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The temporalrelationsamonglist itemsexert a powerful influenceon episodicmemoryre-
trieval. For example,in free recall, participantsexhibit marked recency and lag-recency ef-
fects:temporalproximity of anitemto thetimeof test(recency) andtemporalproximity of an
item to thejust-recalleditem (lag-recency) bothserve to promoteretrieval. Previousresearch
hasanalyzedtheeffectsof experimentalmanipulationson differentportionsof theserialpo-
sition curve asa meansof distinguishingbetween“short-term”and“long-term” memory. We
employ a decompositionmethodto the serial position curve, partitioning performanceinto
the probability of first recall, illustrating the recency effect in immediatefree recall, andthe
conditionalresponseprobability, illustrating the lag-recency effect (M. W. HowardandM. J.
Kahana,1999)in bothimmediateanddelayedfreerecall.Two experimentsexaminedtheage-
relateddeficit in freerecall. Althougholderadultsinitiatedrecall in thesamemannerin both
immediateanddelayedfree recall, temporalproximity of study items(contiguity) exerteda
muchweaker influenceon recall transitionsin olderadults.This finding of a clearassociative
deficit in normalagingconstitutesdirectevidencefor M. Naveh-Benjamin’s (2000)associative
deficithypothesis,andsuggeststhatthisassociativedeficitmayberesponsiblefor olderadults’
well-known impairmentin freerecall.

This paperexaminesthe temporalassociative processes
governingmemoryretrieval in freerecallby usinga decom-
position techniquethat elucidatesthe distinct contributions
of recency and contiguity (Kahana,1996; Howard & Ka-
hana,1999).Recency refersto thepervasivefinding that the
retrievability of previously experiencedstimuli or eventsdi-
minisheswith thepassageof time andtheconcomitantpres-
enceof interfering activity. Temporalcontiguity of events
alsoinfluencesthe easeof memoryretrieval. If two events,
A andB, areexperiencedin temporalproximity, information
aboutA facilitatesretrieval of B, andvice-versa.

To introduceourdissociationtechnique,wefirst illustrate
how free recall can be decomposedinto separablerecency
andcontiguitycomponents.We thengo on to introducethe
notionof scaleinvarianceandtheideathatcontiguityeffects
in freerecallcouldbea consequenceof theretrieval of tem-
poralcontext. Finally, weintroducethenotionthatacompar-
isonof youngandolderadults— two groupswell-known to
differ in episodicmemoryperformance— may inform this
theoreticaldistinctionbetweenrecency andcontiguity pro-
cessesin freerecall.
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RecencyandLag-recencyEffectsin FreeRecall

Theeffect of recency on memoryperformanceis striking
in thefreerecalltask.In this task,participantsattemptto re-
call a list of previously studieditems,in any order. Plotting
recallaccuracy asafunctionof input(serial)positionreveals
thatparticipantsalmostalwayssuccessfullyrecall the last2
or 3 list items,but thatmemoryfor earlierlist itemsis much
worse. A benefitfor thefirst few list items,theprimacy ef-
fect, is much smaller than the recency effect and depends
critically on rehearsal(Brodie & Murdock, 1977; Rundus,
1971;Tan& Ward,2000).Figure1A illustratestheprimacy
effect, the recency effect, andtheflat interior portionof the
serialpositioncurvecalledtheasymptote.

Examining the order of recalling list items, Deeseand
Kaufman(1957)observedthatparticipantsbegin recallwith
thelastfew list items.In fact,thetendency to begin recallat
theendof thelist providesanexcellentindex of therecency
effectobservedin theserialpositioncurve(Figure1A). This
tendency canbemeasuredby plotting theprobabilityof first
recall (PFR)curve, which is a serialpositioncurve for just
the first item recalled(Hogan, 1975; Howard & Kahana,
1999; Laming, 1999). Figure1B shows the PFRcurve for
datafrom Murdock(1962).

Temporally-defined,interitemassociationsexert a strong
influence on output order in free recall (Kahana, 1996).
Theseassociationsare inferredfrom participants’tendency
to successively recallitemsfrom nearbylist positions.Given
thataparticipanthasjustrecalledanitemfromserialposition
i, andthat the next recall is from serialposition j, Kahana
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(1996)plottedtherelationshipbetweenrecallprobabilityand
thelag (separation,in items)betweeni and j. This measure,
theconditionalresponseprobability asa functionof lag, or
Lag-CRP,measuresthe distribution of successive recallsas
a functionof lag.

Figure1C shows the Lag-CRPfunction calculatedfrom
datacollectedby Murdock(1962). Positive valuesof lag ��
i � j � correspondto forwardrecalls;negative valuesof lag

correspondto backwardrecalls.Largeabsolutevaluesof lag
correspondto wordsspacedwidely in thelist; smallabsolute
valuescorrespondto wordsclosetogetherin thelist. For ex-
ample,if thelist hadcontainedthesub-sequence“ABSENCE
HOLLOW PUPIL” anda participantrecalled“ HOLLOW” then
“ PUPIL” , therecallof “ PUPIL” wouldhavealagof +1. If, in-
stead,theparticipantrecalled“ HOLLOW” then“ABSENCE” ,
the recall of “ABSENCE” would be associatedwith a lag of
-1. In this case,the participantis moving backward in the
list. “ABSENCE” followedby “ PUPIL” would yield a lag of
+2.

The Lag-CRPshows that successively recalleditemsare
morelikely to comefrom nearbyserialpositionsthanfrom
remoteserialpositions.We refer to this phenomenon,illus-
tratingtheeffect of contiguityon retrieval transitions,asthe
lag-recencyeffect(Howard& Kahana,1999;Kahana,1996).
Whereasthe standardend-of-list recency effect relatesper-
formanceto the temporalproximity of a study item to the
timeof test,thelag-recency effect relatesperformanceto the
temporalproximity of a studyitem to thejust-recalleditem.
We usethe termtemporalproximity in this context to mean
the numberof items, or the amountof distractingactivity,
interveningbetweentwo study events(Howard & Kahana,
1999).

The tendency for the Lag-CRPto be greaterfor positive
valuesof lag than for negative valuesof lag indicatesthat
theassociative processin freerecall is asymmetric,favoring
forwardassociationsoverbackwardassociations.Indeed,the
ubiquityof thisasymmetryin bothfreerecall(Kahana,1996;
Howard & Kahana,1999)andserial recall (Kahana& Ca-
plan, 2001; Raskin& Cook, 1937), in contrastto the sym-
metry in cuedrecallof paireditems(Kahana,2001;Rizzuto
& Kahana,2001),presentsa puzzlefor theoriesof episodic
association.

Theserialpositioncurve, which hasplayeda key role in
almostall theoriesof humanmemory function (Murdock,
1960;Anderson,1976;Metcalfe& Murdock, 1981;Atkin-
son& Shiffrin, 1968; Raaijmakers& Shiffrin, 1980,1981;
Anderson,Bothell, Lebiere,& Matessa,1998), reflectsthe
endproductof acomplex anddynamicprocess.A weakness
in traditionalserialpositionanalysesis in theway they have
focusedon theprobabilityof recallasa functionof orderof
presentationwhile disregardingtheorderof recall. As such,
they have discardedinformationaboutsequentialdependen-
ciesin retrieval. Suchinformation,we argue,is crucial for
understandingtheprocessof self-initiatedmemoryretrieval.

HowardandKahana(1999)arguedfor thedecomposition
of free recall performanceusing the PFR,as a measureof
how participantsinitiate recall, andthe lag-CRP, asa mea-
sureof recalltransitions.In immediatefreerecall,thePFRil-

lustratestherecency effect in participants’tendency to begin
by recallingend-of-listitems(seeFigure1B). TheLag-CRP
illustratesthe lag-recency effect in participants’tendency to
successively recall items that comefrom nearbylist posi-
tions. As shown in Figure1C, theLag-CRPis morepeaked
atearlyoutputpositionsthanatlateroutputpositions.This is
only trueof immediatefreerecall; in delayedfreerecall,the
Lag-CRPremainsconstantoverall outputpositions(Howard
& Kahana,1999). Together, thesetwo measuresuncover a
detailedpictureof retrieval in freerecall that is obscuredby
standardserialpositionanalysesthatdisregardoutputorder
(Figure1A).

Thescale-invarianceof recencyandlag-recencyin
freerecall

Numerousdissociationsbetweenrecallof thelastfew (re-
cency) items,andearlier(prerecency) itemsled early inves-
tigatorsto embracethe notion of distinct memorysystems:
a short-termor primary memorystore responsiblefor the
recency effect anda long-termor secondarymemorystore
responsiblefor theprimacy effect andthe level of recall for
items from asymptoticserial positions(Glanzer& Cunitz,
1966;Waugh& Norman,1965).

Although recentevidencehaschallengedthis traditional
two-storemodel (Greene,1986; Howard & Kahana,1999;
Neath & Crowder, 1990; Neath, 1993), the dissociations
betweenrecall of recency andprerecency items,previously
usedto supportthatduality, remainrobust findings. Exper-
imentalmanipulationsof list length (Murdock, 1962),pre-
sentationrate (Murdock, 1962; Glanzer& Cunitz, 1966),
word frequency (Raymond,1969; Sumby, 1963), stimulus
type(Raymond,1969),andintralist itemsemanticsimilarity
(Craik & Levy, 1970; Glanzer& Schwartz, 1971; Glanzer,
1976) only affect recall probabilitiesfor prerecency items.
Conversely, whenincorporatinganend-of-listdistractortask
(Glanzer & Cunitz, 1966), manipulatinglist-item phono-
logical similarity (Craik, 1968; Shallice,1975),or varying
modality of presentation(Murdock & Walker, 1969), only
recallfor end-of-listitemsis affected.

In additionto thesefunctionaldissociations,a numberof
neuropsychologicaland pharmacologicaldissociationsdis-
tinguishrecallof recency andprerecency items.For instance,
pureamnesicsshow a normal recency effect in free recall,
yet their recall of prerecency items is impairedrelative to
control participants(Baddeley & Warrington,1970). Stud-
ieshave reportedsimilar resultsfor individualswith mental
retardation(Ellis, 1970), degenerative dementia(Spinnler,
Della Sala,Bandera,& Baddeley, 1988), and closed-head
injuries (Brooks& Baddeley, 1976). Further, impairedre-
cency, but not prerecency, is seenin normalparticipantsun-
der the influenceof diazepam,a dopaminergic antagonist
(Mewaldt,Hinrichs,& Ghoneim,1983).

In more recentyears,investigatorshave shown that re-
cency effectsin freerecallexhibit anapproximatetime-scale
invariance.Therecency effect,whichis greatlyattenuatedby
giving participantsashort-distractortask(e.g.,solvingarith-
metic problemsfor 10 s) at the endof the studylist, resur-
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Figure1. Thedecompositionof freerecall.PanelA shows astandardserialpositioncurve for theimmediateconditionof Experiment1 of
HowardandKahana(1999).Theuseof anorientingtaskto inhibit rehearsalin thisexperimentaccountsfor thesmallprimacy effect. Panel
B shows theprobabilityof first recall function, illustratingparticipantstendency to begin recallwith end-of-listitems. PanelC shows the
conditionalresponseprobabilityfunctionsfor eachof thefirst 4 outputpositions.SeeHowardandKahana(1999)for furtherdetails.

facesin thecontinuous-distractorparadigm,wherethesame
distractortaskis givenafter eachstudyitem. Manipulating
the length of this distractor(the inter-presentationinterval,
or IPI) alterstheabsolutetime betweenlist itemswhile pre-
servingthe relative spacingof the list. The relative sizeof
the recency effect dependsprimarily on the relative spacing
of theitems,andnot on theabsolutetime sincethelast item
wasencoded(Bjork & Whitten, 1974; Howard & Kahana,
1999). This finding is extremelydifficult to reconcilewith
thedual-storeframework (Howard& Kahana,1999).

HowardandKahana(1999)examinedthelag-recency ef-
fect in the continuous-distractorparadigm(Bjork & Whit-
ten, 1974). Figure2A illustratesthe lag-recency effect for
IPIs rangingfrom 0 seconds(standarddelayedfree recall)
to 16 seconds.As canbeseenin thefigure,the lag-recency
effect wasrelatively constantacrossthis wide rangeof IPIs.
Although 16 secondsof a taxing arithmetictaskhadvirtu-
ally no impacton thelag-recency effect, thesameamountof
distractoractivity, presentedat the endof the list, wassuf-
ficient to eliminatetheend-of-listrecency effect (Howard&
Kahana,1999).

To quantify this effect, we separatelyfit power functions
of theform CRP(lag)� a � lag� b to eachparticipant’sdatafor
the forward andbackward directions. Figure2B shows the
averageexponent(collapsingtheforwardandbackwardtran-
sitionsacrossall participants)asafunctionof theIPI. Insofar
asthe lag-recency effect is insensitive to the absolutedelay
betweenlist items,it canbesaidto exhibit ascale-invariance
with respectto time.

Prior to this discovery, the lag-recency effect was in-
terpretedasevidencefor associationsformed in short-term
memory(Kahana,1996). If short-termmemoryis the locus
for episodically-formedassociations(aspostulatedby Atkin-
son& Shiffrin, 1968;Glanzer, 1972;Raaijmakers& Shiffrin,
1980),thenthiswouldpredictthelag-recency effect,because
nearbyitemspresumablyspendmoretime togetherin short-
term memorythanremoteitems. However, becausea long
inter-item distractorshoulddisruptshort-termmemory, the

scale-invarianceof thelag-recency effectrequiresanalterna-
tiveexplanation.

Retrievedtemporal context

In the free recall task, as in any episodicmemorytask,
participantsarechallengedwith rememberingtheoccurrence
of well-known items in a particularcontext—typically, the
just-presentedgroupof itemsdesignatedas“The List”. To
describeepisodicmemory, we thusneedto introducesome
time-varying representationof context. This representation
allows participantsto differentiatetheoccurrenceof a com-
mon word on one list from the occurrenceof that word on
someotherlist.

Following Estes(1955b,1955a)andothers(e.g.,Mensink
& Raaijmakers,1988;Murdock, 1997),we candefinecon-
text asa collectionof (abstract)featuresthatchangeslowly
over thecourseof item presentation.If context is associated
with eachlist item,andif time-of-testcontext is usedto cue
recall,wecanaccountfor thescaleinvariancein therecency
effect. Becauseend-of-listcontext is mostsimilar to thecon-
texts of recentlystudieditems,themodelpredictsa recency
effect that is sensitive to therelative recency of differentlist
items.

Although this variablecontext model(Mensink& Raaij-
makers,1988; Glenberg & Swanson,1986)neatlypredicts
the scale invarianceof recency effects, it has no mecha-
nismfor generatingthe lag-recency effect seenprominently
in immediate,delayed,andcontinuous-distractorfree recall
(Howard & Kahana,1999). To explain the lag-recency ef-
fect,onecanresortto directinteritemassociations(e.g.,Ka-
hana,1996).Thisview, thoughappealing,cannotexplain the
scale-invariancein thelag-recency effect. It wouldseemthat
interitem associationsshouldat leastbe partially disrupted
by ademandinginteritemdistractor.

An alternative, proposedby HowardandKahana(1999),
is theideathatrecallof anitem resultsin a partialreinstate-
mentof thecontext thatobtainedwhenthatitemwasstudied.
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Figure 2. Thescale-invarianceof associative memory. Datais from a re-analysisof Experiment2 of Howard andKahana(1999). This
experimenthadfour conditions,which variedin theamountof distractoractivity betweeneachof theitemsin thelist. A. TheCRPcurves
from eachof thefour conditions.B. To quantifythetendency to make adjacentrecalls,power functionswerefit to each“arm” of theCRP
curve andaveragedfor eachparticipantfor eachcondition. Error barsin bothpanelsare95%confidenceintervalscalculatedaccordingto
themethodof Loftus andMasson(1994).

Thisretrievedcontext servesasaretrieval cuefor subsequent
items,producingthelag-recency effect. Becauseit is therel-
ative similarity in thetemporalcontext to differentlist items
thatdrivesretrieval transitions,thelag-recency effect is scale
invariant.

Within the retrieved context framework, the recency ef-
fect,asseenin participants’tendency to begin recallingitems
from the endof the list, andthe lag-recency effect, asseen
in participants’tendency to recallnearbyitemssuccessively,
reflecttwo distinctmemoryprocesses.To initiate recall,the
retrieval cueis thestateof context at theendof thestudylist.
This contextual statewill be moresimilar to the statesthat
wereassociatedwith recentlist itemsthanto thoseassociated
with earlier list items. As mentionedabove, this produces
the recency effect in that theseend-of-list items tend to be
recalledfirst andwith highestprobability. Upon successful
recallof anitem,theparticipantretrievesthestateof context
thatobtainedwhenthat item wasoriginally presented.This
retrievedcontext thenservesasaretrieval cuefor subsequent
recalls. Becausethe retrievedcontext will be similar to the
context of nearbylist items,it will serveasastrongercuefor
theseitems,generatinga lag-recency effect.

Dissociatingrecencyandlag-recency

The retrieved variable context framework offers an al-
ternative to the traditional explanationof recency and lag-
recency in termsof theoperationof short-termandlong-term
memory. Theretrievedvariablecontext approach,unlikethat
of thetwo-storemodel,naturallypredictstheobservedscale
invariancein bothrecency (Bjork & Whitten,1974)andlag-

recency (Howard& Kahana,1999).

Theretrievedvariablecontext approachstill predictsthat
two processesdrive retrieval in free recall. Instead of
theseprocessesbeing retrieval from short-termand long-
term memory, they are retrieval using time-of-testcontext
as the cue,andretrieval using retrieved context as the cue.
Thesetwo processesaremeasuredby theprobabilityof first
recallandtheLag-CRP(describedabove).

It is temptingto askwhetherthesetwo measurescanbe
experimentallydissociated.To answerthis question,we ex-
aminedthewell-knownage-relateddeficit in freerecall(Ceci
& Tabor, 1981; Craik, Byrd, & Swanson,1987; Laurence,
1967). We choseto examineage-relatedchangesin perfor-
mance,becausethe Lag-CRPis a measureof temporalas-
sociation,andrecentwork by Naveh-Benjamin(2000)sug-
gestedthatolderadultshave a specificdeficit in their ability
to form new associations.Also, unlike othervariablesthat
clearly dissociaterecency from pre-recency, the age-related
deficit in freerecall is seenat all serialpositions(Parkinson,
Lindholm, & Inman, 1982; Foos, Sabol, Corral, & Mob-
ley, 1987; Rissenberg & Glanzer, 1987; Poitrenaud,Moy,
Girousse,Wolmark, & Piette, 1989; Capitani,Della Sala,
Logie,& Spinnler, 1992).

Within free recall, an age-relateddeficit may reflect im-
pairmentin eitherthe processesresponsiblefor the recency
effect, thoseresponsiblefor the lag-recency effect, or both.
A deficit in therecency effect would posea challengeto the
widely-heldbelief thatshort-termmemoryprocessesremain
intact with aging, while a deficit in the lag-recency effect
wouldbeconsistentwith theassociativedeficithypothesisof
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Naveh-Benjamin(2000).Ourgoalhereis to usedataonout-
put orderin freerecall to partitionretrieval into recency and
lag-recency components,andto seewhetherolderadultsare
specificallyimpairedin oneor theotherprocess,or whether
they areimpairedin both.

In Experiment1, we useimmediatefreerecall to demon-
stratethedissociationprocedureandevaluateagedifferences
in recency andlag-recency effects. Becauserecency domi-
natesmuchof thedatain immediatefreerecall,Experiment
2 useddelayedfreerecallto eliminatetherecency effectand
focusourattentiononthepossibilityof anage-relateddeficit
in lag-recency. Furthermore,we examinedparticipants’in-
trusionson eachfree recall trial for both experiments,par-
titioning theseinappropriaterecalls into repetitions,prior-
list intrusions(items from previous lists), andextra-list in-
trusions(itemsnot on any list).

Experiment1

Methods

Participants. Theolderparticipantswere28 community-
dwelling adults,14 menand14 women,with agesranging
from 69 to 84 years(M = 75, AD = 5.4). The older group
hada meanof 16 yearsof formal education(SD = 2.6),and
a meanWAIS-R vocabularyscoreof 56 (SD = 6.8).

The young participantswere 31 university undergradu-
ates,13 menand18 women,with agesrangingfrom 17 to
21 (M = 18, SD = 1.0). At time of testing,the grouphada
meanof 12yearsof formaleducation(SD= 0.7),andamean
WAIS-R vocabulary scoreof 58 (SD = 5.0). As a group,
the older participantsthus hadan averageof 4 more years
of formal educationthan the young at the time of testing,
t
�
57� � 6 � 27, p � 0 � 01, but the two groupsdid not differ

on WAIS-R vocabulary t
�
57��� 1 � 0. Bothparticipantgroups

reportedthemselvesto bein goodhealthandto have no dif-
ficulty readingthewordsasthey would bepresentedon the
computerscreen.

Procedure. Participantsstudiedlists of wordsfor an im-
mediatefree-recalltest. Lists were composedof 10 com-
mon, two-syllablenounschosenat randomandwithout re-
placementfrom the TorontoNounPool (Friendly, Franklin,
Hoffman,& Rubin,1982). Randomizationof list itemswas
doneboth acrosstrials within a testingsessionand across
participants. A computercontrolledstimuluspresentation
and recordedparticipants’vocal responses.At the start of
eachtrial, a fixation crossservedasa warningsignalfor list
presentation.This crossappearedfor 1.4 s followed by a
100 ms blank ISI. Then, the computerdisplayedeachlist
item in capitallettersfor 1.4 s, followedby a 100msblank
inter-stimulusinterval (ISI). During list presentation,partic-
ipantswererequiredto sayeachword aloud. Immediately
following the presentationof list items, a row of asterisks
accompaniedby atone(lasting300ms)signalledthatpartic-
ipantsshouldbegin recallingthelist items,in any order. We
gave participants30 s to recall list items. During this time,
they wereto recallasmany itemsaspossiblefrom thelist, in
any order. We madeclearto our participantsthat they need

not attemptto recall the itemsin orderof presentation.(Al-
thoughour instructionsattemptedto make clearthatpartici-
pantscouldrecallitemsin anyorder, someolderparticipants
consistentlyrecalleditemsin serialorderonmany trials. Par-
ticipantswhoseprobabilityof beginningtheir recallwith the
first list itemexceededtwo standarddeviationsabovetheme-
dianwereexcludedfrom theseandall subsequentanalyses.
Usingthis criterion,8 olderparticipantsbut no youngerpar-
ticipantswereexcluded. Theseexcludedparticipantswere
replacedto bring the total numberof older participantsto
28.) Participantsweretestedon a total of 33 lists; the first
threelists were consideredas practiceand not includedin
theanalysesreported.Eachsessionlastedapproximatelyone
andahalf hours.

Results

Figure 3 shows recall probability as a function of input
serialpositionfor youngandolderparticipants.Theperfor-
mancefor bothyoungandolderadultsgeneratedtheclassic
serialpositionfunctionwith a morepronouncedrecency ef-
fect thanprimacy effect (Murdock,1962;Glanzer& Cunitz,
1966).Consistentwith Capitanietal. (1992),theage-related
deficit in free recall performancecould be seenat all serial
positions,but especiallyin the middle portion of the serial
positioncurve.

Goingbeyondtheserialpositioncurve,we examinedthe
age-relateddeficit in recency andlag-recency effects.In Fig-
ure4, weplot theprobabilityof first recall(PFR),asensitive
index of therecency effect. In Figure5,weplot theLag-CRP,
a sensitive index of the lag-recency effect. To illustratethe
calculationof PFRandLag-CRP, Table1 showsfour trialsof
actualdatatakenfrom Experiment1. Thefirst line below the
trial numbershowsthetenwordspresentedto theparticipant
in theirpresentationorder. Thesecondline reportsthewords
recalledin their outputorder. Finally, thethird line givesthe
serialpositionwithin thepresentedlist of eachof therecalled
words.

To calculateprobabilitiesof first recall for thesefour tri-
als,we would tally thenumberof timesthefirst recallcame
from a certainserialpositionin thepresentedword list, and
thendivide the tally by the numberof timesthe first recall
couldhave comefrom thatserialposition.Here,we seethat
serialposition10 (thefinal list item) wasrecalledfirst 3 out
of 4 possibletimes. Serial position8 (the third to last list
item) wasrecalledfirst 1 out of 4 possibletimes.Therefore,
theprobabilitiesof first recallare0.75for serialposition10,
0.25 for serial position 8, and 0.0 for the remainingeight
serialpositions.

To calculateconditionalresponseprobabilitiesfor thefirst
recalltransitionin thesefour trials,onewould tally thenum-
berof timesa transitionof a certainlag wasmade,andthen
dividethis tally by thenumberof timesthattypeof transition
could have beenmade. Here,we seethat the lags between
the first two wordsrecalledon trials 1 to 4 were-1, -1, -2,
and-1, respectively. Becauseall of the first recalleditems
of trials 1 to 4 wereeitherat or nearthe endof the list, the
participantcouldhave maderecall transitionsof either-1 or
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Table1
Samplefreerecall trial informationusedto calculateprobabilitiesof first recall andconditionalresponseprobabilities.
Trial 1
List Event Painting Outline Question Temple Party Fountain Commerce Mixture Monkey
Recall Monkey Mixture Commerce Question Temple Outline
SP 10 9 8 4 5 3
Trial 2
List Elbow Wrinkle Model Limit Hero Channel Program Comrade Cherry Building
Recall Building Cherry Comrade Model Limit Channel
SP 10 9 8 3 4 6
Trial 3
List Illness Circuit Mother College Senate Soldier Chapel Instant Cousin Candle
Recall Candle Instant Illness College Soldier
List 10 8 1 4 6
Trial 4
List Lemon Onion Boundary Evening Acid Level Anchor Paper Hatred Current
Recall Paper Anchor Hatred Current
SP 8 7 9 10
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Figure3. Traditionalserialpositioncurve,showing theprobability
of recallof itemsin eachof tenserialpositionsfor youngandolder
adults.Error barsare95%confidenceintervals.

-2 betweenthe first two wordsrecalledon eachtrial. Thus,
the conditionalresponseprobabilitiesfor lags of -1 and-2
are 0.75 and 0.25, respectively. The conditional response
probabilitiesare0.0 for all remainingpossibleforward and
backwardrecalltransitions.

Figure 4 shows the calculatedPFR functionsfor young
andolderparticipants.Participantsin bothgroupsexhibit a
striking tendency to begin recall towardsthe endof the list.
Furthermore,youngandolderadultsdid notdiffer in thePFR
atany serialposition.Thatis,bothyoungandolderadultsex-
hibit anequaltendency to begin recallingitemsfrom agiven
serialposition.

Figure 5 shows the Lag-CRPfunctions for young and
olderparticipantsseparatelyfor outputpositions1 to 4. Al-
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Figure 4. Probability of first recall curves for young and older
adultsin immediatefreerecall. Error barsare95% confidencein-
tervals.

thoughthereappearto beage-relateddifferencesin thequan-
titative levelsof thesefunctions,thesamebasicform is ob-
served for both youngandolder adults. After recallingan
item, both youngandolderparticipantstendto recall items
from nearbylist positionswith a bias towardsgoing in the
forward direction. At early outputpositions,the Lag-CRP
is moresharplytunedthanat lateroutputpositionsfor both
groups. This result is consistentwith previous work on
youngadults(e.g.,Kahana,1996;Howard& Kahana,1999).

Ideally, onewouldliketo comparetheLag-CRPfunctions
for youngandolderadultsto assesstheage-relateddeficit in
the lag-recency effect. However, becauseyoung andolder
adultsdiffer in their overall levelsof recall,onecannotcol-
lapsetheir dataover outputposition,andat the late output
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Figure5. Conditionalresponseprobabilityasafunctionof lagfor thefirst four outputpositions.Theleft panelshowsdatafor youngadults
andtheright panelshows datafrom olderadults.

positions,wheretheLag-CRPfunctionsbegin to asymptote,
olderadultsgive too few correctrecallsto providethestatis-
tical power to comparethemwith their youngcounterparts.
Thisdifficulty is circumventedin Experiment2.

Intrusions. In addition to recalling fewer items, older
adultsproducedbotha greaterproportionandevena larger
numberof repetitionsandintrusionsthanyoungadults. On
average,olderadultsrecalled4.2list items,made0.40repeti-
tions,and0.79intrusions(0.39of thesewerefrom prior lists,
with theremainderbeingextra-list intrusions).Youngadults,
on average,recalled5.4 list items, made0.20 repetitions,
and 0.54 intrusions(0.27 of thesewere from prior lists).
That is, althougholder adultsrecalledfewer list itemsthan
youngadultst

�
57� � 6 � 38, p � 0 � 001,they mademorerep-

etitions t
�
57� � 2 � 75, p � 0 � 01, moreintrusionsfrom prior

lists t
�
57� � 2 � 12, p � 0 � 05 and more extra-list intrusions

t
�
57� � 2 � 36, p � 0 � 05. For both young andolder adults,

abouthalf of all prior-list intrusionscamefrom the immedi-
atelyprecedinglist. In addition,prior-list intrusionsfor both
youngandolder adultstendto comelate in output,with at
least4 timesasmany prior-list intrusionsin the 5th output
positionthanin thefirst outputposition.

Discussion

The decompositionof free recall revealsthat youngand
olderadultsinitiaterecallin thesameway, with astrongten-
dency to begin recallwith itemsneartheendof thelist. Both
youngandolder adultsalsomake extensive useof episodi-
cally formedassociationsin driving their subsequentrecalls.
Both groupsexhibit the hallmarklag-recency effectsof ad-
jacency and asymmetry, with the Lag-CRPfunction being
mostpeakedat earlyoutputpositions.

The changein the tuning of the Lag-CRPfunction with
outputpositionmakesit hardto assessapossibleage-related
deficit in thelag-recency effect in this experiment.This pre-
ventsusfrom collapsingdataacrossoutputpositionsbecause
olderadults’memorydeficit leadsto theproductionof fewer
responsesin lateoutputpositions. In Experiment2, we use
delayedfreerecallto attenuatetherecency effectandthereby
obtainLag-CRPfunctionsthatarestableoveroutputposition
(seeKahana,1996;Howard& Kahana,1999). In this way,
we hopedto make more refinedmeasurementsof the lag-
recency effect by includingall outputpositionsin theanaly-
sis.

Experiment2

Methods

Participants. Theolderparticipantswere25 community-
dwelling adults,10 menand15 women,with agesranging
from 66 to 88 years(M = 74, SD = 5.5). The older group
hadameanof 16yearsof formaleducation(SD= 3.1)anda
meanWAIS-R vocabularyscoreof 51(SD= 8.5).Theyoung
participantswere25 undergraduates,5 menand20 women,
with agesrangingfrom 18 to 21 (M = 19, SD = 0.8). At
time of testing,the grouphada meanof 12 yearsof formal
education(SD =0.5) anda meanWAIS-R vocabulary score
of 52 (SD = 5.7). As a group,theolderparticipantsthushad
an averageof 4 moreyearsof formal educationat the time
of testing,t

�
48� � 6 � 28, p � 0 � 0001,but did not differ on

WAIS-R vocabulary t
�
48� � 0 � 45.

Bothparticipantgroupsreportedthemselvesto bein good
health,andbothgroupsweretestedto insurethey hadnodif-
ficulty readingthewordsasthey would bepresentedon the
computerscreen.Usingthesameserialrecallcriterionasin
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Experiment1 ledto theexclusionof 1 olderand1 youngpar-
ticipant. Theseexcludedsubjectswerereplacedto maintain
25 youngand25 olderparticipants.

Procedure. Participantsstudiedlists of words for a de-
layedfree-recalltest. As in Experiment1, lists werecom-
posedof 10 wordsfrom theTorontoNounPool. Thetiming
andmethodof list selectionandpresentationwas identical
with Experiment1. In this case,however, immediatelyfol-
lowing the list presentationparticipantswere given a 16 s
arithmeticdistractortask. During this task,arithmeticprob-
lemsof theform A+B+C=?wereshown oneat a time. Par-
ticipantswererequiredto saytheanswerout loud. For each
arithmeticproblem,participantscould take asmuchtime as
they needed,anderrorswererare. After 16 s of performing
thisdistractortask,a row of asterisksaccompaniedby a tone
signalledthe participantsto begin recalling list items. We
instructedparticipantsto try to recallasmany itemsaspos-
sible from the list, in any order. Participantsweregiven45
s to recall list items. This recallperiodwaslongerthanthat
usedin Experiment1, becausepreliminarystudiesshowed
that participantstook longer to respondin delayedthan in
immediatefree recall. Responseswere rarely madeat the
endof this recall period indicating that 45 s wassufficient
time for both youngandolder adultsto give their recall of
list items. Participantsweretestedon a total of 23 lists; the
first threelists wereconsideredaspracticeandnot included
in theanalysesreported.

Results

Figure6 showstheserialpositionfunctionsfor youngand
olderparticipants.As expected,therecency effect is greatly
diminishedin this delayedrecall task (Glanzer& Cunitz,
1966;Postman& Phillips, 1965). Theage-relateddeficit is
apparentatall serialpositions.

Figure7 shows PFRfunctionsfor youngandolder par-
ticipants,which, in contrastto Experiment1 results,display
a markedshift from recency towardsprimacy. This shift re-
flectsthesharpreductionin recency associatedwith delayed
freerecall. In concordancewith Experiment1, thePFRfunc-
tionsarenearlymatchedateveryserialposition,demonstrat-
ing thatbothyoungandolderadultsareequallylikely to be-
gin recallfrom any givenserialposition.

Figure8 reportsLag-CRPfunctionsfor youngadults(left
panel)and older adults(right panel). Separateanalysisof
Lag-CRPfunctionsat eachoutputpositionshowed that, as
in previousstudies(e.g.,Howard& Kahana,1999),theLag-
CRPcurvesin delayedrecalldo not changewith outputpo-
sition. Although the Lag-CRPfunctionsof older adultsare
similar in form to thoseof youngadults,olderadults’ Lag-
CRPfunctionsarelesssharplytuned.This flatteningof the
Lag-CRPrevealsthat older adultsare lesslikely to succes-
sively recall items from neighboringinput positions. Be-
causetransitionsin recall are indicative of associative pro-
cessing,this reductionin thelag-recency effect indicatesthat
a deficit in episodicassociationis oneimportantfactorun-
derlyingtheage-relatedimpairmentin freerecall.
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Figure 6. Serialpositioncurvesfor youngandolderadultsin de-
layedfreerecall.Errorbarsare95%confidenceintervals.
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Figure 7. Probability of first recall curves for young and older
adultsin delayedfree recall. Error barsare95% confidenceinter-
vals.
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Figure 8. Conditionalresponseprobability asa function of lag for thefirst threeoutputpositions.The left panelshows datafor young
adultsandtheright panelshows datafrom olderadults.

To quantitatively assessolder adults’ deficit in the
lag-recency effect, we fit power functions of the form
CRP(lag)� a � lag� b to eachparticipant’s dataseparatelyfor
the forward and backward directions. The forward and
backward exponentswere 0.82 ( � 0 � 09) and 0.50 ( � 0 � 09)
for young adults, and 0.37 ( � 0 � 10) and 0.26 ( � 0 � 07) for
older adults. The age-relatedimpairmentin the Lag-CRP
was thus statisticallysignificantin both the forward direc-
tion (t

�
48� � 3 � 52, p � 0 � 001 ) andthe backward direction

(t
�
48� � 2 � 26, p � 0 � 05).
Consistentwith this, a 2 (lag: adjacent,remote1) by 2

(age: young, older) mixed-designANOVA showed sig-
nificant main effects of age (F(1,48)=6.12,MSe=.00086,
p � 0 � 02), lag (F(1,48)=153.30,MSe=.002, p � 0 � 001),
and most importantly, a significant age 	 lag interaction
(F(1,48)=7.26,MSe=.00086,p � 0 � 01).

Intrusions. Despiterecallingfewer items,theolderadults
againproducedboth a greaterproportionand a larger ab-
solutenumberof repetitionsand intrusionsthan the young
adults.Olderadults,onaverage,recalled3.0list items,made
0.15repetitions,and0.95intrusions(0.52of thesewerefrom
prior lists, with the remainderbeing extra-list intrusions).
Youngadults,on average,recalled4.4 list items,made0.05
repetitions,and0.35intrusions(0.15of thesewerefrom prior
lists). That is, althougholderadultsrecalledfewer list items
thanyoungadults(t

�
48� � 6 � 39, p � 0 � 001),they mademore

repetitions(t
�
48� � 2 � 63, p � 0 � 01), more intrusionsfrom

prior lists(t
�
48� � 5 � 40, p � 0 � 001)andmoreextra-list intru-

sions(t
�
48� � 3 � 32, p � 0 � 002).As in Experiment1,approx-

imately half of all prior-list intrusionsfor both young and
olderadultscamefrom theimmediatelyprecedinglist. Sim-
ilarly, prior-list intrusionsfor both young and older adults
camelate in output, with about4 times as many prior-list

intrusionsin the 5th outputposition thanin the first output
position. Thus,althoughtheolderadultsdid make a greater
proportionof intrusionsin both immediateanddelayedfree
recall,theoveralloutputpatternof intrusionswasquitesim-
ilar.

Discussion

In delayedfree recall, as in immediatefree recall, older
adultsrecalledsignificantly fewer items thanyoungadults,
with thedeficit appearingat all serialpositions.Decompos-
ing freerecallinto PFRandLag-CRPmeasuresrevealedthat
youngandolderadultsdo not differ in theway they initiate
recall,but thattheolderadultsmadefarlessuseof contiguity
in their retrieval thandid theyoungadults.This latterfinding
indicatesthata temporalassociationdeficit is contributingto
olderadults’ impairmentin freerecall.

GeneralDiscussion

We examinedthe recency andlag-recency effectsin free
recall for youngandolderadults.Becauseparticipants’out-
put streamin freerecallcontainsa greatdealof information
not seenby standardserialpositionanalyses,we useda de-
compositiontechniquethat separatesperformanceinto two
measures.Thefirst measurespecifiestheprobabilitythatthe
first recalleditem comesfrom a given list (serial)position.
In immediatefree recall, this measurerevealsparticipants’
tendency to begin recallingitemsfrom theendof thelist.

The secondmeasurespecifiesthe probability that two
successively-recalleditemscomefrom neighboringlist po-

1 For theANOVA we definedadjacentastheaverageof lags+1
and-1. We definedremoteastheaverageof all lagswith absolute
valuesbetween3 and5.
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sitions. This measurecapturesparticipants’tendency to as-
sociatenearbyitemswithin thestudylist. We have referred
to this tendency asa lag-recencyeffect,becauseit represents
enhancedrecallof itemsthatwerestudiedclosein time (i.e.,
recent)to theitem just recalled.

In immediatefree recall, participants’tendency to begin
recalling items from the end of the list coupledwith their
tendency to successively recallnearbylist itemsproducesthe
classicrecency effect (Howard& Kahana,1999).Occasion-
ally, participantsbegin recalling items from the beginning
of the list. Both measuresprovide informationon the order
of recall that is obscuredby moretraditionalserialposition
analyses.

Age-relatedchangesin recencyandlag-recency

Consistentwith previouswork (Kahana,1996;Howard&
Kahana,1999), young adultsshowed a strongrecency ef-
fect in immediate,but not delayed,free recall. This wasre-
vealedboth by the standardserialpositioncurve (Compare
Figures3 and6) andby theprobabilityof first recall (Com-
pareFigures4 and7). Youngparticipantstendto begin recall
with end-of-listitemsin immediate,but not delayed,freere-
call. Youngadultsalsoshow astronglag-recency effect(e.g.,
Howard & Kahana,1999)with recall of an item following
recallof anadjacentitem on a largeproportionof trials,and
with forwardtransitionsbeingabouttwice aslikely asback-
ward transitions.This wastrue for both immediate(Figure
5, left panel)anddelayed(Figure8, left panel)freerecall.

Olderadultsrecall itemsin a qualitatively similar manner
to thatof youngadults.They exhibit strikingrecency, asseen
in their tendency to begin recallwith the last few list items,
andthey exhibit alag-recency effect,asrevealedby their ten-
dency to successively recall itemsfrom neighboringlist po-
sitions. However, the decompositionof recall performance
into thesetwo measuresillustratesastrikingdissociationbe-
tweenyoungandolder adults. While the function describ-
ing themannerin which the youngandolderadultsinitiate
recall is nearly identical,older adults’ recall transitionsare
muchlessinfluencedby thetemporalrelationsamongitems
at study.

TheTemporal Context Framework

To betterunderstandtheseresults,we needto consider
the processesthat generatethesetwo measures.As men-
tionedin theintroduction,HowardandKahana(1999)found
that a retrieved-variable context model could accountfor
theobservedscaleinvarianceof recency andlag-recency ef-
fects. Otherformal modelsof free recall (e.g.,Raaijmakers
& Shiffrin, 1980,1981)couldnot handletheseresults.

Within the temporal context framework (e.g., Estes,
1955b,1955a;Howard & Kahana,1999; Murdock, 1997),
eachitem is associatedwith a representationthat changes
graduallywith time. By this we meansomethingsimilar to
time tags(Yntema& Trask, 1963), but ratherthan coding
timelikeaclock,context drifts graduallyasaconsequenceof
changingmentalactivity and/orperceptualinput. The tem-
poralcontext modelof HowardandKahana(submitted)pro-

posesa specificmechanismfor contextual drift andcontex-
tual retrieval that accountsfor the asymmetryin contiguity
effects seenin both free recall (seeFigures1, 2, 5 and 8)
andserialrecall (Kahana& Caplan,2001;Raskin& Cook,
1937).For thepresentdiscussion,weconsideronly themore
generalconceptualframework, aspresentedin Howard and
Kahana(1999).

At test,two differenttypesof cuesdrive recall: Time-of-
testcontext drivesthefirst recallandretrievedcontext guides
subsequentrecalls.A participantwhois impairedin episodic
memorymay be impairedin oneor bothof theseprocesses
(or in someotheraspectof memoryretrieval). An impair-
mentin theuseof time-of-testcontext wouldreducetheend-
of-list recency effect in immediatefree recall. Similarly, an
impairmentin theuseof retrievedcontext would beseenas
a reductionin thelag-recency effect in delayedfreerecall.

Insofar as young and older adults initiate recall in the
samemanner, asseenin the equivalenceof their PFRfunc-
tions (seeFigures 4 and 7), time-of-testcontext servesas
anequallyeffectivecueacrosslist itemsfor eachagegroup.
Within thetemporalcontext framework, theshapeof thePFR
function reflectsthe similarity of time-of-testcontext to the
context associatedwith eachlist item. The equivalenceof
youngandolderadults’PFRfunctionssuggeststhat tempo-
ral context duringstudychangesat thesameratefor young
andolderadults.

If, indeed,context changesat thesameratefor youngand
olderadults,thenany deficit observedin the lag recency ef-
fect (seeFigure8) mustbea consequenceof a differencein
the processof contextual retrieval. Therefore,we conclude
that theage-relateddeficit seenin the lag-recency effect re-
flectsa deficit in contextual retrieval, but not in contextual
coding.

Theage-relatedimpairmentin the lag-recency effect, but
not in the end-of-list recency effect, as reportedin these
experiments,can also be seenas consistentwith a simple
inter-item associative framework, as formalized,for exam-
ple,in theclassictwo-storeSAM model(e.g.,Raaijmakers&
Shiffrin, 1980,1981;Kahana,1996). In thatmodel,onecan
selectively impair theformationof inter-itemassociationsin
short-termmemory(reducingthe valueof the b parameter
for olderadults),without changingthe meanbuffer size,or
therule for buffer retrieval. Althoughthis couldexplain the
basicpatternof our results,two-storemodels,suchasSAM,
are unableto capturepreviously publishedfindings on the
scaleinvarianceof episodicassociation(Howard& Kahana,
1999),or on thescaleinvarianceof recency (Glenberg et al.,
1980;Nairne,Neath,Serra,& Byun,1997).

Thedecompositionof freerecall,asdescribedabove,pro-
videsimportantinformationaboutepisodicretrieval. Its fo-
cusis on therole of temporalfactorsin guidingrecall,both
usingtime-of-testandretrievedcontext ascues.It doesnot,
however, considertherole of semanticfactorsin guidingre-
call (e.g.,Wingfield,Lindfield, & Kahana,1998).

Semanticsimilarity’seffectonrecallsometimesassertsit-
self in theform of intrusionerrors— recallof itemsthatwere
not presentedin the target list. Suchresponsesaretypically
itemsthat arestructurallyrelatedto oneor morelist items,
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either in termsof semanticsor phonology. Intrusionsmay
be itemsthatappearedon earlierlists (prior-list intrusions),
or itemsthatwerenot presentedin theexperiment(extra-list
intrusions).

Our finding that older adults producemore prior- and
extra-list intrusionsin both immediateanddelayedfree re-
call is consistentwith argumentsthat older adults have a
poorerability to inhibit activatedresponses(Zacks& Hasher,
1997).Within theretrievedcontext framework,suchaninhi-
bition deficit would directly impair free recall performance,
becauserecallof anitemthatwasnotonthestudylist would
recoveraninappropriaterepresentationof its context, which
would fail to helpparticipantsrecallothercurrentlist items.
However thelack of informationon semanticandphonolog-
ical similarity limits theseanalyses.An examinationof both
temporalandsemanticfactorsin free recall would improve
ourunderstandingof theage-relateddeficit in episodicmem-
ory.

Conclusions

Retrieval from episodic memory is impaired in older
adults.Thisdeficit is especiallypronouncedin freerecalland
pairedassociatelearningtasks. The deficit in pairedasso-
ciateshasbeenusedto arguethatolderadultshaveaspecific
associative deficit (e.g., Naveh-Benjamin,2000), whereas
thedeficit in freerecallhasbeenusedto arguefor adeficit in
self-initiated,or contextually-mediatedretrieval.

Usinganew decompositionmethod,wecanpartitionfree-
recall performanceinto two measures.The probability of
first recall, illustratesparticipants’tendency to begin recall
with recentitemsin immediate,but not delayed,freerecall.
Theconditionalresponseprobabilityasa functionof lag il-
lustratesthelag-recency effect– thetendency for participants
to successively recall itemsfrom nearbylist positions.

Youngandolderadultsinitiate recall in thesamemanner,
beginning with end-of-list items in immediate,but not de-
layed,freerecall. Theequivalenceof theprobabilityof first
recall functionsacrossagegroupssuggeststhatbothgroups
effectively usetime-of-testcontext to aid recall. However,
the lag-recency effect, which measuresthe effect of tempo-
ral associationat encodingupon subsequentretrieval, was
markedly impairedin older adults. We seethis associative
deficit asa consequenceof older adults’ impairmentin re-
trieving thetemporalcontext associatedwith list items.
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