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In immediatefree recall, words recalledsuccessiely tendto comefrom nearbyserial po-
sitions. M. J. Kahana(1996) documentedhis effect and shawved that this tendeng, which
the authorsrefer to asthe lag recencyeffect, is well-describedby a variantof the searchof
associatie memory(SAM) model(J. G. W. Raaijmalers& R. M. Shiffrin, 1980,1981).In 2
experiments participantgperformedimmediate delayedand continuouddistractorfree recall
underconditionsdesignedo minimize rehearsalThelag receng effect, previously obsered
in immediatefree recall, was alsoobsered in delayedand continuousdistractorfree recall.
Althoughtwo-storemodelsof freerecall,like SAM, readilyaccountfor theend-of-listreceny
effectin immediatefreerecall,andits attenuatioraftera periodof distractionin delayedfree
recall, thesemodelsfail to accountfor the end-of-listreceny effect obseredin continuous-
distractorfreerecall. By meansof analyticsimulations the authorsshawv thatboththe endof
list receng effectandthelagreceng effect, acrossall distractorconditions,canbe explained
by a single-storenodelin which context, retrievedwith eachrecalleditem, senesasa cuefor

subsequentecalls.

Thereceny effectrefersto thedeclinein memoryperfor
mancewith the passagef time or the presencef interfering
events. Althoughreceng effectsin recognitionmemoryare
long lived andresistanto interferencee.g. Strong,1912),
receng effectsin free andprobedrecall areshortlived and
are extremely vulnerableto interference(e.qg. Postman&
Phillips, 1965). In this article we analyzethe receny ef-
fectin freerecall, focusingon the detailsof retrieval under
variousdistractorconditions.

In freerecall,thereceng effectis almostcompletelyelim-
inatedby 15 s of a distractortask (Glanzer& Cunitz, 1966;
Postman& Phillips, 1965). The specialstatusof the re-
ceng effectin freerecallis highlightedby findingsthatnu-
merousexperimentamanipulationsandparticipantvariables
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have differenteffectson receng andprereceng items. For
example, list length (Murdock, 1962), interitem similarity
(Watkins, Watkins, & Crowder, 1974), incidentallearning
(Marshall& Werder 1972)andpresentatiomate (Murdock,
1962)significantlyaffectrecallof prereceng but notreceng
items. In contrast,modality of presentationMurdock &
Walker, 1969)andinterpolateddistractoractiity (e.g.Post-
mané& Phillips, 1965)affectrecall of receng but not prere-
ceng items.

Two setsof findings—thevulnerability of receng in free
recall andthe functional dissociationdetweenmemoryfor
receng andprereceng items—Iledmary to atwo-storeview
of humanmemory(e.g. Atkinson & Shiffrin, 1968; Waugh
& Norman,1965). This view, termedby Murdock (1967)
themodalmodel,heldthatincominginformationwasmain-
tained through rehearsalin a limited-capacity short-term
store(STS)andwassubsequentlyransferredo along-term
store(LTS).

Long-ermRecency

In the mid-1970s,the modal model cameunder attack
from numerousdirections (see Baddelsg, 1986; Crowder,
1982, for reviews). One of the mostsignificantchallenges
camefrom the obsenation of the so-calledlong-termre-
ceng effect. Long termreceng (henceforth,LTR) refers
to the well-documentedinding that the receng effect, al-
thougheliminatedby an end-of-listdistractortask, is rein-
statedwhenparticipantgperformadistractortaskin between
eachof the list items and at the end of the list (Baddeleg
& Hitch, 1977; Bjork & Whitten, 1974; Glenbeg et al.,
1980;Glenbeg, Bradley, Kraus,& Renzaglia,1l983;Nairne,
Neath,Serra& Byun,1997;Neath& Crowder, 1990;Neath,
1993; Thapar& Greene,1993; Tzeng,1973). Specifically
for a given durationof the end-of-listdistractorperiod (re-
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tentioninterval; RI), increasingthe durationof the within-
list distractors(interpresentatiointerval; IPI) resultsin in-
creasedeceng. This increasedreceny is manifestin an
increasegrobability of recallfor thelastlist item (the level
of recall effect; Glenbeg et al., 1980)anda steepeslopeof
theserialpositioncurve atthe endof thelist. Thesefindings
of LTR have beenobsenedontime scales

rangingfrom tenthsof secondg¢Neath& Crowder, 1996)
to weeks(Baddelg & Hitch, 1977; Glenbeg et al., 1980).
LTR is clearlynot theresultof continuousmaintenancén a
limited-capacitySTS?

Someresearcherave suggestethatthereceng effectin
immediatefreerecallremainsvalid evidencefor STShbut that
LTR resultsfrom someotherprocesqe.g. Healy & McNa-
mara,1996;Nairne,1992; Raaijmalers,1993). Others,not-
ing the paralleleffectsof variables suchassemanticsimilar
ity (Greene Crowder, 1984)andword frequeng (Greene,
1986b)on continuous-distractoand immediatefree recall,
have arguedthatL TR andimmediatereceng resultfrom the
sameprocessand discountSTS altogether(e.g. Crowder,
1982; Greene,1986a). A third positionholdsthat STS, al-
thoughnot providing anexplanationof serialpositioneffects
in free recall, may remaina useful heuristicin otherareas
of memoryresearch Working memory(Baddele & Hitch,
1974; Baddelg, 1986) hasinheritedthe role of STSin the
modalmodel.Baddelg hastakenthislastposition,conclud-
ing that, “althougha short-termworking memoryexists, it is
not responsibleor the receng effect” in free recall (italics
in the original; Baddelg & Hitch, 1977,; p.647).

Compleity of FreeRecall

Analysesof the serial position curve in free recall have
provided muchof the evidencefueling the debateover two-
store models of human memory Using serial-position-
based-analysemvestigatordave proposedmethodgo iso-
late the contributionsof long- andshort-termmemoryto the
serial position curve (e.g. Raymond,1969; Tulving & Pat-
terson,1968; Watkins, 1974). However, this interpretation
of theserialpositioncurve asa straightforvardrecordof the
quality of memoryis unwarranted.The serialpositioncurve
reflectgheendproductof arich anddynamicprocessRecall
probability, a unidimensionaimeasurefails to capturethis
processin sufiicient detail to constraintheoriesof free re-
call. Modelsof the serialpositioncurve have beenbasedon
distinctvenesgMurdock, 1960), spreadingactivation (An-
derson,1976),forward andbackward chaining(Metcalfe &
Murdock, 1981)and, of course,short-andlong-termmem-
ory (Atkinson & Shiffrin, 1968). The serial position curve
alonehasfailedto distinguishamonghhesewidely variedthe-
oreticalapproachesThe serial positioncurve, in collapsing
over outputpositions,discardsnformationaboutsequential
dependencieis retrieval. In this article,we demonstrat¢éhat
thesesequentiadependenciesan distinguishamongcom-
petingclasse®f models.

In the experimentsreportedin this article, two additional
measuresllow usto examinethis process.The probability
of first recall measuresvherein the list participantsbegin
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recall. The conditionalresponsgrobability (CRP)measures
how onerecall follows another Takentogether thesemea-
surescontainmoreinformationthanthe serialpositioncurve
thatis their result. A theoreticaldescriptionof eachof these
measuress necessaryor anaccurateandcompletedescrip-
tion of single-trialfreerecall.

The probability of first recallis a serialpositioncurve for
the participants’first response.Receng items, in addition
to beingmorelikely to be recalledduring the recall period,
asrevealedby the serial position curve, are morelikely to
be recalledearly in participants’output sequencethis was
known at leastasearly asDeese& Kaufman,1957). This
generakendeng is revealedby inspectingthe probability of
first recalf(seeFigure1, serialpositioncurve labeledlsy).

Kahana(1996)introduceda measureof the tendeng for
participantsto consecutiely recallitemsthat sharedhearby
list positions. This measurethe CRR givesthe probability
of recallingitem i + lag afterrecallingitemi. Positve lag
valuesindicateforwardrecalls whereasiegative valuesindi-
catebackwardrecalls.Largeabsolutevaluesindicateremote
items,whereasmallvaluesindicateitemsfrom nearbyserial
positions(seeFigure 1, inset). For example,if the list had
containedthe subsequenceBSENCE HOLLOW PUPIL anda

! Defendersof the modalmodelhave launcheda numberof at-
tackson theempiricalinterpretatiorof LTR. Onepossibilityis that
LTR is anartifactresultingfrom paricipantshabituatingto the dis-
tractortask. In continuous-distractdreerecall, asparticipantse-
comepracticedat the distractortask, it is possiblethatit losesits
effectivenesdn displacingitemsfrom STS(Koppenaak& Glanzer
1990;Poltrock& MacLeod,1977).Consistentvith this view, Kop-
penaalandGlanzerfoundthatswitchingto a new distractortaskat
the endof thelist significantlyreducedhe LTR effect. If habitua-
tionto thedistractoris thesolefactorproducingthe LTR effect, then
usingadifferentdistractoraftereverylist item shouldalsoeliminate
the LTR effect. However, both Thaparand Greene((1993)) and
Neath(1993)found LTR underjust theseconditions.Furthermore,
researcherthathave examinedcontinuous-distractdreerecallun-
derconditionsof incidentallearninghave obtainedsignificantLTR
effects (Baddelg & Hitch, 1977; Glenbeg et al., 1983; Neath,
1993). Consistentwith the view that incidentallearningdisrupts
rehearsaltheseresearcherfoundlittle or no primag/ andvery low
levels of asymptoticrecall. Similar findings have beenobsered
whenusingparticularlytaxingdistractotasks(e.g. Watkins,Neath,
& Sechler1989)thatwould certainlybe expectedto clear STS of
list items.

2 Laming (personalcommunication)analyzedthe probability
of first recall for the Murdock (1962) and Murdock and Okada
((1970))studies He found a generakrendtowardsa “hump” in the
probability of first recall (seeFigure 1, serialpositioncune labeled
1sf). Our own secondaryanalyseshave confirmedthat the effect
holdsfor all conditionsin the Murdock andWalker ((1969)) study
andfor thetwo fastestonditionsof the Robertg(1972)study This
humpis inconsistentwith the view thatreceng simply reflectsa
monotonicdecreas@n thestrengthof list items. It is consistentvith
alimited-capacityshort-ternstoredriving theearly stagef recall.
Becausehe lastseveralitemsareall likely to bein the short-term
store,andall itemsin the storeareequallyavailablefor recall, this
predictsa flattenedregion at the endof thelist in the probability of
first recall. The sizeof the humpwould thengive a crudeestimate
of the capacityof this short-termstore.
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Figure 1. The compl«ity of freerecall. This figure shavs the

probability of recallandconditionalresponserobability (CRP;in-
set) partitionedby outputpositionfor the 20-word list, 1 item per
secondconditionof Murdock (1962). The shapeof the serial po-
sition curwe is largely determinecby the probability of first recall
andthe conditionalresponseprobability The serialpositioncurve
labeledlstis the probability of first recall. Note the “hump” at the
endof thelist.

participantrecalledHoLLow followed by pupIL, the recall
of pupIL would have alag of +1. If, insteadthe participant
recalledHoLLow followed by ABSENCE, therecall of AB-
SENCE would have alag of -1. ABSENCE followedby pupIL
wouldyield alag of +2. Note thatthis would betrue no mat-
terwherein thelist the subsequencappeared AppendixA
describeshesemeasurein moredetail.

Kahana(1996) found that the CRPsfrom several large
studiesof immediatefreerecallall have the following prop-
ertiesin common.

1. Words whoseserial positionsare nearthe serial posi-
tion of the just-recalledword are morelikely to be recalled
thanwordsfrom remotepositions.We referto this property
asthelag recencyeffect

2. Thereis anasymmetnyin this advantage—forvardre-
callsaremorelik ely thanbackwardrecalls.

3. The proportion of nearbyrecalls dissipatesas recall
progresses—thelis atendenyg to make morenearbyrecalls
earlyin the outputsequencé¢hanlateron.

The lag receng effect is not simply an artifact, or even
simply a correlate of end-of-listreceng. At late outputpo-
sitions,thereis noend-of-listreceng effectin the probability
of recall; nonethelesghelag receny effectis still apparent
in the CRP(seeFigurel, outputpositionsgreateithanfour).
Althoughtheserialpositioncurveis flat at theseoutputposi-
tions, this doesnot meanthatserialpositionno longerplays
arole. The relevant serial position, however, is relative to
the just-recalleditem. Although the end-of-listandlag re-
ceng effectsareempirically distinct,an explanationof both
by the sametheoreticaimechanisms possible.Indeed,both
receng effectsareexplainedin immediatefreerecallby the
operationof STS.

925

TheModal Modelandthe Compleity of FreeRe-
call

The searchof associatie memorymodel (SAM) (Raaij-
makers& Shiffrin, 1980,1981),asophisticatedariantof the
original Atkinson and Shiffrin ((1968)) modalmodel,is the
only major memorymodelthat canaccountfor the detailed
findingsobtainedn thefree-recalparadigm(Kahana,1996).
In SAM, asin the modalmodel, STSis responsibleor re-
hearsalandfor the transferof informationinto LTS. Raaij-
makersandShiffrin (1980,1981)have shovn how SAM can
accountfor a broadrangeof benchmarlkdatain free recall,
including serialpositioneffects, list lengtheffects,presenta-
tion rate effects, growth of interresponséimes with output
position, part-setcuing, and mary otherfindings. Many of
thismodel's successedependntheactionof STS—bothn
the formation of associationsn LTS andin the determina-
tion of whatinformationis availablefor animmediatetest.
We referto this versionof SAM asSAM—-FR

SAM-FR predictsreceng in immediatefree recall be-
causethe contentsof STS are available for recall at the
time of test. Becauseend-of-list distractorsdisplacelist
itemsin STS, SAM—FR predictsattenuatedeceng in de-
layedfreerecall. In this case,retrieval is from LTS medi-
atedby fixedlist context. SAM—FR makesthe samepredic-
tion for continuous-distractdiree recall. Becausghe same
end-of-listdistractoroccursbeforethefree-recaltest, SAM—
FR fails to produceLTR. NonethelessSAM—-FR describes
immediatefree recall in impressve detail. Kahana(1996)
demonstratethata modifiedversionof SAM—-FR predicted
boththelag receny effectandthe changan CRPswith out-
put positionin immediatefreerecall.

In SAM-FR, the existenceof the lag receng effectis a
consequencef the effect of STSduringlist presentatioron
the behavior of LTS during retrieval. Nearbylist itemstend
to sharetimein STS,therebystrengtheningnteritemassoci-
ationsin LTS.Thelagreceny effectis predictecbecausé¢he
just-recalledtem contributesto the cuefor recall of the next
item. Becausenearbyitemsarelikely to have sharedtime
in STSwith the just-recalledtem, they arelikely to have a
strongerinteritemassociationn LTS. This produceghelag
receng effect.

The changeof the CRPwith outputpositionin immediate
freerecallis explainedby an STScomponento the CRPat
early outputpositions.Severalitemsfrom the endof thelist
(andhencenearbyserialpositions)areavailablefrom STSat
thetime of test.Itemsin STSareavailablefor recallandare
not subjectto the processof retrieval from LTS. In retrieval
from LTS, itemsmustcompetewith all of the otheritemsin
thelist andaresubjectto recovery failure. Becauseghe end-
of-list itemsin STSarenot subjectto this processSAM-FR
predictsa strongerlag receng effect at early output posi-
tions.

Explanationsof LTR The view that positional or tem-
poral informationdrivesa competitve retrieval procesaun-
derliesseveral attemptsat dealingwith the phenomenorof
LTR. Temporaldistinctivenessheory(Glenbeg & Swanson,



926

1986; Murdock, 1960; Nairneet al., 1997; Neath& Crow-
der, 1990)canbe seenasa versionof this generalapproach.
Thesetwo postulatesa temporally sensitve constructand
competitive retrieval, are sufficient to explain LTR. To see
this, considemconstructhatis sensitve to thetime between
studyof anitem andthe recalltest. We label this hypothet-
ical constructastracestrength In delayedandcontinuous-
distractorfreerecall,the presencef afilled distractorinter-
val causesall itemsin the list to have lower tracestrength
thanthey did in immediatefree recall. In continuousdis-
tractorfreerecall,thelastitemin thelist will have thesame
absolutestrengthasit did in delayedfree recall. However,
becaus®f thedistractomprior to thelastitem, theotheritems
will have evenlessstrengththanthey did in delayedfreere-
call. Thelastitem will thereforebe subjectto lesscompe-
tition from otheritemsandtherewill be anincreasen the
receng effectrelativeto delayedreerecall. ThisistheLTR
effect. Becauseof the competitive retrieval processyrecall
probabilityis a function of therelative ratherthanthe abso-
lute strengthof anitem.

Variable context, as formulatedby Mensink and Raai-
jmakers (1988, 1989), is a temporally sensitve construct,
much like the hypotheticaltrace strengthof the preceding
paragraphFixedlist context is anabsolutelynecessargom-
ponentof Raaijmalers and Shiffrin’s (1980, 1981) SAM—
FR model becausethere is no other cue to initiate recall
from LTS whenSTSis empty Studiesof list discrimination
(e.g.,Shiffrin, 1970)illustratetheimportanceof list context.
However, SAM—FR, with all-or-nonefixedlist context, fails
to predict such basic phenomenaas proactie interference
(Mensink & Raaijmalers, 1988). To deal with thesephe-
nomenaMensinkand Raaijmalerspostulatedhat the con-
text cuethatparticipatesn retrieval from LTS fluctuatesover
time. Whenanitemis encodedit is associateavith the cur-
rently active subsetof contextual elements. The activation
theitem receivesfrom the testcontext is determinedoy the
overlapof theitem’s encodingcontect andthe context atthe
time of test. This overlapwill bemaximalatshortdelaysand
will decayover longerintervals. Combinedwith the com-
petitive retrieval structureusedin SAM, this should prove
sufficientto generatehefinding of LTR (asarguedby Raai-
jmakers,1993),althoughthis hasnot yet beendemonstrated
in the literature. Although onewould alsoexpectreceng in
immediatefree recall, the ability of this modelto produce
LTR andanadequatelescriptionof immediatereceng with
the samechoiceof parameterss anopenquestion.

Context and Long-Term CRPs A unified theory of re-
ceng effectsin freerecallacrosgsime scalesmust,by defini-
tion, maintainthatLTR andend-of-listreceng in immediate
freerecallarisefrom the samemechanismin suchatheory
end-of-listreceny mustbeafunctionof therelative spacing
of thelist wordsandthetime of test. This sensitvity to the
relative spacingrequiresthat a unified theoryof receny ef-
fectsmaintainsan equivalenceprinciple betweenmmediate
and continuous-distractofree recall (RI=IPI), becausehe
relative spacings thesame.

A generaltheory of serialposition effectsmustalsopre-
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dict the obsened lag receny effect in immediatefree re-
call (Kahana,1996). Becausethe relative spacingof the
itemswithin thelist is the samein immediate delayed,and
continuous-distractofree recall, the equivalenceprinciple
meansghat a unified theoryshouldpredicta lag receny ef-
fectin all three conditions. We refer to the hypothesized
finding of a lag receng effectin continuousdistractorfree
recall asthe long-termlag recencyeffect Finding suchan
effectin continuoudistractorfree recallwould suggesthat
thereis a singletheoryunderlyingall receng effectsin free
recall. Corverselyfailureto find along-termlag receng ef-
fect would violate the equivalenceprinciple andwould sug-
gestthat thereis not a unified theory of receng effectsin
freerecall®

How might one constructa unified theory of free recall
thatpredictsa long-termlag receng effect? SAM with con-
textual variability (Mensink& Raaijmalers,1988,1989)has
a constructsensitve to the temporalstructureof thelist and
acompetitveretrieval mechanismDependingon therole of
context in retrieval, suchamodelmayor maynot predictthe
hypothesizedong-termlag receng effect. Consequently
the long-termlag receng effect providesan opportunityto
distinguishtwo large classesof contectual variability mod-
els. We refer to thesetwo classesof modelsasretrieved-
andpassiveeontet formulations. This questionof retrieved
versuspassve context hasnot explicitly beenaddressedh
thememorymodelingliterature

Supposeghatwhenanitem is recalled,the context at the
time it wasencodeds alsoretrieved. This context will have
a greateroverlapwith the context associateavith neighbor
ing itemsthanwith the contect associatedvith moreremote
items. This retrieved context will be a moreeffective cuefor
neighboringitems. If context is not retrieved, thenthe con-
text atthetime of testwill sene asthenoindentcuethrough-
outrecall. Becausehecontextual cuewill bethesameatary
givenretrieval attempt,regardlessof whatitem is recalled,
theretrieveditem will have no bearingon which item s re-
trievednext (in the absencef directinteritemassociations).

¥ SAM-FR makesclearpredictionsaboutthe lag-receng effect
in immediate delayed andcontinuous-distractdreerecall. Thefit
of SAM-FRto thelag receng effect in immediatefree recall has
beendocumentedby Kahana(1996). SAM—FR predictsthe change
in the CRP with outputpositionbecausef retrieval from STSat
early outputpositions. Becausehereis no retrieval from STSin
delayedfree recall, SAM—FR predictsno changein the CRP with
outputposition. In continuous-distractairee recall, asa resultof
theinteritemdistractor list itemsdo not shargime in STS.For this
reasonSAM—FR predictsthattherewill benolagreceng effectin
thistask.

4 It seemdo usthatmostinvestigatorsassumea passie formu-
lation for contextual variability. For instance Mensinkand Raaij-
malers((1988))in their treatmenbf the A-B/A-C paradigmused
the stateof context at the time of testto retrieve both List 1 and
List 2 items. They did not usethe context associatedvith the first
retrieveditemto sene asthecuefor thenext retrieval attempt.This
latter approachwould have constituteda retrieved context formu-
lation. In somecasesMensinkand Raaijmalers madeuseof re-
trieved context—they usedthe context storedin animageto drive
list discrimination.
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Tablel.
End-of-listandLag RecencyEffectsin FreeRecall(Before CurrentExperiments)
Passve Retrieved
ExperimentalCondition Receny Effect SAM-FR Context Context Data
Immediate End-of-list Y — — Y
Lag Y — — Y
Delayed End-of-list N N N N
Lag Y — — —
Continuoudistractor End-of-list N Y Y Y
Lag N N Y —

Note SAM-FRgivesthe predictionsof the RaaijmalersandShiffrin (1980,1981)versionof the searchof associatie memory(SAM) that
relieson a short-termstoreandfixedlist context. Passve contet givesthe predictionsof a versionof SAM basedexclusively on variable
contet, withoutretrieval of contect. Retrieved Context givesthe predictionsof aversionof SAM basedn variablecontext thatis retrieved
andusedasa cuefor subsequentecalls. Entriesfor Lag indicatewhethera lag receng effect is obsered (i.e. whetherthe conditional
respons@robabilityis gradedor not). Dashesndicatethattheresultis not known or the predictionof the modelis not obvious. SAM—FR

= searclof associatie memory—fregecall.

We referto the former caseasthe retrieved-contet formu-
lation andthe latter caseasthe passve-contet formulation
of contetual variability SAM.>Mensink and Raaijmalers’
SAM (1988,1989)shouldpredictLTR eitherway, but it only
predictsalong-termlagreceng effectif context is retrieved.

Experimentl

Table 1 summarizeswhat is known about receng ef-
fectsin free recall beforethe resultspresentedn this arti-
cle. The CRPin continuous-distractdireerecall enableais
to distinguishbetweenretrieved- and passve-context mod-
els. Passive modelspredictno long-termlag receng effect.
Retrieved-contat modelspredictthat therewill be a long-
term lag receng effect. This is importantin determining
whetherit is necessaryo retain STS asa componentof a
descriptionof immediatefreerecall. A unifiedtheoryof re-
ceng effectsin freerecallshouldpredictalong-termlag re-
ceng effectandshouldnotrequireSTS.

The CRPandthe probability of first recall requireexten-
sive datacollectedfrom well-practicedparticipants Because
the presencef rehearsals importantin how we would in-
terpretthe lag receny effect, we madean effort to atten-
uate rehearsaby utilizing a fast presentatiorrate and by
requiring participantsto make concretenesgudgmentson
eachpresentedtem. In Experimentl we investigatecthe
dynamicsof retrieval in immediateand delayedfree recall
only. Becauseémmediateand delayedfree recall are well
studied,comparedvith continuous-distractdreerecall,this
provided us with a baselinefor comparisorfor Experiment
2 underthesespecificconditions. In Experiment2 we ex-
aminedcontinuoudistractorfreerecallundersimilar condi-
tions.

Method

Participants Sixty-threeBrandeisundegraduategartici-
patedto fulfill acourserequirementAll of theseparticipants
took partin asinglel1-hr. session.

Procedue. Participantsstudiedlists of wordsfor a sub-
sequenfree-recalltest. In animmediatecondition,the free-
recalltestwasgivenimmediatelyafterlist presentationin a

delayedcondition, participantgperformedan arithmeticdis-
tractortaskfor at least10 s beforerecall. Lists werecom-
poseddf 12itemschoseratrandomandwithoutreplacement
from the TorontoNounPool(Friendly, Franklin,Hoffman,&
Rubin,1982).

Lists werepresentedrisually at a rateof 1 word persec-
ond. During list presentationparticipantswere requiredto
performa semanticorienting task on the presentedvords.
The participantswere to pressthe left control key if they
judgedthe word to be concreteandthe right control key if
they judgedit to be abstract. The presentatiorrate of the
itemswasnot dependenbn theconcretenesgidgments.

In theimmediatecondition, participantsverecuedto be-
gin recall immediatelyafter list presentation. Recall was
cuedwith the presentatiorof three asterisksaccompanied
by a 500-mstone. Participantswere given 45 s to recall as
mary itemsaspossiblefrom the list. Vocal responsesvere
recordedor laterscoring. A semiautomatedpeech-parsing
algorithm(Utin & Kahana1997)wasusedto assiswith off-
line scoringof responseanddeterminatiorof interresponse
times.

In the delayedcondition, before free recall, participants
were given an arithmeticdistractortask that lastedat least
10 s. In this task, participantsmadetrue—false judgments
on simplearithmeticequationsaas quickly andasaccurately
aspossible Eachequationremainecdn thescreeruntil are-
sponsavasmade.Equationavereof theformA+B+C=D,
where A, B, and C were randomly chosenintegers from

5The important distinction betweenretrieved- and passie-
context alsohasimplicationsfor distinctiveness-baseapproaches.
Nairneet al. ((1997)) have explored the possibility that the per
turbationprocesghatgivesriseto positionaluncertaintycontinues
during retrieval. This is analogouso the passie formulation of
contectual variability. Positionaldistinctivenesscould be castinto
an active formulation by, for instance calculatingthe distinctive-
nessf subsequentecallsfrom thetwo sublistsformedby breaking
thelist atthepoint of thejust-recalledtem. Similarly, the Glenbeg
and Swanson(1986) model could be madeactive by constraining
the temporallydefinedsearchsetsto be centeredon the item just
recalled.
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Figure2. Serialpositioncurves: Experimentl. Top partof figure
shaws serialpositioncurvesfor the immediateand delayedcondi-
tions of Experimentl. In this experiment,participantsperformed
a semantic-orientingask on list itemsto attenuaterehearsal. In
the delayedcondition, participantsperformedl0 s of anarithmetic
distractortaskprior to recallingthelist items. The differencese-
tweenthedelayedandimmediateconditionsareplottedin thelower
panel.Errorbarsreflect95%confidencentenalsfor within-subject
designzalculatedaccordingo theproceduref LoftusandMasson
(1994).

0 to 9. On half of the trials the equationwas true (i.e.,
D = A+ B+C) andontheotherhalf of thetrialstheequation
wasfalse(D = A+ B+ C=1). Thesignalto begin freerecall
did not begin until the participantfinishedthe problemhe or
shewasworking on.

Beforethe experimentatrials, participantsveregivenin-
structionson how to performthe orientingtask. participants
thenmadeconcretenesgidgmentson two practicelists each
consistingof 20 words that were not in the Toronto Noun
Pool. Thefirst of thesepracticelists waspresentedt a self-
pacedrate. The secondlist was presentedat a 1 word per
secondate—thesameratethatwasusedin theactualexper
iment. After practicingthe orientingtask, participantswvere
given instructionsand practice on the performanceof the
arithmeticdistractortask. participantsweretheninstructed
to performthe orienting task with the wordsin the exper
imental lists as before, exceptthat therewould be a mem-
ory teston the words. participantsveregivenstandardree-
recall instructionsand were warned that sometimesthere
wouldbeamathtestbetweertheendof thelist andthesignal

HOWARD AND KAHAN A

to bagin recall. They wereinstructedto respondo the math
problemsasquickly aspossiblewithout sacrificingaccurag.
Participantsweregiven 25 lists, with conditionsrandomized
within participantafterthefirst two practicetrials. Thefirst
practicetrial wasfrom thedelayedcondition,andthesecond
wasfrom theimmediatecondition. In this way, participants
hadexperiencewith bothconditionsbeforethe experimenter
left theroom. Thesetwo trials weretreatedas practiceand
removedfrom furtheranalysis.

Results

Serialpositioneffects,probability of first recall,andCRP
curvesarereportedfor bothimmediateanddelayedestcon-
ditions. Figure2 shows serialpositioncurvesfor all trialsin
theimmediateanddelayedconditions. Consistentvith pre-
vious studies,the 10-s end-of-list arithmetic distractorhas
virtually no effectontheearlylist itemsbut dramaticallyre-
ducesthe recengy effect. Becausehe primacy effectis as-
sociatedwith rehearsalthe useof a semantic-orientingask
to minimize rehearsalasexpectedo resultin a diminished
primacy effectcomparedvith otherfree-recallstudies(asin
Marshall& Werder 1972).

0.5

—@— Immediate
—O— Delayed

0.4

o
w

o
[N

Probability of First Recall

0.1

Difference Score

02 L1 | | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12

Serial Position

Figure 3. Probability of first recall: Experimentl. Top part of
thisfigure shaws the probability of first recallasafunctionof serial
positionfor the immediateand delayedconditionsof Experiment
1. Thedifferencesetweerthe delayedandimmediateconditions
areplottedat bottomof figure. Error barsreflect95% confidence
intervalsfor within-subjectdesignscalculatedaccordingo the pro-
cedureof LoftusandMasson(1994).
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The probability of first recall for the immediateand de-
layedconditionsis shovnin Figure3. Thereis againastrong
receng effectfor theimmediateconditionandareducede-
ceng effectin the delayedcondition. The curve for theim-
mediateconditionis clearlypositively acceleratedThis con-
stitutesa qualitative differencebetweerthe immediatefree-
recall datacollectedin this experimentandthatfrom previ-
ousstudies(seeFootnote2, the serialpositioncurve labeled
1stin Figurel). We attribute this qualitative differenceto a
disruptionof rehearsal.

Figure4 shovs CRPcurvespartitionedby outputposition
forimmediateanddelayedreerecall. Thereis clearlyasub-
stantialeffectof outputpositiononthe CRPin theimmediate
condition, but thereis no sucheffect on the delayedCRPs.
Thechangewith outputpositionfor theimmediatecondition
is consistentwith the resultsreportedin Figure 3, Kahana
(1996)for otherlarge studiesof immediatefreerecall. The
patternreportedby Kahanais that the CRP changesshape
for aboutthe numberof outputpositionsassociatedvith the
receng effect andthenstabilizes.Takentogetherthe stabi-
lization at late outputpositionsin immediatefree recalland
the static natureof the CRP in delayedfree recall suggest
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Figure 4. Conditionalresponseprobabilities(CRP): Experiment
1. Thisfigureshavs the CRPcurvesfrom Experimentl. Datafrom
the immediatecondition are plotted at the top of the figure; data
from the delayedconditionareplottedatthebottom. Lagis thedis-
tancein serial(input) positionsbetweersuccessiely recalledtems.
Here,the CRP cunesare partitionedby outputposition(1-4). At
later outputpositions thereis insufiicient datato plot reliable CRP
cunes.
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Figure 5. Thelag receng effect : Experimentl, delayedfree
recall. This figure shavs conditionalresponseprobability (CRP)
cunescollapsedover outputpositionsfrom the delayedcondition
of Experimentl. Lagis the distancein serial (input) positionsbe-
tweensuccesskely recalleditems. Thedeclinein the CRPfrom lag
2 to lag 6 in the forward directionandfrom lag -2 to lag -6 in the
backward direction are both statisticallyreliable (seetext for de-
tails). Error barsreflect95%confidencentenalsfor within-subject
designgalculatedaccordingo theproceduref LoftusandMasson
(1994).

that the changein the CRP with output positionis a func-
tion of the absoluteratherthanrelative spacingof studyand
test. The probability of first recallandserialpositioncurves
for the delayedconditionshawv a slight receng effect. The
qualitative differencein the CRPwith outputpositionin im-
mediateand delayedfree recall makes explanationsof this
residualreceny effecton the basisof STStenuous®

®To examine participants’compliancewith our instructionsto
performthe arithmeticdistractortaskduring the delay we divided
trials into two groups:trials thatwerebelowv averageon arithmetic
performancevereassignedo onegroupandthosethatwereabore
averagewere assignedo the othergroup. If variability in arith-
metic performancevasrelatedto surreptitiousehearsabf end-of-
list items during the delay thentrials on which participantsper
formedpoorly on the arithmetictaskmight exhibit greatereceng
in delayedfreerecall. In both Experimentl andExperiment2, the
serialpositioncurvesandCRPsdid not differ for the two groupsof
trials. This suggestghat variationin arithmeticperformancewnas
notrelatedto surreptitiousehearsatluringthearithmeticdistractor
periods. In Experiment2, in which participantswere given multi-
ple session®f practice onemight expectthatassessionprogress,
participantsallocatelesseffort to the distractortaskin orderto re-
call morewords. If this werethe case,recall performanceshould
have increasedver sessionsFortunately we found no significant
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Figure 6. Comparisorof Experimentl and Experiment2. This figure showvs a comparisorof the serial position effectsin the delayed
conditionsof Experimentsl and2. Theright sideof this figure shavs probability of first recallasa function of serialpositionfor eachof
theexperimentsTheleft sideshaws serialpositioncurvesfor eachof the experiments Seetext for furtherdetails.

Becausdhe CRPdid not changewith outputpositionin
delayedfree recall, the CRP was collapsedover all output
positionsand recalculatedshavn in Figure5). The aver
ageCRP-lagcorrelation(acrosgarticipant)or forwardlags
rangingfrom 2 to 6 was-.23 (p < .001), andthe average
correlationfor backward lagsrangingfrom -6 to -2 was.19
(p < .01). Theseanalysesonfirmthatthelag receng effect
extendsbeyond the immediatelyadjacentlist itemsin this
experiment.

Experimen®

In Experimentl we examinedmmediateanddelayedree
recall underconditionsdesignedo eliminaterehearsal.In
Experiment2 we examinedcontinuous-distractdreerecall.
Continuous-distractdreerecalloffersachallengdor atwo-
storeaccountof receny effects. Experiment2 offered an-
other opportunityto replicatethe long-termreceng effect.
The hypothesizedong-termlag receng effect is the criti-
caltestneededo distinguishbetweemassve-andretrieved-
context contextual variability models. In addition, a long-
termlag receng effectis a naturalpredictionof almostary
unitaryexplanationof freerecallacrosdifferenttime scales.
In Experiment we followedthe procedureof Experimentl
ascloselyaspossible.

Method Participants. Forty-two participantsveretested
in atrial sessiorno determinavhowould beinvitedto partic-
ipatein thefull experiment.Sixteenparticipantsook partin
the full 10-sessiorexperiment. All participantswere Bran-
deisundegraduatesvho participatedfor payment. Partici-
pantswerepaid $7.50for their participationin thetrial ses-
sion, which lastedaboutl hr.. Participantswereselectedo
take partin the full experimenton the basisof their perfor
manceon the orienting and distractortasks. The measure
usedto describgerformancenthearithmeticdistractowas
secondsperraw score. This measurevascalculatedby tak-
ing the total time spentperformingarithmeticand dividing
thatby the differencebetweernthe numberof problemscor-
rectandthe numberof problemsincorrect. Participantswho
wereinvited backgot a scoreof no morethan3.35s perraw
andrespondedo atleast70% of the orientingtasks.The 16
participantsvho metthesecriteriaandwho werewilling to

commit to 10 additionalsessionsvere paid $6.00for each
sessionin the experiment,with an additional bonusof up
to $1.50paid on the basisof their performanceon the dis-
tractorandorientingtasks. Datafrom the trial sessiorwere
excludedfrom furtheranalysis.

Procedue. Therewerefour conditionsin Experiment2.
All four conditionshad a filled RI of 16 s betweenstudy
of the lastitem andthe beginning of the recall period. The
conditionsvariedin the lengthof thefilled distractorperiod
betweentemswithin thelist (IPI). Condition0 hadno IPI;
Condition1 hadan|PI of oneproblem(about2.5 s); Condi-
tion 2 hadIPl = RI/2 = 8 sandCondition3 hadIPl = RI =
16 s. Wordswerepresentedit arateof 1 word/1.2s. Partic-
ipantsweregiven60 s for freerecall. The presentatiortime
and recall periodswere increasedslightly from the values
usedin Experimentl (1 word persecondand45 sfor recall)
to ensureeasonabl@erformancéevelsin thedifficult long-
IPI conditions.Becaueof theincreasediurationof eachtrial,
therewerel5trialsin a1l-hrsessionratherthan25asin Ex-
perimentl. Theprocedurdor Experimen followedthatof
Experimentl in all otherrespects.

Resultsand Discussion Serialpositioneffects, probabil-
ity of first recall,andCRPanalysesarereportedfor the var
iousdistractorconditions.For all situationsin which we re-
port a differencebetweerthe no-IPI condition(Condition0)
and the longestIPI condition (Condition 3), the other two
conditionsfall in rank order betweenthem. For clarity of
viewing, theseintermediateconditionsare omittedfrom the
figures. For purposesf comparisorbetweenexperiments,
Figure6 shavsthe serialpositioncurve for the delayedcon-
dition in Experimentl (IPI = 0, Rl = 10) andtheno-IPI con-
dition in Experiment2 (ConditionO: IPI = 0, Rl = 16). As
canbe seenfrom the figure, thereis neithera trend toward
morereceng nor more primagy in Experiment2, although
thelevel of recallis higher Thisis consistentvith thelonger
free-recallperiodandslower presentatiomateusedin Exper
iment2.

changesn recall performancerom early trials to late trials. This
suggestshatparticipantgemainedcompliantwith ourinstructions
throughouthe experiment.
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Figure 7 shaws serial position curvesfor the no-IPl and
longest-IPIconditions. Recall of the most recentitem in
thelongest-IPIlconditionwassignificantlybetterthanit was
in the no IPI condition,t(15) = —2.6,p < .02. In contrast,
recall of prior list items was significantly betterin the no-
IPI conditionfor all serialpositions(p < .05). This demon-
stratesclassicLTR: As thelengthof the IPI is increasedre-
ceng is enhanced.

Anothermanifestatiorof LTR canbe seenin the effect of
the Pl on the probability of first recall (showvn in Figure8).
IncreasedPI resultsin a strongtendeny to initiate recall at
the endof thelist. As in Experimentl, probability of first
recall exhibits monotonicreceng. If anything, the receny
portion of the longestIPI conditionis moresharplyacceler
ating thanthe analogouscurve for the immediatecondition
of Experimentl.

Figure9 shavsthe CRPcurvesfor theno-IPlandlongest-

—@— Longest IPI
—O— No IPI

0.8 -
T
206
24
ks
2
=
8
S04
o

0.2

0
o 0.2
g ¢
(%] 0 T -
Q
8 ISR I IR IR
$ .02
[}
E=
0 .04
| | | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12
Serial Position
Figure 7. Thelong-termreceny effect. The top of this figure

shaws the serial positioncurvesfor the two extremeconditionsof

Experiment2. In both conditions, participantswere given a 16-

s arithmeticdistractorat the end of list presentatiorand prior to

recall. In the no-IPI condition, list items were presentedsucces-
sively atarateof 1.2 secondperitem. In thelongestiPl condition,

therewas 16 s of arithmeticdistractortaskbetweereachlist item.

Thesedataillustratewhatis knowvn asthelong-termrecencyeffect

(e.g.,Bjork & Whitten,1974). The bottomof this figure shavs the

differencebetweerserialpositioncurvesin thetwo extremecondi-

tions. Error barsreflect95% confidencentervalsfor within-subject
designscalculatedaccordingto the procedureof Loftus & Masson
(1994).1PI = interpresentatiomterval.
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Figure 8. Long-termreceng in the probability of first recall. The

top of this figure shavs the probability of first recall asa function

of serialpositionfor the No-IPl andlongestlPI conditionsof Ex-

periment2. In bothconditions participantsveregivena 16 second
arithmeticdistractorat the end of list presentatiorandprior to re-

call. In theno-IPI condition,list itemswerepresenteduccessiely

atarateof 1.2speritem. In thelongestiPI condition,therewas16

s of arithmeticdistractorbetweeneachlist item. The differences
betweenthe no-IPI and longestIPI conditionsare plottedin the

lower partof thefigure. Error barsreflect95% confidencantenals

for within-subjectdesignscalculatedaccordingto the procedureof

Loftus & Masson(1994).1PI = interpresentatiomtenal.
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IPI conditions. As in the delayedcondition of Experiment
1, the CRPdid not changenoticeablywith outputposition.
Consequentlythe curves shonvn in Figure 9 are collapsed
over all outputpositions. Despitethe presenceof a full 16
s of distraction betweenpresentatiorof eachitem in the
longestiPI condition,the CRPin this conditionwasnot sub-
stantiallydifferentfrom the CRPin theno-IPlcondition.The
CRP-lagcorrelationfrom theno-IPI conditionoverLags2 to
6 was-.33(p < .01). The CRP-lagcorrelationfor backward
recallsover therange-6 to -2 was.21 (p < .05). Asin Ex-
perimentl, we concludethatthe lag receng effect wasnot
simply dueto an advantagefor immediatelyadjacenitems.
The sameis true of thelong-termlag receng effect. For the
longest-IPIcondition, the CRP—lagcorrelationfor forward
recallsover therange2 to 6 was-.19 (p < .05). For back-
ward recallsover the range-6 to -2 the correlationwas .27
(p < .05). This confirmsthe existenceof the hypothesized
long-termlagreceng effect.
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Figure9. Thelong-termlag receny effect. Thetop of this figure
shaws conditionalresponseprobability curves collapsedover out-
put positionsfrom the extremeconditionsof Experiment2. Lag is
thedistancen serial(input) positionsbetweersuccessiely recalled
items. The differencesbetweenthe no-IPIl andlongestIPI condi-
tionsareplottedat the bottomof this figure. Error barsreflect95%
confidencentenalsfor within-subjectdesignsalculatedaccording
to theproceduref Loftus & Masson(1994).IPI = interpresentation
interval.

Thelong-termlag receng effect obsenedin continuous-
distractorfree recall raisesseriousdoubtsaboutthe depen-
denceof thelag receng effect on cooccupangin STS.The
finding of a lag receng effect in immediate,delayed,and
continuous-distractdiree recall suggestshat perhapsa sin-
gle memoryprocesgyivesriseto thelag receng effectin all
threeconditions.

Modeling

Two main variantsof the SAM model were examined:
a two-storemodelwith fixed list context, (SAM-FR Raaij-
malkers& Shiffrin, 1980,1981),anda modelwith variable
contt (Mensink& Raaijmalers,1988,1989)but no contri-
bution from STS.The contextual variability modelhadtwo
subvariants: a passve formulation, in which the context at
thetime of testsenedastheretrieval cuethroughouthere-
call period,andaretrievedformulation,in which the context
of the retrieved item sened as the cue for the subsequent
recall. Thesesubvariantsdifferedonly in their predictions
regardingthelag receng effect.

HOWARD AND KAHAN A

Our goalin modelingserialpositioneffectsin free recall
was not to determinewhich modelis the “right” one, but
ratherto evaluatetheability of themechanismsSTS,passie
context, andretrieved context to accounfor thepatternof re-
sults. With detailedmodeling,we canaddresghe ability of
a single mechanisnto accountsimultaneouslyfor both the
end-of-listreceny effect and the lag-recenyg effect across
conditions.

Method A successfumodelof serialpositioneffectsin
free recall shouldaccountfor the end-of-listreceny effect
andthe lag receng effect acrossconditions. End-of-listre-
ceng is conciselydescribedy the probability of first recall.
Thiswasespeciallystrikingin Experimen®, in whichthelag
receng effectsfrom delayedand continuousdistractorfree
recall were highly similar (seeFigure 9) and constantwith
outputposition. LTR is thusa resultof the large end-of-list
receng effectin the probability of first recall (seeFigure8).
Insofar as a similar curve resultsin immediatefree recall,
we cantake the probability of first recall asthe primary de-
terminantof end-of-listreceng in the serialpositioncurve.
Theimmediateconditionof Experimentl wastakenasrep-
resentatie of immediatefree recall. The no-IPI condition
of Experiment2 wastaken asrepresentatie of delayedfree
recall. Thelongest-IPIconditionwastakenasrepresentatie
of continuous-distractdreerecall’

The useof the probability of first recallandthe CRPsim-
plifies thetaskof understandingheempiricalproces®f free
recall. Thesemeasureslsolendthemselesmorereadilyto
analyticsolutionthandoesthe serialpositioncurve. Rather
thanasimulationof theentireproces®f freerecall,followed
by extractingthe measure®f interest,the predictionsof the
modelsfor thesemeasuresan be derived explicitly. The
relevantequationsaredetailedin AppendixB.

The modelswere equatedor numberof free parameters
andprocesf retrieval. Becausene wereinterestedn as-
sessinghe advantage®f the variousstructuralassumptions
acrosonditions we attemptecho mixing of models.In the
variantsin which variable context was used,therewas no

"Becausdghe CRPchangesignificantlywith outputpositionin
immediatefree recall, we did not attemptto fit the CRP from the
immediateconditionof Experimentl. SAM—-FR hasalreadybeen
shavn to be consistentvith the changen CRPwith outputposition
(Kahana,1996). In their presentforms, the modelsbasedon con-
textual variability cannotcapturethis featureof thedata.Thisis an
importantbarrierto acceptancef thesemodelsasa completeex-
planationof immediatefreerecall. A retrieved context modelmight
be ableto explain the changen the CRPwith outputpositionif we
includeda more completeexplanationof recall latencies.The ex-
planationwould go somethingasfollows: Retrieval of context takes
soméfinite periodof time,whereagecalllateng is afunctionof the
absoluteratherthanrelative, strengthof the cue.In immediatefree
recall, the absolutestrengthof the contect cueis high, leadingto
recall of severalitemsfrom the sameend-of-listcontext cueanda
steepeICRP at early outputposition. Suchan endeaor is beyond
thelimited andfocusedgoalsof the presentvork. Theissueof why
the lag receng effect changesawith output positionin immediate
freerecallis likely alessbasicquestionthantheissueof why there
is alagreceny effectatall.
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Figure 10. RaaijmalersandShiffrin (1980,1981) SAM-FR (searchof associatie memory—freaecall model: probability of first recall.
The modelbasedon the operationof STS,with fixed list context, adequatelydescribeghereceng effectin immediatefreerecallandthe
reductionof receng in delayedfreerecall, but fails to capturethelong-termreceny effect. Thereis a slight primagy effectin the models
delayedfree recall performance.The best-fittingparametewalueswerer = 2.03 for the buffer capacityanda = 0.14 for the strengthof
theitem-to-cont&t parameterfFor thethreeconditions,x2(33) = 4420, p< .001. Theindividual contritutionto the chi-squardrom each

conditionwassignificant.

contribution whatso&er from STS,andvice versa.Both the
traditional and contectual variability modelsusedthe same
retrieval processrom LTS (describedn detailin Raaijmak-
ers& Shiffrin, 1980,1981; seealso AppendixB). The ef-

fectof theinteritemandend-of-listdelayswasnotallowedto

vary acrossnodelsor conditionsbut washeldatthevaluel6

s. Eachof themodelshada subsetf its free parameterghat
did not affect the CRPs. The modelswerefirst fit usingthe
simplex methodof Nelderand Mead ((1965))to the proba-
bility of firstrecall®The parametevaluesobtainedverethen
keptfixedwhile fitting theremaindeiof theparameterso the
CRPs.

Results Raaijmalersand Shifrin (1980,1981)SAM-FR.
Figure10shawvsthefit of SAM—FRto the probability of first
recallin immediate delayed,and continuous-distractdiree
recall. As expected SAM—FR predictedend-of-listreceny
in immediatefree recall but failed to capturethe long-term
receng effect. Figure11 shows the fit of SAM-FR to the
CRPcurvesfrom delayedandcontinuous-distractdiree re-
call. SAM—FRadequatelylescribedhelagreceng effectin
delayedfree recall. However, it failedto describethe long-
termlagreceng effect.

Contextual variability models. Figure 12 shaws the fit
of the contextual variability modelto the probability of first
recallin the threedistractorconditions. It performedbetter
than SAM—FR in describingthe qualitative patternof LTR.
Thereis a distinctreceny effectin immediatefreerecall, a
decrementf receng in delayedfreerecall,andanincrease
relative to delayedfree recall in the continuous-distractor
condition.

The CRP distinguishesbetweenpassve- and retrieved-
context formulations.Figure13 showvs the predictionsof the
retrieved-contet formulation. Figure 14 shows the predic-
tions of the passve-conteat formulation. As expected,the
passve-contet modelfailedto predictthelag receng effect
in either delayedor continuous-distractofree recall. The

retrieved-contat model correctly predictedthe existenceof
the lag receny effect in delayedfree recall aswell asthe
long-termlagreceng effect.

Discussion As in prior work, the Raaijmalers and
Shiffrin (1980,1981)SAM-FRmodeldid anadequatgobin
describingthereceng effectin immediatefreerecall. In de-
layedfreerecall, SAM—FRprovidedanadequatelescription
of the lag receng effect but underpredictedhe end-of-list

8 The simplex wasrun for amaximumof 1,000iterationswith a
stoppingtoleranceof 0.001.

o
w

Delayed Continuous Distractor

—@— Experimental
—O— Predicted

et gt

O 5452101234566 543210123456
Figure 11.  Raaijmalers and Shiffrin (1980, 1981) SAM-FR
(searchof associatie memory—freerecall) model: conditionalre-
sponserobability(CRP).Themodelbasedxclusively ontheoper

ationof short-termstore,with fixedlist context describeshe shape
of the CRPin delayedfreerecall, but fails to predictthelong-term
CRPeffect. The best-fittingparametewvalueswerebg = 0.27 for

the forward item-to-itemassociatiorand bg = 0.18 for the back-
ward item-to-itemassociation.The residualstrength,d wasfound
to have a minimal effect, so it was kept fixed at 0.1. The other
parametersvere kept fixed at the valuesgiven in Figure 10. For

the five fits togethey x2(55) = 5247 p < .001. The contritution

to this value from the CRP in delayedfree recall was x?(7) =

14.9, p>.03. Thecontritutionfrom thecontinuous-distracta€RP
wasy?(7) = 67.5, p< .001.
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Figure 12 Contetual variability SAM (searchof associatie meFrrﬁ)ryo/sjl:grobabilityof first recall. The modelwith variablecontext andno

short-term-stordoesanadequatgob characterizinghequalitative patternof receny in probabilityof first recallin immediatedelayedand
continuous-distractdreerecall. The best-fittingvaluesof the modelparametersvere3 = 0.096 andy = 0.0099for thetwo rateconstants.
K anda wereheldfixed( K = 1,a= 0.1). For thethreeconditionstakentogetherx?(33) = 1389, p < .001. Thecontritution to this value
from theimmediateconditionwasx2(9) = 47.3, p< .001. Thecontritution from thedelayedconditionwasxz(Q) =228, p>.005.The
contritution from the continuougdistractorconditiony?(9) = 68.8, p < .001.

receng effect. In continuous-distractdreerecall,aswould
be expected, SAM—-FR failed to predict LTR. Crucially, it
failed to predictthe hypothesizedand confirmedlong-term
lag receng effect.

The contextual variability modelsadequatelharacterize
the qualitative patternof end-of-listreceng acrosscondi-
tions. They predictreceng in immediatefree recall, dimin-
ishedreceng in delayedfree recall, andincreasedeceny
relative to delayedfree recall in continuous-distractofree
recall. In short, contextual variability SAM predictsLTR.
The passve formulation,however, is incapableof predicting
ary lag receng effectsatall. In contrastthe retrieved for-
mulation predictsa lag receny effect in both delayedand
continuous-distractdiree recall. The finding of lag recengy
andlong-termlag receng simultaneouslwith LTR is aba-
sic propertyof the structuralassumptiorof retrieved context
andis not a consequencef the particularparametewvalues
chosen.

Thosefeaturesof the datathat we found to be well de-
scribedby the SAM-FR (end-of-listreceng in immediate
freerecallandlag receny in delayedfree recall) werealso
surprisinglywell describedby the retrieved-contet model.
It qualitatively describedheend-oflist receny effectin im-
mediatefreerecallandcapturedhe qualitative natureof the
lagreceng effectin delayedreerecall. Thismakesit agood
candidateasan explanationof serialpositioneffectsin gen-
eral ratherthan simply as an explanationof the long-term
receng effect.

In delayedfree recall SAM—-FR correctly predictedthat
recengy would be attenuatedbut overestimateahis effect.
Ratherthan a failure of the model, might this residualre-
ceng reflecta failure of the data? Perhapghe end-of-list
distractorwasnot completelysuccessfuin displacingitems
from STS.If this weretrue,thenLTR could be explainedas
aresultof thelastitemin thelist remainingin STSuntil the
time of test. As discussedn AppendixB, anexplanationof
LTR asaresultof retrieval from STShingeson therebeing
more than oneitem availablein STS at the time of testin
delayedfreerecall. Becauseall itemsin STSareheldto be

equallyavailableatthetime of test,if thereis morethanone
item available, eachof thoseindividual itemsis lesslikely
to be recalledfirst thanit would if it werethe only itemin

STS.An interitemdistractorflushesout prior items,leading
to increasegrobability of first recallfor thelastitem andan
artifactualincreasen receng in continuous-distractofree
recall. For this explanationto hold, morethanoneitem must
beavailablefrom STSin delayedreerecall. If thisweretrue,
thenthe CRPshouldchangewith outputposition,reflecting
anSTScomponenat earlyoutputpositions,asin immediate
free recall. This predictionis inconsistentwith the finding

thatthe CRPwasunchangeavith outputpositionin delayed
freerecall (seeFigure4). An artifactualaccountof LTR by

retrieval from STSis thereforeinconsistentvith our data.

Perhaps . TR doesnot reflectretrieval from STS but is
nonetheless consequencef the operationof STS during
list presentation.If, for instancewe assumehatitemsare
displacednoreslowly by distractorghanby otherlist items,
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Figure 13.  Contectual variéel\)gility SAM (searchof associatie
memory), retrieved formulation: Conditional responseprobabili-
ties. Retrieved, variable context predictsthe existenceof the lag
receny effect in both delayedand continuousdistractorfree re-
call. The bestfitting parametewvalueswered = 6.98for theresid-
ual strengthandf = 1.40for the contextual asymmetryparameter
The otherparametersvereasin Figure12. For thefive conditions,
x2(55) = 3134, p < .001.Theindividual chi-squareanalysesvere
bothhighly significant.
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Figure 14.  Contetual variability SAM (searchof associatie me?nory), Passve formulation: Conditionalresponseprobabilities. The
passie formulation of variablecontet fails to predictthe lag receng effect in eitherdelayedor continuous-distractdiree recall. None
of the parametewaluestried producedary lag receng effect atall. The parametewaluesusedin the figure wered = 8.1 for theresidual
strengthandf = 0.80for the contextual asymmetryparameterAll otherparametersverekeptatthevalueslistedfor Figure12. For thefive
conditionstakentogetherx2(55) = 3010, p < .001. Theindividual chi-squareanalysesvereboth highly significant.

thenitemsin STS at the startof the distractorperiod will
spendmore total time in STS. Items at the end of the list
will thereforehave a strongerassociatiorwith fixedlist con-
text andwill be morelikely to be retrieved from LTS. This
would clearlypredictsomereceng effectin delayedfreere-
call. This line of reasoninghawever, cannotbe extended
to predictLTR. In continuousdistractorfree recall, eachof
theitemsin thelist is followed by adelay Becauseaetrieval
from LTSis competitve,andall itemshave a similar benefit,
we would not expectthis mechanismo producel TR.

The residualreceng obsened in delayedfree recall is
quite consistenwith the contextual variability model. The
contextual variability model predictsthat there should be
some(perhapsvanishinglysmall) receny effect in ary list
in which all otherfactorsareequated.This is not at all in-
consistenwith the finding of negative receng in final free
recall after an immediatetest (Craik, 1970). Explanations
of this negative receng hinge on moretotal studytime for
prereceng items. If therewaslittle or no rehearsafor ary
of theitemsin our experimentspnewould not expectto find
suchan effect. In contrast,experimentalmanipulationghat
encourageehearsatould obscurethe small receng effect
predictedby contextual variability modelssuchasthe one
underconsideratiorhere.

The notion of temporal distinctiveness(Nairne et al.,
1997; Neath& Crowder, 1990) hasfigured prominentlyin
previous attemptsto describeLTR quantitatvely. Our ar
gumentsin favor of a key role for retrieved variable con-
text as an explanationof serial position effects, and free
recall in general,should be seenas complementaryto a
distinctveness-baseapproach.Theonly constrainthatour
dataclearly placeon the temporaldistinctvenessnodelsis
thatthey be castin sucha way asto explainthelag receng
effects, asreflectedin the CRR Retrieved variable context
shouldbe seenas one constructthat could underliesucha
formulationof temporaldistinctiveness.

Geneanl Discussion

The shapeof the serial position curve is largely the re-
sult of the probability of first recall andthe CRP The first
retrieval is describedby the probability of first recall, and
subsequentetrievals aredescribedy the CRP Thus,a sin-
gle mechanisnthataccountdor thesetwo functionslargely
characterizetheretrieval processn freerecall?®

Thereceng effectin single-trialfreerecallis seerclearly
in the probability of first recall—participantdegin recall at
theendof thelist. Serialpositioncanbethoughtof asalag
measuredrom theendof thelist. Probabilityof first recallis
thenthespeciaktaseof a CRPwhennoprioritemshave been
recalled. The end-of-listreceng effect meansthatrecallis
high for small valuesof this end-of-listlag. Analogously
theexistenceof agradedCRPis very muchlike therecengy
effect, only receng in this caseis measuredelative to the
itemjustrecalledratherthanrelative to theendof thelist. To
emphasizehis equivalence we have referredto the finding
of agradedCRPasthelagreceng effect.

We examined immediate, delayed, and continuous-
distractorfree recall using the analytic framework of the
probability of first recallandthe CRP In immediatefreere-
call, recengy wasseenin thesharplyacceleratingrobability
of first recall (seeFigure 3) andlag receny wasseenin the
CRP (seeFigure4). In delayedfreerecall, the lag receny
effectwasintact(seeFigure3); whereasend-of-listreceng,
asmeasuredby the probability of first recall, wasattenuated.
The CRPin the continuous-distractoconditionwas similar
to thatin delayedfreerecall (seeFigure9). However, while
theprobability of first recallin the continuoudistractorcon-
dition is significantly differentfrom thatin delayedfree re-
call (seeFigure8),

°® The other main characteristiof the serial positioncurve that
is not describedby thesetwo functionsis the level of asymptotic
recall. Thisis describedempirically by the growth of interresponse
times.
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Table2.
End-of-listandLag RecencyEffectsin FreeRecall(Including ResultsPresentedn ThisArticle)
Passve Retrieved
ExperimentalCondition Receny Effect SAM-FR Context Context Data
Immediate End-of-list Y Y Y Y
Lag Y N Y Y
Delayed End-of-list N N N N
Lag Y N Y Y
Continuoudistractor End-of-list N Y Y Y
Lag N N Y Y

Note SAM-FRgivesthe predictionsof the RaaijmalersandShiffrin (1980,1981)versionof the searchof associatie memory(SAM) that
relieson a short-termstoreandfixedlist context. Passve contet givesthe predictionsof a versionof SAM basedexclusively on variable
contet, withoutretrieval of contect. Retrieved Context givesthe predictionsof aversionof SAM basedn variablecontext thatis retrieved
andusedasa cuefor subsequentecalls. Entriesfor Lag indicatewhethera lag receng effect is obsered (i.e. whetherthe conditional
respons@robabilityis gradedor not). Dashesndicatethattheresultis not known or the predictionof the modelis not obvious. SAM—FR

= searclof associatie memory—fregecall.

it is similar to that in immediatefree recall (seeFigures3
and8). It thenfollowsthatthelong-termreceny effect (i.e.,
the differencebetweencontinuous-distractdiree recall and
delayedfree recall) was entirely a consequencef the en-
hancedreceng in the probability of first recall obsenedin
the continuous-distractarondition. Empirically, the end-of-
list receny effect,asmeasuredby the probability of first re-
call, variedasa function of therelative spacingof itemsand
thetime of test.

We examinedthe ability of two kinds of modelsto ac-
countfor ourdata:the RaaijmalersandShiffrin (1980,1981)
SAM—FR model with STS and fixed list contet and two
variantsof SAM that are basedon Mensinkand Raaijmak-
ers’(1988,1989)contextual variability. Accordingto oneof
thesevariants,the passve formulation, contet at the time
of testis usedthroughoutrecall. In theretrieved-contet for-
mulation,thecontext of astudieditemis reinstatedvhenthat
item is recalled. The retrieved-contet formulation predicts
the qualitative patternof resultsin the probability of first re-
call andthe CRPacrossall threeconditions.Retrieved vari-
ablecontet is a good candidateasthe temporallysensitve
constructhatcauseserialpositioneffectsin freerecall.

Table 2 summarizesvhat we know aboutserial position
effectsin freerecall afterinclusionof the resultsin this ar
ticle. Empirically, the findingsin this article indicate that
thelagrecengy effectis muchmoregenerathanwhatmight
have beenthoughtpreviously—it is found in delayedand
continuous-distractdreerecallaswell asin immediatefree
recall.

TheoreticallythepresentesultsdemandhatRaaijmalers
andShiffrin’ s(1980,1981)SAM-FRIis atbestincomplete—
somemechanisnotherthanSTSmustgive riseto end-of-list
andlag receng effectsin continuousdistractorfree recall.
This canbe seenby notingthatthe SAM—FR modelfails to
predictbothend-of-listandlagreceng effectsin continuous-
distractorfreerecall. Both of theseeffectswerefoundin our
study

The modelingresultsin this article indicatethatthe con-
textual variability SAM model of Mensink and Raaijmak-
ers (1988, 1989) correctly predictedthe qualitatve pattern

of end-of-listreceny acrossall threedistractorconditions.
A comparisonof the predictionsfor the lag receng effect
in continuous-distractdreerecallwith the datashovedthat
only theretrieved-contat modelcanhold. The existenceof
along-termlag receng effectimpliesthatwe shouldreject
a purely passie formulationandpointsto a centralrole for
retrievedvariablecontext in freerecall.

This particular model of contextual variability is by no
meangheonly onepossible andthereis no guarante¢hata
similar model cannotdo a betterjob in describingthe data
quantitatvely. Similarly, it is possiblethat STS operates
whenitemsareclosetogetherin time (asin immediatefree
recall and within the list in delayedfree recall), whereas
contextual variability dominateswhen eventsare separated
in time. However, parsimory demandshat we pursuethe
possibility thatfree recallis describedy oneprocess—that
procesdeingrecallmediatedoy retrieved, variablecontext.

Conclusion

The serial position curve in free recall resultsfrom the
joint operationof probability of first recalland CRPcurves.
Thesemeasureprovide informationnot derivablefrom the
serialpositioncurve, yetthe serialpositioncurve canlargely
becharacterizetly thesewo measuresExperimen® exhib-
ited a long-termlag receng effect in continuous-distractor
freerecall. This andthe finding of long-termreceng under
conditionsdesignedo minimize rehearsabtrongly suggest
that neitherend-of-listreceng nor lag receny dependcrit-
ically on rehearsal Thesefindingsindicatethat accountsof
free recall basedsolely on rehearsalnd fixed list context
(e.g.,Raaijmalers& Shiffrin, 1980,1981)areatbestincom-
plete. An accountof free recall that assumeghat variable
contet (basedon Mensink & Raaijmalers,1988,1989)is
usedasaninitial retrieval cue describeghe qualitative pat-
ternof end-of-listreceny acrosgdelayconditions,ncluding
immediatefreerecall. Thefinding of along-termlagreceny
effectis consistentvith variablecontet thatis retrievedand
usedasa cuefor all retrievals. Retrieved variablecontext is
thusaviable explanationfor serialpositioneffectsin imme-
diate,delayedandcontinuous-distractdreerecall.
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AppendixA: Empirical Analyses

The serialpositioncurve plotsthe probability of recalling
an item from eachserial position without regardto output
position. The probability of first recall is a serial position
curve calculatedfor only the very first item thatis recalled.
The sumof the probability of first recall curve, acrossserial
positions,may beslightly lessthan1.0. Thisis becausgar
ticipantsmay recallanintrusionasthefirst item or mayfail
to make any responsén thetime allottedfor recall.

Kahana(1996)introducedanothemeasuref primaryor-
ganizationin freerecall;for two itemsrecalledsuccessiely,
the CRP measureghe tendeng for successiely recalled
itemsto comefrom nearbyserialpositions.The CRPis plot-
tedasa function of lag, wherelag is the differencebetween
the serial positionsof the successiely recalleditems. The
greatesipossiblelag in a list of N itemsis N — 1 (recall of
thefirstitemin thelist followed by recall of the lastitemin
thelist); thesmallesipossibldagis — (N — 1). Thefiguresin
this paperdo notplot all possibldags.

HOWARD AND KAHAN A

For a given lag, k, CRP(k) is definedas the numberof
successie recallsof pairswith lag k divided by the maxi-
mum numberof timesthat pairswith lag k could have been
recalled. Let usreferto the numeratorof this expressionas
n(k) andthe denominatoasd(k),

. . n(k)
CRP(i+k|i)= IO

If the just-recalleditem is the last word in the list, thereis
no way thatthe participantcould have recalledanitem that
would leadto alag of +1. The denominatorgareonly incre-
mentedfor possiblelagsgiventhe serialpositionof the pre-
viously recalledword. The CRP providesinformationthat
is not containedn the serial positioncurve or in the proba-
bility of first recall. Which lagsare possibledepend®n the
serialposition of the just-recalleditem. Had the CRPbeen
calculatedvithoutregardto possibldags,it would have been
largely redundantvith the serialpositioncurve.

Careshouldbetakenwhenworkingwith the CRPto avoid
collapsingover avariablethathasan effectonthe CRP The
CRP changessubstantiallywith outputpositionin immedi-
ate free recall but not in delayedfree recall. In his analy-
ses Kahana1996)avoidedthis problemby omitting thefirst
threeoutputpositions. The CRPdoesnot vary substantially
with serialposition,exceptinsofar asserial positionis con-
foundedwith outputposition. An exceptionto this is recalls
to the very first serial position. Laming (personalcommu-
nication) hasshowvn that subjectshave a strongtendeng to
malke transitionsin recall from interior list positionsto the
veryfirst serialpositionin thelist. Thesdransitionsaremore
frequentthantransitionsof equivalentlag. Our unpublished
secondaryanalyseshave confirmedthis result. This effect
is analogougo the one-positionprimagy effect seenin the
probability of first recall in this study and others(Laming,
personatommunication) Omitting recallsto thefirst serial
positiondid not substantiallyaffectour CRPcurves.

AppendixB: Modeling

In implementing free recall within the framework of
SAM (e.g.,Mensink& Raaijmalers,1988; Raaijmalers&
Shiffrin, 1980,1981);ourfocushasbeenonthestructuralas-
sumptionsof the models.Ratherthanimplementingthe full
11-parameteversionof SAM-FR (e.g.,Kahana,1996),and
thenaddingparametergor contectual variability, we opted
for a simplified analytic treatment. As we have arguedin
the text of this article, the serial position curve largely re-
sultsfrom the joint operationof the CRP andprobability of
first recall. Thesetwo measuresin addition to providing
additionalinformation not apparenfrom the serial position
curve, expressrelative, ratherthanabsolute probabilitiesof
recall. Thismakesthemmucheasietto treatanalyticallythan
theserialpositioncurve would have been.

The Raaijmalers and Shiffrin (1980, 1981) two store
model of free recall (SAM—FR), relies on the operationof
the STSto produceend-of-listandlag receng effects(see
text for details). In contrastusingcontextual variability, as
proposedy MensinkandRaaijmalers(1988,1989),we can
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generatehe end-of-listreceng effectin free recall without
relying on STS. In our implementationof free recall with
contextualvariability, we assumedocontributionfrom STS,
rather context senesasthe soleretrieval cueat the startof
recall. We gofurtherto contrastwo differentusesof contex-
tual variability: In the passve-contet formulation, contet
at the time of testsenesasthe retrieval cuethroughoutthe
recall process.In the retrieved-contet formulation,end-of-
list context is only usedasthe cuefor thefirst recalleditem.
Recallof anitem thenreinstateshe context thatwasassoci-
atedwith it duringstudy Thisretrieved contect senesasthe
cuefor the next retrieval attempt. In all of the modelsana-
lyzedhere,we usedthe samesamplingandrecovery process
for recallfrom LTS.

STS

STSoccupang affectsrecallin threewaysin the Raaij-
malkersand Shiffrin (1980,1981) SAM model. First, items
in STS at the time of testare recalledinitially, leadingto
anend-of-listreceng effectin the probability of first recall.
Secondanitemi is morelikely to berecalledfrom LTS, with
fixedlist context asthe cue,asa function of thetime it has
spendn STSoverthecourseof theexperimentt;. Third, the
associatie strengthbetweentwo itemsi andj is determined
by the amountof time the two itemsspenttogetherin STS,
tij. This associatie strengthgivesrise to the lag receny
effect—whenitem j hasjust beenrecalled,it contributesto
the cuefor thenext recall.

In immediatefreerecall, participantgypically do not be-
gin recallatthevery endof thelist but starta coupleof items
backandthenmove forwardto the endof thelist. Thisten-
deng resultsin a “humped” probability of first recall (see
Figurel, Footnote?). In orderto explainthis, Kahana1996)
foundit necessaryo usea dropoutrule from STSin which
olderitemsaremorelikely to bedisplacedhanneweritems
(asintroducedin (Phillips, Shiffrin, & Atkinson,1967)). To
explain our obsenation of a positively accelerategrobabil-
ity of first recall in Experimentl, we assumeda random
dropoutrule, with all itemsin STSequally available at the
time of test.

Retrieval fromSTS

In immediatefreerecall,the probabilitythatanitemi re-
mainsin STSattime stepj is givenby :

oy { o

wherer is the capacityof STS.The matrix, B, is of dimen-
sion[L x (L + 1)], whereL is the numberof itemsin thelist
andL + 1 is the numberof itemsplus the time of test. B is
sufficient to generateaveragevaluesfor buffer occupang at
the time of test,the amountof time a givenitem spendsn
thebuffert;, andthejoint time two itemsi andj spendn the
buffer, tj;.

Thisanalytictreatmenintroducesa coupleof subtledevi-
ationsfrom simulationstudiesof SAM. Theuseof thematrix

r<i<j
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B treatsbuffer occupang of multiple itemsasindependent
events. In fact, this is inconsistentvith the dependengthat
would obtainin a simulation—ifthe capacityof the buffer is
two, andit is known thatitemsx andy arein the buffer, then
zis not. This simplificationis unlikely to affect the conclu-
sionsin ary significantway. The useof this analytictreat-
mentmakesit formally unnecessario requirer to beaninte-
ger. Supposéhatthesizeof thebuffer is not constantacross
subjectsor acrosdtrials. A continuous-aluedr couldthen
be derivedfrom this distribution of (integral) buffer sizes.
Let D denote the length of the distractor intervals

in delayedand continuous-distractofree recall. In the
continuous-distractarondition
Bij=(1-r"HPu-0; i< (B2)

In delayedfree recall, D only appearsn the entriesat the
timeoftestwith j=L+1=T,as

Bir = (1_ r—l)L—i—%—D‘ (83)
The probability of first recallfrom STSof ary itemi (in all
threeconditions)is thenthe probability thatitem is in STS

atthetime of test,divided by the sumof the probabilitiesif
thereis on averagemorethanoneitem attest.

B .
Yi ng z] BJT > 1

(B4)
Bit YjBjir<1

Psts(i) = {

Notethatthisallowsfor anSTS-basetbng—ternreceng ef-

fectin the probability of first recallif thereis morethanone
item available from STSin delayedfree recall. The prob-
ability thatthe lastitem in thelist is in the buffer at testis

the samenumber B, in both the delayedand continuous
distractorconditions(becausg in EquationB2 is equalto

T =L+ 1). The probability that this item will be recalled
first goesdown with the numberof otheritemsavailablein

STS.Adding a distractorbeforethe lastitem decreasethis

competitionfrom the otheritems. This effect dependson

Y j BjT beinggreaterthanonein delayedfreerecallandhas
an upperlimit determinedby the value of ¥ ;(Bjr) — 1 in

delayedfreerecall.

Effectof STSon Retrieval fromLTS

The item-to-contat and item-to-item strengthsin the
Raaijmalers and Shiffrin (1980, 1981) model make use of
thefollowing simplerelationshipdor t; andt;;:

=7 Bij,
J
tij = ZBikBjk.

In the fixed context (STS)modelwe setthe context-to-item
strength S(1;,C) to beat; andtheitem-to-itemstrengthto be

bt;; tj>1

btij +d(1-tj) t;<1 (BS)

5(|i,|1)={
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wherea, b, andd have the samemeaningasin Raaijmalers
andShiffrin (1981).1n orderto generateéhe obsernedasym-
metryin theCRR wesetb = bg; i > j for forwardrecallsand
b=bg; i < j for backwardrecalls,asin Gillund andShiffrin
(1984)andKahana(1996).

Contect and Variability
For the contectual variability models we set
Bij = 3ij

(whered is theKronecler deltafunction)sothat (1, 1) = d
for all i # j andPsts(i) = 0 for all i andall conditions(in-
cludingimmediatefreerecall). Thus,thereis no contribution
from theoperationof the STS.Following MensinkandRaai-
jmakers(1988,1989),we calculatedhechangean contextual
overlapfor item presentationseparatedy timet as

A() expl— (B+ )1l +
K (i) {(1-ep-B+yT} (B6)

At) =

B+y

We usedthis equatiorto generat@matrix, A, of theoverlaps
betweerthe contet atary two times

tjp = (1+IPH(i—i))
A = Atj)
(B7)
Tr = RI+(1+IP)(L-i)
At = A(tr)

wheretj; justexpresseshetime betweerthe presentatiomf
item i anditemj (with IPl andRI = 0 or D asappropriate
for the condition)and A(0) = 1. For the probability of first
recall,§(1;,C) = Ar.

For the CRR, we tried two variants.In the passie-context
modelwe usedA;r for all is andjs. In theretrieved-contet
model, we used§(1;,C) = A;j asthe context cue for item
i following recall of j, implying that the contet of item j
hasbeenretrieved. To generatean asymmetryin the con-
textually mediatedCRPs,we multiplied the (1;,C) termsin
EquationB9 by anew free parametef if j < i, providing an
adwantagefor forwardrecallsif f > 1.

Retrieval fromLTS

This sectionappliesto both the Raaijmalersand Shiffrin
SAM-FR,andcontectual variability SAM models.In SAM,
recall of anitem from LTS proceedsn two steps:sampling
andrecovery. Retrieval of subsequenitems proceeddirst
with context andthe contentsof STS(in particular the pre-
viously recalleditem) as cues. After Lax failed attempts,
retrieval proceedswith context only asacue. If Ky« failed
attemptsarereachedrecallstops.Becaus@urmeasureshe
probability of first recallandthe CRP imply thatsomething
is recovered, we are interestedin the relative probabilities
of samplingandrecovering differentitems. The possibility
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thatnothingis recoveredis not relevantin calculatingthese
statistics—Kmax plays no role. The empirical obsenation
that the CRP doesnot changewith output position led us
to assumehatthe stageof samplingwith item andcontext,
followed by contect alone,do not play a significantrole in
describingour data. In this case,Lmax doesnot play a role
either Becausehe CRPassumeshatanitem differentfrom
the onejust recalledis recovered,the self-strengthof items
doesnotplayarole.

In SAM, the probability of samplinganitemfrom LTS on
a given samplingattemptis the (multiplicative) strengthof
thosecueswith theitem divided by the sumof the strength
of thosecuesto all the otheritemsin thelist. Whennoitems
have beenrecalled,contet is the only cue. Whenan item
hasbeenrecalled,t is usedasa supplementatuefor further
recalls. We did not modelthe effect of multiple cuesin cal-
culatingthe CRP If multiple cuescontributedto the CRR we
would expectthatthe CRPwould changeshapewith output
positionin delayedfree recallasmore items have beenre-
trieved. Examinationof Figure4 demonstratethatthereis
no sucheffect,indicatingthatmultiple cuesdo nothave abig
influenceonthe CRR

If anitem hasbeenrecalled,the probability of sampling
anitemi, giventhatj hasjustbeenrecalled,is

(1,080, 1)
Tk Sk, C) S, 1)’

wherej is the item just recalled. Giventhatitem i hasjust
beensampledits probability of successfutecoveryis given

by

Pr(i) = 1-exp[-S(1;,C) — (i, 1)]-
The probability of recallinganitem at a given samplingat-
temptis thejoint probability thatanitem is sampledandis
subsequentlyecoveredsuccessfully:

PR(|): S(IHC)S(IHIJ)l x

Ek S(Ik7c)s(lk7 IJ)

{1_ eXp[—S(h,C) - S(lia ll)]}

Let us ngylect the rule that an item may not be recovered
with a contet cue that haspreviously failed to recover it.
The measuresve are interestedn give the probability that
an item is recalledrelative to otheritemsin the list. Be-
causehe probability of recallingeachitem ateachsampling
attempthasthe samesumin the denominatorthe relative
probability of recallis just this joint probability (normalized
appropriately) For thefirst recall,we have

§(1i,C) (1 —exp[-S(1;,C)])
For the CRR we have, for eachitemj in thelist,
Psr(il]) =
S(1i, 1)) (1;,C) (1 — exp[—S(li, 1) — (1;,C)])

Sk Sk 1) S(Ik, C) (1 — exp[— (i, 1) = Sk, C))
(B9)

Ps(il]) =

Ps(ilj)

Por(i) = (B8)
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The obsened CRPis derived from Psg(i|j). We calculated
theCRPas

Psr(i +K|i)

Pcrp(K) = TR T
izlggkgL L(L—|k -1)

(B10)

where(1/L) is taken asthe (constantjprobability thatitem
i hasjust beenrecalledand L — |k| — 1 is the numberof

times that lag can occur For instance,a lag of —11 can
only occurif the previous word recalledwas from Position
12. Again, the consisteng of the CRP over outputpositions
in delayedfreerecallindicatesthatserialpositioneffectsdo

notplay animportantrole in determininghe CRPin delayed
or continuous-distractdiree recall, justifying the neglect of

serialpositioneffectsin the CRP Taking the sumweighted
by the probability of first recallof eachitem or simply calcu-
lating the CRPfrom oneinterior list positiondid notchange
ary of theconclusionsarrivedatin this article.
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