
Retrieval-Induced Forgetting and Recognition

Memory: Insights from Behavioral and

Electrophysiological Experiments

Inaugural-Dissertation zur Erlangung der Doktorwürde

der Philosophischen Fakultät II
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Preface

One of the most intriguing features of human memory is its ability to forget.

In everyday life, the forgetting of certain episodes, knowledge, or valuable in-

formation can be embarrassing, annoying, or expensive. On the other hand,

getting rid of irrelevant, unpleasant, or interfering memories can make our

existence a good deal easier to bear. Psychological research has identified

and investigated a large variety of memory phenomena which can contribute

to our daily experience of forgetting. Within this research field, a particu-

larly paradoxical finding has emerged in recent years: Remembering certain

information can cause forgetting of related information (Retrieval-induced

forgetting, Anderson, Bjork, & Bjork 1994). Experimental research on the

topic has yielded strong evidence that this type of forgetting is mediated

by a distinct memory mechanism: Inhibition. One basic goal of the present

work was to investigate the generality of retrieval-induced forgetting in novel

experimental settings. In five experiments, such forgetting could be reliably

demonstrated across a variety of experimental setups, supporting the view

of inhibition as a general and highly relevant memory mechanism.

Both in everyday life and in memory research we are not only concerned

with the question why or how we forgot something, we also ask ourselves:

What happened to the things we once experienced or knew? Have these

memories disappeared? Have they faded and become too pale to discover?

Are we just unable to find them although they are still perfectly intact some-

where in our heads? Are they repressed in a Freudian sense? The present

study is concerned with a similar question regarding retrieval-induced forget-
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PREFACE iv

ting: What are the concrete effects of this type of forgetting on the affected

memories? How has the memory representation of ”forgotten” information

changed, i.e. quantitatively, qualitatively, or both? What has inhibition done

to these memories?

Forgetting can manifest itself in various ways: We forget what exactly

we did 43 days and 8 hours ago, we forget passwords, and sometimes we

also fail to recognize somebody we have had a charming conversation with

only days before. In experimental memory research, recognition tests have

proven extremely useful to characterize memory phenomena and their effects

on memories: It is much easier for subjects to recognize a presented item than

e.g. to recall it freely, and recognition tests may thus yield information about

memories that would have been ’forgotten’ in many other memory testing

procedures. According to many prominent theories of recognition memory, a

feeling of ’familiarity’ with a presented stimulus may be sufficient to correctly

judge it as ”seen before”, even if the subject can not retrieve any particular

information associated with the prior occurrence of that stimulus. Numerous

forgetting phenomena affecting episodic recall are known to have no detri-

mental effects on recognition memory and it has thus been argued that these

types of forgetting selectively disrupt retrieval processes. Retrieval-induced

forgetting, however, has been recently demonstrated with recognition testing

procedures as well (e.g. Hicks & Starns, 2004, Verde, 2004). Based on these

notable empirical findings, the present study is designed to investigate the

effects of retrieval-induced forgetting on recognition memory in more detail.

Technically, standard recognition tests can easily be extended for ob-

taining a more complex data structure that characterizes performance both

quantitatively and qualitatively (see section 2). Various mathematical mod-

els have been proposed to interpret such data matrizes as a function of cogni-

tive parameters. For the present empirical data, I used a variety of modeling

approaches to give a detailed description of the quantitative and qualitative

effects of retrieval-induced forgetting in recognition memory. However, there

is still considerable disagreement in the literature on how to characterize
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recognition performance appropriately. Although it is beyond the scope of

the present work to resolve this theoretical dispute, the present experiments

yielded a large amount of data allowing for an informative comparison of

opposing models both on technical and theoretical grounds. In doing so,

the present work not only provides the reader with novel empirical findings

in the light of different analysis methods, it also suggests that the effects

of retrieval-induced forgetting can be fully accommodated by a surprisingly

simple theoretical model of recognition memory.

Finally, recognition tests are invaluable in neuropsychological memory re-

search, because they allow for investigating the (e.g., electro-)physiological

correlates of memory processes triggered by the controlled presentation of

studied vs unstudied stimuli. In the present study, using advanced EEG

methodology, an electrophysiological correlate of recognition memory was

identified that appears to be specifically sensitive to the inhibitory mech-

anisms underlying retrieval-induced forgetting. To date, these electrophys-

iological data may mainly be of descriptive value, given the considerable

theoretical discrepancies between prominent behavioral and neuropsycholog-

ical models of recognition memory. Irrespective of these, however, advanced

analysis of the present EEG data further revealed novel recognition corre-

lates, which might contribute to a better understanding of the complex neural

mechanisms underlying recognition memory.
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Abstract

Retrieving a subset of previously studied items can impair later recognition

of related items. Using the remember/know procedure (Experiment 1 and 5),

the ROC procedure (Experiments 2-4), and analysis of EEG old/new effects

(Experiment 5), it was investigated how such retrieval-induced forgetting can

be explained in terms of single-process and dual-process accounts of recog-

nition memory. Across experiments, dual-process analysis yielded a complex

pattern of results which suggests that retrieval practice can affect familiarity

and - less reliably - also recollection of the unpracticed material. Assuming

that recognition is entirely based on a single source of memorial informa-

tion, single-process analysis led to an excellent description of the data and

suggests that retrieval practice reduced unpracticed items’ general memory

strength in each of the experiments. This suggestion is consistent with prior

work on free recall, cued recall, associative recognition, and response laten-

cies, and agrees with the inhibitory account of retrieval-induced forgetting.

Recognition of unpracticed material was further characterized by reduced

theta power in the EEG, indicating that unpracticed material triggered only

relatively weak memory signals. It is argued that the detrimental effect of re-

trieval practice is best characterized as a weakening of the unpracticed item’s

inherent memory representation. Analysis of inter-electrode synchronisation

further revealed a novel type of recognition correlate in the theta frequency

range.
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Background
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Retrieval-Induced Forgetting

Retrieving a subset of formerly studied material can cause subsequent for-

getting of the nonretrieved material. Such retrieval-induced forgetting has

repeatedly been demonstrated using the retrieval-practice paradigm (An-

derson, Bjork, & Bjork, 1994; for a review, see Anderson, 2003). In this

paradigm, participants study items from different semantic categories (e.g.,

Fruit-Orange, Fruit-Apple, Insect-Bee). Then, in a subsequent practice

phase, they repeatedly retrieve half of the items from half of the studied

categories using a word-stem completion task (e.g., Fruit-Or ). After

a distractor task, recall performance for all initially studied items is tested

using a cued recall procedure in which the category name of the items is

provided as a retrieval cue. The typical result in this experiment is that,

relative to the control items from the unpracticed categories (Bee), recall of

the practiced material (Orange) is improved and recall of the unpracticed

material (Apple) is impaired.

Retrieval-induced forgetting is a retrieval-specific effect, i.e., the forget-

ting of unpracticed items is only observed when practice on a subset of the

studied exemplars requires active retrieval of the material, whereas merely

strengthening these items by repeated exposure is not sufficient to cause

forgetting (Anderson, Bjork, & Bjork, 2000; Bäuml, 2002; Ciranni & Shi-

mamura, 1999). The forgetting effect has been demonstrated in a variety of

settings, such as fact learning (Anderson & Bell, 2001), eyewitness memory

(e.g., Saunders & MacLeod, 2002; Shaw, Bjork, & Handal, 1995), false mem-

ories (e.g., Bäuml & Kuhbandner, 2003; Starns & Hicks, 2004), and social

cognition (e.g., Dunn & Spellman, 2003). It has mostly been observed in

young adults but is present in young children (Zellner & Bäuml, 2005) and

older adults (Aslan, Bäuml, & Pastötter, 2007) as well.

It is widely assumed that retrieval-induced forgetting is caused by inhi-

bition. The proposal is that during retrieval practice on a subset of studied

material, related unpracticed items interfere. To reduce this interference,
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the unpracticed material is inhibited, leading to persistent deactivation of

the unpracticed items’ memory representation (Anderson & Spellman, 1995;

for a review, see Anderson, 2003; for noninhibitory accounts, see Perfect et

al., 2004, or Williams & Zacks, 2001). Consistently, retrieval-induced for-

getting has been found across a wide range of memory tests, including free

recall, category-cued recall, and initial-letter cued recall (e.g., Anderson et

al., 1994; Anderson & Spellman, 1995; Macrae & MacLeod, 1999). It has also

been demonstrated in tests which employ so-called independent probes, i.e.,

probes which were not used in a previous phase of the experiment (e.g., An-

derson & Bell, 2001; Veling & van Knippenberg, 2004), and in tests assessing

recognition memory (Gómez-Ariza, Lechuga, Pelegrina, & Bajo, 2005; Hicks

& Starns, 2004; Verde, 2004).

Many of the studies reported above investigated retrieval-induced forget-

ting using verbal material that could be grouped by specific semantic features.

However, retrieval-induced forgetting has also been observed with visual ma-

terial that was purely episodically related (Ciranni & Shimamura, 1999).

In their experiments, retrieval practice on a subset of previously studied

non-verbal objects that could be grouped by perceptual features caused for-

getting of episodic information associated with perceptually related objects.

Like with semantically categorized material (see above), retrieval-induced

forgetting of episodically related material appeared to be retrieval-specific,

suggesting that the forgetting may be mediated by the same inhibitory mech-

anisms in both experimental situations.

Recognition Memory

Dual-Process Accounts of Recognition Memory

Theories of recognition memory often assume that two distinct memory pro-

cesses can independently contribute to successful recognition of studied mate-
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rial (for a review, see Yonelinas, 2002). On the one hand, individuals can base

their recognition judgments on conscious recollection of information about

the spatio-temporal context of a studied episode. On the other, they can

assess their subjective degree of stimulus familiarity in the absence of any

recollective details, which is consistent with daily life experience, in which we

may have the feeling of knowing a person without being able to remember

where or when we originally met her. While recollection is often concep-

tualized as a relatively slow process yielding qualitative information about

previous events, familiarity reflects a relatively fast, strength-like memory

signal yielding purely quantitative information (Yonelinas, 2002).

In the literature, a number of behavioral methods have been suggested to

measure the differential contribution of recollection and familiarity in recog-

nition memory. Among the most prominent ones are the remember/know

procedure (Tulving, 1985; Yonelinas & Jacoby, 1995) and the receiver oper-

ating characteristic (ROC) procedure (Yonelinas, 1994).

In the remember/know method, participants are asked to introspectively

refine the qualitative nature of their subjective recognition experience when

judging an item as old. They are instructed to respond ”remember” when-

ever they dispose of any recollective details about the study event, and to

respond ”know” in the absence of such information. To estimate recollection

and familiarity processes from remember/know data, Yonelinas and Jacoby

(1995) proposed the independence remember/know method, assuming that

the proportion of remember responses indices recollection (”remember” =

R), while the proportion of know responses is thought to reflect familiar-

ity in the absence of recollection (”know” = F (1 − R)). The independence

remember/know method allows for estimation of independent parameters

for recollection and familiarity from the mutually exclusive remember/know

response categories. Though the process-pure theoretical interpretation of

the remember response as an index of recollection has been subject to criti-

cism recently (e.g., Rotello, Macmillan, Reeder, & Wong 2005), the remem-

ber/know method is still widely accepted as an easily applicable way to yield
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at least a rough separation of recollective processes from overall recognition

performance.

Using the ROC procedure, the proportions of correct and incorrect ”old”

responses to studied items (hit rate) and to new items (false alarms) are

examined under different response criteria. Varying the response criterion

is usually achieved by asking participants to rate their confidence of an

item being old or new and cumulating the rating data across confidence

levels. The cumulative false alarm and hit rates can then be plotted in

x/y-space to obtain ROCs describing recognition performance. Empirical

ROC curves obtained in recognition experiments usually are asymmetrical

in shape, with higher discrimination performance at high-confidence levels.

Yonelinas (1994) interpreted this asymmetry as the result of the joint contri-

bution of recollection and familiarity: Whereas familiarity alone is concep-

tualized as a strength-like signal detection process that yields a symmetrical

ROC, recollection is thought to be a threshold-like process, contributing a

proportion of hits that is invariant across confidence levels. In the dual-

process framework, the symmetrical familiarity-based ROC and the proba-

bility for recollection add up to the asymmetrical recognition ROC that is

characterized by an upward shift of the curve at high confidence regions.

Both processes can be formalized mathematically and numerical estimates

for recollection (R) and familiarity-based discrimination (d′) can be derived

from empirical ROC data (for details, see Appendix).

Single-Process Accounts of Recognition memory

In recent years, the dual-process framework has been subject to considerable

criticism. In particular, it has been shown that the results from most recog-

nition studies are compatible with a single-process account of recognition

memory (e.g., Dunn, 2004; Wixted, 2007; Wixted & Stretch, 2004). Ac-

cording to the single-process view, recognition memory is entirely based on

a single source of memorial information, i.e., the memory strength of stud-
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ied items relative to unstudied items. Recognition performance thus can be

characterized by a standard signal detection process assuming a single un-

derlying dimension of memory strength, not unlike the dual-process model’s

conceptualization of stimulus familiarity.

In contrast to dual-process models, single-process models do not incor-

porate the independent contribution of a threshold-like recollection process

to recognition performance. Rather, to account for the characteristic shapes

of recognition ROCs, it is often assumed that the variance of the strength

distribution for studied items can exceed the variance of the distribution

for unstudied items (see Appendix for details). Such increased variability

in the target items’ strength can be explained by assuming that the single

items on a list might be differentially strengthened during study exposure.

When applied to recognition data, the standard signal detection model’s

equal-variance restriction is thus usually relaxed by letting the variance of

the target variance vary freely. Extensive review and reanalysis of a large

body of recognition data has shown that single-process signal detection mod-

els often lead to a more adequate description of empirical remember/know

and ROC data than dual-process accounts (e.g., Dunn, 2004; Wixted, 2007;

Wixted & Stretch, 2004).

It should be noted that signal detection models of recognition memory,

although typically referred to as ’single-process’ models, do theoretically

not exclude the possibility that the psychological variable ’general memory

strength’ may be potentially produced by a variety of underlying processes

(e.g. familiarity and recollection). It is rather argued that the dual-process

models’ particular conceptualization of recollection as an independent all-

or-none process is flawed and that thus dual-process interpretations of re-

member/know and ROC data rely upon incorrect psychological assumptions

(e.g., Dunn, 2004; Wixted, 2007; Wixted & Stretch, 2004). In single-process

theory, both recollection and familiarity are treated as continuous variables

that vary along a common dimension of general memory strength. Thus, the

relative contribution of recollection or familiarity to recognition performance
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can not be disentangled on the basis of behavioral remember/know or ROC

data. Of course, because a single strength parameter has proven sufficient to

account for such data (e.g., Dunn, 2004; Wixted, 2007; Wixted & Stretch,

2004), the assumption of eventual subsidiary processes appears redundant.

However, the possibility that such subsidiary processes (i.e., recollection, fa-

miliarity, or any other process) may exist is not precluded in single-process

acounts of recognition memory.

Electrophysiological Correlates of Recognition Memory

While current behavioral memory research increasingly favours an alterna-

tive interpretation of recognition data, dual-process theory as proposed e.g.

by Yonelinas (2002) is widely accepted in neuropsychological research on

recognition memory (for reviews, see Curran et al., 2006 or Rugg & Yoneli-

nas, 2003). A particularly prominent finding within this line of research has

emerged from the analysis of event-related potentials (ERPs). The ERP

old/new effect refers to the finding that correct recognition of old (i.e., for-

merly studied) items elicits different ERP waveforms at frontal and parietal

recording sites compared to correct rejection of new (i.e., unstudied) items

(e.g., Rugg & Doyle, 1992; Rugg et al., 1998).

In studies applying the remember/know procedure, early frontal (FN400)

old/new effects have been reported both for ’known’ and for ’remembered’

items, whereas late (approx. 500-800 ms) parietal old/new effects are usu-

ally selectively enhanced for remember items (e.g., Curran, 2004; Woodruff

et al., 2006). Further, dissociations of ERP old/new effects have been ob-

tained across different recognition tasks that are believed to be predominantly

recollection- or familiarity-driven (e.g., Curran, 2000; Curran & Cleary, 2003;

Jäger, et al., 2006; Rugg et al., 1998). The common interpretation of such

findings implies that the early frontal ERP old/new effect reflects stimulus

familiarity, whereas the late parietal component is indicative of recollective

processes (for reviews, see Curran et al., 2006; Friedman & Johnson, 2000 or
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Rugg & Yonelinas, 2003).

However, the analysis of ERP old/new effects gives only an incomplete

description of EEG activity associated with recognition memory. ERPs are

formed by averaging time-locked EEG epochs across trials and thus retain

only evoked brain activity that is phase-locked with respect to stimulus on-

set. Alternative EEG analysis methods have been proposed that allow for

examination of non-phase locked (i.e., induced) oscillatory brain activity, e.g.

in terms of event-related changes in band power due to (de-)synchronisation

of neural firing (Pfurtscheller & Aranibar, 1977; Pfurtscheller, 1992).

With respect to recognition memory, it has been shown that event-related

(de-)synchronisation (ERD/ERS, see method section of Experiment 5 for

technical details) in the theta frequency range (approx. 4-7 Hz) exhibits

early and late old/new effects that are topographically and temporally sim-

ilar to those typically found with ERPs (Klimesch et al., 2000; 2001; 2006).

Although it has been argued that the old/new effects in ERP and ERD/ERS

measures are not directly related (e.g. Jacobs et al., 2006), early and late

old/new effects in theta ERD/ERS have similarly been associated with fa-

miliarity and recollection (Klimesch et al., 2001). More specifically, it has

been suggested that the degree of theta ERS after presentation of studied

items basically reflects the strength of these items’ episodic memory traces,

but that the timecourse of such theta ERS may depend on the memory pro-

cesses involved in evaluation of these memory traces: For familiarity-based

evaluation, such theta ERS is thought to occur relatively early (200-400 ms),

whereas for recollection-based evaluation, theta ERS appears to be signifi-

cantly prolonged (> 500 ms) (Klimesch et al., 2001; 2006). Thus, the dual-

process account of theta ERS old/new effects (Klimesch et al., 2001; 2006)

theoretically suggests that the two processes may be contingent upon a com-

mon underlying dimension of memory strength.

A large majority of EEG and fMRI studies examining correlates of recog-

nition memory has relied on dual-process theory, but the topic remains con-
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troversial. For example, alternative interpretations for ERP old/new effects

have been proposed (e.g., Finnigan et al., 2002; Voss & Paller, 2006; Yovel

& Paller, 2004). Further, recent attempts to identify brain regions that are

associated with recollection and/or familiarity yielded inconsistent or even

conflictive outcomes across various fMRI studies (e.g., Gonsalves et al., 2005;

Manns et al., 2003; Vilberg & Rugg, 2007; Wais et al., 2006; Yonelinas et al.,

2005).

However, beyond such partial disagreement with respect to the very neu-

ral substrates of recollection and familiarity, Wixted (2007) recently raised

more general concerns regarding the common acceptance of dual-process the-

ory in neuropsychology. As outlined in the previous section, the dual-process

models’ theoretical conceptualization of recollection and familiarity has been

heavily criticised on the basis of a large body of behavioral evidence. Thus,

the majority of neuropsychological recognition studies might have employed

experimental designs and/or theoretical interpretations that rely on a pos-

sibly incorrect psychological model (Wixted, 2007). If true, of course, the

specific functional relevance of the electrophysiological recognition correlates

outlined above may be open to alternative interpretations in the future.

Retrieval-Induced Forgetting and Dual-

Process Models

Because recollection is often assumed to resemble recall-like processes, theo-

retically any variable affecting recall performance should also have an effect

on the recollection component of recognition memory. Retrieval practice has

been shown to impair cued recall and free recall of unpracticed items (for

a review, see Anderson, 2003). Retrieval practice, therefore, should affect

recollection-based recognition of unpracticed material as well.

Direct support for this proposal comes from a recent study by Verde
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(2004) who examined the detrimental effects of retrieval practice on un-

practiced material using an associative recognition test. In his experiment,

pairs of semantically unrelated words were presented for associative study.

A subset of these item-item pairs was subsequently retrieval practiced by

providing one of the items as retrieval cue for recall of the associate. Fi-

nally, participants’ associative memory was tested by presenting intact and

rearranged pairs in a remember/know recognition test. The results showed

significantly reduced discrimination performance for the unpracticed mate-

rial at the remember-criterion, suggesting a decrease in recollective processes.

In contrast, no reliable forgetting at the old/new criterion (comprising both

remember and know responses) showed up, indicating that the familiarity

process was not reduced in this experiment.

Although, on the basis of dual-process models, Verde’s work provides clear

evidence that recollection can be disrupted in retrieval-induced forgetting, it

is silent about whether familiarity plays a role in retrieval-induced forgetting

as well. Indeed, there is broad evidence that associative recognition is largely

based on recollection (Hockley & Consoli, 1999; Humphreys, 1978; Rotello,

Macmillan, & van Tassel, 2000) and thus may not be very susceptible to

manipulations thought to target familiarity (Verde & Rotello, 2004). As

a result, recognition memory in this previous study may have been mainly

recollection-driven so that a possible detrimental effect of retrieval practice

on the familiarity of the unpracticed material was overlooked.

On the basis of previous studies, such a detrimental effect of retrieval

practice on the familiarity process appears well possible. Veling and van

Knippenberg (2004), for instance, demonstrated retrieval-induced forgetting

in a speeded recognition task in which participants were asked to respond

to recognition probes as fast as they could. Because it is generally assumed

that recognition performance relies more on familiarity than on recollective

processes when participants are required to make recognition decisions very

quickly (e.g., Yonelinas, 2002), this finding may reflect more an effect of

familiarity than of recollection.
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Moreover, if retrieval-induced forgetting is the result of retrieval inhibition

and leads to a weakening of the unpracticed items’ memory representation

(Anderson, 2003; Anderson & Spellman, 1995), then not only recollection

of unpracticed items but also their familiarity may be reduced, given that

familiarity is thought to reflect an item’s general memory strength. In fact,

recent work reported reliable retrieval-induced forgetting in old/new recogni-

tion performance (Gómez-Ariza et al., 2005; Hicks & Starns, 2004), which is

at least consistent with a possible role of familiarity in this type of forgetting.

Retrieval-Induced Forgetting and Single-

Process Models

Single-process signal detection models often lead to a more adequate descrip-

tion of empirical remember/know and ROC data than dual-process accounts

(e.g., Dunn, 2004, or Wixted, 2007). The same may hold when applying

single-process models to recognition data from retrieval-induced forgetting

experiments. If so, the effect of retrieval practice could be captured by mod-

ulations in the studied items’ general memory strength. Retrieval practice

should enhance the memory strength of practiced material, reflected in an

increase of sensitivity (d′), and reduce that of unpracticed material, reflected

in a decrease of sensitivity. Such a pattern would be consistent with the in-

hibitory account of retrieval-induced forgetting, which claims that retrieval

practice weakens the memory representation of unpracticed items (Anderson,

2003; Anderson & Spellman, 1995). In particular, it would offer a more parsi-

monious account of the detrimental effects of retrieval practice on recognition

memory than is suggested on the basis of the dual-process view.
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Retrieval-Induced Forgetting of Episodically

Related Material

The phenomenon of retrieval-induced forgetting is not restricted to the study

and retrieval of semantically related words, but has also been demonstrated

with purely episodically related material (e.g. Ciranni & Shimamura, 1999).

In their experiments, geometrical objects that could be grouped either by

color or by shape were presented in different locations for study. Subjects

were subsequently asked to recall specific features (e.g. color, shape, or

location) of a subset of the stimuli. In a final test comprising all previously

studied objects, recall of these features was impaired for unpracticed stimuli

that shared perceptual features (e.g. shape) with the practiced material.

To date, however, it remains unclear to what extent such retrieval-induced

forgetting of episodically related material affects recognition memory as well.

In the light of dual-process models of recognition memory, it may well be

that the effects of retrieval inhibition on episodically as compared to seman-

tically related memories are qualitatively different. With purely episodically

related (i.e., pre-experimentally unrelated) material, interference, inhibition

and subsequent forgetting of unpracticed material may largely depend upon

contextual (i.e., recollective) information acquired during the study episode

(see Anderson, 2003, for related considerations). Thus, if retrieval inhibition

of unpracticed material serves to reduce interference of information compet-

ing during retrieval practice, it can be hypothesized that retrieval-induced

forgetting of purely episodically related material may primarily lower the

availability of recollective information rather than affecting stimulus famil-

iarity.

However, the results from Ciranni and Shimamura’s (1999) experiments

suggest that the detrimental effects of retrieval-induced forgetting on episod-

ically related material were not restricted to specific item features, but rather

appeared to affect the general memory representation of the unpracticed ma-
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terial. In particular, if a certain feature (e.g. location) was retrieval practiced,

not only recall of that feature (location) but also recall of other features (e.g.

shape) was impaired for unpracticed objects. Such generalized forgetting

may indeed reflect a decrease in the unpracticed material’s general memory

strength rather than merely a reduction in episodic recollection. As outlined

in the previous section, the effects of retrieval practice on semantically re-

lated material may be described best by a single-process model of recognition

memory. Suggested from Ciranni and Shimamura’s (1999) evidence for a re-

duction in general memory strength, the same may hold for retrieval-induced

forgetting of episodically related material.

Goals of the Study

Prior work showed that retrieval-induced forgetting occurs in recognition

tests (Hicks & Starns, 2004) and indicated that retrieval practice affects un-

practiced items’ recollective processes (Anderson, 2003; Verde, 2004). One

major goal of the present study was to investigate on the basis of dual-

process accounts of recognition memory, whether retrieval practice can affect

the familiarity of the unpracticed material as well. Five experiments are re-

ported, in each of which participants studied categorized material. After re-

trieval practice on a subset of the material, recognition tests were employed.

To investigate possible qualitative effects of retrieval practice on recogni-

tion memory, the remember/know procedure was applied in Experiments 1

and 5, and the ROC procedure was applied in Experiment 2-4. Further,

in Experiment 5, possible EEG correlates of retrieval-induced forgetting in

item recognition were investigated. Using a large variety of prominent dual-

process measurement methods, the present study was designed to provide an

answer on whether retrieval practice impairs only recollection of unpracticed

material or affects its familiarity as well.

The second major goal of the present study was to compare dual-process
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and single-process accounts of recognition memory and to determine which of

the two accounts provides a better description of retrieval-induced forgetting.

The design of the present study allows for a detailed comparison of dual- and

single-process models within and across experiments, on the basis of both be-

havioral and electrophysiological data. The results from this comparison will

bear implications for theoretical interpretations of retrieval-induced forget-

ting, suggesting that retrieval practice affects unpracticed items’ recollection

and/or familiarity (dual-process view) or suggesting that it reduces unprac-

ticed items’ general memory strength (single-process view).

Another motivation for the present work was to investigate the generality

and/or possible limitations of the effects of retrieval-induced forgetting on

recognition memory. Therefore, variations of the standard retrieval-practice

paradigm were designed: Whereas in Experiments 1, 2, and 5, semantically

categorized material was used to induce forgetting, the study material used

in Experiments 3 and 4 was purely episodically structured. Of particular

interest was the question whether retrieval interference - and thus forgetting -

can arise on the basis of shared perceptual contexts (Experiment 3) and/or on

the basis of shared perceptual features (Experiment 4) of the study material.

It was further examined under which of these conditions retrieval-induced

forgetting potentially affects not only item recognition performance but also

memory for episodic information associated with the study material. The

results from these experiments may help identifying factors that possibly

generalize or moderate the effects of retrieval inhibition on related memories.

Finally, the present work is concerned with a remarkable conceptual dis-

crepancy in current recognition memory research: While highly disputed

on the basis of behavioral evidence, current neuropsychological research on

recognition memory is almost exclusively based on dual-process theory. From

analysis of Experiment 5, it can be determined whether the effects of retrieval

practice on a large variety of behavioral dual-process measures are compati-

ble with the effects on putative EEG correlates of recollection and familiarity,

thus allowing for a test of the neurocognitive dual-process framework’s in-
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ternal consistency. Further, the data from Experiment 5 can be used for

a detailed analysis of the electrophysiological correlates of remembering and

knowing. Advanced methodology was employed to examine not only ’evoked’

brain activity but also ’induced’ activity associated with subjective reports of

recollective experiences. In combination with the results from the behavioral

experiments, the detailed analysis of Experiment 5 may potentially help refin-

ing the theoretical conceptualization of episodic recollection, which currently

is the main point of disagreement between opposing models of recognition

memory.
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Experiment 1

Experiment 1 examines the detrimental effect of retrieval practice on item

recognition by applying the remember/know procedure. According to dual-

process accounts of the remember/know procedure, recognized items can be

divided into a proportion of items that was recollected (remember) and a

proportion of items that was not recollected (know). A possible decrease in

recollection should lead to fewer remember responses, creating more know

and/or more new responses; a decrease in familiarity should lead to fewer

know and more new responses, and thus should lower overall recognition

performance. Because retrieval practice has been shown to affect unprac-

ticed items’ recollection, a decrease in remember responses was expected for

the unpracticed material. The crucial question was whether the expected de-

cline in overall recognition performance would be the result of the expected

reduction in remember performance, or would be caused by a decrease in the

unpracticed items’ familiarity. Alternatively, the experiment may also yield

results consistent with the single-process account of the remember/know pro-

cedure. In this case, any detrimental effect of retrieval practice on item recog-

nition would be attributed to a decrease in the unpracticed items’ general

memory strength, thus contrasting with the dual-process view of a decrease

in recollection and/or familiarity processes of unpracticed items.

Method

Participants

52 adults (18-40 years old) took part in the experiment on a voluntary ba-

sis. They were tested individually in sessions that lasted approximately 30

minutes.
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Material

Prior work reported retrieval-induced forgetting in DRM ”categories” by

showing that retrieval practice on half of the noncritical items can cause for-

getting of the remaining noncritical items (Bäuml & Kuhbandner, 2003). In

the present experiment, stimuli consisted of 12 exemplars from each of eight

target categories selected from the 24 DRM-categories used by Roediger and

McDermott (1995). The selected categories had as their critical items the

words doctor, window, river, cold, slow, sleep, sweet, and soft, which served

as the category cues in the experiment. All stimuli were idiomatically trans-

lated into German. The chosen exemplars were generally the 12 strongest

associates to the critical item on the respective list. Additionally, two exem-

plars from each of the three categories fruit, smell, and mountain were used

as buffer items in the study phase, for a total of six buffer items.

Design

The experiment consisted of three main phases: a study phase, a retrieval-

practice phase, and a final test phase. In the study phase, for each of the

eight target categories the six intermediate associates of the critical item

(rank 4-9) were studied together with their critical item serving as category

cue. The three strongest (rank 1-3) and the three weakest associates (rank

10-12) were used as lures in the final recognition test. In the retrieval-practice

phase, from four of the eight studied categories, participants practiced the

three weaker associates (rank 7-9) while the three stronger associates (rank

4-6) remained unpracticed. In this way, four types of target items were

created: Practiced weak associates (P+ items), unpracticed strong associates

belonging to the same categories as the practiced items (P- items), and weak

and strong associates from unpracticed categories serving as control items for

the P+ and P- items (C+ and C- items). The design also created two types

of new items in the final recognition test: Lures from practiced categories (P

lures) and lures from unpracticed categories (C lures). Across participants,
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it was counterbalanced which of the studied categories were practiced.

Procedure

Participants were tested individually in a quiet surrounding. At the be-

ginning of the study phase, participants were instructed to study each to-

be-presented word together with its category cue (e.g., Doctor-medicine ,

Cold-frosty etc.). The experimenter read out the 48 (8 × 6) experimental

category-exemplar pairs one by one at a rate of 5 sec per item. The serial or-

der of the items was block randomized, i.e., a random sequence of six blocks

consisting of one randomly selected exemplar from each of the eight cate-

gories was presented to the participants with the constraint that no item in

the sequence shared the next exemplar’s category. Additionally, three of the

six buffer items were shown at the beginning of the study list, the remaining

three were shown at the end. After half of the participants, the order of the

items was reversed. After the study phase, participants were instructed to

count backwards from 300 in steps of threes for 60 sec as a recency control.

In the subsequent retrieval-practice phase, the 12 (4×3) retrieval prac-

tice cues were successively presented for word stem completion. In each of

the 12 cases, the experimenter read out the category name together with

the word stem of the to-be-recalled item (e.g., Cold-fr ) and noted the

participant’s response. After successful completion, or after 10 sec without a

response, the next item was read out. The order of the category-word stem

pairs was block randomized with the constraint that no item in the sequence

shared the next exemplar’s category. After half of the participants, the or-

der was reversed. Following the retrieval-practice phase, a questionnaire was

presented in which participants were asked to rate German politicians on di-

mensions like sympathy, competence, and honesty using Likert rating scales.

They were warranted the anonymity of their information given.

In the final test phase, a sequential remember/know recognition test was

conducted. Participants were instructed about the meaning of remember and
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know responses, illustrated by an example from everyday life (recognizing a

person’s face), and were informed about the basic testing procedure. Then,

the experimenter started reading out aloud the test items. The category cues

were not provided. The order of the test items was again block randomized,

with the additional constraint that no type of item requiring the same correct

response (target or lure) appeared more than four times in a row. Again,

after half of the participants the order was reversed. After presentation of

an item, participants were asked to judge the item as old or new. After

an ”old”-response, participants additionally had to give a ”remember” or

”know” judgment to further specify the quality of their remembering. In

case of a ”new” response, the experimenter immediately proceeded with the

next item. All responses were noted by the experimenter on a prepared data

sheet.

Results

Retrieval-Practice Phase

In the retrieval-practice phase, participants, on average, successfully com-

pleted 75.7% (SE = 0.02) of the category-word stem pairs.

Recognition Performance

The recognition data are depicted in Table 1. Recognition and remember

hit and false alarm rates were examined separately for practiced (P+) and

unpracticed (P-) items.

The recognition hit rate was .85 for practiced (P+) items and .65 for their

controls (C+), the remember hit rate was .51 for practiced items and .34 for

their controls. A 2 × 2 analysis of variance with the two factors of item

type (practiced vs. control) and criterion (old/new vs. remember) showed a

significant main effect of item type [F (1, 51) = 65.66, MSE = 0.026, p <
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Table 1: Hit rates and false alarm rates in Experiment 1. Upper panel:

Old/new recognition performance. Lower Panel: Remember performance.

Hits False Alarms

Item Type Rate SE Rate SE

Recognition

P+ 0.85∗ 0.02 0.22 0.02

C+ 0.65 0.03 0.20 0.02

P- 0.60∗ 0.03 0.22 0.02

C- 0.68 0.02 0.20 0.02

Remember

P+ 0.51∗ 0.04 0.07 0.02

C+ 0.34 0.03 0.06 0.01

P- 0.34 0.03 0.07 0.02

C- 0.37 0.03 0.06 0.01

Note: Asterisks indicate significant deviations from control performance (p <

.01). P+ = practiced items; P- = unpracticed items; C+ = control items

for the practiced items; C- = control items for the unpracticed items. SE =

standard error.
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.001, partial η2 = .56], and a significant main effect of criterion [F (1, 51) =

91.72, MSE = 0.061, p < .001, partial η2 = .64]. These effects reflect more

hits for practiced items (P+) than for their controls (C+) and more frequent

recognition than remember hits. No interaction between retrieval status and

response criterion arose [F (1, 51) = 1.47, MSE = 0.011, p > .20].

The recognition hit rate was .60 for unpracticed items (P-) and .68 for

their controls (C-), the remember hit rate was .34 for unpracticed items and

.37 for their controls. A 2 × 2 analysis of variance with the two factors of item

type (unpracticed vs. control) and criterion (old/new vs. remember) yielded a

significant main effect of item type [F (1, 51) = 5.07, MSE = 0.031, p < .05,

partial η2 = .09], and a significant main effect of criterion [F (1, 51) = 144.04,

MSE = 0.031, p < .001, partial η2 = .74], reflecting fewer hits to unpracticed

items (P-) than to their controls (C-) and again more frequent recognition

than remember hits. The interaction between the factors of item type and

response criterion was marginally significant [F (1, 51) = 3.20, MSE = 0.008,

p < .10, partial η2 = .06]. Planned comparisons revealed no reliable reduc-

tion for remember hits [t(51) = 1.20, p > .20, two-tailed] but significantly

fewer recognition hits for unpracticed material [t(51) = 2.85, p < .01, d = .43,

two-tailed].

False alarm rates were examined separately. As expected, a 2 × 2 analysis

of variance with the two factors of category type (practiced vs. control) and

criterion (old/new vs. remember) showed a significant main effect of criterion

[F (1, 51) = 125.930, MSE = 0.009, p < .001, partial η2 = .71], reflecting the

fact that recognition false alarms are far more frequent than remember false

alarms. Besides, no significant main effect of category type [F (1, 51) = 1.46,

MSE = 0.009, p > .25] and no interaction between retrieval status and

response criterion [F (1, 51) = 1.64, MSE = 0.002, p > .30] was found.
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Dual-Process Analysis

For dual-process analysis of the data, the independence remember/know

model by Yonelinas and Jacoby (1995) was applied to the remember/know

raw data. Recollection was estimated as the proportion of remember re-

sponses to old items minus the proportion of remember responses to new

items. Familiarity (F ) was estimated for old and new items by dividing

the proportion of know responses by the compliment of the proportion of

remember responses [Familiarity = Know/(1-Remember)]. Then the famil-

iarity estimate for the new items was subtracted from that for the old items

(for details, see Yonelinas, 2002, or Yonelinas & Jacoby, 1995). The process

estimates are depicted in Table 2.1

The recollection estimates were .44 for practiced items (P+) and .28 for

their controls (C+). The familiarity estimates were .45 for P+ items and

.29 for C+ items. A 2 × 2 analysis of variance with the two factors of item

type (practiced vs. control) and process estimate (recollection vs. familiarity)

showed a significant main effect of item type [F (1, 51) = 37.52,MSE =

0.033, p < .001, partial η2 = .42], indicating a general memory improvement

for the practiced material. The estimates for recollection and familiarity did

not differ significantly [F (1, 51) < 1], and there was no interaction between

the two factors [F (1, 51) < 1]. Planned comparisons revealed a significant

increase in both recollection [t(51) = 4.47, p < .001, d = .61, two-tailed]

and familiarity [t(51) = 4.10, p < .001, d = .49, two-tailed] of the practiced

items.

1The retrieval-practice paradigm yields relatively few observations per participant and

item type. Thus, fitting the data on an individual-participant level would cause major

distortions of the models’ parameter estimates. Accordingly, most modeling analysis in

the present study was performed on aggregate data. The only exception were the data from

the independence remember/know procedure, where, to allow for statistical testing, the

parameters were calculated on an individual-participant level. Applying the independence

remember/know model to the aggregate data, however, led to an identical pattern of

results as the model’s application to the individual-participant data.
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The recollection estimate for unpracticed items (P-) was .27 compared to

.31 for their controls (C-). The familiarity estimates were .23 for P- items

and .31 for C- items. A 2 × 2 analysis of variance with the two factors of item

type (unpracticed vs. control) and process estimate (recollection vs. familiar-

ity) showed a significant main effect of item type [F (1, 51) = 5.36,MSE =

0.034, p < .05, partial η2 = .10], indicating generally impaired memory pro-

cesses for the unpracticed material. The estimates for recollection and famil-

iarity did not differ significantly [F (1, 51) < 1], and there was no interaction

between the two factors [F (1, 51) < 1]. Planned comparisons revealed a

significant decrease in familiarity of the unpracticed material [t(51) = 2.02,

p < .05, d = .34, two-tailed] but no reliable reduction in recollective processes

[t(51) = 1.31, p > .15, two-tailed].

Also, the STREAK model (Rotello, Macmillan, & Reeder, 2004) was fit-

ted to the remember/know-data. STREAK assumes two different continuous

sources of memorial information: Global memory strength reflecting stimu-

lus familiarity and specific memory strength reflecting recollective informa-

tion. Old/new discrimination is proposed to be based on a weighted sum of

global and specific memory strength, whereas remember/know decisions are

thought to be based on a weighted difference of the two sources of informa-

tion. Given the standard deviation of the new items’ strength distribution

(s), the model yields separate parameter estimates for the diagnosticity of

both global and specific memory strength (dx and dy). Following Rotello et

al. (2004), parameter s was set to 0.8 for each item type.

The best fitting STREAK parameters for both global (dx) and specific

(dy) memory strength are shown in the lower panel of Table 2. Both pa-

rameters were higher for practiced items than for their controls (dx: 1.00

vs. 0.64, dy: 1.46 vs. 0.97). For unpracticed items, global as well as spe-

cific memory strength were lower than for their controls (dx: 0.50 vs. 0.68,

dy: 0.90 vs. 1.05). With four free parameters to account for the four data

points in the remember/know procedure (remember and know hits and false

alarms), the STREAK model is saturated and thus its goodness of fit can
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Table 2: Dual-process parameter estimates for Experiment 1. Upper panel:

Independence remember/know model. Lower Panel: STREAK model.

Independence Remember/Know

Item Type F R

P+ .45∗ .44∗

C+ .29 .28

P- .23∗ .27

C- .31 .31

STREAK

Item Type dx dy C0 Cr

P+ 1.00∗ 1.46∗ 0.61 0.24

C+ 0.64 0.97 0.67 0.06

P- 0.50∗ 0.90 0.61 0.14

C- 0.68 1.05 0.67 0.10

Note: Asterisks indicate significant deviations from control performance (p <

.05). P+ = practiced items; P- = unpracticed items; C+ = control items for

the practiced items; C- = control items for the unpracticed items. F denotes

familiarity, R recollection. dx denotes global memory strength, dy specific

memory strength, C0 location of the STREAK old/new criterion, and Cr

location of the STREAK remember criterion.
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not be tested statistically. However, likelihood-ratio tests can be used to

examine whether the model’s parameters vary with item type. For practiced

(P+) items, the increase in global as well as in specific memory strength was

statistically reliable [dx: χ2(1)= 14.53, p < .001; dy: χ2(1)= 19.36, p < .001].

For unpracticed items (P-), only global memory strength dx was significantly

reduced [χ2(1)= 5.05, p < .05], whereas the decrease in specific memory

strength dy was not statistically reliable [χ2(1)= 1.62, p > .20].

Single-Process Analysis

To account for the data from the remember/know procedure, the single-

process signal detection model assumes a single parameter d′ for the general

memory strength of old items relative to new items, and response criteria

for both remember and know responses (parameters r and k) ordered on the

same strength continuum (e.g., Dunn, 2004; see also Appendix). Assuming

equal variances of the underlying normal distributions for old and new items,

the single-process model has three parameters to fit the four data points in

the remember/know procedure. Thus, the model has one degree of freedom

for testing its goodness of fit. The equal-variance model described the data

well for three of the four item types [all χ2(1)′s < 1.50, p > .25], but had

to be rejected for practiced (P+) items [χ2(1) = 8.39, p < .005]. Therefore,

the more general unequal-variance signal detection model was fitted to the

data, allowing the variance of the old items’ distribution (parameter σ) to

vary freely. Analogous to the STREAK model reported above, with four free

parameters to account for the four data points in the remember/know pro-

cedure, the unequal-variance signal detection model is saturated and thus its

goodness of fit can not be tested statistically. However, when directly com-

pared with the more restrictive equal-variance model, the unequal-variance

model described the data set significantly better [χ2(4)= 10.59, p < .05],

and stable maximum-likelihood estimates for the model’s parameters could

be derived for each of the four item types (see Table 3).
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Table 3: Experiment 1, single-process parameter estimates derived from the

unequal-variance signal detection model.

Item Type d′ σ k r

P+ 1.50∗ 0.71 0.76 1.49

C+ 1.18 0.88 0.84 1.54

P- 1.04∗ 1.05 0.76 1.49

C- 1.25 0.87 0.84 1.54

Note: Asterisks indicate significant deviations from control performance (p <

.01). P+ = practiced items; P- = unpracticed items; C+ = control items for

the practiced items; C- = control items for the unpracticed items. d′ denotes

general memory strength, σ variance of the target distribution, k location of

the know criterion, and r location of the remember criterion.

Likelihood-ratio tests were used to examine whether the parameters of the

unequal-variance model varied across item type. The parameter estimates

showed significantly higher d′s for practiced items (P+) compared to their

controls (C+) (1.50 vs. 1.18) [χ2(1)= 16.10, p < .001], indicating an increase

in memory strength of the practiced material. They also showed significantly

lower d′s for unpracticed items (P-) compared to their controls (C-) (1.04

vs. 1.25) [χ2(1)= 9.52, p < .005], indicating a reduction in the unpracticed

material’s memory strength. The placement of remember and know criteria

(parameters r and k) did not vary with item type [χ2(6)= 5.40, p > .40], nor
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did parameter σ [χ2(3)= 4.85, p > .15].2 3

Discussion

Using a standard item recognition task, the results of Experiment 1 showed

that retrieval practice impaired recognition of unpracticed items at the

old/new criterion but had no reliable effect at the remember criterion. Con-

sistently, dual-process analysis of the remember/know data indicated that

retrieval practice lowered the unpracticed material’s familiarity (global mem-

ory strength) but had only a small and nonreliable detrimental effect on the

material’s recollection (specific memory strength). Recollection is often as-

sumed to resemble recall-like processes (e.g., Yonelinas, 2002). Any variable

reducing recall thus should also reduce the recollection component of recog-

nition memory. Because retrieval-induced forgetting has been reported in a

2When applying the unequal-variance signal detection model to recognition data, it

is usually assumed that the variance of the strength distribution for studied items can

exceed the variance of the unstudied items’ distribution (i.e., σ ≥ 1). In contrast to

this assumption, the estimates for σ in Experiment 1 tended to be smaller than 1. The

results from a recent meta analysis (Rotello et al., 2004), however, showed that average

remember/know data often yield two-point zROCs with slopes larger than 1 (and thus

σ < 1; for a related demonstration, see Malmberg & Xu, 2006). The relatively small

values for σ in Experiment 1 thus are most likely due to the requisite analysis of aggregate

data, rather than being indicative of inconsistencies with the single-process model.
3Like the dual-process models, the single-process models were fit separately to each

of the single item types. This analysis yields separate estimates of the false alarm rate

for each item type. Because all types of items were presented randomly in the same test

phase (see Method section), arguably participants may have adopted the same decision

criteria for the single item types, suggesting that false alarm rates may be constrained to

be equal across item type (e.g., Stretch & Wixted, 1998). I therefore reanalyzed the data

by fitting the signal detection models simultaneously to all six item types (P+, P-, C+,

C-, P new, C new). Despite some minor differences in absolute values of the parameter

estimates, the pattern of results was largely indistinguishable from the pattern obtained

when fitting the signal detection models separately to the single item types. The results

thus do not depend on type of analysis.
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large number of free and cued recall experiments, following this rationale,

one should also expect impaired recollective processes in the unpracticed

material’s recognition. The present finding of no reliable recollective impair-

ment is inconsistent with this expectation and thus challenges a dual-process

account of the present results.

In contrast to the dual-process accounts, the single-process signal de-

tection model assumes that recognition memory is entirely based on a single

source of memorial information. Applying this model to the remember/know

data of the present experiment indicates that the forgetting of the unprac-

ticed items was caused by a decrease in the items’ general memory strength.

This view is consistent with the inhibitory account of retrieval-induced for-

getting, according to which retrieval practice weakens the unpracticed mate-

rial’s memory representation and due to the items’ reduced memory strength

should impair free recall, cued recall, and recognition of the items (Anderson,

2003; Anderson & Spellman, 1995). The single-process view also provides a

more parsimonious account of the data than the dual-process view.

Although the results of Experiment 1 suggest a preference for the single-

process interpretation of retrieval-induced forgetting, in general, such a pref-

erence might be premature. Indeed, because standard remember/know data

are not rich enough to allow for statistical testing of single-process and dual-

process models, the data of Experiment 1 did not allow a statistical evaluation

of the two models. Therefore, in Experiment 2, ROC methods were used to

examine retrieval-induced forgetting. The data from ROC methods are rich

enough to allow for statistical testing and thus may offer an additional source

of information for evaluation of the two types of models.
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Experiment 2

Using the dual-process framework, Experiment 1 yielded converging results

across analysis methods regarding the detrimental effects of retrieval prac-

tice on recollection and familiarity, suggesting that retrieval practice reduces

mainly unpracticed items’ familiarity and hardly, if at all, their recollec-

tion. Addressing the generalizability of this result, Experiment 2 examines

whether such converging evidence is also present across different measure-

ment procedures. Therefore, the ROC procedure was used in Experiment 2

to further examine the effects of retrieval practice on recollection and fa-

miliarity processes. Also, using this procedure, both the dual-process and

the single-process model’s ability to account for the recognition data can be

tested statistically. These data will help evaluating which of the two types

of models provides a better account of retrieval-induced forgetting in item

recognition.

Method

Participants

Participants were 48 young adults (19-31 years old) who were paid 5 Euro

for taking part in the experiment. They were tested individually in sessions

that lasted approximately 35 minutes.

Material

Stimuli were 12 concrete German words from each of eight semantic categories

(Battig & Montague, 1969; Mannhaupt, 1983). The categories were body

part, sport, musical instrument, quadruped, piece of furniture, tool kit, spice,

and tree. The chosen exemplars were 12 strong and moderate exemplars of

the respective category (rank 4-15 in the norms). Within each of the eight

categories, six of the chosen exemplars (rank 7-12) were studied, and the
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remaining six (rank 4-6 and 13-15) were used as lures in the recognition test.

Additionally, five exemplars from each of the three categories color, relative,

and road sign were used as buffer items in the study list, for a total of 15

buffer items.

Design

The experimental design was identical to Experiment 1, with the exception

that retrieval practice was not restricted to weaker exemplars. For four of

the eight target categories, participants retrieval practiced three of the six

studied exemplars, with each item of a category serving equally often as

a practiced and unpracticed item across participants. As a result, the ex-

periment yielded three types of target items: Practiced items (P+ items),

unpracticed items belonging to the same categories as the practiced items (P-

items), and unpracticed items from unpracticed categories which served as

control items (C items). Across participants, it was counterbalanced which

categories were retrieval practiced.

Procedure

Participants were tested individually in a quiet surrounding, seated in front

of a 15” computer screen. At the beginning of the study phase, an instruction

to study all to-be-presented words was displayed. Then, each of the 48 (8 ×
6) experimental items was presented for 2500 ms, followed by a 500 ms blank

screen. In contrast to Experiment 1, the items were presented without their

category cue, which was done to minimize the possible role of contextual

cues at encoding (see Hicks & Starns, 2004). The order of the items was

randomized in the same manner as in Experiment 1. Additionally, six buffer

items were shown at the beginning of the study list, and six were shown at

the end. Directly after the study phase, participants were given a prepared

sheet containing arithmetic problems and they were instructed to solve as

many problems as possible within 2 minutes.
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Subsequently, the retrieval-practice phase started in which participants

were asked to practice 12 (4 × 3) previously studied items. A category-word

stem pair was presented on the screen (e.g., Fruit-Ap ) and partici-

pants were instructed to complete the word stem with a studied item. The

experimenter noted the participant’s response on a prepared data sheet and

participants could proceed to the next item by pressing a key. The order of

the category-word stem pairs was block randomized in the same manner as

in Experiment 1. For the following 7.5 min, a series of decision problems was

presented with each problem requiring a decision between two risky choices

(Kahneman, Slovic, & Tversky, 1982).

In the final test phase, an old/new recognition test was applied in which

participants were asked to rate their confidence of an item being old or new

using a six-point rating scale ranging from 1: Definitely old to 6: Definitely

new. Participants were encouraged to use the whole range of the rating scale

throughout the testing procedure to specify their degree of confidence as

accurately as possible. Each test item was presented in the middle of the

screen, together with a schematically depicted rating scale in the lower part

of the screen. Participants were instructed to enter their responses via the

digits of the PC keyboard. As soon as any numerical response was entered,

the next item was presented on the screen. The order of the items was block

randomized in the same manner as in Experiment 1. After a few practice

trials, all test items were presented and the participant’s responses were

recorded automatically in a log file.

Results

Retrieval-Practice Phase

On average, the participants successfully completed 87.8% (SE = 0.02) of

the category-word stem pairs presented during retrieval practice.
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Figure 1: Recognition ROCs (A) and zROCs (B) for the three item types in

Experiment 2.

Recognition Test

For ROC analysis of the data, hit and false alarm rates were cumulated over

the five criterion points of the confidence rating scale, starting with the most

confident criterion point (definitely old). The ROCs obtained by plotting

the cumulative false alarm rates against the hit rates for each item type are

illustrated in Figure 1.

Dual-Process Analysis

For dual-process analysis, the dual-process signal detection model (Yoneli-

nas, 1994) was fitted to the raw data, assuming a threshold-like recollection

process in addition to a strength-like signal detection familiarity process (for

details, see Appendix). When applied to 5-point ROC data, the model has

seven free parameters (familiarity d′, recollection R, and response criteria c1

- c5) to fit the ten data points in an old/new rating experiment (hits and

false alarms for confidence levels 1 - 5). Thus, the model has three degrees of
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freedom for testing its goodness of fit. The model parameters were estimated

using maximum likelihood techniques which also allow for statistical testing.

The dual-process model described the data for practiced (P+) and un-

practiced items (P-) well [P+: χ2(3) = 2.92, p > 0.40; P-: χ2(3) = 1.38,

p > 0.70], but could not satisfactorily fit the data for the control items (C)

[χ2(3) = 9.14, p < 0.05]. Still, stable maximum likelihood parameter es-

timates could be derived for each item type. The parameter estimates for

recollection (R) and familiarity (as measured by d′) are depicted in Table 4.

The estimates for d′ were 1.65 for practiced items (P+), 0.80 for unpracticed

items (P-), and 1.10 for control items (C). The estimates for R were 0.67 for

practiced items (P+), 0.38 for unpracticed items (P-), and 0.40 for control

items (C).

Although the model failed to fit the control items satisfactorily, likelihood-

ratio tests were conducted to examine whether the three types of items dif-

fered in their recollection and familiarity estimates. Regarding the beneficial

effects of retrieval practice, the analysis showed significantly higher perfor-

mance for practiced items (P+) than for control items (C) with respect to

both recollection as measured by parameter R [χ2(1) = 4.23, p < .05] and

familiarity as measured by parameter d′ [χ2(1) = 5.65, p < .05]. Regarding

the detrimental effects of retrieval practice, a significant difference between

unpracticed items (P-) and control items (C) emerged with respect to their

familiarity [d′: χ2(1) = 4.57, p < .05] but not with respect to their recollective

processes [R: χ2(1) = 0.05, p > .95].

Single-Process Analysis

Like in Experiment 1, the equal-variance signal detection model was fitted to

the data. When applied to 5-point ROC data, this restrictive version of the

single-process model has six free parameters (sensitivity d′ and 5 response

criteria) to fit the ten data points in an old/new rating experiment. The

equal-variance model could not describe the recognition ROCs and had to be
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Table 4: Dual-process and single-process parameter estimates for Experi-

ment 2. Upper panel: Dual-process signal detection model. Lower panel:

Unequal-variance signal detection model.

Dual-process signal detection model

Parameter estimates Goodness of fit

Item Type d′ R χ2 df p

P+ 1.65∗ 0.67∗ 2.92 3 .40

C 1.10 0.40 9.14‡ 3 .03

P- 0.80∗ 0.38 1.38 3 .71

Unequal-variance signal detection model

d′ σ χ2 df p

P+ 3.03∗ 1.45 1.95 3 .58

C 1.85 1.38 3.59 3 .31

P- 1.58∗ 1.45 0.26 3 .97

Note: Asterisks indicate significant deviations from control performance

(p < .05). P+ = practiced items; P- = unpracticed items; C = con-

trol items. d′ denotes familiarity (dual-process model) or general memory

strength (unequal-variance model), R denotes recollection, and σ denotes

variance of the target distribution. df denotes the model’s degrees of free-

dom for statistical testing. ‡ indicates insufficient goodness of fit.
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rejected for all three item types [all χ2(4)’s> 14.00, all p’s< .01]. Therefore,

the more general unequal-variance signal detection model was fitted to the

data. When applied to 5-point ROC data, the unequal-variance signal detec-

tion model has seven free parameters (sensitivity d′, target variance σ, and 5

response criteria) and thus three degrees of freedom for statistically testing

its goodness of fit. The unequal-variance signal detection model described

the data of all three item types well [all χ2(3)′s < 4.00, all p′s > .30]. The

goodness-of-fit statistics and the maximum-likelihood parameter estimates

are depicted in Table 4.

Likelihood-ratio tests were used to examine whether the unequal-variance

model’s parameters varied with item type. The analysis showed that sensi-

tivity as measured by d′ was significantly higher for practiced items (P+)

than for control items (C) (3.03 vs. 1.85) [χ2(1) = 43.73, p < .001], suggest-

ing an increase in memory strength for practiced material. Also, parameter

d′ was reliably lower for unpracticed items (P-) than for control items (C)

(1.58 vs. 1.85) [χ2(1) = 7.24, p < .01], suggesting a significant reduction

in memory strength for unpracticed items. Neither the variance of the old

items’ distribution as estimated by parameter σ nor the placement of the five

confidence criteria varied reliably across item type ([χ2(2) = 1.53, p > 0.40],

[χ2(10) = 5.83, p > 0.80]).

Discussion

Using the remember/know procedure, the results of Experiment 1 showed re-

liable retrieval-induced forgetting and, on the basis of the dual-process view,

suggested that retrieval practice mainly reduced the unpracticed items’ fa-

miliarity. Using the ROC procedure, Experiment 2 again found a detrimental

effect of retrieval practice on overall recognition performance, well compara-

ble in size to the forgetting observed in Experiment 1 at the old/new crite-

rion. More important, dual-process analysis of the ROC data again indicated

a decrease in the unpracticed items’ familiarity, but no reliable reduction in
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recollection. Dual-process analysis of remember/know data and dual-process

analysis of ROC data thus converge on the view that, in item recognition,

retrieval practice impairs mainly unpracticed items’ familiarity.

The dual-process model described the data for the practiced and unprac-

ticed items well but failed to describe the data for the control items. It

thus did worse than the unequal-variance single-process model, which ac-

counted for the data of all three item types and, in all three cases, led to

better goodness-of-fit statistics than the dual-process account. On the basis

of the single-process view, the result of a decrease in sensitivity of the un-

practiced items indicates that retrieval practice reduced the general memory

strength of the unpracticed material. This interpretation of the ROC data

of Experiment 2 agrees with the interpretation of the remember/know data

of Experiment 1, converging on a common interpretation of the detrimental

effects of retrieval practice. Because of the dual-process model’s failure to

find a reliable recollective deficit in unpracticed items and the single-process

model’s excellent description of the ROC data, Experiment 2, like Exper-

iment 1, suggests a preference for the single-process interpretation of the

data.
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Experiment 3

In cued recall, Ciranni and Shimamura (1999) found retrieval-induced forget-

ting with episodically related material that is comparable to the one usually

observed in the standard retrieval-practice paradigm with semantically re-

lated material. To date, however, retrieval-induced forgetting of episodically

related material has not been examined with recognition testing yet.

In Experiment 3, a variation of the retrieval-practice paradigm was de-

signed. Subjects studied semantically unrelated words that were displayed

together with different context colors. During retrieval practice, a subset

of the items from half of these artificially created color categories was then

repeatedly retrieved. In a subsequent item recognition test, the items from

the study list had to be discriminated from new items. Again, the ROC-

procedure was used to investigate the qualitative effects of retrieval practice

in recognition memory. Following the item recognition test, subjects were

additionally asked to remember each studied item’s context color in order to

explore whether the expected effects of retrieval-induced forgetting general-

ize to the recall of episodic features of the unpracticed material, as suggested

by Ciranni and Shimamura (1999).

Following the dual-process model’s conceptualization of recollection as

an episodic, recall-like process (e.g. Yonelinas, 2002), the use of episod-

ically related material might enhance the role of recollective processes in

the present experiment. However, the dual-process framework as proposed

e.g. by Yonelinas (2002) showed some technical and conceptual difficulties in

accommodating the results from the previous experiments, whereas a single-

process account of the data suffered from none of these difficulties. Using

different material, Experiment 3 should yield further insights regarding the

competing models’ appropriateness to accommodate the patterns of results

across experimental contexts. Suggested from prior evidence for generalized

forgetting of episodically related material (Ciranni & Shimamura, 1999; see

introduction), however, single-process analysis of Experiment 3 may yield
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comparable modulations in general memory strength as Experiments 1 and

2 in which semantically related material was used.

Method

Participants

Subjects were 64 young adults (19-31 years old) who were paid 6 Euro for

participating in the experiment. They were tested individually in sessions

that lasted approximately 25 minutes.

Material

The primary stimuli were two sets of 48 semantically unrelated German words

chosen from the norms reported in Mannhaupt (1983). The two sets of

items were pairwise related, i.e., each word from set one was semantically

associated to one of the words from set two. None of the chosen items was

pre-experimentally associated with any particular color.

Design

The Experiment consisted of four main phases: A study phase, a retrieval

practice phase, a recognition test phase, and a color recall phase. Across

subjects it was counterbalanced which of the two sets of items was studied.

The 48 study words were arbitrarily divided into four sets of 12 items. For

each subject, the font colors red, green, blue, and yellow were assigned to the

four ”categories” in the study phase. Color assignment was counterbalanced,

so that each item was equally often assigned to every color across subjects.

From each of two of the ”color categories”, six target items were used in the

retrieval practice phase. Accordingly, 12 items (each assigned to one of two

colors, e.g. red and blue) were retrieval practiced (P+), 12 items (each as-

signed to one of the same colors as P+) were unpracticed (P-), and 24 Items
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(each assigned to one of the two remaining colors, e.g. green and yellow)

served as control items (C). Assignment of the items to retrieval practice

was counterbalanced, so that every item was practiced equally often across

subjects. All 48 studied item-color pairings were used both in the recogni-

tion phase and in the color recall phase. The recognition phase additionally

incorporated the set of 48 unstudied words, which were each assigned to the

same color as their respective studied associate.

Procedure

Subjects were tested individually in a quiet surrounding, comfortably seated

in front of a 15” TFT Computer screen. They were instructed to memorize

each item on the study list together with its context color and that later on

memory would be tested for both the words and the respective colors. Every

item was presented in a black Arial font for 1500 ms, horizontally framed by

two colored bars, which were displayed in the item’s assigned color. Each

item-context presentation was followed by a 500 ms blank screen. The serial

order of the items was block randomized, with the restriction that no item

was displayed with the same color as its antecessor. Furthermore, three

buffer items were added at the beginning and at the end of the list and the

buffer items were also randomly assigned to one of the four types of color

bars. Following the study phase, subjects had to count backwards from 300

in steps of threes for approximately 60 seconds.

Subsequently, the retrieval practice phase started. The word stems were

framed by the same color bars as the corresponding items in the study phase.

Subjects were instructed to use the given colors as cues to complete the word-

stems from memory. The serial order of the word-stems was quasi-random,

with alternating colors. The experimenter noted the subjects response on

a prepared data sheet and the subjects could proceed to the next item by

pressing a key. After retrieval practice, subjects had to solve a set of simple

arithmetic problems for about four minutes and were allowed to use a pocket
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calculator in order to avoid frustration in the subject.

Following the distractor task, an item recognition test based on confidence

ratings was applied. The item-context pairings were presented together with

a schematically depicted 6-point rating scale ranging from 1: definitely old

word to 6: definitely new word in the lower part of the screen. Subjects were

instructed to enter their responses via the digits of the PC-Keyboard. As

soon as any numerical response was entered, the next item was presented on

the screen; responses were automatically recorded in a log file. The serial

order of the test items was block randomized in the same manner as in the

previous experiments

After completion of the recognition test, the color recall phase started.

Each initially studied item was displayed on the screen in the same manner

as in the study phase, except that the previously colored bars were always

displayed in a light gray. Subjects were instructed to indicate the original

color of the bars by pressing one of four correspondingly colored keys. As soon

as any response was entered, a response feedback (”correct” or ”incorrect”)

was displayed on the screen for 1000 ms, then the next item was presented.

The serial order of the test items was block randomized in the same manner

as in the previous experiments.

Results

Retrieval-Practice Phase

On average, the participants successfully completed 48.0% (SE = 0.02) of

the word stems presented during retrieval practice.

Recognition Data

For ROC analysis of the data, hit and false alarm rates were cumulated over

the five criterion points of the confidence rating scale, starting with the most
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Figure 2: Item recognition ROCs (A) and zROCs (B) for the three item

types in Experiment 3.

confident criterion point (definitely old). The ROCs obtained by plotting the

cumulative false alarm against hit rates for each item type are illustrated in

Figure 2.

Dual-Process Analysis

The dual-process model (Yonelinas, 1994) described the data set well [all

χ2(3)’s> 4.20, all p’s> 0.20] and stable maximum likelihood parameter es-

timates could be derived for each item type. The parameter estimates for

recollection (R) and familiarity (as measured by d′) are depicted in the upper

panel of Table 5. The estimates for d′ were 0.88 for practiced items (P+),

0.84 for unpracticed items (P-), and 0.83 for control items (C). The estimates

for R were 0.55 for practiced items (P+), 0.17 for unpracticed items (P-),

and 0.27 for control items (C).



EXPERIMENT 3 47

Table 5: Parameter estimates for Experiment 3. Upper panel: Dual-process

signal detection model. Lower panel: Unequal-variance signal detection

model.

Dual-process signal detection model

Parameter estimates Goodness of fit

Item Type d′ R χ2 df p

P+ 0.88 0.55∗ 4.18 3 .24

C 0.83 0.27 2.17 3 .54

P- 0.84 0.17 1.46 3 .69

Unequal-variance signal detection model

d′ σ χ2 df p

P+ 2.18∗ 1.57∗ 1.73 3 .63

C 1.30 1.26 0.32 3 .96

P- 1.12∗ 1.16 0.32 3 .96

Note: Asterisks indicate significant deviations from control performance

(p < .05). P+ = practiced items; P- = unpracticed items; C = con-

trol items. d′ denotes familiarity (dual-process model) or general memory

strength (unequal-variance model), R denotes recollection, and σ denotes

variance of the target distribution. df denotes the model’s degrees of free-

dom.

Likelihood-ratio tests were conducted to examine whether the three types

of items differed in their recollection and familiarity estimates. Regarding

familiarity, the analysis showed no reliable change in parameter d′ across

conditions [χ2(2) < 1]. Regarding recollection, parameter R was significantly

higher for practiced items (P+) compared to control items (C) [χ2(1) =

17.24, p < .001], but not significantly smaller for unpracticed items (P-)

compared to control items (C) [χ2(1) = 2.17, p > .10].
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Single-Process Analysis

The restrictive equal-variance signal detection model could describe the

recognition ROCs for unpracticed items relatively well (P-) [χ2(4) = 6.79, p >

.10], but had to be rejected for both the practiced and the control items (P+

and C) [χ2(4)’s> 29.00, p’s< .001]. Therefore, the more general unequal-

variance signal detection model was fitted to the data (see Appendix). The

unequal-variance signal detection model explained the data very well for all

three item types [all χ2(3)’s< 2.00, all p’s> .60]. The goodness-of-fit statis-

tics and the maximum-likelihood parameter estimates are depicted in the

lower panel of Table 5.

Again, likelihood-ratio tests were used to examine whether the unequal-

variance model’s parameters varied across experimental conditions. The

analysis showed that sensitivity as measured by d′ was significantly higher for

practiced items (P+) compared to control items (C) [χ2(1) = 67.22, p < .001],

suggesting an increase in memory strength for practiced material. More in-

teresting, parameter d′ was reliably lower for unpracticed items (P-) com-

pared to control items (C) [χ2(1) = 8.46, p < .005], suggesting a significant

reduction in memory strength for unpracticed items. Furthermore, com-

pared to control items (C), the variance of the old item’s distribution as es-

timated by parameter σ was significantly larger for practiced material (P+)

[χ2(1) = 7.09, p < .01], but not reliably smaller for unpracticed material (P-)

[χ2(1) < 1]. The placement of the five confidence criteria did not significantly

vary across conditions [χ2(10) = 7.88, p > 0.60].

Context Recall

On average, subjects correctly recalled the studied items’ context colors for

70.7 % (SE = 0.03) of the practiced items (P+), for 65.7 % (SE = 0.03)

of the control items (C), and for 67.2 % (SE = 0.03) of the unpracticed

items (P-). Planned pairwise comparisons revealed significantly better con-
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text color recall for practiced (P+) compared to control items (C)[t(63) =

2.09, p < 0.05, d = .22]. However, no difference in context recall arose for

unpracticed (P-) compared to control items (C) [t(63) < 1].

Discussion

Dual-process analysis of the data indicates a considerable increase in recol-

lection for practiced items, but surprisingly no corresponding increment in

familiarity. Further, the dual-process model indicates no reliable detrimen-

tal effects of retrieval practice on unpracticed material. If any, however, the

model suggests a tendency for a decline in recollection, but no reduction in

familiarity. Thus, dual-process analysis suggests that the retrieval practice

effects in the present experiment using episodically related material are both

qualitatively and quantitatively different from the effects obtained with se-

mantically related material in Experiments 1 and 2. In particular, whereas

in the previous experiments both the beneficial and the detrimental effects of

retrieval practice were substantially familiarity-driven and statistically reli-

able, the effects in the present experiment were exclusively recollection-driven

and the impairment of unpracticed material was not reliable. Unexpectedly

however, regarding overall recognition performance, dual-process analysis in-

dicates no generally enhanced role of recollective processes in the present

item recognition task compared to the previous experiments.

The present findings further complicate the theoretical implications of

a dual-process account of retrieval-induced forgetting: Whether retrieval-

practice affects recollection and/or familiarity depends not only on the test-

ing procedure (e.g., cued recall, associative recognition, or item recognition,

see Experiments 1 and 2), but also on the structure of the study material (se-

mantically or episodically related). The explanatory power of a dual-process

account for the present results is additionally weakened when considering

that subjects’ ability to recall the perceptual context (i.e. color) of unprac-

ticed items was not susceptible to retrieval-induced forgetting in the present
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experiment. In the dual-process framework, memory for the episodic context

of studied episodes is assumed to be mainly recollection-driven (e.g. Man-

dler, 1980; Jacoby, 1991; Yonelinas, 2002). However, whereas dual-process

analysis of the present item recognition data indicated at least a trend for a

decline in recollection, not even a suggestion of such an effect was evident in

context recall (C: 65.7%, P-: 67.2%).

Again, the unequal-variance single-process model led to a technically bet-

ter description of the recognition data than the dual-process model. In con-

trast to the dual-process model’s familiarity measure, the single-process esti-

mates for general memory strength exhibited not only a reliable increase for

practiced material, but also a significant decrement for unpracticed material,

and thus align with the pattern of results obtained in Experiments 1 and 2.

Thus, whereas dual-process theory suggests fundamentally different conse-

quences of retrieval practice depending on the structure (semantic categories

versus perceptual categories) of the studied material, the single process anal-

yses of Experiments 1-3 converge on the view that retrieval practice leads to

a comparable modulation in general memory strength in both experimental

contexts.

The present finding of no decrease in subjects’ ability to remember the

unpracticed items’ perceptual context ostensibly conflicts with Ciranni& Shi-

mamura’s (1999) study which suggests that the forgetting generalizes even

to features of the unpracticed material that were not retrieval practiced.

However, in Ciranni and Shimamura (1999) such features (e.g. shape) were

attributes of the presented items ’themselves’, whereas in the present exper-

iment the colors were attributes of the perceptual context against which the

items (i.e. words) were presented. Research on feature binding in episodic

memory suggests that an object’s color is easily bound into a single mem-

ory representation of a colored object, whereas presenting items against col-

ored backgrounds rather creates associative links between the objects’ rep-

resentations and the respective background colors (e.g. Ecker at al., 2004;

Groh-Bordin et al., 2006). Assuming that retrieval practice directly weakens
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the unpracticed items’ memory representations, only features that are inher-

ent parts of these representations might be susceptible to retrieval-induced

forgetting. The empirical validity of such a proposal will be examined in

Experiment 4.
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Experiment 4

To explore the role of episodic feature binding in retrieval-induced forgetting,

a variation of the experimental design used in Experiment 3 was employed.

In Experiment 4, subjects studied semantically unrelated items displayed in

different font colors. Thus, the episodic grouping factor color was presented

as a perceptual feature of the study items ’themselves’, whereas in the pre-

vious experiment, the colors were features of the items’ perceptual context.

Again, during retrieval practice, a subset of the items from half of the ar-

tificially created color categories was repeatedly retrieved. Finally, a color

recognition test was applied where all items from the study list were pre-

sented either in their original font color or in a different color. Again, the

ROC-procedure was used to investigate the qualitative effects of retrieval

practice on recognition memory. Assuming that the presentation of words

in different font colors creates ’bound’ episodic representations of colored

items in memory, the retrieval practice effect should not only modulate item

recognition performance (see Experiment 3), but also recognition of the color

features bound to these memory representations.

Method

Participants

Subjects were 72 young adults (19-34 years old) who were paid six Euro for

participating in the experiment. They were tested individually in sessions

that lasted approximately 25 minutes.

Material

The primary stimuli were 32 semantically unrelated German words chosen

from the norms reported in Mannhaupt (1983). None of the items was pre-

experimentally associated with any particular color.



EXPERIMENT 4 53

Design

The experiment consisted of three main phases: A study phase, a retrieval

practice phase and a color recognition test phase. The words were arbitrarily

divided into four sets of eight items. For each subject, the font colors red,

green, blue, and yellow were randomly assigned to the four ”categories” in

the study phase. From each of two of the ”color categories”, four target

items were used in the retrieval practice phase. Accordingly, eight items

(displayed in two colors, e.g. red and blue) were retrieval practiced (P+),

eight items (displayed in the same colors as P+) were unpracticed (P-), and

16 Items (displayed in the two remaining colors, e.g. green and yellow)

served as control items (C). Assignment of the items to retrieval practice

was counterbalanced, so that every item was practiced equally often across

subjects. All studied items were used in the recognition test phase, where

half of the items was displayed in the same font color as they were studied

(i.e. target, correct color), whereas the other half was displayed in any other

of the four font colors (i.e. lure, incorrect color). The assignment of the

items to correct vs incorrect font color at test was counterbalanced and it

was assured that for each item type (P+, P-, C) equally many items served

as targets and lures.

Procedure

Subjects were tested individually in a quiet surrounding, comfortably seated

in front of a 15” TFT Computer screen. They were instructed to memorize

each item’s color on the study list and that memory for the items’ colors

only would be tested later on, as all words would be shown again at test

in eventually different colors. Every item was presented for 1500 ms in its

assigned font color, followed by a 500 ms blank screen. The serial order

of the items was blocked randomized, with the restriction that no item was

displayed in the same color as its antecessor. Furthermore, three buffer items

were added at the beginning and at the end of the list and the buffer items
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were also randomly assigned to one of the four font colors. Following the

study phase, subjects had to count backwards from 300 in steps of threes for

approximately 60 seconds.

Subsequently, the retrieval practice phase started. The word stems were

displayed in the same color as the corresponding items in the study phase.

Subjects were instructed to use the font colors as cues to complete the word-

stems from memory. The serial order of the word-stems was quasi-random,

with alternating font colors. The experimenter noted the subjects response

on a prepared data sheet and the subjects could proceed to the next item by

pressing a key. After retrieval practice, subjects had to solve a set of simple

arithmetic problems for about five minutes and were allowed to use a pocket

calculator to avoid frustration in the subject.

In the final color recognition test phase, each test item was presented

in the middle of the screen, together with a schematically depicted 6-point

rating scale ranging from 1: definitely old color to 6: definitely new color in

the lower part of the screen. Subjects were instructed to enter their responses

via the digits of the PC-Keyboard. As soon as any numerical response was

entered, the next item was presented on the screen; subject’s responses were

automatically recorded in a log file. The serial order of the test items was

randomized in the same manner as in the previous experiments.

Results

Retrieval-Practice Phase

Participants, on average, successfully completed 59.5% (SE = 0.02) of the

wordstems presented during retrieval practice.
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Figure 3: Recognition ROCs (A) and zROCs (B) for the three item types in

Experiment 4.

Recognition Test

The color discrimination ROCs obtained by plotting the cumulative false

alarm rates against hit rates for each of the three item types are illustrated

in Figure 3.

Dual-Process Analysis

The dual-process model (Yonelinas, 1994) described the data set well [all

χ2(3)’s< 1.70, all p’s> .60]. The parameter estimates for familiarity (as

measured by d′) and recollection (R) are given in the upper panel of Table 6.

Although by tendency, the values for d′ (i.e., familiarity) exhibited the typical

pattern of retrieval-induced forgetting (P+ > C > P-), likelihood-ratio tests

revealed neither a significant increase of that measure for practiced items

(P+) compared to control items (C) [χ2(1) = 2.84, p > .05] nor a significant

decrease for unpracticed items (P-) compared to control items (C) [χ2(1) =

1.31, p > .20]. Parameter R (recollection) varied unsystematically across

item types and the changes in the parameter estimates were not statistically
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reliable [P+ vs C: χ2(1) < 1, P- vs C: χ2(1) < 1]4. Across conditions, the

estimates for recollection (R) were not significantly different from zero [all

χ2(1)’s< 1.80, all p’s> .15], indicating that recognition was predominantly -

if not exclusively - based on familiarity.

Single-Process Analysis

The unequal-variance signal detection model described the recognition data

very well [all χ2(3) < 2.10, all p > .55] (see middle panel of Table 6). Al-

though by tendency, parameter d′ exhibited the standard pattern of retrieval-

induced forgetting (P+ > C > P-), likelihood-ratio tests revealed no signif-

icant variations of this measure across item types [χ2(2) = 2.15, p > .30].

Across conditions, the estimates for parameter σ were relatively close to 1,

indicating equal variances of the underlying strength distributions.

Therefore, the more restrictive equal-variance signal detection model was

fitted to the data (assuming σ = 1, see lower panel of Table 6). The model

described the data well [all χ2(4) < 3.40, all p > .50] and its goodness of fit

was not statistically different from that of the unequal-variance signal detec-

tion model [χ2(3) < 3.16, p > .35]. The equal-variance model’s estimates for

d′ exhibited the standard pattern of retrieval-induced forgetting (see lower

panel of Table 6): P+ (2.14) > C (1.84) > P- (1.57). Statistical analy-

sis shows that general memory strength as measured by d′ was significantly

higher for practiced (P+) items [χ2(1) = 14.43, p < .001], and reliably lower

for unpracticed (P-) items compared to control (C) [χ2(1) = 15.94, p < .001].

4The parameter estimates for P+ condition might be distorted due to unusually high

performance levels (see Yonelinas, 2002) and thus should not be interpreted in detail.

However, performance levels for P- and C conditions were in an acceptable range and thus

most likely yielded meaningful parameter estimates
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Table 6: Parameter estimates for Experiment 4. Upper panel: Dual-process

signal detection model. Middle panel: Unequal-variance signal detection

model. Lower panel: Equal-variance signal detection model.

Dual-process signal detection model

Parameter estimates Goodness of fit

Item Type d′ R χ2 df p

P+ 2.14 0.00 0.44 3 .93

C 1.62 0.27 1.04 3 .79

P- 1.30 0.29 1.68 3 .64

Unequal-variance signal detection model

d′ σ χ2 df p

P+ 2.05 0.93 0.26 3 .97

C 1.98 1.14 0.91 3 .82

P- 1.72 1.17 2.03 3 .57

Equal-variance signal detection model

d′ σ χ2 df p

P+ 2.14∗ 1 (fixed) 0.44 4 .98

C 1.84 1 (fixed) 2.58 4 .63

P- 1.57∗ 1 (fixed) 3.34 4 .50

Note: Asterisks indicate significant deviations from control performance

(p < .05). P+ = practiced items; P- = unpracticed items; C = con-

trol items. d′ denotes familiarity (dual-process model) or general memory

strength ((un)equal-variance model), R denotes recollection, and σ denotes

variance of the target distribution. df denotes the model’s degrees of freedom.
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Discussion

The present experiment demonstrates retrieval-induced forgetting in an

experimental setting that differed from the standard retrieval-practice

paradigm in several aspects. Like in Experiment 3, verbal stimuli were

grouped by an episodic feature (i.e., color) instead of using semantic cat-

egories. In Experiment 3, using context color as grouping factor, retrieval

practice impaired item recognition of unpracticed material but left memory

for these items’ episodic contexts unaffected. In the present experiment, how-

ever, using font color as grouping factor, retrieval practice on a subset of the

words reliably impaired episodic recognition of the unpracticed words’ colors.

On the basis of these findings, it is argued that the studied items’ font colors

were ’bound’ into unitary memory representations of colored items.

In contrast to the foregoing experiments, using tests of item recognition,

an episodic feature discrimination task was employed in the present experi-

ment. In some respect, memory for an item’s perceptual features (i.e., font

color) can be considered as associative information. Accordingly, assuming

a dual-process framework of recognition memory (e.g. Yonelinas, 2002), the

assessment of such information at test should be largely based on episodic

recollection. Interestingly, dual-process analysis of the ROC data from the

present experiment yielded a fundamentally different picture: Color discrim-

ination was largely based on familiarity and hardly involved recollection pro-

cesses at all.

However, these unexpected results need not necessarily invalidate the

dual-process model’s conceptualization of recollection as an episodic, asso-

ciative process. It appears well possible that the particular recognition task

employed in the present experiment may have rendered the use of recollec-

tion processes obsolete in the present experimental situation. Because font

color may have been memorized as an integral part of the studied items,

rather than as associative or context information, episodic recognition of

font color could indeed have been based on stimulus familiarity rather than
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on recollection (see Eichenbaum & Bunsey, 1995; Quamme, 2004 or Yoneli-

nas et al., 1999 for similar considerations). Consistent with such a proposal,

Groh-Bordin et al. (2006) showed that changing the colors of studied ob-

jects in tests of item recognition affected the FN400 ERP-component which

is putatively related to familiarity, whereas changing the colors of the ob-

jects’ perceptual contexts modulated the late parietal component which is

putatively related to recollection.

Fitting the dual-process model to the color recognition data yielded no

significant decreases in recollection or familiarity for the unpracticed mate-

rial. By tendency however, the forgetting in the present experiment was

clearly familiarity-driven, consistent with the finding of reduced familiarity

for unpracticed material in Experiments 1 and 2. Indeed, because color recog-

nition appeared to rely exclusively on familiarity, it can not be determined

from the present analysis to what extent recollection might have been af-

fected as well. Still, from a dual-process perspective, the results may suggest

that retrieval-induced forgetting of episodically related material can affect

not only recollection (Experiment 3), but also familiarity.

Assuming that recollection did not significantly contribute to recognition

performance, the dual-process model technically reduces to an equal-variance

single-process model, rendering the opposing models’ accounts of the present

data empirically indistinguishable. From a single-process perspective, the

present results again indicate that retrieval-induced forgetting affects the

unpracticed material’s general memory strength, consistent with the results

from Experiments 1-3. Moreover, consistent with Ciranni & Shimamura’s

(1999) finding of generalized forgetting in episodic recall, such reductions in

memory strength can generalize to recognition of episodic features that are

’bound’ into the unpracticed items’ memory representation.
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Interim Summary

In Experiments 1-4, the effects of retrieval practice on recognition perfor-

mance were examined on the basis of dual- and single-process models of

recognition memory. The dual-process results for Experiments 1-4 are sum-

marized in Figures 4A and 4B. In Experiments 1 and 2, using semantically

related words in tests of item recognition, the forgetting of unpracticed mate-

rial was predominantly familiarity-driven, indicating that familiarity indeed

plays an important role in retrieval-induced forgetting. In Experiments 3

and 4, using perceptually related material, a mixed picture arose: In item

recognition (Experiment 3), the forgetting was predominantly recollection-

driven, whereas in feature recognition (Experiment 4), it again was primarily

familiarity-driven. Thus, whether or not retrieval-induced forgetting affects

recollection and/or familiarity seems to depend in a complex manner on both

the structure of the study material (semantic versus episodic categories) and

the type of test (item versus feature recognition). However, contrary to ex-

pectations based on prior work, the reductions in recollection appeared to be

generally less robust than the pronounced decreases in familiarity.

The single-process results for Experiments 1-4 are summarized in Fig-

ure 4C. In contrast to the complex outcomes implied by the dual-process

models, single-process analysis of the present data yielded an invariant pat-

tern of significant modulations in parameter d′ across experiments, regard-

less of various differences in material and procedure. From a single-process

perspective, retrieval practice essentially reduced the unpracticed material’s

general memory strength, consistent with the view that retrieval inhibition

weakens the unpracticed material’s memory representation. In all, standard

and generalized signal detection models led to an excellent description of

the recognition data and appeared to be conceptually superior to the dual-

process models (see Experiments 1-3). In particular, the single-process inter-

pretation provides a more parsimonious account of the present results than

a dual-process interpretation.
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Figure 4: Summary of the results from Experiments 1-4. A: Dual-process

estimates for recollection. B: Dual-process estimates for familiarity. ∗For

Experiments 2-4, d′’s were converted into probabilities for familiarity (see

Yonelinas, 2002). C: Single-process estimates for general memory strength

derived from the unequal-variance signal detection model (Experiments 1-3)

or from the equal-variance signal detection model (Experiment 4). Green and

red asterisks indicate significant deviations from control performance (green:

increase, red: decrease, p < .05).
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Experiment 5

The main goal of Experiment 5 was to investigate the electrophysiological

correlates of retrieval-induced forgetting in item recognition. The analysis

of EEG old/new effects (see Background section) should further elucidate

whether the detrimental effects of retrieval practice on unpracticed memo-

ries are mainly due to decreases in recollection as suggested on the basis of

prior work (Anderson, 2003; Verde 2004), or whether the forgetting affects

the familiarity of the unpracticed material as well. Indeed, Experiments 1, 2,

and 4, using behavioral models to assess recollection and familiarity, yielded

strong evidence for retrieval-induced decreases in familiarity. However, be-

havioral dual-process models are highly disputed in the literature (Dunn,

2004; Rotello et al., 2004; Wixted, 2007; Wixted & Stretch, 2004) and yielded

a theoretically unbalanced description of the present work’s behavioral data.

Thus, these models might have produced a distorted picture of the specific

effects of retrieval-induced forgetting in recognition memory.

Except for modifications required for EEG recording during item recog-

nition, Experiment 5 was methodologically highly similar to Experiments 1

and 2, using semantically related study material in a standard retrieval-

practice paradigm. Like in Experiment 1, the remember/know procedure

was used, thus allowing for simultaneous evaluation of behavioral and elec-

trophysiological measures of recollection and familiarity. On the basis of

the previous results, it may be expected that retrieval practice affects both

behavioral estimates and EEG correlates of the unpracticed material’s fa-

miliarity. In contrast, for practiced material, an increase in both processes

should arise across both measurement methods.

It is widely assumed that familiarity is characterized by early/frontal ERP

old/new effects (FN400 old/new effects), whereas late/parietal old/new ef-

fects reflect episodic recollection (for reviews, see Curran et al., 2006; Fried-

man & Johnson, 2000; Rugg & Yonelinas, 2003; Woodruff et al., 2006; but

see also McKenzie & Donaldson, 2007, for differing topographies). However,
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this functional dissociation is not without counterarguments (Finnigan et al.,

2002; Voss & Paller, 2006; Yovel & Paller, 2004). Using the remember/know

procedure, the present experiment allows for a two-fold investigation of the

dual-process interpretation of the present findings: On the one hand, the

expected pattern of behavioral dual-process results can be compared to the

effects on the putative EEG correlates of recollection and familiarity across

item type, in order to test the internal consistency of the neuro-cognitive

dual-process framework. Further, the EEG correlates of remembering and

knowing will be analyzed separately to determine whether the assumed func-

tional dissociation of old/new effects across response categories replicates in

the present experimental context.

Until recently, recognition memory research has mainly focused on analy-

sis of old/new differences in the waveforms of event-related potentials (ERP

old/new effects, see Background section). However, a number of studies

using measures of event-related (de)synchronsiation (ERD/ERS, see Back-

ground/Method section) have further identified oscillatory recognition cor-

relates in the theta frequency range (4-7 Hz, e.g., Klimesch et al., 2000;

2001; 2006; Jacobs et al., 2006). In the present experiment, both ERP and

ERD/ERS, but also measures of inter-electrode synchronisation (phase lock-

ing value (PLV), see Method section) were employed to investigate possible

effects of retrieval-induced forgetting and to explore the electrophysiological

correlates of recognition memory in more detail. Inter-electrode synchronisa-

tion of brain oscillations is assumed to reflect enhanced interaction between

distant brain regions in terms of increased information exchange (e.g., Fries,

2005; Lachaux et al., 1999; Varela et al., 2001). In prior work, such inter-

electrode synchronisation of oscillations in the theta frequency range (4-7 Hz)

has been associated with binding mechanisms in episodic memory (Summer-

field & Mangels, 2005) and might thus also play an important role in episodic

recognition.
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Method

Participants

Subjects were 30 adults (19-34 years old, 16 female, 14 male) who partici-

pated voluntarily in the experiment. They were tested individually in two

subsequent sessions that each lasted approximately 30 minutes. Five sub-

jects were excluded from the data analysis because they produced less than

15 artifact-free trials in at least one of the experimental conditions or response

categories.

Material

For each session, stimuli were 12 concrete German words from each of nine

semantic categories (Battig & Montague, 1969; Mannhaupt, 1983). In session

one, the categories were body part, sport, musical instrument, quadruped,

piece of furniture, tool kit, spice, tree, and car part. In session two, the

categories were alcoholic drink, fruit, organ, bird, disease, article of clothing,

african state, planet, and profession. The chosen exemplars were 12 relatively

strong exemplars of the respective category (rank 4-15 in the norms). Within

each of the nine categories, six of the chosen examplars (rank 7-12) were

studied, and the remaining six (rank 4-6 and 13-15) were used as lures in

the recognition test. Additionally, four exemplars from each of the three

categories hygiene, sweets, and stationery were used as buffer items in session

one, and four exemplars from each of the three categories media, pasta and

geometric shapes were used as buffer items in session two, for a total of 12

buffer items in each session.

Design

The experiment consisted of two identical sessions. For each of the two

sessions, the experimental design was identical to Experiment 2, with the
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following exceptions: In the study phase, 54 exemplars from nine categories

were studied. In the retrieval practice phase, subjects practiced three exem-

plars from each of six of the nine studied categories. Thus, in each session,

18 items were practiced (P+), 18 items from practiced categories were un-

practiced (P-), and 18 items from the remaining three categories served as

controls (C). In the final test phase, a sequential remember/know testing

procedure was conducted.

Procedure

Subjects were tested individually in a quiet surrounding, seated in front of

a 15” computer screen. At the beginning of the study phase, an instruction

to memorize all to-be-presented words was displayed. Then, each item was

presented for 2000 ms, followed by a 500 ms blank screen. Throughout the

experiment, all items were displayed in the middle of the screen in a white

Arial font (boldface pts 20) against a black background. The order of the

items was randomized in the same manner as in the previous experiments.

Additionally, four buffer items were shown at the beginning of the study

list, and four were shown at the end. After the study phase, subjects were

instructed to count backwards from 500 in steps of threes for approximately

60 seconds.

Subsequently, the retrieval-practice phase started in which subjects prac-

ticed 18 (6 × 3) of the studied items. A category/word-stem pair was pre-

sented on the screen (e.g. FRUIT - Ap...) and subjects were instructed to

complete the word-stem with a studied item. The experimenter noted the

subject’s response on a prepared data sheet and participants could proceed

to the next item by pressing a key. The order of the category-wordstem pairs

was randomized in the same manner as in Experiments 1 and 2. For the

following five minutes, a set of simple arithmetic problems was presented.

Participants were allowed to use a pocket calculator.

In the final test phase, a sequential remember/know-recognition test was
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conducted. Subjects were instructed about the meaning of remember and

know responses, illustrated by an example from everyday life (recognizing a

person’s face), and were informed about the basic testing procedure. Each

trial consisted of a 350 ms blank screen, followed by a 2200 ms fixation cross,

then the test item was presented for 1200 ms, followed by a 500 ms blank

screen. Subsequently, the question ”new (n) or old (o)?” was displayed and

subjects were instructed to enter their response via specified keys on the PC

keyboard. In case of a ”new” response, the next test trial started immedi-

ately. In case of an ”old”-response the question ”know(k) or remember(r) ?”

was presented on the screen, and subjects had to enter a response by pressing

the corresponding key on the PC Keyboard before proceeding to the next

trial. The order of the items was block randomized in the same manner as in

the previous experiments. After completion of the first session and following

a break of about ten minutes, the procedure was identically repeated with

the second set of item material.

EEG Recording

During the recognition test phase, EEG activity was recorded continuously

from 63 Ag/AgCl electrodes mounted on a elastic cap according to the ex-

tended 10- 20 system. Signals between 0.3 and 30 Hz were recorded and

digitized at a sample rate of 500 Hz using Brain Amp MR (Brain Products,

Munich; all impedances kept below 5 kΩ). Recordings were initially refer-

enced to FCz, then converted to an average reference off-line. BESA 5.1.6

(Brain Electrical Source Analysis MEGIS Software) was used to remove eye

movements, blinks, and other artifacts from the continuous EEG data. The

recording was then segmented in single trials having a length of 4000 ms

(starting 2000 ms before the onset of each test item). Trials containing mus-

cle, movement, or other artifacts were manually rejected.
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ERP Analysis

Inferred from recognition literature reporting early (<500 ms) ERP old/new

effects at frontal recording sites and late (>500 ms) ERP old/new effects

at parietal recording sites (e.g. Rugg & Yonelinas, 2003), recognition ERPs

were analyzed for two regions of interest (ROIs; Frontal: Fz, F1, F2, F3,

F4, FCz, FC1, FC2, FC3, FC4; parietal: Pz, P1, P2, P3, P4, CPz, CP1,

CP2, CP3, CP4) and for two time windows (early: 250-500 ms; late: 500-750

ms) that were based on previous studies, while taking into account visual

inspection of the waveforms.

ERD/ERS Analysis

The ERD/ERS is defined as percentage power decrease (ERD) or power

increase (ERS) in relation to a reference interval. In the present study, a

reference interval of 500 ms was chosen (-750 ms to -250 ms before stimulus

onset). By means of temporal spectral evolution (TSE) analysis (Hari &

Salmelin, 1997), ERD/ERS in the theta and upper alpha frequency domains

(4-7 Hz and 10-13 Hz) were calculated as implemented in BESA 5.1.6 (Brain

Electrical Source Analysis, MEGIS Software). Based on previous evidence

(Klimesch et al., 2001; 2006) while also taking into account visual inspection

of the data, the theta ERS data were statistically analyzed for slightly differ-

ent time windows than the ERP data (early: 200-400 ms, late: 500-700 ms).

The upper alpha ERD data were analyzed for a later time window (750-1100

ms) only.

Phase Locking Value (PLV) Analysis

For PLV-analysis, trial numbers for each subject were matched across condi-

tions and response categories by random selection. The PLV estimates the

phase coupling of oscillations in a certain frequency range between two elec-

trode sites. Using the software BESA 5.1.6 (Brain Electrical Source Analysis
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MEGIS Software), the PLV was calculated for each electrode pair for a fre-

quency range of 4-20 Hz with a frequency resolution of 1 Hz. The PLV was

collapsed over three time intervals of interest (200-500, 500 -800, and 800-

1200 ms after stimulus onset) and analyzed separately for three frequency

bands of interest (theta: 4-7 Hz, lower alpha: 7-10 Hz, and upper alpha:

10-13 Hz). Prior to statistical analysis, the PLV was Fisher-z-transformed.

For statistical analysis of the PLV, a two-stage procedure was carried out. At

first, t-tests were calculated for each electrode pair to investigate which elec-

trode pairs showed a significant difference between the two conditions (p <

0.005; one-tailed). Second, a randomization test (Blair & Karniski, 1993),

based on 20 000 permutation runs, was carried out to control for type I errors

due to multiple testing. This procedure evaluates whether a given number of

electrode pairs, exhibiting a significant difference between the two conditions

(remember vs. forget), is expected by chance. If the p-value of this random-

ization test falls below .05, less than 5% of the permutation runs exhibited

equal or more electrode pairs with a significant difference between the two

conditions. Only results for frequency bands and time windows which show

a p-level of smaller than .05 in the randomization test will be reported.

Behavioral Results

Retrieval-Practice Phase

In the retrieval-practice phase, participants, on average, successfully com-

pleted 89.4% (SE = 0.01) of the category/word-stem pairs.

Recognition Performance

The recognition data are depicted in Table 7. Recognition and remember

hit and false alarm rates were examined separately for practiced (P+) and

unpracticed (P-) items.
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Table 7: Hit rates and false alarm rates in Experiment 5. Upper panel:

Old/new recognition performance. Lower Panel: Remember performance.

Hits False Alarms

Item Type Rate SE Rate SE

Recognition

P+ 0.96∗ 0.01 0.19 0.03

C 0.85 0.01 0.21 0.03

P- 0.77∗ 0.02 0.19 0.03

Remember

P+ 0.71∗ 0.03 0.04 0.01

C 0.53 0.03 0.03 0.01

P- 0.48∗ 0.02 0.04 0.01

Note: Asterisks indicate significant deviations from control performance (p <

.01). P+ = practiced items; C = control items; P- = unpracticed items; SE

= standard error.
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The recognition hit rate was .96 for practiced (P+) items and .85 for

control items (C), the remember hit rate was .71 for practiced items and

.53 for control items. A 2 × 2 analysis of variance with the two factors

of item type (practiced vs. control) and criterion (old/new vs. remember)

showed a significant main effect of item type [F (1, 24) = 50.18, MSE =

0.010, p < .001, partial η2 = .68], and a significant main effect of criterion

[F (1, 24) = 161.16, MSE = 0.012, p < .001, partial η2 = .87]. These effects

reflect more hits for practiced items (P+) than for their controls (C+) and

more frequent recognition than remember hits. The interaction between

retrieval status and response criterion was also significant [F (1, 24) = 5.39,

MSE = 0.005, p < .05], reflecting a stronger increase in remember than in

recognition hits for practiced compared to control items.

The recognition hit rate was .77 for unpracticed items (P-) and .85 for

control items (C-), the remember hit rate was .48 for unpracticed items and

.53 for their controls. A 2 × 2 analysis of variance with the two factors of item

type (unpracticed vs. control) and criterion (old/new vs. remember) yielded

a significant main effect of item type [F (1, 24) = 13.68, MSE = 0.009,

p < .01, partial η2 = .36], and a significant main effect of criterion [F (1, 24) =

290.04, MSE = 0.008, p < .001, partial η2 = .92], reflecting fewer hits for

unpracticed items (P-) than for their controls (C-) and again more frequent

recognition than remember hits. There was no reliable interaction between

the two factors [F (1, 24) = 1.21, MSE = 0.003, p > .25].

False alarm rates were examined separately. As expected, a 2 × 2 analysis

of variance with the two factors of category type (practiced vs. control) and

criterion (old/new vs. remember) showed a significant main effect of criterion

[F (1, 24) = 48.11, MSE = 0.014, p < .001, partial η2 = .67], reflecting the

fact that recognition false alarms are far more frequent than remember false

alarms. Besides, no significant main effect of category type [F (1, 24) = 1.40,

MSE = 0.002, p > .20] was found. The interaction between the two factors

was significant [F (1, 24) = 4.66, MSE = 0.001, p < .001, partial η2 = .16],

reflecting that the recognition false alarm rate for exemplars from practiced
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categories (P) was marginally smaller than for exemplars from unpracticed

categories (C) [t(24) = 1.81, p < 0.1], while the remember false alarm rates

were almost equal for both item types [t(24) < 1].

Dual-Process Analysis

For dual-process analysis of the data, the independence remember/know

model by Yonelinas and Jacoby (1995) was applied to the remember/know

raw data (for technical details, see Experiment 1). The process estimates are

depicted in the upper panel of Table 8.

The recollection estimates were .67 for practiced items (P+) and .50 for

controls (C). The familiarity estimates were .69 for P+ items and .48 for C

items. A 2 × 2 analysis of variance with the two factors of item type (prac-

ticed vs. control) and process estimate (recollection vs. familiarity) showed

a significant main effect of item type [F (1, 24) = 85.38,MSE = 0.011, p <

.001, partial η2 = .78], indicating a general memory improvement for the

practiced material. The estimates for recollection and familiarity did not

differ significantly [F (1, 24) < 1], and there was no interaction between the

two factors [F (1, 24) = 1.28,MSE = 0.009, p > .25]. Planned comparisons

revealed a significant increase in both recollection [t(24) = 5.33, p < .001,

two-tailed] and familiarity [t(24) = 8.65, p < .001, two-tailed] of the practiced

items.

The recollection estimate for unpracticed items (P-) was .44 compared

to .50 for controls (C). The familiarity estimates were .41 for P- items and

.48 for C items. A 2 × 2 analysis of variance with the two factors of item

type (unpracticed vs. control) and process estimate (recollection vs. familiar-

ity) showed a significant main effect of item type [F (1, 24) = 14.63,MSE =

0.007, p < .01, partial η2 = .38], indicating generally impaired memory pro-

cesses for the unpracticed material. The estimates for recollection and famil-

iarity did not differ significantly [F (1, 24) < 1], and there was no interaction

between the two factors [F (1, 24) < 1]. Planned comparisons revealed a sig-
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nificant decrease in both recollection [t(24) = 2.73, p < .05, two-tailed] and

familiarity [t(24) = 2.56, p < .05, two-tailed] of the unpracticed items.

I also fitted the STREAK model (Rotello, Macmillan, & Reeder, 2004) to

the remember/know-data (see Experiment 1 for technical details). The best

fitting STREAK parameters for both global (dx) and specific (dy) memory

strength are shown in the middle panel of Table 8. For practiced (P+) items,

the increase in global as well as in specific memory strength was statistically

reliable [dx: χ2(1)= 43.45, p < .001; dy: χ2(1)= 31.11, p < .001]. For unprac-

ticed items (P-), both global and specific memory strength were significantly

reduced [dx: χ2(1)= 4.28, p < .05; dy: χ2(1)= 6.07, p < .05].

Single-Process Analysis

Like in Experiment 1, the equal-variance signal detection model was fitted to

the remember/know data. The model described the data well for three of the

four item types [all χ2(1)′s < 1.90, p > .15], but had to be rejected for prac-

ticed (P+) items [χ2(1) = 5.97, p < .05]. Therefore, the unequal-variance

signal detection model was fitted to the data. When directly compared with

the more restrictive equal-variance model, the unequal-variance model de-

scribed the data set significantly better [χ2(3)= 8.90, p < .05], and stable

maximum-likelihood estimates for the model’s parameters could be derived

for each of the four item types (see lower panel of Table 8).

The parameter estimates showed a marginally higher d′ for practiced

items (P+) compared to their controls (C+) (2.22 vs. 1.96) [χ2(1)= 3.40,

p < .10], suggesting an increase in memory strength of the practiced ma-

terial. They further showed marginally lower d′ for unpracticed items (P-)

compared to their controls (C-) (1.73 vs. 1.96) [χ2(1)= 3.33, p < .10], indicat-

ing a reduction in the unpracticed material’s memory strength. Parameter

σ was significantly smaller for practiced compared to control items [χ2(1)=

5.81, p < .05], but no difference in σ emerged for unpracticed compared to

control items [χ2(1) < 1]. The placement of remember and know criteria
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Table 8: Parameter estimates for Experiment 5. Upper panel: Indepen-

dence remember/know model. Middle Panel: STREAK model. Lower Panel:

Unequal-variance signal detection model.

Independence Remember/Know

Item Type F R

P+ .69∗ .67∗

C .48 .50

P- .41∗ .44∗

STREAK

Item Type dx dy C0 Cr

P+ 1.41∗ 2.38∗ 0.72 0.63

C 0.94 1.80 0.65 0.33

P- 0.81∗ 1.56∗ 0.72 0.31

Unequal-Variance Signal Detection Model

Item Type d′ σ k r

P+ 2.22� 0.78∗ 0.89 1.81

C 1.96 1.13 0.81 1.87

P- 1.73� 1.15 0.89 1.81

Note: Asterisks indicate significant deviations from control performance (∗ :

p < .05, � : p < .10). P+ = practiced items; C = control items; P- =

unpracticed items. F denotes familiarity, R recollection. dx denotes global

memory strength, dy specific memory strength, C0 location of the STREAK

old/new criterion, Cr location of the STREAK remember criterion, d′ general

memory strength, σ variance of the target distribution, k location of the know

criterion, and r location of the remember criterion.
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(parameters r and k) did not vary with item type [χ2(4)= 3.17, p > .50].

Electrophysiological Results A: Retrieval-Induced For-

getting

For analysis of the electrophysiological correlates of retrieval-induced forget-

ting, hit trials for each item type were collapsed across remember- and know

response categories. For investigation of memory-related EEG effects, overall

hit trials for each studied item type (P+, C, and P-) were contrasted with

correct rejections of unstudied items (new).

ERP Results

The grand average ERPs pooled over parietal recording sites for each item

type are shown in Figure 5. A 4 × 2 × 2 analysis of variance with the

three factors of item type (P+, C, P-, New), ROI (frontal vs parietal),

and time window (early vs late) revealed a significant triple interaction

[F (3, 72) = 6.04,MSE = 0.127, p < .001]. Subordinate analyses revealed

no effect of item type and thus no reliable old/new effects at frontal record-

ing sites in the early time window (FN400) [F (3, 72) < 1], but significant

old/new effects emerged at parietal recording sites in the late time window

[F (3, 72) = 11.99,MSE = 0.236, p < .001]. Planned comparisons revealed

a significantly stronger late/parietal old/new effect for practiced (P+) com-

pared to control items (C) [t(24) = 2.93, p < .005]. However, the trend for

a smaller old/new effect for unpracticed (P-) compared to control items (C)

was not reliable [t(24) < 1].

Theta ERS Results

The pooled theta ERS data for each item type are shown in Figure 6A. A

4 × 2 × 2 analysis of variance with the three factors of item type (C, P+,
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new
unpracticed
controlcontrol
practiced

1200 ms

‐3 μV 

Figure 5: Grand average ERPs pooled over parietal recording sites for each

item type, Experiment 5. New: Correct rejections; Unpracticed: Hits to un-

practiced items; Control: Hits to control items; Practiced: Hits to practiced

items.
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Figure 6: ERD/ERS pooled over parietal and frontal recording sites for each

item type, Experiment 5. A: Theta (4-7 Hz); B: Upper Alpha (10-13 Hz).

New: Correct rejections; Unpracticed: Hits to unpracticed items; Control:

Hits to control items; Practiced: Hits to Practiced items.

P-, new), ROI (frontal vs parietal), and time window (early vs late) revealed

no interaction between item type and ROI [F (3, 72) < 1]. Therefore, the

theta ERS data were collapsed across frontal and parietal recording sites for

further analysis (Fz, F1, F2, F3, F4, FCz, FC1, FC2, FC3, FC4, Pz, P1, P2,

P3, CPz, CP1, CP2, CP3).

A 4 × 2 analysis of variance with the two factors of item type (P+, C,

P-, new) and time window (early vs late) revealed a significant main effect

of item type [F (3, 72) = 4.48,MSE = 0.010, p < .01] and a significant in-

teraction between the two factors [F (3, 72) = 3.61,MSE = 0.002, p < .05].

Subordinate analysis shows reliable effects of item type in the early time

window [F (3, 72) = 3.73,MSE = 0.07, p < .05] and in the late time win-

dow [F (3, 72) = 8.64,MSE = 0.004, p < .01], indicating reliable theta

old/new effects in both time windows. Planned comparisons revealed a reli-

ably smaller theta ERS for unpracticed (P-) compared to control (C) items

in the early time window [t(24) = 2.11, p < .05], but not in the later time

window [t(24) = 1.14, p > .25]. There was no reliable increase in theta ERS
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for practiced (P+) compared to control items (C) [both t(24) < 1].

Upper Alpha ERD Results

The pooled upper alpha ERD results are shown in Figure 6B. Extensive

screening of the data across various ROIs showed no reliable effects of topog-

raphy on the degree of upper alpha ERD. Therefore, the upper alpha ERD

data were collapsed across frontal and parietal recording sites for further

analysis (Fz, F1, F2, F3, F4, FCz, FC1, FC2, FC3, FC4, Pz, P1, P2, P3, P4,

CPz, CP1, CP2, CP3, CP4).

Visual inspection of the upper alpha ERD shows long-lasting old/new

effects starting at about 600 ms after stimulus onset and reaching a maximum

at about 900 ms. The ERD data were thus analyzed for a relatively late

time window (750-1100 ms). A single-factor analysis of variance revealed

a significant effect of item type [F (3, 72) = 18.84,MSE = 0.004, p < .001].

Planned comparisons revealed significant old/new effects for all three types of

hits (P+, C, P-) [all t(24)’s> 4.93, all p’s< .001]. Further, the old/new effect

was marginally larger for P+ compared to C hits [t(24) = 1.93, p < .10], but

not smaller for P- hits [t(24) < 1].

Theta Phase Coupling Results

Analysis of pairwise inter-electrode phase coupling as measured by the phase

locking value (PLV) revealed no statistically reliable PLV-differences across

item type in any of the frequency bands and time windows of interest (all

p > .05).

Electrophysiological Results B: Remember/Know

For remember/know-analysis, the data from each subject were pooled across

retrieval status (P+, C, P-).
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-3 µV 

CSD 500 750CSD 500 – 750 ms
NEW
KNOW
REMEMBER

4 µV/m2-4 µV/m2

REMEMBER

1200 ms

REMEMBER KNOKNOW NEWREMEMBER NEW REMEMBER vs KNOKNOW vs NEWREMEMBER vs NEW OWOW

Figure 7: Remember/Know ERPs pooled over parietal recording sites and

current scalp densities (CSD), Experiment 5. New: Correct rejections; Know:

Know hits; Remember: Remember hits

ERP Results

The ERPs from parietal recording sites for remember-, know-, and new re-

sponses are depicted in Figure 7. Visual inspection of current scalp density

maps indicates comparable topographical distributions for all three pairwise

contrasts in the late time window.

A 3 × 2 ×2 analysis of variance with the three factors of response cat-

egory (remember, know, new), location (frontal vs parietal), and time win-

dow (early vs late) revealed a significant triple interaction between the three

factors [F (2, 48) = 6.10,MSE = 0.151, p < .01]. Subordinate analyses

showed no effects of response category and thus no significant old/new ef-

fects at frontal recording sites in the early time window [F (2, 48) < 1]. How-

ever, significant effects of response category emerged at parietal recording

sites in the late time window [F (2, 48) = 10.38,MSE = 0.263, p < .001].

Planned comparisons revealed significant late old/new-effects at parietal

recording sites for both know [t(24) = 2.50, p < .05] and remember responses

[t(24) = 4.97, p < 0.001]. This late parietal old/new effect was marginally
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Figure 8: Remember/Know ERD/ERS, Experiment 5. A: Theta (4-7 Hz);

B: Upper Alpha (10-13 Hz). New: Correct rejections; Know: Know hits;

Remember: Remember hits

larger for remember than for know responses [t(24) = 1.85, p < .10].

Theta ERS Results

The pooled theta ERS data for each item type are shown in Figure 8A. A

2 × 2 × 3 analysis of variance with the three factors of response category

(remember, know, new), ROI (frontal vs parietal), and time window (early vs

late), revealed no interaction between response category and ROI [F (2, 48) <

1]. Therefore, the theta ERS data were collapsed across frontal and parietal

recording sites for further analysis (Fz, F1, F2, F3, FCz, FC1, FC2, FC3,

FC4, Pz, P1, P2, P3, CPz, CP1, CP2, CP3).

A 3 × 2 analysis of variance with the two factors of response category

(remember, know, new) and time window (early vs late) revealed a signifi-

cant main effect of item type [F (2, 48) = 4.93,MSE = 0.005, p < .05] but

no significant interaction between the two factors [F (2, 48) = 1.71,MSE =

0.003, p > .15], indicating significant theta ERS old/new effects in both time

windows. Subordinate analyses shows no significant difference in overall
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theta ERS between remember- and know responses [F (1, 24) = 2.32,MSE =

0.004, p > .15] and no interaction with factor time [F (1, 24) < 1]. However,

planned comparisons revealed a marginally larger theta ERS for remember

compared to know hits in the late time window [t(24) = 1.92, p < .10].

Upper Alpha ERD Results

The pooled upper alpha ERD results are shown in Figure 8B. The remem-

ber/know ERD data were collapsed across the same frontal and parietal

recording sites and analyzed in the same time window (750-1100 ms) as in

the retrieval-induced forgetting analysis.

A single-factor analysis of variance revealed a significant effect of response

category [F (2, 48) = 26.61,MSE = 0.004, p < .001]. Planned comparisons

revealed significant old/new effects for both response categories (remember,

know) [both t(24) > 5.20, both p < .001]. Further, the upper alpha ERD was

marginally larger for remember compared to know hits [t(24) = 1.93, p < .10].

Theta Phase Coupling Results

The phase locking value (PLV) results for the contrasts of interest are illus-

trated in Figure 9.

Compared to correct new responses, remember hits were associated with

significantly stronger phase coupling between 500 and 800 ms after stim-

ulus onset (95 electrode pairs, p < .005). The significant electrode pairs

covered almost the whole scalp, with connections between temporal, pari-

etal and occipital recording sites being particularly frequent. In contrast, no

reliable old/new difference in phase locking was evident for know-hits (14

pairs, p > .10). In direct comparison with know hits, remember hits were

associated with significantly enhanced fronto-parietal, fronto-temporal, and

parieto-temporal phase coupling (37 pairs, p < .05).
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Wiedererkennen von Episoden: EEG Korrelate vonWiedererkennen von Episoden: EEG-Korrelate vonWiedererkennen von Episoden: EEG Korrelate von 
Remember/Know im Theta und Alpha BandRemember/Know im Theta- und Alpha-BandRemember/Know im Theta und Alpha Band
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U i ität R bUniversität RegensburgUniversität Regensburg

Einleitung/MethodeEinleitung/MethodeEinleitung/Methode

Wiedererkennen, das mit konkreter Erinnerung an den räumlich/zeitlichen In einem Wiedererkennungstest mit 108 zuvor gelernten und 108 neuenWiedererkennen, das mit konkreter Erinnerung an den räumlich/zeitlichen
K t t l t E i d i h ht (“R b ”) i t d h tä k

In einem Wiedererkennungstest mit 108 zuvor gelernten und 108 neuen
Wö t t hi dli h ti h K t i b 25 P b dKontext gelernter Episoden einhergeht (“Remember”) ist durch stärkere Wörtern unterschiedlicher semantischer Kategorien gaben 25 Probandeng g ( )

späte (500 800 ms) parietale alt/neu Effekte im EKP und im Theta ERD
g g

für jedes wiedererkannte Item an ob sie über konkrete Erinnerung an denspäte (500–800 ms) parietale alt/neu-Effekte im EKP und im Theta-ERD für jedes wiedererkannte Item an, ob sie über konkrete Erinnerung an den
gekennzeichnet als Wiedererkennen ohne episodische Erinnerung räumlich/zeitlichen Kontext der Darbietung verfügen („Remember"), odergekennzeichnet als Wiedererkennen ohne episodische Erinnerung
(“K ”) E d t ht i i f i di h E i it

räumlich/zeitlichen Kontext der Darbietung verfügen („Remember ), oder
b d W t l di li h t t i t ( K ") Wäh d d Wi d(“Know”). Es wurde untersucht, inwiefern episodisches Erinnern weitere ob das Wort lediglich vertraut ist („Know"). Während des Wieder-( ) p

induzierte EEG Korrelate im Theta und im oberen Alpha Band zeigt
g ( )

erkennungstests wurde das EEG mit 63 AgCl Elektroden (DC) abgeleitetinduzierte EEG-Korrelate im Theta und im oberen Alpha-Band zeigt erkennungstests wurde das EEG mit 63 AgCl-Elektroden (DC) abgeleitet.
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In einem Zeitfenster von 500 750 ms fanden sich parietale alt/neu EffekteCSD 500 – 750 ms In einem Zeitfenster von 500-750 ms fanden sich parietale alt/neu EffekteCSD 500 – 750 ms
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1200 ms
aber topographisch vergleichbar mit dem alt/neu-Effekt für Know Hits.
Weder Remember- noch Know-Hits gingen mit frontalen alt/neu-EffektenWeder Remember- noch Know-Hits gingen mit frontalen alt/neu-Effekten
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In einem Zeitfenster von 500 bis 750 ms zeigten sich in der Theta Im Vergleich zu neuen Items zeigten Remember Hits in einem ZeitfensterIn einem Zeitfenster von 500 bis 750 ms zeigten sich in der Theta- Im Vergleich zu neuen Items zeigten Remember-Hits in einem Zeitfenster
Bandpower (ERS) alt/neu-Effekte sowohl für Remember- als auch für von 500 bis 800 ms eine starke Zunahme von Phasenkopplungen im ThetaBandpower (ERS) alt/neu Effekte sowohl für Remember als auch für
K Hit ( 05) I i ät Z itf t (750 1050 f d

von 500 bis 800 ms eine starke Zunahme von Phasenkopplungen im Theta
B d (4 7 H ) Fü K Hit hi d k i l i hbKnow-Hits (p<.05). In einem späteren Zeitfenster (750-1050 ms fanden Band (4-7 Hz). Für Know-Hits hingegen wurde keine vergleichbare(p ) p (

sich für beide Antwortkategorien weiterhin signifikante alt/neu Effekte im
( ) g g g

Phasensynchronisation gefunden Die für erinnerungsbasiertes Wiedersich für beide Antwortkategorien weiterhin signifikante alt/neu-Effekte im Phasensynchronisation gefunden. Die für erinnerungsbasiertes Wieder-
Upper-Alpha-Band (ERD, p<.01). Diese alt/neu-Effekte waren jeweils für erkennen spezifischen Phasenkopplungen (Remember vs Know)Upper Alpha Band (ERD, p .01). Diese alt/neu Effekte waren jeweils für
R b Hit tä k ä t l fü K Hit ( 05)

erkennen spezifischen Phasenkopplungen (Remember vs Know)
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Figure 9: Remember/Know PLV, Experiment 5. New: Correct rejections;

Know: Know hits; Remember: Remember hits. Blue lines indicate signif-

icantly stronger phase coupling for a given electrode pair (p < .005), line

thickness indicates strength of phase coupling. Permutation tests were used

to determine p-levels for each pattern.

Discussion

Retrieval-Induced Forgetting

Like in Experiments 1 and 2, using dual-process analysis methods, the be-

havioral results from Experiment 5 indicate a reliable decrease in the un-

practiced items’ familiarity. Further, the present experiment’s dual-process

estimates suggest a significant decline in the unpracticed material’s recol-

lection, whereas only nonsignificant trends for such a decline were evident

in the foregoing experiments. However, this difference in finding might be

attributable to differences in statistical power across experiments. In all, the

present dual-process results are largely in accordance with the results from

the previous experiments, suggesting that retrieval practice affects familiarity

and - less robust across experiments - also recollection.

The overall pattern of ERP and ERD/ERS old/new effects across re-

trieval status is summarized in Figure 10. By tendency, each of the ERP
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Figure 10: Summary of EEG old/new effects for each item type, Experi-

ment 5.

and ERD/ERS measures exhibited the standard pattern of retrieval-induced

forgetting, with larger old/new effects for practiced material, and smaller

old/new effects for unpracticed material compared to control. However, the

detrimental effects of retrieval practice were significantly reflected in early

theta ERS only. In fact, the early theta ERS old/new effect appeared to be

effectively eliminated for unpracticed items. Theta ERS during recognition

of studied items is assumed to reflect the strength of the to-be-recognized

items’ episodic memory traces (see Klimesch et al., 2006). Moreover, early

(200-400 ms) theta ERS has been tentatively associated with familiarity pro-

cesses (see Klimesch et al., 2001; 2006). The present finding of a reduction

in early theta ERS therefore agrees with the results from the foregoing be-

havioral experiments: Retrieval practice essentially reduces the familiarity

(dual-process view) or general memory strength (single-process view) of se-

mantically related unpracticed material.

Whereas the inhibitory mechanisms underlying retrieval-induced forget-

ting are assumed to directly affect an item’s inherent memory representation,

the strengthening of repeatedly processed material is typically attributed to

an increase in binding between the material and its cue(s) (e.g., Raajmakers

& Shiffrin, 1981; Rundus, 1973). In particular, in the present experiment, the
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retrieval-practice phase allowed for binding of the to-be-practiced material

to a novel episodic context in addition to initial study. Consistently, recogni-

tion of practiced items was characterized by a significantly stronger late pari-

etal ERP old/new effect. Indeed, a large body of literature has linked late

parietal ERP old/new effects with episodic recollection of spatio/temporal

information associated with the prior occurrence of a recognized stimulus

(for reviews, see Curran et al., 2006; Friedman & Johnson, 2000 or Rugg

& Yonelinas, 2003). The observed increase in parietal ERP positivity may

thus reflect particularly rich episodic memories that are associated with the

practiced material.

In Experiment 5, the detrimental and the beneficial effects of retrieval

practice were qualitatively dissociable: The recognition correlate reflecting

the weakening of the unpracticed material’s memory traces (i.e., theta power)

was not increased for practiced material and none of the correlates reflecting

the strengthening of practiced material (late parietal positivity, upper alpha

ERD) was reduced for unpracticed material. A priori, one might have ex-

pected that any recognition correlate which is reduced for unpracticed items

(i.e., theta power) should be enhanced for practiced items, assuming that

retrieval practice weakens the unpracticed material but at the same time

strengthens the practiced material. However, a number of behavioral stud-

ies examining the effects of retrieval practice reported detrimental effects on

the unpracticed material without enhancing effects on the practiced mate-

rial (e.g., Gomez-Ariza et al., 2005; Veling & van Knippenberg, 2004) and

beneficial effects on the practiced material without detrimental effects on the

unpracticed material (e.g., Anderson, Green, & McCulloch, 2000; Bäuml &

Kuhbandner, 2007). These findings indicate that the beneficial and detri-

mental effects of retrieval practice are mediated by different mechanisms,

which is consistent with the present EEG analysis. Indeed, the EEG data

suggest that the forgetting in this paradigm is due to a weakening of the item

representation, whereas the behavioral enhancement reflects particularly rich

episodic information associated with the practiced material.
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A dual-process interpretation of the present EEG results may suggest a

strong increase in recollection - but not familiarity - of the practiced material,

as well as a reliable decrease in the unpracticed items’ familiarity accompa-

nied by only a small and unreliable decrease in recollection. However, the

overall pattern of results points to several inconsistencies in the dual-process

interpretation of the behavioral, ERP and theta ERS data. While the early

theta ERS old/new effects - like the behavioral results - suggest a substan-

tial role of familiarity in item recognition, no FN400 ERP old/new effects

were observed (possible explanations will be considered in the next section).

Further, whereas the late/parietal ERP old/new effect was significantly en-

hanced for practiced material, no such effect was evident in late theta ERS,

although both types of old/new effects are assumed to reflect recollection

(e.g., Klimesch et. al, 2001; Jacobs et al., 2006; Rugg & Yonelinas, 2003).

Finally, the behavioral results indicate a strong increase in the practiced ma-

terial’s familiarity, but no such effect was evident in the putative theta ERS

correlate of familiarity. Indeed, in the light of such considerable inconsisten-

cies across analysis methods, a coherent dual-process interpretation of the

present behavioral and electrophysiological results appears difficult.

On the basis of Experiments 1-4, it was suggested that the effects of re-

trieval practice may be best described as a modulation of general memory

strength as conceptualized in single-process theories of recognition memory.

It might be argued that such a single-process view of retrieval-induced for-

getting implies that practiced, unpracticed and control items vary along a

common theoretical dimension (i.e., general memory strength), ostensibly

conflicting with the present finding of dissociable neural correlates of forget-

ting and facilitation. However, the ’single’ process view does not exclude

the possibility that modulations in general memory strength may be pro-

duced by a variety of mechanisms (see Background section) with potentially

distinct neural signatures. Assuming that on the behavioral surface, both

the strength of episodic memory traces and varying degrees of associated

episodic information may in combination create continuous ’general memory
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Figure 11: Summary of EEG-old/new effects for each response category,

Experiment 5.

strength’, the present EEG results can be plausibly integrated with a signal

detection account of the behavioral data.

To conclude, the detrimental effects of inhibition on unpracticed items’

recognition were characterized by reduced theta power, consistent with the

view that retrieval-practice reduces the unpracticed material’s general mem-

ory strength. The results also suggest that the detrimental effects and the

beneficial effects of retrieval practice in item recognition are reflected by

qualitatively dissociable EEG correlates, which is again consistent with prior

behavioral work, and suggests that the beneficial and the detrimental effects

of retrieval practice are mediated by different mechanisms.

Putative Correlates of Remembering and Knowing

The ERP and ERD/ERS old/new effects for remember and know responses

are summarized in Figure 11. Although the behavioral results suggest that

recollection and familiarity contributed about equally to overall recognition

performance (see previous section), no FN400 ERP old/new effects emerged

in the present experiment, probably due to particular methodological re-

quirements of the retrieval-practice paradigm: Only relatively strong cat-

egory exemplars are susceptible to retrieval-induced forgetting (Anderson,
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Bjork, & Bjork, 1994; Bäuml, 1998). Therefore, the study material used in

the present experiment consisted of high-typicality words which most likely

were pre-experimentally highly familiar to the subjects. It has been shown

that the N400 ERP component is generally sensitive to semantic factors like

typicality and word frequency (e.g. Kutas & Federmeier, 2000). The requi-

site use of highly typical verbal material might thus have generally alleviated

(F)N400 old/new effects in the present experiment.

Due to the failure to elicit FN400 old/new effects, the present analy-

sis may not be suited for an exhaustive discussion of the ERP correlates of

remember- and know responses. Still, the present ERP results support the

view of a quantitative rather than a qualitative distinction between remem-

bering and knowing: Both types of responses were associated with reliable

parietal/late ERP old/new effects that were topographically highly similar

and only marginally enhanced for ”remembered” items (Figure 7, for similar

results, see Smith, 1993 or Trott et al., 1999). Such an interpretation of

the present data is consistent with recent meta-analyses and reviews (Dunn,

2004; Wixted & Stretch, 2004) suggesting that remember judgments merely

reflect relatively high levels of response confidence rather than specifically in-

dicating the use of recollection (see also Donaldson, 1996; Wixted & Stretch,

2004).

Such an alternative interpretation of remember/know responses is also

supported by the present finding that early and late ERS/ERD old/new

effects yielded no dissociation of remembering and knowing. This finding

conflicts with the view proposed by Klimesch et al. (2001; 2006) that early

theta ERS (200-400 ms) reflects familiarity whereas prolonged theta ERS

(> 500ms) reflects recollection. To date, however, the mapping of familiarity

and recollection on different theta ERS time windows has been inferred from

the results of a single study only (Klimesch et al., 2001) which employed the

highly disputed remember/know procedure to separate memory processes. It

appears possible that the present failure to replicate Klimesch et al.s’ (2001)

results simply reflects the inadequacy of the remember/know procedure to
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differentially assess recollection and familiarity processes (e.g., Dunn, 2004;

Rotello et al., 2005).

Further EEG Correlates of Recognition Memory

Late Upper Alpha Desynchronisation

Beyond the well-known old/new effects in ERP and theta ERS reported

above, explorative analysis of the present EEG data yielded old/new effects

in the upper alpha frequency range (10-13 Hz). In a comparatively late time

window (approx. 750-1100 ms), hits were generally characterized by signif-

icantly stronger upper alpha ERD compared to correct rejections. To date,

only relatively few studies have reported late upper alpha old/new effects

in episodic item recognition (e.g., Burgess & Gruzelier, 2000). However,

frontal ERP old/new effects have often been observed for similarly late time

windows, albeit not in the present study. Such late frontal ERP old/new ef-

fects have been tentatively associated with post-retrieval evaluation processes

(for reviews, see Rugg & Allan, 2000, or Wilding & Sharpe, 2003), whereas

event-related desynchronisation of alpha oscillations has been associated with

active cognitive processing and complex spreading activation processes (for

a review, see Klimesch et al., 2006b). It is suggested that the upper alpha

old/new effect reflects monitoring processes, which may be related to the

repeated processing of the material in prior phases of the experiment. This

interpretation is consistent with the finding that the upper alpha ERD was

selectively increased for practiced material and the increase was positively

correlated with performance in the retrieval-practice phase5. Further work

is needed to examine the issue in more detail.

Theta Phase Coupling

While ERP and ERD/ERS old/new effects yielded no dissociation of re-

5Across participants, the increase in ERD for practiced (P+) compared to control

material in the test phase was positively correlated with performance in the prior retrieval-

practice phase [MF: rsp = .52, p < .01; LP: rsp = .68, p < .001]
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member and know hits, the PLV analysis of the present data suggests that

inter-electrode synchronisation in the theta frequency range may be specific

to ’remembering: Compared to new items, remember hits were associated

with a strong increase in widespread theta phase coupling, while no such in-

crease was evident for know hits. To the best of my knowledge, this is the first

demonstration of a recognition correlate in theta PLV. In direct comparison

to know hits, remember hits were associated with a significant increase in

fronto-parietal, fronto-temporal, and parieto-temporal phase coupling (see

Figure 9). Notably, the pattern of remember-specific phase coupling com-

prised recording sites that are typically associated with episodic recollection

(parietal/temporal) and familiarity (frontal) in the dual-process literature

(e.g Rugg & Yonelinas, 2003).

Inter-electrode synchronisation of brain oscillations is believed to reflect

enhanced interaction and information exchange between distant brain regions

(e.g. Fries, 2005; Lachaux et al., 1999; Varela et al., 2001). More specifically,

with respect to memory processes, enhanced theta phase coupling during

encoding has been associated with successful associative binding in episodic

memory (Summerfield & Mangels, 2005). In the present context, it may

be hypothesized that the widespread increase in theta phase coupling for

’remembered’ items reflects the associative binding of most diverse spatio-

temporal information into vivid representations of episodic memories.

On the basis of the present remember/know analysis, it can not be clearly

determined whether the PLV contrast between ’remembering’ and ’knowing’

reflects a genuinely (i.e., qualitatively) different pattern of phase coupling or

a merely quantitative difference. Interestingly however, whereas each of the

ERP and ERD/ERS old/new effects reported earlier appeared to be basically

sensitive to both response confidence (remember/know) and manipulations of

item strength (P+, C, P-), no reliable PLV differences arose across retrieval

status (P+, C, P-). Suggested from this observation, it appears possible that

the increase in theta PLV may in fact be specific to subjective reports of

’remembering’.
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Dual-Process Account of the Data

On the basis of the dual-process account of recognition memory (e.g., Yoneli-

nas, 2002), the results from prior free recall, cued recall, and associative

recognition studies indicated that retrieval practice on a subset of studied

material can have detrimental effects on the unpracticed material’s recollec-

tion (Anderson, 2003; Verde, 2004). One of the goals of the present study was

to investigate whether, in the light of the dual-process view, retrieval-induced

forgetting is purely recollection-driven or whether there is an additional role

of familiarity in this type of forgetting. Experiment 1 addressed the issue

by using the remember/know procedure, Experiments 2-4 by using the ROC

procedure, and Experiment 5 by using the remember/know procedure and

examining the putative EEG correlates of recollection and familiarity.

The five experiments replicated the finding that retrieval-induced forget-

ting occurs in recognition tests (Gómez-Ariza et al., 2005; Hicks & Starns,

2004; Verde, 2004). More important, in four of the five experiments the for-

getting was accompanied by a reliable reduction in the unpracticed items’

familiarity. Only in Experiment 3, using semantically unrelated material

that could be grouped by features of the studied items’ perceptual context,

no decrement in the unpracticed material’s familiarity arose (see Figure 4B).

In all, however, the dual-process results from the present experiments suggest

that familiarity plays an important role in retrieval-induced forgetting.

The present finding of significantly reduced familiarity for the unpracticed

material agrees with prior work demonstrating retrieval-induced forgetting in

memory tests which are assumed to be substantially familiarity-driven, like

speeded recognition (Veling & van Knippenberg, 2004) or old/new recogni-

tion (Gómez-Ariza et al., 2005; Hicks & Starns,2004). In particular, it agrees

with the inhibitory account of retrieval-induced forgetting according to which

retrieval practice weakens the unpracticed material’s memory representation

(Anderson, 2003; Anderson & Spellman, 2005). It was hypothesized that

such weakening should not only affect recollection, as was suggested from
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prior work (e.g., Verde, 2004), but also familiarity, given that familiarity is

thought to reflect an item’s general memory strength (see Background sec-

tion). The present dual-process analyses confirm this expectation on the

basis of a considerable amount of empirical data.

Regarding the role of recollection in retrieval-induced forgetting, dual-

process analysis yielded an unexpected pattern of results: Although, with the

exception of Experiment 4, recollection appeared to substantially contribute

to recognition performance, only nonreliable trends for a reduction in recol-

lection of the unpracticed material arose in Experiments 1-3 (see Figure 4A).

Because a large number of previous studies demonstrated retrieval-induced

forgetting in free and cued recall tests which are assumed to be essentially

recollection-driven, it was expected that recollection should also be impaired

in the unpracticed material’s recognition (see Background section). However,

it can be hypothesized that the failure to detect significant reductions of rec-

ollection in Experiments 1-3 might have been due to insufficient statistical

power. In accord with this conjecture, a statistically reliable reduction in the

unpracticed material’s recollection was evident in the behavioral data from

Experiment 5, where EEG analysis required larger trial numbers than are

typically used in the standard retrieval-practice paradigm. Thus, overall, it

may be concluded that dual-process analysis does indicate a clear tendency

for decreases in the unpracticed material’s recollection, albeit these decreases

appear to be generally smaller in size and less robust across experiments than

the pronounced reductions in the unpracticed material’s familiarity.

In three of the four experiments which employed tests of item recognition

(Experiments 1, 2, and 5), both the forgetting of unpracticed material and

the facilitation of practiced material were substantially familiarity-driven. In

contrast, in Experiment 3, both forgetting and facilitation were exclusively

recollection-driven. The main difference in methodology between these ex-

periments was that in Experiment 3, episodically related material was used,

whereas in the remaining three experiments, the study material was seman-

tically related. The results may therefore suggest that retrieval practice on
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semantically related material modulates both recollection and familiarity for

the practiced and the unpracticed items, whereas retrieval practice on episod-

ically related material modulates recollection only (but see Experiment 3 for

a critical discussion of this finding).

However, from a dual-process perspective, the specific effects of retrieval

practice on recognition memory appear to depend not only on the struc-

ture of the study material, but also on the type of test: Suggested from

prior work, both forgetting and facilitation are assumed to be primarily

recollection-driven in associative recognition (Verde, 2004). In contrast, the

present experiments suggest major effects on the material’s familiarity in

item recognition - at least with semantically related material - as well as in

episodic feature recognition (see Experiment 4). Overall, it appears to de-

pend in a complex manner on a variety of methodological variables whether

or not retrieval practice modulates the affected material’s recollection and/or

familiarity in a given experiment. Due to such irregularities, the results from

the present analyses can not be easily integrated in a coherent dual-process

account of retrieval-induced forgetting.

To summarize, dual-process analysis of the present experiments yields

strong evidence that retrieval-induced forgetting can substantially reduce the

unpracticed material’s familiarity. By comparison, the reductions in recol-

lection appeared to be generally smaller and less robust across experiments.

It may thus be concluded that by tendency, retrieval-induced forgetting in

recognition is more an effect of familiarity than of recollection. However, the

predictive value of such a general dual-process account of retrieval-induced

forgetting is clearly limited given that the specific effects on recollection and

familiarity may critically depend on a number of methodological factors.
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Single-Process Account of the Data

The behavioral data of the present experiments were excellently described

by the unequal-variance variant of the single-process signal detection model

(e.g., Wixted, 2007; Wixted & Stretch, 2004). Notably, across experiments,

the model fitted the data generally better than the dual-process model. These

findings support a single-process view, according to which recognition per-

formance in the present experiments relied on a single source of memorial

information. Following this view, the results suggest that retrieval practice

reduced the general memory strength of the unpracticed items and increased

the general memory strength of the practiced items (see Figure 4C). This held

for all five experiments, using semantically and episodically related study ma-

terial, employing tests of item and feature recognition, applying the remem-

ber/know procedure and the ROC procedure. The single-process account of

the behavioral data thus provides a coherent explanation of retrieval-induced

forgetting in the present study.

The present explanation of retrieval-induced forgetting in terms of a re-

duction in the unpracticed items’ general memory strength agrees with the

results from prior free and cued recall experiments. The finding of retrieval-

induced forgetting in free and cued recall experiments has been explained

in terms of inhibition. According to this account, not-to-be-practiced items

interfere during retrieval practice and inhibition reduces their interference

potential by weakening the items’ memory representation. As a result of this

inhibition, nonretrieved items behave like items with relatively weak memory

representations and show reduced performance across a wide range of mem-

ory tests, including free recall, cued recall, and also item recognition (e.g.,

Anderson, 2003; Hicks & Starns, 2004).

The proposal that retrieval practice impairs unpracticed items’ general

memory strength is also consistent with the results from a recent response

latency study. Response latency analysis casts light on the dynamics of

recall, allowing conclusions about the size of the underlying search set and the
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memory strength of the set’s items (for a review, see Wixted & Rohrer, 1994).

Applying response latency analysis to retrieval-induced forgetting, Bäuml,

Zellner, and Vilimek (2005) found that retrieval practice reduces unpracticed

items’ recall probability but does not affect their response latency. This

result mirrors typical effects of item strength manipulations as they occur

as a result of variations in study time or study trials (Rohrer, 1996; Wixted

et al., 1997). In particular, it agrees with the suggested single-process view

of retrieval-induced forgetting, according to which retrieval practice reduces

the memory strength of unpracticed material.

To conclude, single-process analysis indicates that in each of the five

experiments, retrieval practice essentially modulated the general memory

strength of the practiced and the practiced material (see Figure 4C). In

particular, the single-process models provide a compellingly parsimonious

account of the present data that integrates seamlessly with prior work on

retrieval-induced forgetting. Note that the present study was not designed

to test the general validity of opposing models of recognition memory. In the

literature, the question whether recognition performance is generally better

described by a single- or by a dual-process model is a yet unresolved, fiercely

disputed topic (e.g., Dunn, 2004; Parks & Yonelinas, 2007; Wixted 2007;

Wixted & Stretch, 2004; Yonelinas, 2002). Regarding the competing models’

accounts of retrieval-induced forgetting however, the present analyses indi-

cate that the single-process account outperforms the dual-process account in

terms of goodness of fit, theoretical parsimony, and predictive power.

Relation to Prior Associative Recognition

Work

On the basis of the dual-process view of recognition memory, the outcomes of

the present study contrast with the results by Verde (2004). Whereas in the

present experiments unpracticed items showed mainly deficits in familiarity
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but hardly any reduction in recollection, in Verde’s associative recognition

experiment the opposing pattern arose with a reduction in unpracticed items’

recollection but not in their familiarity. Verde drew his conclusions from a

mainly descriptive analysis of the data without fitting dual-process or single-

process models. I therefore reanalyzed the data of his Experiment 1, applying

dual-process and single-process analysis as used in the present study.

When applying the independence remember/know model and the

STREAK model to the aggregate data of Verde’s experiment, the two

dual-process analysis methods converged on showing a stronger decline in

recollection (specific memory strength) than in familiarity (global memory

strength),6 which is consistent with the descriptive analysis of the data re-

ported by Verde himself. On the basis of the dual-process view, the present

study and Verde’s study thus lead to conflictive conclusions regarding the

qualitative effects on unpracticed material’s recollection and familiarity.

When fitting the single-process signal detection model to Verde’s data,

the restrictive equal-variance signal detection model satisfactorily fitted the

data. The fit was hardly improved when applying the unequal-variance vari-

ant of the single-process model. The result from the single-process analysis is

consistent with the proposal that retrieval practice in Verde’s experiment re-

duced the general memory strength of the unpracticed material. This single-

6Applying the independence remember/know model to the aggregate data reported in

Verde’s (2004) Experiment 1 yielded a larger decrease in recollection (.16 vs .22) than

in familiarity (.09 vs .12) for unpracticed pairs compared to control pairs. Similarly,

applying the STREAK model led to a larger decrease in specific memory strength (dy:

.55 vs .71) than in global memory strength (dx: .21 vs .31); none of the two effects

was reliable, however [both χ2(1)’s < 2.90, p > .05]. The equal-variance signal detection

model satisfactorily fitted the data for unpracticed pairs [χ2(1)= 2.12, p > .10] and for

control pairs [χ2(1) = 2.38, p > .10]. The parameter estimates suggest significantly lower

general memory strength of unpracticed pairs compared to control pairs (d′: 0.56 vs. 0.74)

[χ2(1) = 6.40, p < .05]. Applying the saturated unequal-variance signal detection model

yielded no variation of the strength distribution variance (σ: 1.25 vs. 1.23) [χ2(1) < 1.00],

but a reliable decrease in d′ (0.50 vs. 0.71) [χ2(1) = 4.95, p < .05].
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process interpretation of the data is more parsimonious than the dual-process

interpretation. In particular, it suggests a simple solution of the ostensible

discrepancy between Verde’s and the present findings. To resolve this dis-

crepancy, the dual-process view has to assume that retrieval practice has

qualitatively different effects in different recognition tasks (i.e., item recogni-

tion, inter-item associative recognition, and associative feature recognition).

In contrast, the single-process view can account for the results in the vari-

ous types of tasks on a purely quantitative basis, i.e., by assuming that the

amount of reduction in unpracticed items’ general memory strength can vary

across type of task.

Effects of Feature Binding

Ciranni and Shimamura (1999) reported retrieval-induced forgetting of non-

verbal stimuli that shared perceptual features with the practiced material.

In Experiment 3, using semantically unrelated verbal stimuli that could be

grouped by context color, retrieval of a subset of the words impaired later

item recognition of episodically related words, thus generalizing previous find-

ings of retrieval-induced forgetting in episodic memory. However, whereas in

Ciranni & Shimamura’s (1999) study the forgetting generalized to various

perceptual features of the unpracticed material, memory for the unpracticed

items’ episodic contexts was unaffected in Experiment 3. Thus, on the one

hand, the present findings support the view that retrieval-induced forgetting

is a general phenomenon that can be observed across a large variety of ex-

perimental settings and testing procedures. On the other, the results also

reveal possible limitations of such forgetting. On the basis of Experiment 3,

it may be suggested that episodic context information is not susceptible to

retrieval-induced forgetting.

The results from Experiment 4 further elucidate such limitations of

retrieval-induced forgetting in episodic memory. In Experiment 4, subjects
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studied semantically unrelated words that could be grouped by their font

color. Interestingly, retrieval of a subset of the words had a detrimental

effect on recognition of the unpracticed words’ colors. Thus, unlike Exper-

iment 3, Experiment 4 replicates Ciranni and Shimamura’s (1999) finding

that the forgetting can generalize to perceptual item features that had not

been actively retrieval practiced.

Critically, in Experiment 4, like in Ciranni and Shimamura’s (1999) study,

the episodic information ’color’ was presented as an integral feature of the

item’s appearance, whereas in Experiment 3, the color information was a fea-

ture of the material’s perceptual context. The differences in finding across

experiments may thus be plausibly accounted for by feature binding mech-

anisms: Research on feature binding in episodic memory suggests that an

object’s color is easily bound into a single memory representation of a col-

ored object, whereas presenting items against colored backgrounds rather cre-

ates associative links between the objects’ representations and the respective

background colors (e.g., Ecker et al., 2004; Groh-Bordin et al., 2006). Assum-

ing that retrieval inhibition directly weakens the interfering items’ memory

representations (e.g., Anderson, 2003), retrieval-induced forgetting should

mainly affect episodic information that is actually part of (i.e., ’bound’ to)

these memory representations. Consistent with such a proposal, the present

findings of impaired memory for item color (Experiment 4) and unaffected

memory for context color (Experiment 3) indicate that ’unbound’ episodic

context information may in fact not be susceptible to retrieval inhibition.

Proportional Strengthening predicts Changes

in Target Variance

The present experiments’ behavioral data were excellently described by the

unequal-variance signal detection model, which suggests that the detrimen-

tal and the beneficial effects of retrieval practice can be entirely explained
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by unidimensional (i.e., quantitative) variations in general memory strength

as measured by parameter d′. However, in two of the reported experiments,

the strengthening of practiced material was further accompanied by reliable

changes in parameter σ. Notably, in Experiment 3, σ was significantly larger

for practiced compared to control items, indicating an increase in target vari-

ance, whereas in Experiment 5, σ was reliably smaller, suggesting a decrease

in target variance. One might argue that such unsystematic modulations in

σ may reflect qualitative differences in the practiced material’s recognition,

which conflicts with the view that recognition performance relied on a single

source of mnemonic information.

However, detailed inspection of the parameter estimates derived from

the unequal-variance signal detection model shows that the modulations in

parameter σ were predictable on the basis of modulations in parameter d′.

More specifically, across experiments, the modulations in practiced mate-

rial’s σ (expressed as σP+/σC) and the proportional increases in practiced

material’s d′ (expressed as (d′P+ − d′C)/d′C) were almost perfectly correlated

[r = .96, p < .01] (see Figure 12).7

Suggested from this analysis, the ostensibly unsystematic changes in the

practiced material’s target variance across experiments were predictable on

the basis of proportional increases in the material’s general memory strength.

It can thus be assumed that the modulations in d′ and the changes in σ reflect

the assessment of a single source of mnemonic information which varies in

strength only. This suggestion is in line with the single-process account of

7For the present demonstration, changes in σ were expressed as ratios of σ’s for prac-

ticed to σ’s for control items. Ratios > 1 indicate an increase in σ, ratios < 1 indicate a

decrease. Expressing changes in σ as differences (i.e., ∆(σ)) yielded an identical correla-

tion. However, because σ is defined as the ratio of target- to noise variances, ratios of σ’s

were used. An identical correlation was also obtained when using alternative recognition

performance measures (i.e., hit rate - false alarm rate). However, because general memory

strength is modeled in z-space, d′s were used for the present demonstration. The data from

Experiment 4 were excluded from the present analysis because they could be satisfactorily

described by an equal-variance model.
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Figure 12: Linear relation between proportional increases in d′ (d′P+−d′C)/d′C)

and changes in σ for practiced compared to control material (σP+/σC) across

experiments, including Verde’s (2004) Experiment 1.
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the present behavioral data, which implies that retrieval practice modulates

recognition (i.e., performance) quantitatively but not qualitatively.

EEG Correlates of Retrieval-Induced Forget-

ting

Suggested from the analysis of recognition performance, retrieval-practice

substantially reduces the general memory strength (single-process view) or

familiarity (dual-process view) of the unpracticed material. Going beyond

the analysis of behavioral memory performance, the EEG analysis of Exper-

iment 5 indicates that recognition of unpracticed material is characterized

by reduced theta ERS. In previous studies, it has been shown that the de-

gree of such theta ERS is related to the strength of a to-be-recognized items’

episodic memory trace (Klimesch et al., 2001; 2006). The present finding of a

reduction in theta ERS therefore agrees with the view that retrieval practice

reduces the unpracticed material’s general memory strength or familiarity.

In contrast, recognition of practiced material was characterized by in-

creased late parietal ERP old/new effects, which have been related to episodic

recollection of spatio/temporal information associated with the prior occur-

rence of a recognized stimulus (for reviews, see Curran et al., 2006; Friedman

& Johnson, 2000 or Rugg & Yonelinas, 2003). The overall pattern of results

thus indicates that the detrimental effects and the beneficial effects of re-

trieval practice in item recognition are reflected by qualitatively dissociable

EEG correlates, which is again consistent with prior behavioral work, and

may reflect that the beneficial and the detrimental effects of retrieval practice

are mediated by different mechanisms. More specifically, the results suggest

that the behavioral enhancement in the retrieval-practice paradigm reflects

particularly rich episodic information associated with the practiced material,

whereas the forgetting is due to an inhibitory weakening of the item repre-

sentation. It is argued that inhibited material elicits only relatively weak
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memory signals at test, reflected by selectively reduced theta power.

A dual-process interpretation of the present EEG results may suggest a

strong increase in recollection - but not in familiarity - for the practiced mate-

rial, as well as a reliable decrease in the unpracticed items’ familiarity accom-

panied by only a small and unreliable decrease in recollection. However, the

comparative analysis of behavioral dual-process estimates and putative EEG

correlates of recollection and familiarity yielded partly incongruent results

across measurement methods, which may point to internal inconsistencies

of the neuro-cognititive dual-process framework (see next section). Alter-

natively, the present EEG results may be integrated with a signal-detection

account of the behavioral data, assuming that various functionally distinct

neural mechanisms may in combination create varying degrees of general

memory strength.

EEG Correlates of Remembering and Knowing

The analysis of EEG correlates of ’remembering’ and ’knowing’ (Experi-

ment 5) yielded no reliable dissociations of the putative EEG correlates of

recollection and familiarity across response categories. Rather, the results

supported a quantitative distinction between remember- and know responses.

Consistent with prior research on the remember/know procedure (e.g., Dunn

2004; Wixted & Stretch, 2004), remember responses appeared to reflect gen-

erally stronger - but not different - memory processes compared to know

responses.

The present pattern of results is inconsistent with EEG studies report-

ing dissociable EEG correlates of remembering and knowing (e.g., Düzel et

al., 1997; Klimesch et al., 2001; Rugg et al.,1998). In part, the inconsisten-

cies across studies may be attributable to insufficient sensitivity of (F)N400

old/new effects when high-frequency verbal stimuli are used in tests of item

recognition (e.g., Kutas & Federmeier, 2000). On the other hand, a number
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of studies reported results which did not agree with the popular dual-process

interpretation of ERP old/new effects (e.g., Trott et al., 1999; Finnigan et

al., 2002; Voss and Paller, 2006; Yovel and Paller, 2004). However, the most

plausible explanation for the pattern of results obtained in the present study

might be that the remember/know procedure does in fact not allow for a

process-pure dissociation of recollection and familiarity (e.g., Dunn, 2004;

Rotello et al., 2005; Wixted & Stretch, 2004). Such an explanation may also

account for the observed discrepancies in finding across behavioral and elec-

trophysiological dual-process measures (see Experiment 5, Retrieval-Induced

Forgetting Analysis).

In the present study, remember judgements were accompanied by a spe-

cific increase in inter-electrode synchronisation in the theta frequency range

(500-800 ms after stimulus onset), comprising frontal, parietal, and temporal

recording sites. On the basis of prior work (Summerfield & Mangels, 2005),

it is suggested that such widespread theta phase coupling in item recognition

may reflect the associative binding of spatio/temporal information into vivid

episodic memories. Taking further into account previous critique of the re-

member/know procedure (e.g., Dunn, 2004; Rotello et al., 2005; Wixted &

Stretch 2004; Wixted, 2007), it appears possible that such binding processes

may underlie the subjective awareness of ’recollecting something’ rather than

promoting a recollection process as incorporated in dual-process models of

recognition memory.

Such a proposal is consistent with the results from a single case study

by Barbeau et al. (2005) that reported a relation between inter-electrode

synchronisation in the theta band and subjective experiences of recollection.

The authors successfully elicited illusory recollective experiences in an epilep-

tic subject after intracranial stimulation of medial and temporal structures.

The artificially induced hallucinations of recollection were associated with a

significant increase in theta synchronisation between widespread intracranial

recording sites. Importantly, the theta synchronisation found in Barbeau et

al.’s (2005) study characterized merely the subjective feeling of remembering
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recollective information, unrelated to any actual memory performance at all.

The idea that remember responses reflect subjective awareness of recol-

lection rather than ’recollection itself’ is not new to memory research. In

fact, the ’remember’-response was originally designed by Tulving (1985) to

identify a special state of subjective awareness termed ’autonoetic awareness’

(Tulving, 1983), which is often described as a ’mental time travel back to the

original encoding event’. Critically, such autonoetic awareness is thought to

be a possible result (i.e., by-product) of assessing particularly strong mem-

ories whereas in dual-process theory, recollection is assumed to operate in-

dependently, effectively contributing to recognition memory. Wixted (2007)

proposed that autonoetic awareness may be a more threshold-like process,

and that thus neural mechanisms which appear to be specific for remem-

ber responses may reflect autonoetic awareness rather than recollection. It

appears possible that the theta PLV old/new effects found in the present

EEG analysis may specifically reflect such states of consciousness awareness

associated with remember responses.

Conclusions

Prior work showed that retrieval practice can affect unpracticed material’s

recollection. The present study complements these findings by demonstrat-

ing that retrieval-practice can also reduce the unpracticed material’s famil-

iarity (dual-process view) or general memory strength (single-process view),

which is consistent with the inhibitory account of retrieval-induced forget-

ting. Recognition of unpracticed material was further characterized by re-

duced theta activity in the EEG, indicating that inhibited material triggers

only relatively weak memory signals. The findings are consistent with the

view that retrieval inhibition leads to persistent weakening of the affected

material’s memory representation.



References

Anderson, M. C. (2003). Rethinking interference theory: Executive control

and the mechanisms of forgetting. Journal of Memory and Language,

49, 415-445.

Anderson, M. C. & Bell, T. (2001). Forgetting our facts: the role of in-

hibitory processes in the loss of propositional knowledge. Journal of

Experimental Psychology: General, 130, 544-570.

Anderson, M. C., Bjork, E. L., & Bjork, R. A. (2000). Retrieval-induced

forgetting: Evidence for a recall-specific mechanism. Psychonomic Bul-

letin & Review, 7, 522-530.

Anderson, M. C., Bjork, R. A., & Bjork, E. L. (1994). Remembering can

cause forgetting: Retrieval dynamics in long-term memory. Journal

of Experimental Psychology: Learning, Memory, and Cognition, 20,

1063-1087.

Anderson, M. C. & Spellman, B. A. (1995). On the status of inhibitory

mechanisms in cognition: Memory retrieval as a model case. Psycho-

logical Review, 102, 68-100.
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Bäuml, K.-H. & Kuhbandner, C. (2007). Remembering can cause forgetting

- but not in negative moods. Psychological Science, 18, 111-115.
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Appendix

Single-Process Signal Detection Models

According to the single-process signal detection model, recognition memory

relies on a single source of memorial information and recognition performance

can thus be entirely described by detection theory: Subjects respond ”old”,

whenever their assessment of an item’s memory strength exceeds a given re-

sponse criterion ci (Figure 13A). Assuming equal variances of the underlying

strength distributions, the probability of correctly recognizing a studied item

(H ) is given by

p(H) = 1− Φ(ci − d′),

and the probability of incorrectly recognizing a new item (FA) is given by

p(FA) = 1− Φ(ci),

where d′ is the distance between the means of the underlying distributions

for new vs old items. Across different levels of response confidence (ci), the

equal-variance signal detection model theoretically yields a curvilinear ROC

that is symmetrical along the diagonal (Figure 13C).

ROC analysis of recognition performance across varying levels of response

confidence often yields ROC curves that are asymmetrical along the diago-

nal. According to detection theory, such asymmetrical ROCs indicate that

the variance of the target distribution exceeds the variance of the noise dis-

tribution (Figure 13B). Therefore, the model’s equal-variance restriction is
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Figure 13: Theoretically assumed distributions of general memory strength

and ROC-curves predicted by single process signal detection models of

recognition memory. A: Equal-variance strength distributions; B: Unequal-

variance strength distributions; C: ROCs predicted by the equal variance

signal detection model; D: ROCs predicted by the equal variance signal de-

tection model
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usually relaxed by letting the variance of the target distribution vary freely,

which leads to

p(H) = 1− Φ((ci − d)/σ),

where σ is the variance of the old items’ distribution given that the variance of

the new items’ distribution is set to 1. Figure 13D shows a typical theoretical

ROC generated by the unequal-variance signal detection model.

For data from remember/know experiments, the equal-variance signal de-

tection model has three free parameters (d′ and criteria for remember and

know) to account for four data points (hits and false alarms for remember

and know). Thus, the models’ goodness of fit can be statistically tested with

one degree of freedom, whereas the unequal-variance model (with additional

parameter s) is technically saturated and thus can not be tested with re-

member/know data. For ROC data derived from six-point confidence rating

scales, the unequal-variance model has seven free parameters (d′, σ, c1 - c5)

to account for ten data points (hits and false alarms for confidence levels 1-5),

as cumulative response frequencies naturally add to unity at confidence level

6). Thus, the model has three degrees of freedom to test its goodness of fit.

using maximum-likelihood techniques. Accordingly, the maximum likelihood

techniques described above for the dual-process signal detection model can

be analogously applied to the unequal-variance signal detection model.

The Dual-Process Signal Detection Model

According to the dual-process signal detection model (Yonelinas, 1994), the

characteristic shape of recognition ROCs results from the coaction of two

qualitatively different memory processes - recollection and familiarity - which

independently contribute to recognition performance. Considered in isola-

tion, recollection is characterized as a threshold process that theoretically

produces a linear ROC (Figure 14A), whereas familiarity can be described

by a classical signal detection process as outlined above for the equal-variance
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Figure 14: Theoretical ROC-curves predicted by the dual-process signal de-

tection model (Yonelinas, 1994). A: Recollection only; B: Recollection and

Familiarity

single-process model (Figures 13A/C). Formalization of these processes al-

lows for decomposition of the asymmetrical item recognition ROC into a

probability of recollection (R) and a signal detection process with sensitivity

d′ corresponding to familiarity.

The model assumes that hits (H) can result from recollection or - in the

absence of recollection - if an old item’s familiarity exceeds the response

criterion (ci):

p(H) = R + (1−R)(1− Φ(ci − d′)).

The probability for false alarms (FA) is given by the probability that a new

item’s familiarity exceeds the response criterion:

p(FA) = 1− Φ(ci),
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because it is usually assumed that new items can not be recollected. Fig-

ure 14B shows a typical theoretical ROC generated by the dual-process

model. Except for extremely high-confidence regions of the ROC, the shape

of the dual-process ROC is very similar to the ROC predicted by the unequal-

variance model (Figure 13D). For ROC data derived from six-point confi-

dence rating scales, the dual-process model has seven free parameters (d′, R,

c1 - c5) to account for ten data points (hits and false alarms for confidence

levels 1-5). Thus, the model has three degrees of freedom to test its goodness

of fit.

Parameter Estimation and Statistical Testing

Assuming binomially distributed response probabilities, the parameters of a

recognition model can be estimated by minimizing the function

G2 =
∑

i

[
2Hitsi log

p̂(H)i

p(H)i

+ 2(n−Hitsi) log
1− p̂(H)i

1− p(H)i

]

+
∑

i

[
2FAsi log

p̂(FA)i

p(FA)i

+ 2(n− FAsi) log
1− p̂(FA)i

1− p(FA)i

]
,

where p̂(H)i and p̂(FA)i are the observed hit and false alarm rates, and

p(H)i and p(FA)i are the model equations predicting these rates as functions

of the model’s parameters. The minimized G2 function yields maximum like-

lihood estimates for the model’s parameters plus a χ2-distributed G2 statistic

for testing the model’s goodness of fit. The maximum likelihood procedure

can be analogously applied to the signal detection models outlined above as

well as to the STREAK model. To test statistically whether certain model

parameters vary significantly across item type, likelihood ratio tests were

used. The logic behind likelihood ratio testing is to impose certain restric-

tions on the parameters of a given model and compare the restricted model’s

fit with the fit of the unrestricted model. For example, to test whether a

parameter varies across two item types, the fit of a model with that param-

eter held constant is compared to the fit of the unrestricted model allowing
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that parameter to vary freely across item type. The difference in goodness

of fit can be expressed in terms of a χ2-distributed statistic with one degree

of freedom (reflecting the number of restrictions imposed on the model’s pa-

rameters) for statistical testing. If the statistic exceeds the critical χ2-value,

a significant change of the parameter across item type is indicated.


