringrgtel00 trials of the 10 s retention
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interval taskp < .01. The increase in accuracy for reporting wherenmbion during the last

100 trials compared to the first 100 trials was signififanbne monkey, Gale¢’(1, N = 200) =

22.84,p<.001. However, the increase in accuracy for regputinat information during the

last 100 trials compared to the first 100 trials was igptificant for any of the monkeys (see

Table 3.2).

Table 3.2 Accuracy for each retention interval during theifst and last 100 trials.

First 100 Last 100
Where What Where \ What

1-s Retention Interval

Gale 85% * 77% 92% * 89%

Murph 98% * 88% 93% * 93%

Willie 75% * 86% 77% * 89%

Chewie 80% * 66% 97% * 88%
5-s Retention Interval

Gale 56% 83% 92% * 91%

Murph 55% 94% 98% * 91%

Willie 54% 81% 71% * 84%

Chewie 61% 90% 94% * 82%
10-s Retention Interval

Gale 64% * 90% 92% * 83%

Murph 88% * 91% 90% * 94%

Willie 66% * 86% 69% * 87%

Chewie 86% * 68% 87% * 76%
20-s Retention Interval

Gale 60% 87% 69% * 91%

Murph 87% * 93% 74% * 85%

Willie 64% * 90% 55% 87%

Chewie 67% * 78% 83% * 75%

Note: An asterisk indicates above chance padoce, as analyzed by a binomial tpst,.01

20-s Retention Interval The monkeys were all significantly above chance pamég

whatinformation during the first 100 of the 20-s retention waétask, but only three of the
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monkeys were above chance at reportuhg@reinformation during the first 100 trials, suggesting
that the increase in delay was difficult for ondled monkeys. The increase in accuracy for
reporting where information during the last 100 trials congp#wehe first 100 trials was
significant for two of the monkeys, Murpfi(1, N = 200) = 5.83p = .02, and Chewie, k?(1, N
= 200) = 6.83p=.009. However, the increase in accuracy for repovtingt information
during the last 100 trials compared to the first 100 trialsvaasignificant for any of the
monkeys (see Table 3.2).
Discussion

In the previous tasks, the monkeys had not been reqoimredke multiple responses
after the event presentation, so one might preditthieapurpose of the task would not be
immediately apparent. However, the monkeys acquirachdarstanding of the task
immediately, and were able to report betatinformation andvhereinformation after varying
retention intervals. The results confirm that rhesosikeys are able to retain and report
multiple components of past events using this paradigawever, this study was not designed
to test whether multiple components are bound tog@theemory (which is assessed in
Experiment 3). The purpose of this study was to ensureribalteys were able to understand
the paradigm and the specific format for reporting mldtcomponents, as well as to ensure that
the monkeys would be able to report information afeeymg delays. In the next experiment,
however, the integration efhat where andwhenwas tested explicitly in both rhesus monkeys
and human participants.

EXPERIMENT 3
In this experiment, rhesus monkeys and human participaarsrequired to report all

three components of the evenih@t, where, whergfter presentation of the event. In another
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task, both monkeys and humans were required to reporboalgomponent of the event (that
was randomly selected on each trial). In this taskiogaeints could not anticipate which
response they would be required to make because they ateqvare which question they
would receive.

Method

Participants The same rhesus monkeys and human participants ¢énatimtially
trained on the three separate DMTS tasks also pargdpathis experiment. Therefore, all of
the participants had experience with each of the septasis before being required to report
multiple components from the same event. In additio& rhesus monkeys also had experience
in reporting bothwhereandwhatcomponents in Experiment 2, in order to determine whether
they would be capable of understanding the task and repbiplsncomponentswhatand
whereinformation) from past events.

Reporting All Three Components Sequentialfythis task, a randomly selected photo
randomly appeared at one of the two locations. The pegganwas followed by either a short
retention interval (1 s) or a long retention inter{0 s), which was randomly determined on
each trial. Then, the rhesus monkeys were preseritedhewherequestion, thevhat question,
and thewhenquestion sequentially (see Figure 4.1). The questionspresented in the order
stated above to minimize interference (e.g., if oneevie ask thevhat or whenquestion first,
the animal must make a response to a location on teersaind this may interfere with the
memory forwherethe actual event took place). If the monkey respowoeckctly to one of the
guestions, it received positive auditory feedback andifivored pellet. If the monkey

responded incorrectly to one of three questions, it vedaiegative auditory feedback and no
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pellet reinforcement. However, all three questionsevpeesented even if the participant

responded incorrectly to one of the questions in the segquenc

Reporting All Three Components Sequentially

DELAY n

Figure 4.1 Reporting All Three Components Sequentially

Unanticipated Question TypAlthough the experiment described above is one method of
assessing whethamhat where andwheninformation is integrated in memory, it was also be
necessary to present this same task in which only oneauestandomly selected for
presentation on each trial in order to assess whettegfdrence or decay processes interfere
with retrieval. For example, asking the questions saiply may interfere with the ability to

remember the event itself, or the question may no logetraightforward (e.g., asking the
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individual to determingvhenthe event occurred becomes complicated if the individuast
answer several questions beforehand, as the time itttakespond to these questions increases
the amount of time since the event). In this taskntbakeys and human participants were
unaware of which question they would be asked, as the guégbe was randomly selected on
each trial (see Figure 4.2). vihat where andwheninformation is concurrently available in
memory, the monkeys and humans should be significabtlye chance at recalling any of the

components, even when they are unaware of which queeglidre presented.

Unanticipated Question Type

Event Random Question

i » A ®

Figure 4.2 Unanticipated Question Type

The rhesus macaques in this study=(4) were presented with both tasks: 1) presentation
of thewhere what andwhenquestions in sequential order and 2) random presentatmreadf
the questions on any given trial. If a monkey reachedterion of 75% correct in a block of
100 trials on the sequential order task, the animal waspitesented with the random question
task. As stated previously, however, the sequential iQudstsk may cause various interference
effects; therefore, if a monkey failed to reach cote after 5,000 trials, the animal was still

tested on the unanticipated question task.
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The human participants also were presented with bskis {the sequential question task
and the random question task) in the same order presertelirthesus monkeys. The human
participants were informed that the task would require tfteramember a past event and report
information concerning the event (specifically whateveh and when the event occurred). As
with Experiment 1, the participants were assigned toodiwo conditions, an articulatory
suppression condition and a control condition. If verblaearsal facilitates the integration of
what where andwheninformation in memory, the participants who were regflito perform
the articulatory suppression task should be less acdbheatéhe participants who were not
prevented from rehearsing during the retention interval.

Hypotheses It was predicted that both rhesus monkeys and human partisiwould
demonstrate simultaneous memorywdrat where andwheninformation, and that there would
be evidence of what-where-when integration in bothkagas and human participants. The
human participants were expected to do better than #seisimonkeys, and the participants in
the control condition were expected to do better thase in the articulatory suppression
condition. It was also predicted that accuracybatandwhereinformation would be higher
than accuracy fowheninformation in both humans and monkeys. | also expdméd monkeys
and humans would perform better when presented with sdtention interval trials than when
presented with long retention interval trials.

Results

Reporting All Three Components Sequentiallfhe rhesus monkeys were significantly
above chance (50%) at reportmwbatinformation andvhereinformation, and two monkeys
were also significantly above chance at repontwhgninformation, as analyzed using a binomial

test,p < .001 (for descriptive statistics, see Table 4.1). Hthmaan participants in both the
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control condition and the articulatory suppression ¢@rdwere significantly above chance at
reportingwhat information,whereinformation, andvheninformation from the event, as

analyzed using a binomial tept< .001 (see Table 4.1).

Table 4.1 The percentage correct for what, where, and \eh information.

Where What When
Reporting All Three Components
Rhesus Monkeys
Gale 3,218 85% * 93%* 57%
Murph 2,771 93% * 96% * 50%
Willie 6,536 69% * 84% * 63% *
Chewie 1,163 89% * 82%* 63% *
Human Participants
Control 400 100% * 100% * 95% *
AS 400 100% * 100% * 94% *
Unanticipated Question Type
Rhesus Monkeys
Gale 1,091 86% * 97%* 80% *
Murph 2,209 92% * 96% * 5% *
Willie 1,803 68% * 90% * 85% *
Chewie 2,193 88% * 84%* 89% *
Human Participants
Control 400 100% * 100% * 94% *
AS 400 98% * 100% * 96% *

Note: An asterisk indicates above chance performanamadgzed by a binomial tegi,< .001

The conditional probabilities of accuracy were anadyto determine whether the rhesus
monkeys and human participants were more likely to becbon any given question type,
given correct performance on the preceding questiorisyp& working memory fowhatand
whereinformation were bound together, the conditional prditglaif correctly responding to
thewhatquestion, given correct performance onwheerequestion, should be higher than the

overall accuracy fowhatinformation (i.e., accuracy favhatinformation independent of
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performance omwherg. However, there was no difference in accuracwéeh conditional
probabilities ofwhat given correct performance on whawel actual percent correct fehat
informationin both the rhesus monkeys and human participantsaddition, if working
memory forwhat, whereandwheninformation are bound together, the conditional proigbil
of correctly responding to thehencomponent, given correct performance on lwathatand
wherequestions, should be significantly higher than the prolbgloificorrectly responding to
thewhenquestion (independent of whether previous responses weBseicor incorrect). There
were differences between the conditional probalslidévhen given correct performance on
what and wher@and the actual percent correct for rhesus monkeys, ésg thfferences were not
significant, Galex?(1, N = 3,218) = 0.4 > .05; Murphx?(1, N = 2,771) = 1.41p > .05.
There was also no difference between the condit@andlactual percent correct for the human
participants (see Table 4.2).

The conditional probabilities were also analyzed ubingmial logistic regression to
determine whether accuracy on one question predicted agamatibsequent questions. The
results indicated thathereaccuracy predictedhatperformance for one monkey, Willig%(1,

N = 6536) = 8.78Exp(B)= 0.81,p < .01. The odds ratio (EXp)) refers to the increase in the
dependent variable (i.e., correctly reporting wheat component of the event) that is associated
with each unit increase in the independent variable ¢oetectly reporting th&vherecomponent
of the event). The odds of Willie correctly reportinfyatinformation increased by a factor of
0.81 if he had correctly reported tivaerecomponent of the event. The results also indicated
that accuracy owhatandwherequestions predictedhenaccuracy for two monkeys, Gale,
x%(1, N = 3,218) = 4.29Exp(B)= 1.20,p < .05; Murphx?(1,N = 2,771) = 24.7CExp(B)= 1.89,

p <.001. If Gale had correctly reported thleatandwherecomponents of the event, the odds of
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him reporting thevhencomponent of the event increased by a factor of I.Rlutph had
correctly reported theshatandwherecomponents of the event, the odds of him reporting the
whencomponent of the event increased by a factor of 18&ad impossible to conduct a
binomial logistic regression analysis to determine Wwethereaccuracy predictedhat
accuracy for human participants in both conditions bbeea@ach group demonstrated 100%
accuracy for one of the memory components. Howevesastpossible to determine whether
whatandwhereaccuracy predictedhenaccuracy, but the results were not significant for both
groupsx(1, N = 400) = 0.00p < .05.

Table 4.2 The conditional probabilities of being correct on one questiogiven correct
performance on the preceding question(s).

What When
Conditional overall conditional overall
(correct where) percent correct (what + where) percent correct

Monkeys

Gale 93.23% 93.04% 55.75% 56.68%

Murph 96.57% 96.43% 47.94% 49.58%

Willie 85.26% 84.36% 62.72% 62.81%

Chewie 81.77% 81.51% 63.58% 63.28%
Humans

Control 99.75% 99.75% 94.74% 94.75%

AS 100.00% 100.00% 93.48% 93.50%

The accuracy levels for short retention intervalgréand long retention interval trials
(from the last 100 trials completed) were compared tamete whether the length of delay
affected accuracy for reporting the three memory compisn(see Table 4.3). There was a trend
for some monkeys to perform better on bothwhatandwherequestionsfter short retention
intervals. Specifically, two monkeys (Gale and Murphjev@ore accurate at reportingpat

information on short interval trials, [Gab?(1, N = 200) = 4.78p < .05, and Williex*(1, N =
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200) = 7.41p < .01], and one monkey (Chewie) was more accuratgattiiwgwhere
information on short retention interval triajg(1, N = 200) = 7.71p < .01. In contrast, for the
whenquestion, the opposite pattern was observed; some nonkag more accurate on long
retention intervals compared to short retention viatlst  These monkeys were the individuals
who performed at chance levels on the temporal compd@ate and Murph). These
individuals were only above chance on long retenticerwatls.

Table 4.3 The accuracy for all components on short RI trigland long RI trials. The table
displays accuracy for the last 100 trials completedhfermonkeys and accuracy for all trials
completed for the human participants.

Where What When
Short Long Short Long Short Long

Reporting All Three Components

Rhesus Monkeys

Gale 94% 89% 98% 87% 37% 63%
Murph 100%  93% 93% 98% 0% 100%
Willie 76%  64% 95% 76% 76% 62%
Chewie 100%  85% 77% 83% 62% 77%

Human Participants
Control 100% 100% 100% 99%  95%  94%
AS 100%  99% 100% 100%  95%  92%

Unanticipated Question Type

Rhesus Monkeys

Gale 96% 74% 100% 98% 89%  73%

Murph 96% 89% 100% 96%  93% 91%

Willie 88% 57% 95% 88% 94% 79%

Chewie 93% 75% 80% 80% 81% 94%
Human Participants

Control 100% 100% 100% 100%  92%  96%

AS 100% 96% 100% 100%  99%  94%

It is possible that, for those two individuals, timee required to answer each question

before reaching th&ghenquestion may have increased the delay length sinceitieabevent
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presentation, making it difficult for the monkeys top@sd to this question. If this was the case,
we would expect to find a bias in selecting the long dgjemybol for these individuals. An
analysis of all trials completed revealed that onhefmonkeys (Murph) was indeed
significantly more likely to select the long delay symn{@Y%) than the short delay symbol (3%)
as determined by a binomial tests .001. The other monkey (Gale) also demonstrated this bias
but to a lesser and nonsignificant extent, selectindptiige delay symbol (55%) more often than
the short delay symbol (45%). The human participant®ih groups performed equally well

on both short and long retention intervals. Speclficéthere was no difference in accuracy for
whator whereinformation for short and long delays. In addition, diféerence in accuracy for
wheninformation after short delays and long delays was goifsant,x*(1, N = 127) = 0.36p

> .05.

The rhesus monkeys completed more trials than hypaditipants. In order to
determine whether experience with the task affected peaface in the rhesus monkeys, a chi-
square difference test was used to determine whether agauasa significantly higher during
the last 100 trials compared to the first 100 trials (fecdptive statistics, see Table 4.4). The
rhesus monkeys were all significantly above chanceméectly indicatingvhatinformation and
whereinformation during the first 100 trials of the task, aslgred using a binomial tegt,<
.01, but none of the monkeys were above chance atirgpaheninformation during these
initial 100 trials,p > .05. However, an analysis of the last 100 trialspletad revealed that in
addition to being above chance at reportiiigat andwhereinformation, two of the monkeys had
also reached significantly above chance performanaepmrting thevhencomponent of the
event,p < .001 (see Table 4.4). The monkeys were not significhether at reportingvhat

information during the last 100 trials than during the ihit@0 trials of the taskp > .05.
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However, three monkeys did perform significantly bettethewherequestion during the last
100 trials compared to the first 100 trials, as analyzed asalg-square difference test, Gale,
x%(1, N = 200) = 11.48 = .001; Murphx?(1, N = 200) = 18.98) < .001; Chewiex*(1, N =
200) =11.48p =.001. In addition, two monkeys performed significabiyter on thavhen
guestion during the last 100 trials than the first 100 tresgnalyzed using a chi-square

difference test, Willie¢®(1, N = 200) = 6.81p = .009; Chewiex*(1, N = 200) = 10p = .002.

Table 4.4. The rhesus monkeys accuracy during the first 100 drtast 100 trials.

Where What When
First Last First Last First Last

Reporting All Three Components

Gale 74% * 92% * 95% * 93% * 54% 49%

Murph 74% * 96% * 94% * 96% * 51% 54%

Willie 64% * 71% * 85% * 86% * 52% 70% *

Chewie 74% * 92% * 77% * 80% * 48% 70% *
Unanticipated Question Type

Gale 90% * 84% * 96% * 99% * 71% * 80% *

Murph 91% * 92% * 91% * 98% * 71% * 92% *

Willie 67% * 72% * 88% * 92% * 73% * 95% *

Chewie 92% *83% * 82% * 80% * 86% * 87% *

Note: An asterisk indicates above chance performanamadgzed by a binomial tegi,< .01

Unanticipated Question Type The rhesus monkeys were all significantly abdwance
for all three trial typeswhat, where andwhentrials) when the question type was randomly
selected on each trial, as analyzed by a binomialgestQ1 (see Table 4.1). The human
participants in both conditions were also significanthpve chance omhat where,andwhen
trials, as analyzed by a binomial tgst .001

The percentage correct for each of the three yjss were compared using chi-square
difference tests to determine whether the question tygrésd in difficulty. The rhesus

monkeys demonstrated individual differences concerningitheutty levels for the three
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guestion types (see Table 4.5). For two monkeys, accurashattrials was significantly
higher than accuracy amheretrials [Galex*(1, N = 200) = 25.97p < .001; Murphy?(1,N =
200) = 8.84p = .003] and accuracy omheretrials was significantly higher than accuracy on
whentrials [Gale x?(1, N = 200) = 5.65p = .017; Murph)?(1, N = 200) = 78.44p < .001].
Another monkey, Willie, was significantly more acceranwhattrials thanwhentrials, [x*(1, N
= 200) = 6.11p = .013] and owhentrials thanwheretrials [x*(1, N = 200) = 48.01p < .001].
Chewie demonstrated a different pattern; he was equallysaecumwvhentrials andwheretrials
[x?(1, N = 200) = 0.03p > .05], but he was significantly more accuratentveretrials thanwhat
trials [x?(1, N = 200) = 5.35p = .021], andvhentrials tharwhattrials [x*(1, N = 200) = 8.04p
=.005]. The human participants in both groups were lesgai® orwhentrials thanwhatand
wheretrials, but the difference was not significant [cohgroup,x?(1, N = 252) = 0.1p >.05;
articulatory suppression?(1, N = 262) = 0.01p > .05].

There were differences in accuracy for short reanhterval trials and long retention
interval trials for the rhesus monkeys, but not theada participants (see Table 4.3). One
monkey (Chewie) was significantly more accurate abntapg wheninformation on short
retention interval trials compared to long retentiateiival trials x*(1, N = 100) = 4.04p < .05.
Three monkeys (Gale, Willie, and Chewie) were moreigate at reportingrhereinformation
when the delay was short than when the delay was ®alg,x*(1, N = 100) = 8.61p < .01;
Willie, x*(1, N = 100) = 11.83p =.001; Chewiex?(1, N = 100) = 6.19p <.05. In contrast, the
human participants in both conditions did not perfoignificantly different on short retention

interval trials than long retention interval trigds analyzed using a binomial tgst; .05.
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Table 4.5 The rank order of difficulty for each trial type.

Accuracy
High -----—-----em oo - Low

Rhesus Monkeys

Gale What > Where > When

Murph What > Where > When

Willie What > When > Where

Chewie Where =When > What
Human Participants

Control What = Where = When

AS What = Where = When

The rhesus monkeys completed more trials than hypaditipants. In order to
determine whether experience with the task affected peaiace for the rhesus monkeys, a chi-
square difference test was used to determine whether agauaa significantly higher during
the last 100 trials compared to the first 100 trials (s®®el4.4). Each of the monkeys was
significantly above chance avhattrials, wheretrials, andwhentrials during the first 100 trials
and maintained this performance during the last 100 trialpleded, as analyzed by binomial
tests,p < .001. There was a significant increase in accui@oytiattrials for one monkey
(Murph) during the last 100 trials compared to the first 1@0stf¢’(1, N = 200) = 4.71p < .05]
as well as a significant increase in accuracyoeninformation for two individuals, Murph,
x%(1, N = 200) = 14.62p < .001 and Williex?(1, N = 200) = 18.01p < .001.

Discussion

The rhesus monkeys and human participants demonstratedmnforwhat where and
wheninformation when they were unaware of which questi@y thiould be presented on any
given trial, suggesting that all three types of inforovaivere concurrently available in working
memory. In addition, some monkeys were able to refidiirae components sequentially after
each event. There was some evidencewhat where andwheninformation were integrated in

working memory, as accuracy on both tieat andwherequestions predicted performance on
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thewhenquestion. Specifically, two of the monkeys were nikedy to be correct on the
temporal question if they had been correct at reportiagbject component and spatial
component, suggesting that memorywdrenan event occurred was bound to memoryfbat
andwherethe event occurred. It is important to note that althabghe was no evidence of
what-where-whemtegration in the remaining two rhesus monkeys and thehyoarticipants,
the fact that both groups were highly accurate on alethteestions types may have made it
difficult to detect binding of information in memoryn fact, the monkeys who demonstrated
evidence of binding were the monkeys who were not signtficabove chance at reporting the
temporal component of the past event.

The monkeys and human participants were highly accunaadl of the question types,
but there were individual differences with regard to leasily the types of information were
retrieved. There was a general trend that memoryifiatinformation was most accurate,
followed by memory fowhereandwheninformation. However, one monkey actually performed
better on bothwhereandwheninformation tharwhatinformation. Although Chewie
demonstrated higher accuracy Wameninformation in this experiment, he actually performed the
smallest number of trials on the nonsymboic2,591) and symbolic DMTS task¥ € 1,645)
compared to other monkeys. In addition, he completadyal number of identity and spatial
DMTS trials than temporal DMTS trials. These ressliggest that there may be individual
differences in the extent to which a monkey attendké temporal component of the event, as
well as which components are most salient to the iddali

These results suggest that rhesus monkeys and hun&ippats are able to report
multiple components from the same event. Howevés possible that this task can be

accomplished by simply selecting the most recent oilitanstimulus (and not a specific past
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episode). Inthe next experiment, rhesus monkeysamndi participants were prevented from
using familiarity cues in responding, as they were reduweselect the most recent stimulus on
half of the trials and the less familiar stimulushatf of the trials, and this was randomly
determined on each trial, so that the individual didkmotv which question they would be asked
about until they were given the cue.
EXPERIMENT 4

The purpose of Experiment 3 described above was to: dyngiee whether rhesus
monkeys and adult humans are capable of using temporal sytodebmment” about the
length of time that has elapsed since an event, 2)dieewhether temporal knowledge of the
amount of time that has elapsed is integrated with $pafitemation concerning the location of
the event and the properties of the event itself amdBpare the results of rhesus monkeys and
adult humans. However, knowing whether a short delay ¢t a long delay (10 s) has elapsed
since an event does not provide evidence that an individdalstandsvhenthe event occurred
relative to other events in the past. In additiodpis not demonstrate that the individual is
responding to particular past event, as the individualtcle responding to just the most recent
event. The purpose of Experiment 4 was to determine whdthsus monkeys use the temporal
symbols to comment on which events are relativelgent” compared to events that are
“remote,” and to compare the monkeys’ performance welrélsults from adult human
participants. Specifically, in this task | examined wakethe identity of these symbols (purple
triangle and black circle) were indeed associated wélcthrect temporal properties, and
whether subjects were able to use these symbols to aaneméhe relative temporal properties

of past events.
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Method

Participants The same rhesus monkeys and human participants thiatgzded in the
previous experiments also participated in this experiménérefore, all of the participants had
experience with each of the previous tasks.

Procedure In contrast to the previous experiment in which only orenewas
presented, two different events were presented sequentiailye computer in this experiment.
One event will be referred to as the remote evethiome event will be referred to as the recent
event. Each event was unique, occurring at a partipalat in time (the temporal component)
and containing a separate randomly selected photavftatcomponent) and location (théhere
component). The interval between the first evedtthe questioning phase (10 s) and the
second event and the questioning phase (1 s) was consigtentonkeys’ previous training
with the temporal symbols. On each trial, one ef@kients was randomly selected as the “test
event,” so that the individual would not be able to #maike which event they would be asked to
report. The presentation of the events was followetthéypresentation of a cue from one of the
events (an object cue, a spatial cue, or a temporataimjicate which event the individual
must report. In the case of thbject cuethe subject was be presented with a photo from the test
event (thewhatcue), followed by thevhereandwhenquestions The subject was reinforced for
selecting the spatial location where the photo was prexd@md the temporal symbol
corresponding to when the photo was presented. Ica® of thespatial cue the subject was
presented with the spatial location from the test efteewherecue), followed by thevhatand
whenquestions. The subject was reinforced for selectingltfgziopresented in this spatial
location and the temporal symbol corresponding to wherewent took place in this spatial

location. In the case of themporal cuethe subject was presented with the temporal symbol
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corresponding to the test event (thieencue), followed by thevhatandwherequestions. In
this task, the subject was required to indicgit@t andwhereinformation about the recent or

remote event (see Figure 5.1).

Memory for the Relative Order of Past Events

Event 1 Event 2

Delay
" W
<L e 3

Randomly Selected Cue =
Temporal Cue

Object Question Spatial Question
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5 ; i -:.‘V ‘:-l' .
“’ | . h .

Figure 5.1 Memory for the Relative Order of Past Events

It is important to note that the event that the subjeere tested on was randomly
determined on each trial and therefore the subject catldnticipate whether they would be
required to report information from the most recent eeenhe remote event. Therefore, this

task required reference to a particular past event ambeg past events, and accuracy on this
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task could not be accomplished by adopting a simple ruleasuitways select the most

familiar item” or “respond to the item and locationtthas the strongest memory trace.” In trials
in which the remote event was selected as the t@#membered event, responding to the most
recent location and photo would lead to decreased accuracy.

Hypotheses It was predicted that the rhesus monkeys and human panteipauld be
able to use all three memory cues to report the appte@i@nt. However, it was expected that:
1) human participants in the control condition wouldfgren better than participants in the
articulatory suppression condition, and 2) the tempar@heould have the highest accuracy in
both humans and monkeys.

Results

The rhesus monkeys were presented with a training taskler to familiarize them with
attending to two sequentially presented events and tepomding on the basis of a temporal,
spatial, or object cue from one of the events. Intthiging task, the monkeys were first trained
on the long retention interval symbol as a cue (indase the monkey was to select the photo
and spatial location of the first event that was presB. In the last 100 trials, two monkeys
were above chance at selecting the photo from thesfrent,p < .001, but none of the monkeys
reached above chance performance for reporting th@kpathponent from the first evemqt >
.05. Next, the monkeys were trained on the shorttieteimterval symbol as a cue (in this case
the monkey was to select the photo and spatial locafitiee second event that was presented).
In the last 100 trials, the same two monkeys were abloaace at selecting the photo from the
second evenp < .001, but once again none of the monkeys were ab@areelat selecting the

spatial component from the second evprt,.001 (see Table 5.1).
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Table 5.1 The rhesus monkeys’ accuracy on the memory ctraining tasks.

All Trials First 100 Trials Last 100 Trials

Trials Where What Where What Where What
Long Temporal Cue

Gale 6779 50% 70% * 47% 40% 47% 78%
Murph 3452 53% 58% 62% * 41% 51% 73% *
Willie 2963 52% 46% 47% 43% 58% 48%
Chewie 1731 53% 45% 55% 39% 56% 48%

Short Temporal Cue

N Where What Where What Where What

Gale 6882 51% 52% 67% * 34% 44% 83% *
Murph 1918 47% 50% 43% 33% 47% 85% *
Willie 1660 59% 49% 51% 49% 67% * 56%
Chewie 1038 49% 53% 37% 49% 56% 56%

Note: An asterisk indicates above chance performas@malyzed by a binomial tegt< .01

Temporal Cue TaskIn this task the monkeys were required to select the apatepr
photo and spatial location corresponding to the randomiyeshtemporal cue on each trial.
There was evidence that one monkey, Murph, was abéptot both thevhatandwhere
components corresponding to the temporal cue, at Isiggidicantly above chance, as
determined by a binomial tegt< .001. Two other monkeys were significantly abovencha
for one type of component, but not both. Specific&ligle was significantly above chance at
reporting thewhatcomponent and Willie was significantly above chanaejpdrting thevhere
component, as analyzed by a binomial tpst,.001 (see Table 5.2). The human participants in
both the control and aritculatory suppression group wsigreficantly above chance at indicating
bothwhatandwhereinformation corresponding to the temporal cue, as aedlipy a binomial

test,p <.001 (see Table 5.2). There were no significant grodgrelifces in accuracy fevhere



information [*(1, N = 800) = 2.13p > .05] orwhatinformation, (1, N = 800) = 0.05p >

.05].

Table 5.2 Accuracy for the temporal, object, and spatialue tasks.

First Event Second Event
Temporal Where What Where What
Monkeys
Gale 6973 51% 49% 49% 2% *
Murph 2720 75% * 41% 85% * 79% *
Willie 3558 45% 51% 66% * 50%
Chewie 1164 53% 49% 50% 53%
Humans
Control 400 95% * 97% * 95% * 98% *
AS 400 92% * 97% * 93% * 98% *
Object Where  When  Where  When
Monkeys
Gale 2943 50% 44% 52% 59% *
Murph 3058 48% 67% * 71% * 46%
Willie 3793 52% 39% 51% 62% *
Chewie 1138 48% 53% 47% 53%
Humans
Control 400 94% * 93% * 97% * 95% *
AS 400 99% * 97% * 97% * 99% *
Spatial What When What When
Monkeys
Gale 1805 54% 54% * 49% 45%
Murph 2418 52% 61% * 53% 37%
Willie 2154 51% 46% 55% * 52%
Chewie 1208 42% 59% * 62% * 40%
Humans
Control 400 94% * 94% * 92% 88%
AS 400 95% * 94% * 99% * 96% *

Note: An asterisk indicates above chance performanamadgzed by a binomial tegi,< .01
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However, when accuracy is analyzed as a functianabtype, comparing performance

for short retention interval trials and long retentinterval trials, the results indicate that, in

general, monkeys were not equally accurate for bothtypas. The monkeys that had been
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above chance at indicatinghator whereinformation were actually only above chance when the
cue prompted them to report information from the mostrteeeent. However, there was one
exception; Murph was equally accurate at indicating spat@mation on both trial types. In
contrast to the rhesus monkeys, the human participaares above chance at reporting both
types of information on trials in which they had to setée location and photo from the first
event (long retention interval cue) and trials in whindy had to select the location and photo
from the second event (short retention interval cue).

Object Cue Task The rhesus monkeys performed at chance levels, witbxiteption
of Murph who was significantly above chance at repgivhereinformation andvhen
information, as determined by a binomial tgst, .001 (see Table 5.2). An analysis of
performance by trial type (comparing trials in which ofgect cue was from the first event and
trials in which the object cue was from the second ®vemealed that Murph was only above
chance at reportinghereinformation when he was required to select the londtmm the most
recent eventp < .001. It was also found that Murph was only above chahoeportingvhen
information if he was presented with the object coenfthe first event (the less familiar event),
p <.001.

In contrast to the rhesus monkeys, human participaftsth conditions were
significantly above chance at reportmereinformation andvheninformation from the event
corresponding to the object cue, as determined by a bihtasigp < .001 (see Table 5.2).
There was a significant difference in group performancevhereinformation,x?(1, N = 800) =
4.99p <.05, andvheninformationy®(1, N = 800) = 7.55p < .01. Specifically, participants in
the articulatory suppression condition performed sigmtigebetter than participants in the

control condition. The human participants in bothaitons were above chance at reporting
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both types of information on trials in which they hageédtect the location and photo from the
first event (long retention interval cue) and trialsvhich they had to select the location and
photo from the second event (short retention intew@).c

Spatial Cue Task An analysis of all trials completed revealed thatrtiesus monkeys
performed at chance levels, with the exception of Manmdh Willie who were significantly
above chance at reportimghat information corresponding to the spatial cue (see TaBle
However, their accuracy was relatively low (53%) and walyg significantly above chance due
to the large number of trials that they completed.aAalysis of the last 100 trials completed (a
more stringent test of significance) revealed thay there not above chance. (In all of the
results described thus far, the monkeys who were signtficabove chance on all trials
completed had also met the stringent criteria ofdpeorrect on the last 100 trials completed.)

In contrast to the rhesus monkeys, human participaftsth conditions were
significantly above chance at reportwwhatinformation andvheninformation from the event
corresponding to the spatial cue, as determined by a bihtasig < .001 (see Table 5.2).
There was a significant difference in group performancevhatinformation,x?(1, N = 800) =
5.16,p <.05, andvheninformationy?(1, N = 800) = 3.89p < .05. Specifically, participants in
the articulatory suppression condition performed sigmtigebetter than participants in the
control condition. The human participants in bothdiions were equally accurate when the
spatial cue prompted them to report information from tte¢ dvent and when the spatial cue
prompted them to report information from the second event
Discussion

The rhesus monkeys were not able to use the spatialgexct cues to report information

from the corresponding event, and there was only naih@widence that they were able to use
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the temporal cue appropriately for both short and long detdyg (only for one monkey and one

guestion type). The monkeys were able to learn totsble@hoto that was seen most recently

or the photo that was less familiar in the trainingtgabut when the temporal symbol was

randomly chosen on each trial, performance in genetatideated, with the exception of one

monkey who was able to use the temporal symbols apprdptiateeport spatial information.

Table 5.3 The hypotheses and results from each experinten

Experiment Hypotheses Monkeys  Humans
Experiment 1 Independent evidence of object, spatial, and talmpemory Yes Yes
Accuracy for short retention intervals > long retemtiatervals No No
Accuracy for control condition > articulatory suppression ~ ----------- No
Experiment 2 Memory fowhatandwhereinformation (1s,5 s, 10 s, 20 s) Yes Not Tested
General trend of accuracy decreasing as retentiawvaiacreases Some Not Tested
Experiment 3 Reporting all three componemisgt, whereandwhen) Yes Yes
Integration ofwhat-where-whein working memory Some No
Unanticipated question type (randomly selected) Yes Yes
Memory for what & where > memory for when Some No
Accuracy for short retention intervals > long retemtiatervals No No
Accuracy for control condition > articulatory suppression ~~ --------—-- No
Experiment 4 Use of a temporal cue to repecentor remoteevent Some Yes
Use of an object cue to repoecentor remoteevent No Yes
Use of a spatial cue to repogcentor remoteevent No Yes
Accuracy for control condition > articulatory suppression ~ -------m--- No

The human participants were able to use all three ypeses appropriately. The

participants in the control condition did not perfornttéethan participants in the articulatory

suppression condition, as originally predicted. In faeppeared that participants in the

articulatory suppression condition performed slightlydyetitan participants in the control
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condition, suggesting that the articulatory suppresssinadatually facilitated performance. It is
possible that the articulatory suppression task may &etvelly made participants more aware
of rehearsal strategies, and they may have compensatéeir inability to verbally rehearse by
using other nonverbal rehearsal strategies. In ordairtomarize the hypotheses and results
from all of the experiments, including the present expent, the specific predictions from each
experiment and the results are presented in Table 5.3.
General Discussion

These experiments provide evidence of simultaneous meoromphat, where andwhen
information in a nonhuman primate species. Theseatemt@lement data that have been
obtained from pigeons using a similar paradigm (Skov-Razlke¢thl., 2005) and suggest that the
paradigm is well suited to investigating memory in aetgirof nonhuman species. In contrast to
the pigeons that did not demonstrate integrationteft where andwheninformation in
memory, three of the rhesus monkeys did show evidenicgegfration of these components in
memory. It is important to note that the high levehoéuracy in both the monkeys and humans
may have obscured additional evidence of integratiois plossible that future research using
more difficult memory tasks would reveal even more en@d of integration.

In much of the previous research with nonhuman prisng@ehwartz et al., 2005;
Menzel, 1999; Hampton et al., 2005), the focus has bedmedarng-term memory component of
episodic memory and not specifically the integratiowlét-where-whegomponents in
memory. The present set of experiments provides ttesfistematic analysis what-where-
whenintegration in nonhuman primates. Although it is true gmsodic memories are often
retrieved from long-term memory, it has been argued hiegtare typically encoded first in

working memory, through the use of an episodic buffertdraporarily binds information
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together before it is transferred to long-term men{@addeley, 2000). Therefore, it seems that
whether they are retrieved from working memory or {oegn memory, the essential element
that makes episodic memories distinct is the integratf multiple components to represent a
past event in memory.

In contrast to the study that examined what-where-wemory in rhesus monkeys and
did not find memory for temporal information (Hamptorakt 2005), these findings suggest that
rhesus monkeys can report information about the tempaospkrties of an event. However, it is
important to note that the Hampton et al. (2005) study usedrietention intervals and a
modified food-caching task, both of which may explain whyrdsilts were different than the
findings of the present experiments. However, thegotestudy does provide evidence that
nonhuman primates can use temporal symbols to repoehgootal properties of an event.
Although the symbols represented discrete temporabaite(l s and 10 s) the monkeys often
had to use these symbols to comment on past eventg@aftpteting intervening tasks, which
most likely required them to have an understandingthieatemporal symbols represented
relative temporal intervals (short vs. long) and nstmte intervals. In addition, evidence from
the sequential training tasks suggests that some monkeysiler® use the temporal symbols
as cues to report information from a recent eventrapte event, which suggests that monkeys
may have some understanding that the symbols refermethtive temporal discriminations.

In the nonhuman primate literature, there has nat bag evidence to indicate that
monkeys or apes can communicate about past events usipgréd symbols. For example,
even language-trained chimpanzees that have an extensaliary of lexigrams (symbols
that represent foods, people, locations, and activitiesjot use the lexigrams fgesterdayand

todayin their daily interactions to comment about past &szein future research, this paradigm
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can be extended to examine memory for relative temparakions in rhesus monkeys and
chimpanzees.

It is not surprising that human participants performegeaterally higher levels than the
rhesus monkeys in all of the experiments (see Table6listf of predictions and results from
each experiment). The human participants received Medieuctions to ensure that they would
understand the task. If instructions had not been provideluiman participants would have
likely been less accurate on all of the tasks thamhégus monkeys due to the large number of
trials the rhesus monkeys had completed to learn shs.taHowever, in contrast to the
prediction that the articulatory suppression task wouldedese accuracy, for the most part it had
no effect, and in some cases the articulatory suppretssét actually facilitated performance,
suggesting that participants may have been using some foromeerbal rehearsal to
compensate. It is possible that engaging in the suppnessk made participants more aware of
potential rehearsal strategies.

On the surface, these results would seem to suggpsties difference between rhesus
monkeys and human participants because humans genenddlynped better than rhesus
monkeys even when they were prevented from using veithedrsal strategies.

However, this conclusion would be based on the assumitad the articulatory suppression
actually did prevent rehearsal, but the fact that theudatory suppression condition performed
better than the control condition in the last expent suggests that the group was using some
form of nonverbal rehearsal strategy. Taken togetltérthe fact that human participants were
given verbal instructions in response to early pilairigs! would argue that it is difficult to
determine whether these differences are due to a spdtaesrtte in memory. | speculate that

the human participants in the articulatory suppressiodition may have engaged in some other
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form of nonverbal rehearsal in order to compensatth®wverbal task they were engaged in. In
future research, this could be explored by examinihgt-where-whenmemory as participants
complete concurrent visual tasks and concurrent verled tend compare the accuracy of the
two groups.

The results were somewhat consistent with the gredithat the length of retention
interval and information type (what, where, or wheould affect accuracy in both rhesus
monkeys and human participants. Specifically, it wadipted that accuracy would be higher
on short retention interval trials than long retentinterval trials, and that accuracy felatand
whereinformation would be higher than accuracywdreninformation. The length of retention
interval did affect accuracy to some extent for thesds monkeys, but not for the human
participants. In addition, it was not always the dasg accuracy for short retention interval
trials was higher than accuracy for long retentioarvdl trials. In fact, monkeys were more
accurate at reporting temporal information after lonignion intervals than short retention
intervals. It is possible that the long delay betwibenpresentation and test was aversive to the
monkey, and the human literature demonstrates thatylarly emotional events (positive or
negative) tend to be more salient.

Although the literature suggests that memorywbenan event occurred is a less salient
cue tharnwhatoccurred omwhereit occurred, these experiments suggest that there avedunal
differences in the salience of the temporal propeaies event. Specifically, the type of
information to be reported (what, where, or wheng@#d accuracy for the rhesus monkeys, but
there were individual differences in which types of infation were more difficult. There was
some support for the prediction thetieninformation would be more difficult to recall (two

monkeys demonstrated this pattern). However, the fatbtie monkey was most accurate at
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reportingwheninformation and that this difference could not be rgaehplained by the
individual’s training history, suggests that there are indgdidiifferences in the salience of the
temporal properties of past events. It is also impottanote that the temporal cue may have
been more salient for this individual because the delagre relatively short compared to delays
that have been studied in the human literature (autolpbgea memory for events). Therefore,
more research is needed to determine whether individifi@latices in temporal memory remain
when longer temporal discriminations are used.

It is important to acknowledge the limitations of thisdy. Although the rhesus monkeys
and human participants demonstrated memorwkat where andwheninformation, the
retention intervals used in this study were not long-teemory delays, but working memory
delays. In order to be considered episodic memohgsitbeen argued that information must be
retrieved from long-term memory (Tulving, 1993). Informatimay be temporarily integrated in
working memory, through the use of an episodic buffed{@@tey, 2000) before being
transferred to long-term memory, but true episodic mepawyefined in the human literature
refers to memories that are retrieved after relbtilong delays. Therefore, an ideal test of
episodic memory would examine both integration and thg-term memory component of
episodic memories. In future research, modificatmithis paradigm that have been used
successfully using working memory delays can be extendedtoire memory for multiple

components of events after long-term memory retemi@nvals.
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