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ARTICLE INFO ABSTRACT

Keywords: Endel Tulving (1985) drew a distinction between Remembering and Knowing, spurring a great deal of research
Dual process on the memorial experiences of recollection and familiarity and their contribution to various phenomena in
Retrieval practice memory. More recently, studies have used this distinction to situate our understanding of the processes that

E‘:ngnmon contribute to the testing effect—or, the benefit of retrieval practice to later memory (see also Tulving, 1967).
Reco}lllection Using retention intervals of approximately 15 min or less between initial and final testing, several studies have

Familiarity found that initial testing magnifies estimates of recollection but not familiarity, regardless of whether a testing
effect is revealed in overall recognition performance (Chan and McDermott, 2007). However, the efficacy of prior
testing in enhancing memory has been shown to change over time, as have estimates of recollection and fa-
miliarity. Thus, the mechanisms that underlie the quintessential testing effect—one that occurs in overall
recognition or recall over longer delays—are still uncertain. To investigate this issue, in two experiments, sub-
jects studied word lists, took 3-letter stem cued-recall tests on half of the studied words, and completed a final
recognition test in which estimates of recollection and familiarity were obtained via confidence (Experiment 1)
or Remember-Know-New (Experiment 2) judgments. Critically, final recognition tests occurred either immedi-
ately, 1 day (Experiment 1 only), or 4 days after initial learning. At all retention intervals and in both methods of
estimating recollection and familiarity on the final test (i.e. receiver-operating characteristic and remember-
know analyses), initial testing magnified estimates of both recollection and familiarity. These findings suggest
that the testing effect can result from changes in both processes and pose issues for theories of the testing effect
that consider an exclusive role for recollection.

1. Introduction not retrieving and even to rereading material (Dunlosky et al., 2013;
Karpicke and Roediger, 2008; Roediger and Butler, 2011; Roediger and

1.1. The testing effect Karpicke, 2006a; Rowland, 2014; Tulving, 1967). Although a majority
of the testing effect literature engages participants in a laboratory

“In very short order we lose something like 70 percent of what we’ve setting, a significant, albeit smaller, literature has also provided strong
just heard or read. After that, forgetting begins to slow ... but the evidence for testing’s benefit in the classroom (e.g., Larsen et al., 2008;
lesson is clear: a central challenge to improving the way we learn is McDaniel et al., 2013; McDermott et al., 2014; Roediger et al., 2011).
finding a way to interrupt the process of forgetting” (Brown et al., Thus, the fact that retrieval practice can lead to marked gains in long
2014, p. 28). term retention is well established; however, how and why this is the case

is much less understood. The experiments reported in this paper seek to
better understand the processes that lead to the benefits of testing to
later memory.

Which learning strategies lead to the greatest long-term retention?
Researchers have asked this question for years. And at the forefront of
recent discussion has been the testing effect. The testing effect refers to
the finding that taking a test does not simply serve as a passive indica-
tion of what a person knows. Indeed, taking a test, or retrieval practice,
has been shown to enhance long-term retention of material relative to

1.2. Recollection and familiarity in the dual-process perspective

Important to this discussion is an understanding of recollection and
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familiarity, two processes thought to be involved in making memorial
decisions during tests (Chan and McDermott, 2007; Jacoby, 1991;
Tulving, 1985; Yonelinas, 2002). Endel Tulving (1985) drew an initial
distinction between “Remembering” and “Knowing,” prompting a wave
of research on the memorial experiences of what would later be referred
to as recollection and familiarity. In his framework, Tulving proposed
the existence of a system of memory accompanied by conscious recol-
lection of the experiences from which the memory originated (evidenced
via “Remember” responses in the Remember-Know procedure). He
proposed the existence of a separate system of memory for information
unaccompanied by this conscious recollection (evidenced via “Know”
responses and originally conceptualized as an index of what Tulving
referred to as semantic memory).

Ultimately, the distinction between recollection and familiarity was
further defined in the literature (Yonelinas, 2001, 2002). Indeed, from
the dual-process perspective, recollection is characterized by “effortful”
remembering and feeling as though one “re-experiences” an earlier
encounter with the tested material. By contrast, familiarity is charac-
terized by decontextualized memory and an inclination toward (or, to
risk a tautology, “familiarity” with) material without “re-experiencing”
the initial encounter (Jacoby, 1991; Yonelinas, 2002). A rich literature
has since distinguished the two processes from one another with respect
to various dimensions, such as their differential use on recall- and
recognition-based tests, their persistence over short and long delays,
their change across age, and their neural correlates, among other factors
(Gardiner and Java, 1991; Koen and Yonelinas, 2016; Skinner and
Fernandes, 2007; Yonelinas and Levy, 2002; for review, see Yonelinas,
2002). However, here we contend that the way in which recollection
and familiarity processes support the benefit of retrieval practice to later
memory—or, the way in which prior testing affects these two proc-
esses—is still unclear.

1.3. Applying the dual-process perspective to the testing effect

This is not to say that the topic has been completely ignored. Chan
and McDermott (2007) conducted three experiments designed to
explore whether initial retrieval practice might facilitate subsequent
successful recollection, even when overall recognition performance (i.e.,
the hit rate) does not reveal a testing effect. In their study, participants
studied a list of words and either took recall tests on previously studied
material or solved math problems. Estimates of recollection and famil-
iarity were calculated on a final recognition test taken up to 15 min later
as a function of prior learning condition (study with an initial recall test
or study with a distractor math task). Using three canonical methods for
estimating  recollection and familiarity (source  memory,
Remember-Know, and exclusion tests), the authors found that prior
testing did magnify estimates of recollection on the final test but did not
affect the use of familiarity (also see Jones and Roediger, 1995). Other
work using a restudy, rather than a no test, control condition corrobo-
rated this finding (Verkoeijen et al., 2011; Pu and Tse, 2014; Rowland,
2011; although see Gao et al., 2016).

On the surface, these results lead to the conclusion that the mecha-
nisms responsible for the benefits of retrieval practice to later memory
must lie in recollective—and not familiarity—processes. Indeed, the-
ories of the testing effect often center around recollection-related pro-
cesses. For example, one framework holds that retrieval practice
improves memory via enhanced recollection for temporal context in-
formation (Karpicke et al., 2014; Lehman et al., 2014). Another
conceptualization argues that elaboration processes that occur during
initial testing are responsible for the benefits of testing (Carpenter, 2009;
Carpenter and DeLosh, 2006). However, it may be premature to
conclude that the benefit of retrieval practice accrues exclusively
through enhanced recollection. We believe that a critical element is
missing from much of the research reported thus far. And that element is
delay.
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1.4. The impact of delay

Although the testing effect emerges in various situations, critical to
its reliable appearance is delay, especially when the initial test occurs
without feedback. When the final test occurs immediately following
initial testing, the characteristic testing effect may disappear, or even
reverse. Completing retrieval practice, relative to completing an unre-
lated distractor task, may not enhance final test performance after only a
short delay. Further, rereading, relative to completing retrieval practice,
may lead to better final test performance. After one to two days delay,
however, prior testing reliably improves performance (Roediger and
Butler, 2011; Roediger and Karpicke, 2006a, 2006b). Critically, thus far
much of the literature examining the mechanisms that underlie the ef-
fect from the dual process perspective have used short delays of about
15 min or less between initial and final tests (although see Bie-
s-Hernandez, 2013). This situation leaves unresolved the mechanisms
that are responsible for the quintessential testing effect—one that occurs
over retention intervals of significantly greater lengths than 15 min.

1.5. A potential role for familiarity

Several findings point to the possibility that familiarity processes
may contribute differentially to the testing effect over time. Indeed, just
as the memorial benefits of retrieval practice change over time, the
relative contributions of recollection and familiarity to memory are non-
static. Immediately after initial exposure, familiarity declines more
rapidly than does recollection. Across longer delays, however, famil-
iarity declines at a similar or even slower rate than does recollection
(Gardiner and Java, 1991; Yonelinas, 2002). The so-called “Remem-
ber-to-Know” shift also casts doubt on the idea that familiarity must play
no role in the delayed testing effect. Specifically, the “Remember-to--
Know” shift refers to the finding that, on successive tests, many items
that initially are classified as “remembered” (i.e., recollected) are given
“know” or “familiar” responses on later tests (Dewhurst et al., 2009; also
see Conway et al., 1997). Thus, over time, what was initially enhanced
recollection may become decontextualized and appear as enhanced fa-
miliarity on a delayed final test.

The effect of testing on delayed source memory judgments casts
further doubt on the assertion that recollection alone supports the
benefit of testing. Whereas recognition with correct source memory is
thought to be indicative of recollection, recognition with incorrect
source memory is thought to be indicative of familiarity in the absence
of recollection. Calculations made by the present authors from group
means reported in Dudukovic et al. (2009) Exp. 1 and Kessler et al.
(2014) indicate that prior testing numerically elevates the overall pro-
portion of correct and incorrect delayed source memory responses.’ This
finding stands in contrast to Chan and McDermott (2007), who found,
after a 15 min retention interval, that prior testing improved correct
source memory but actually reduced the proportion of incorrect source
memory responses. Notably, however, the experiments conducted by
Dudukovic et al. (2009) and Kessler et al. (2014) were not designed with
the aim of addressing this question. As such, these results should be
treated as merely suggestive that familiarity processes can contribute to
the delayed testing effect.

The most direct evidence for familiarity’s involvement in supporting
the testing effect over longer retention intervals derives from Bie-
s-Hernandez (2013), who in her dissertation examined the effect of
initial testing (relative to restudying) on retention of material after a
2-day delay. Results indicated that prior testing magnified delayed

! Calculations made by the present authors from group means reported in
Kessler et al. (2014) additionally reveal this pattern of results on a final test that
immediately follows the initial test. However, initial testing occurred 1 day
after initial studying. Thus, it is unclear the extent to which the result is directly
comparable to that of Chan and McDermott (2007)’s immediate final test.
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estimates of recollection after multiple—but not one—initial tests.
Critically, prior testing magnified estimates of familiarity in all cases,
contradicting the majority of prior work using short retention intervals.
Several design choices, however, made comparison with prior work
difficult (e.g., the use of a 2-day retention interval only, a fully
between-subjects design, and a restudy with feedback control condi-
tion). This situation leaves open to question the influence of retention
interval, specifically, on the apparent contribution of familiarity to the
testing effect.

Beyond the impact of retention interval, several findings suggest
that, even in the short-term, familiarity may play a role in producing the
benefits of retrieval practice. For example, contrary to the majority of
work using short retention intervals, one study found that the magnitude
of an observed positive testing effect did not differ for estimates of
recollection and familiarity (Gao et al., 2016). Further evidence for a
role for familiarity in the immediate testing effect has come from studies
of aging and of divided attention. For example, although recollection has
been found to be impaired and familiarity preserved in older relative to
younger adults (Anderson et al., 2008; Bastin and Van der Linden, 2003;
Koen and Yonelinas, 2016; Yonelinas, 2002), older adults have shown
benefits of retrieval practice equal to that of younger adults on both
immediate and delayed final tests (Coane, 2013; Logan and Balota,
2008; Rabinowitz and Craik, 1986, but see Tse et al., 2010). In addition,
divided attention during retrieval has been shown to impair recollective
processing and leave familiarity relatively preserved (Dudukovic et al.,
2009; Jacoby, 1991; Yonelinas, 2002). However, several studies find
similar (or even improved) final test performance following conditions
in which attention is divided during initial testing relative to full
attention conditions on both immediate (Kessler et al., 2014; Mulligan
and Picklesimer, 2016) and delayed final tests (Gaspelin et al., 2013;
Kessler et al., 2014; Mulligan and Picklesimer, 2016; but see Buchin and
Mulligan, 2017; Dudukovic et al., 2009). Thus, even when initial rec-
ollective processing is impaired, a benefit of prior testing can be
observed similar to that observed under conditions in which initial
recollective processing is not impaired. This outcome suggests that, in
some cases, familiarity processes may help drive even the immediate
testing effect.

Although the above findings leave open the possibility that famil-
iarity can contribute to the benefits of retrieval after short delays,
stronger is the suggestion that the long-term benefits of retrieval practice
may be influenced by changes in familiarity. However, theoretical dis-
cussions and studies of the testing effect often refer to the effect as a
recollection-only phenomenon. Many studies report changes in recol-
lective processes (e.g. source memory) following retrieval practice, but
they do not provide a means of assessing changes in familiarity processes
that may likewise support the effect. Thus, it is important to determine
the validity and reliability of the assertion that recollection processes
alone support the short-term and long-term benefits of retrieval practice.

1.6. Neural mechanisms of the testing effect

To date, a small number of studies have examined the neural
mechanisms that underlie the testing effect, and the results have been
largely inconclusive (see van den Broek et al., 2016, for a review).
Functional magnetic resonance imaging (fMRI) studies on the effects of
repeated testing have pointed to a variety of regions as potential cor-
relates of the testing effect, such as the anterior cingulate cortex (ACC)
(Eriksson et al., 2011), inferior frontal gyrus (IFG), ventrolateral and
dorsolateral prefrontal cortex (VLPFC; DLPFC), precuneus, and inferior
parietal lobule (IPL) (Hashimoto et al., 2011). Studies comparing the
effects of testing to restudying have implicated some of the same regions
in the effect, along with a wide variety of other regions and networks
throughout the brain, such as the Default Mode Network and a network
of regions implicated in working memory (Keresztes et al., 2014; Liu
et al., 2014; van den Broek et al., 2013; Wing et al., 2013; see van den
Broek et al., 2016, for a recent review).
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Interpretation of these neuroimaging findings has been similarly
varied. Some have considered context reinstatement and search set re-
striction processes that relate to the episodic context account (Gao et al.,
2016; Keresztes et al., 2014; Liu et al., 2017; Peng et al., 2019; van den
Broek et al., 2013), a prominent theory of the testing effect. Others have
considered elaboration processes related to the semantic elaboration
account (Liu et al., 2014; Rosburg et al., 2015; Wing et al., 2013),
another prominent theory of the effect. However, interpretation has also
included a role in the testing effect for consolidation processes (Eriksson
et al, 2011; Wing et al, 2013), cognitive control and
recollection-related processes broadly (Hashimoto et al., 2011; van den
Broek et al., 2013), retrieval monitoring processes (Hashimoto et al.,
2011), and Transfer-Appropriate Processing (Rosburg et al., 2015). In a
review of the extant neuroimaging literature on the topic, van den Broek
et al. (2016) argued that the imaging findings suggest that multiple
mechanisms (e.g. search set restriction and elaboration processes) may
together contribute to the effect.

To our knowledge, all fMRI investigations of the testing effect have
used cued-recall, rather than recognition, tests to assess final memory
performance. Notably, performance on cued-recall tests is thought to
rely more heavily on the use of recollection than performance on
recognition tests (Yonelinas, 2002). In the current study we employ final
recognition testing, which encourages the possibility that a benefit of
testing to familiarity processes, if truly present, will be observed on the
final test. Research on the neural correlates of recollection and famil-
iarity during recognition testing, specifically, has suggested that recol-
lection may be preferentially supported by regions in the inferior lateral
parietal cortex, the hippocampus, and the parahippocampal cortex
(PhC) (Diana et al., 2013; Ranganath, 2010; Vilberg and Rugg, 2007;
Yonelinas et al., 2005). By contrast, regions in the superior lateral pa-
rietal cortex and perirhinal cortex (PrC) have been associated in part
with item familiarity (Ranganath, 2010; Vilberg and Rugg, 2007; but see
Diana et al., 2013). In the present study, behavioral indices of recol-
lection and familiarity obtained on immediate and delayed recognition
tests can aid in providing predictions for future research as to the neural
mechanisms that may support the testing effect over time.

1.7. The present study

The current study was designed with the goal of examining the extent
to which changes in recollection and familiarity processes support the
benefits of retrieval practice over time—from an immediate to a four-
day delayed final test. In two experiments, participants studied words,
completed 3-letter stem cued recall tests on half of the words, and took a
final recognition test either immediately, 1 day later (Exp. 1 only), or 4
days later. On the final recognition test, participants discriminated be-
tween old and new words and indicated their confidence in their
response (Exp. 1) or provided a Remember-Know judgment (Exp. 2). We
hypothesize that with increasing delay, the testing effect would be
supported by changes in both recollection and familiarity processes.

2. Experiment 1

The first aim of Experiment 1 was to conceptually replicate prior
work establishing the processes that underlie the benefit of prior testing
on an immediate final test. The second aim was to examine the extent to
which findings regarding the processes that support the testing effect on
an immediate final test are altered or maintained after a 1-day and 4-day
retention interval.

2.1. Materials and methods

2.1.1. Participants

One-hundred and fifteen subjects completed Session 1 of the exper-
iment on Amazon Mechanical Turk (immediate final test condition: 37;
1-day delay: 38; 4-day delay: 40). Of these, 2 subjects were excluded



R.A. Shaffer and K.B. McDermott

because they failed to complete Session 2 (both from the 4-day delay
condition). An additional 22 subjects were excluded due to a combina-
tion of the following reasons: noting down words during the task (10),
restarting the experiment after beginning the main task (2), missing data
(4; e.g. missing final test trials), reporting non-normal or corrected-to-
normal vision (5), reporting a possible neurological disorder (4), and
reporting that English is not the subject’s native language (1). One
additional subject was excluded due to extreme familiarity estimates
(more than 5 standard deviations below the mean). In addition, subjects
were excluded if responses were made in under 250 ms to 5 or more
items during the final test. An additional 7 subjects were excluded for
this reason (immediate: 1; 1-day delay: 4; 4-day delay: 2). All subjects
were at least 18 years of age. Eighty-three subjects met all inclusion
criteria: immediate final test (N = 29, mean age (years) = 36.9, SD age
=11.0, age range = 23-61, female [F] = 15), 1-day delay (N = 25, mean
age = 37.7, SD age = 9.6, age range = 27-59, F = 9), 4-day delay (N =
29, mean age = 34.8, SD age = 8.7, age range = 23-53, F = 16). Con-
ditions were run sequentially on Amazon Mechanical Turk (1: imme-
diate; 2: 1-day delay; 3: 4-day delay). A minimum sample size of 15
participants per condition was determined via an a priori power analysis
of Chan and McDermott (2007) Exp. 3 (reported effect size of t-test
examining recollection estimates = 0.80, alpha = 0.05, and desired
power = 0.8), which was achieved in each case (power analysis was
conducted using G*Power).

Subjects were compensated approximately $9.00 per hour for their
participation. Before beginning the study, subjects consented to partic-
ipation and, upon completion of the study, were debriefed. The exper-
iment was conducted in accordance with the Washington University in
St. Louis Institutional Review Board.

2.1.2. Materials

Stimuli consisted of 240 words and were obtained from the English
Lexicon Project database (Balota et al., 2007). Stimulus selection pa-
rameters were chosen to emulate those of Chan and McDermott (2007;
Experiment 3): Kucera-Francis Frequency = 5-200; parts of speech =
noun, adjective, and/or verb; word length = 4-9 letters. Words were
selected so that none had the same first 3 letters and so that average
frequency constraints would be met based on Chan and McDermott
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(2007). Specifically, 8 lists of 30 words were constructed so that each
list’s average Kucera-Francis Frequency fell within 34.33-35. List
placement within the experiment was counterbalanced in an effort to
place each list in the Test, No Test, and New (on the final test) conditions
approximately 25%, 25%, and 50% of the time, respectively. The order
of a given stimulus within an experimental block to which it was
assigned was newly randomized for each subject and session.

2.1.3. Procedure

The experiment included an Initial Learning session, in which sub-
jects studied words and took 3-letter stem cued-recall tests, and a Final
Testing session, in which memory for previously studied, tested, and
new items was probed on a recognition test. The procedure is based on
Chan and McDermott (2007), Experiment 3, and is detailed below for
each session (see Fig. 1 for a depiction of the experimental design).

2.1.3.1. Initial learning. Initial Learning condition (Test vs. No Test)
was manipulated within subjects and was divided into two blocks of
study-test cycles in order to improve initial test performance. Subjects
were instructed that during the experiment they would be shown a set of
words and asked to remember the words for a later memory test.

In the first Initial Learning block, 60 words were visually presented
sequentially for 5s each (1s ISI). Subjects then took a cued-recall test on
half of the words from the preceding list (30 words), in which they were
shown the first 3 letters of a word and were given 7s to type the complete
word in the blank provided (or to leave it empty if they could not
remember the previously studied word; 1s ISI). In the second block,
subjects completed an identical study session with a new set of 60 words
and an identical cued-recall test on half of the new set of 60 words. No
feedback was given during the cued-recall tests.

2.1.3.2. Retention interval. Subjects completed the Final Testing session
either 1) immediately (average retention interval between Initial
Learning and Final Testing = 18.00 s, SD = 14.40 s; range = 8.40
s-69.00 s); 2) approximately 1 day later (average retention interval =
1.10 days, SD = 0.13 days, range = 0.96 days-1.43 days); or 3)
approximately 4 days later (average retention interval = 4.50 days, SD
= 0.73 days, range = 3.95 days—6.38 days).

Initial Learning
Study 1 Cued-Recall 1 Study 2 Cued-Recall 2 . .
Final Testing
MUSEUM | — [MUS ~»| APRON |—|BAS__ Recognition
wor 30 Study 2 word e row Surs ol
WISHFUL| ®Sudivede | gakeT | SSueyzues o
R;tgmion Interval S\u/r\e/rieé H FS S |°_Id
Immediate, 1 day, 4 days
GUEST GLow | e Temmenn N
60 words 60 new words
5s each,1s ISI 5s each,1s IS BASKET
240 words
(60 studied, 60 studied
and tested, 120 new)
Self-paced, 1s ISI

Fig. 1. Design of Experiment 1. Experiment 1 consisted of an Initial Learning stage and a Final Testing stage. Initial Learning was divided into two blocks in order to
enhance initial test accuracy. During Initial Learning, subjects 1) studied 60 words for 5s each (1s ISI); 2) took a 3-letter stem cued-recall test on half of the studied
words (7s per response, 1s ISI); 3) studied another set of 60 words for 5s each (1s ISI); and 4) took another 3-letter stem cued-recall test on half of the newly studied
words (7s per response, 1s ISI). Subjects then took a final test either immediately, 1 day later, or 4 days later. Specifically, during the final test subjects completed a
self-paced recognition test that included all of the old words and an equal number of new words and indicated whether they believed each stimulus to be old or new
on a scale from 1 to 6 (1 = sure new and 6 = sure old, with varying levels of confidence in between).



R.A. Shaffer and K.B. McDermott

2.1.3.3. Final testing. During the final recognition test, subjects were
shown all 120 words they had previously studied (half of which had also
been tested), and an equal number of new words (120 words). For each
word presented, subjects were asked to indicate whether it was old or
new to the experiment using a confidence scale from 1 to 6 (1 = sure
new, 2 = maybe new, 3 = guess new, 4 = guess old, 5 = maybe old, 6 =
sure old). These confidence data were then fit to the Dual-Process Signal
Detection model via an ROC Toolbox (Koen et al., 2017; MATLAB ROC
Toolbox Version 1.1.3) to obtain estimates of recollection and famil-
iarity on the final test (Yonelinas, 1994; Yonelinas et al., 2010; Yonelinas
and Parks, 2007).

Lastly, subjects answered several questions about their experience
during the task (e.g. whether they noted down any of the words) and
provided demographic information.

2.2. Results

For a given statistical analysis, if any outliers were detected (more
than 3 standard deviations above or below the mean), a duplicate
analysis excluding outliers was conducted. When outliers were detected,
no differences were observed in the patterns of results.

2.2.1. Initial learning

Initial test performance was first analyzed to ensure that there were
no significant pre-existing differences in initial learning across the three
retention interval groups. Accuracy during Initial Learning was calcu-
lated for each subject as proportion correct on the two initial cued-recall
tests. For 2 subjects, performance on 1 of the 60 initial cued-recall test
trials failed to log. For these 2 subjects, initial accuracy was calculated as
proportion correct out of 1 fewer trials. [tems were scored leniently. For
example, if the correct answer was “OFFERED,” responses such as
“OFFER” and “OFFERING” (along with misspellings, such as “OFFER-
RED”) were counted as correct.

As can be seen in Table 1, participants in the three retention interval
groups performed similarly on the initial test, as expected given that the
delay manipulation occurred after the initial test. In addition, perfor-
mance improved from the first to the second initial cued-recall test,
likely reflecting practice effects. This improvement, however, did not
significantly differ for the three retention interval groups.

A Two-Way Mixed ANOVA formally examined the effect of retention
interval group (between-subjects: immediate, 1 day delay, 4 day delay)
and test block (within-subjects: initial test block 1, initial test block 2) on
initial test accuracy. The main effect of retention interval was not sig-
nificant (F(2, 80) = 0.38,p = .684, nﬁ =.01); subjects in the three delay
conditions were similar in overall initial test performance (Mjmmediate =
.51, My qay = .49, M4 qay = .47). There was, however, a significant main
effect of initial test block; cued-recall accuracy increased from the first
(M = .44) to the second (M = .53) test (F(1, 80) = 23.31,p < .001, 72 =
.23). The interaction between retention interval group and initial test
block, however, was not significant (F(2, 80) = 1.08, p = .346, 1112, =.03).

Table 1

Initial cued-recall test performance in Experiment 1. Means (and standard
errors) are reported for initial test blocks 1 and 2 by retention interval group
(immediate, 1 day delayed, 4 day delayed).

Experiment 1: Initial Cued-Recall Test Accuracy

Retention Interval Initial Test Block 1 Initial Test Block 2

Immediate .44 (.03) .57 (.04)
1 Day Delay .45 (.03) .53 (.03)
4 Day Delay .44 (.03) .50 (.04)

Mean (SE) performance during initial test blocks 1 and 2 for each retention in-
terval group.
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2.2.2. Final testing

2.2.2.1. Accuracy. The next analysis considers whether final recogni-
tion test accuracy and the magnitude of the testing effect differ as a
function of retention interval. Accuracy was calculated as hits (confi-
dence responses 4, 5, and 6 to old items) minus false alarms (FAs; con-
fidence responses 4, 5, and 6 to new items) on the final recognition test.

Fig. 2 displays accuracy on the final recognition test by Initial
Learning condition and retention interval group. As is apparent in the
figure, performance was better for items previously tested than for items
previously untested (i.e. a testing effect was revealed). Although overall
performance declined following the immediate final test condition, the
magnitude of the testing effect did not change across retention interval.

A Two-Way Mixed ANOVA examining the effect of retention interval
(between-subjects: immediate, 1 day delay, 4 day delay) and Initial
Learning condition (within-subjects: test, no test) on Final Testing ac-
curacy supported this conclusion. There was a main effect of Initial
Learning condition (F(1, 80) = 155.04, p < .001, qﬁ = .66), revealing a
testing effect in which performance was better for previously tested (M
= .39) than for previously untested (M = .27) items.

There was, additionally, a main effect of retention interval (F(2, 80)
= 17.20, p < .001, ;112, = .30). Post hoc comparisons with Tukey HSD
correction for multiple comparisons revealed that performance was
significantly better on the immediate final test (M = .47) than after both
a 1 day delay (M = .29; mean difference = 0.18, corrected p = .001) and
a 4 day delay (M = .22; mean difference = 0.25, corrected p < .001).
Performance did not significantly differ between the 1 and 4 day
retention interval conditions (mean difference = 0.07, corrected p =
.252). Finally, the interaction between Initial Learning condition and
retention interval was not significant (F(2, 80) = 0.95, p = .392, nﬁ =
.02), indicating that the magnitude of the testing effect did not change
with increasing delay between Initial Learning and Final Testing.

For comparison, another common measure of accuracy, d’, was
calculated in order to adjust for potential differences in response bias
across subjects. Using this alternative measure of accuracy, all patterns
of results remained the same with the exception that the interaction
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Fig. 2. Final recognition test accuracy in Experiment 1. Average accuracy
(+SE) was calculated as correct recognition (hits) minus false alarms (FAs) and
is depicted here by Initial Learning condition (test vs. no test) and retention
interval (immediate, 1 day delay, 4 day delay).
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between Initial Learning condition and retention interval approached
significance (F(2, 80) = 2.92, p = .060, 72 = .07).

2.2.2.2. Parameter estimates. The primary goal of Experiment 1 was to
examine estimates of recollection and familiarity on the final test and
the extent to which one or both of these processes support the testing
effect seen at each delay. In order to obtain estimates of recollection and
familiarity on the final test, confidence and accuracy data were fit to the
Dual-Process Signal-Detection model using Maximum Likelihood Esti-
mation (MLE) via the ROC Toolbox in MATLAB (Koen et al., 2017;
Version 1.1.3). The ROC Toolbox creates individual subject ROCs and
calculates recollection and familiarity parameter estimates, as well as
subject-specific model fit statistics, for further analysis (see Koen et al.,
2017; Yonelinas, 1994; Yonelinas et al., 2010; Yonelinas and Parks,
2007).

Model fit. We first address the fit of the Dual-Process Signal-Detection
(DPSD) model to the confidence data. In each delay condition the
average across subjects of individual-level R? goodness-of-fit measures
was high: immediate final test mean (standard deviation) R? = 96
(0.04); 1-day delay R? = .94 (0.05); and 4-day delay R? = .94 (0.05). For
the interested reader, we also fit the Experiment 1 confidence data to an
alternative competing model, the Unequal-Variance Signal-Detection
(UVSD) Model, which argues that a general memory strength signal,
along with a variance parameter, can account for recognition memory
data (e.g., see Wixted, 2007a). The UVSD model was likewise fit via the
ROC Toolbox in MATLAB (Koen et al., 2017; Version 1.1.3). Both models
provided a good fit to the data, with neither model unequivocally
preferred, as is often the case (Parks and Yonelinas, 2007a). Supple-
mentary Tables 1 and 2 provide more detailed information on the fit of
the DPSD and UVSD models, for the interested reader.

The dual-process perspective and DPSD model, specifically, has been
employed in a vast literature on various topics to estimate recollection
and familiarity (e.g., see Yonelinas et al., 2010); and it is the perspective
taken in the present study (see Diana et al., 2006; Jang et al., 2009,
2011; Parks and Yonelinas, 2007a, 2007b; Wixted, 2007a, 2007b;
Wixted and Mickes, 2010; Yonelinas, 1994; Yonelinas and Parks, 2007,
for debate on this subject). In the General Discussion, we provide a brief
discussion of the debate between dual- and single- (and related) process
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views of recognition memory, along with an alternative interpretation of
the present data in terms of the UVSD model.

Recollection and familiarity parameters. Fig. 3 displays parameter es-
timates of recollection (A) and familiarity (B) on the final recognition
test by initial learning condition and retention interval group. As can be
seen in Fig. 3A, estimates of recollection revealed a testing effect over
time. Although recollection estimates declined following the immediate
final test, the magnitude of the testing effect in recollection did not
significantly change over time. Similarly, as can be seen in Fig. 3B, es-
timates of familiarity revealed a testing effect at all retention intervals.
However, in addition to a decline in familiarity estimates following the
immediate final test, the magnitude of the testing effect in familiarity
likewise declined. Critically, however, a testing effect in familiarity es-
timates was revealed at all retention intervals.

A Three-Way Mixed ANOVA formally examined the effect of
parameter (within-subjects: recollection, familiarity), Initial Learning
condition (within-subjects: test, no test), and retention interval (be-
tween-subjects: immediate, 1 day delay, 4 day delay) on process esti-
mates during Final Testing, revealing a significant three-way interaction
(F(2, 80) = 4.41, p = .015, ;112, =.10). To break down this interaction,
Two-Way Mixed ANOVAs were conducted separately for recollection
and familiarity estimates to examine the effect of Initial Learning con-
dition and retention interval on process estimates (see Supplementary
Materials for the results of Two-Way Repeated Measures ANOVAs for
each retention interval).

For estimates of recollection, the main effect of Initial Learning
condition was significant (F(1, 80) = 80.20, p < .001, nﬁ =.50; Miest =
.24, Mo test = -12), revealing a testing effect in recollection estimates on
the final test. There was also a significant main effect of retention in-
terval (F(2, 80) = 10.68, p < .001, ;15 =.21); post hoc comparisons with
Tukey HSD correction revealed that performance was significantly
better on the immediate final test (M = .27) than after both a 1 day delay
(M = .17; mean difference = 0.10, corrected p = .024) and a 4 day delay
(M = .10; mean difference = 0.17, corrected p < .001). Performance did
not significantly differ between the 1 and 4 day retention interval con-
ditions (mean difference = 0.07, corrected p = .198). Finally, the two-
way interaction between initial learning condition and retention inter-
val was not significant (F(2, 80) = 1.51, p = .227, r]f, = .04), indicating
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Fig. 3. Parameter estimates on the final recognition test in Experiment 1. Average estimates (+SE) of (A) recollection and (B) familiarity on the final
recognition test are depicted by Initial Learning condition (test vs. no test) and retention interval (immediate, 1 day delay, 4 days delay).
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that the magnitude of the testing effect in recollection estimates did not
significantly change with increasing delay between Initial Learning and
Final Testing.

For estimates of familiarity, by contrast, the two-way interaction
between Initial Learning condition and retention interval was significant
(F(2, 80) =5.05,p =.009, 115 =.11), indicating that the magnitude of the
testing effect in familiarity estimates changed with increasing retention
intervals between Initial Learning and Final Testing. To explore this
interaction further, post hoc analyses examined the effect of Initial
Learning condition on estimates of familiarity at each delay, finding a
significant testing effect on an immediate (t(28) = 6.55, p < .001,
Cohen’s d = 1.22), 1-day delayed (t(24) = 5.07, p < .001, Cohen’s d =
1.01), and 4-day delayed (t(28) = 2.31, p = .029, Cohen’s d = .43) final
test.

Post hoc analyses of the effect of retention interval on estimates of
familiarity in both the test and no test condition were likewise exam-
ined, finding a significant effect of delay in the test condition (F(2, 80) =
14.99, p < .001, ;15 =.27). Follow-up pairwise comparisons with Tukey
HSD correction revealed that estimates of familiarity in the testing
condition were significantly higher on the immediate final test (M =
1.19) than after both a 1-day delay (M = .76; mean difference = 0.42,
corrected p = .007) and a 4-day delay (M = .48; mean difference = 0.71,
corrected p < .001). However, estimates of familiarity in the testing
condition did not significantly differ between the 1- and 4-day retention
interval conditions (mean difference = 0.28, corrected p = .098). There
was likewise a significant effect of delay in the no test condition (F(2,
80) =9.65, p < .001, 115 =.19); pairwise comparisons with Tukey HSD
correction revealed that estimates of familiarity in the no testing con-
dition were significantly higher on the immediate final test (M = 0.83)
than after both a 1-day delay (M = .51; mean difference = 0.33, cor-
rected p = .016) and a 4-day delay (M = .36; mean difference = 0.48,
corrected p < .001). However, as before, estimates of familiarity in the
no testing condition did not significantly differ between the 1- and 4-day
retention interval conditions (mean difference = 0.15, corrected
p = .390).

In summary, although some differences in the pattern of results for
recollection and familiarity estimates were observed, a testing effect was
revealed in estimates of recollection and familiarity at all retention
intervals.

2.3. Discussion

The central finding of Experiment 1 was that prior retrieval practice
magnified estimates not just of recollection but also of familiarity on a
later final test. This pattern of results occurred when the final test
immediately followed initial studying and testing, and it was maintained
across a 1- and 4-day retention interval between initial and final testing.
Thus, in Experiment 1 we did not replicate prior literature that posits a
role for recollection only in producing the testing effect on an immediate
final test. Of note, the method of estimating recollection and familiarity
in the current study (confidence responses fit to the Dual-Process Signal
Detection model) aligns with the method used on delayed final tests in
Bies-Hernandez (2013) but differs from the methods used on immediate
final tests in prior studies. Experiment 2 was designed to address
whether this methodological discrepancy might account for the present
findings and dictate whether a testing effect in familiarity would be
observed on an immediate final test. As such, in Experiment 2 another
common method of estimation (and one used in Chan and McDermott,
2007) was adopted: the Remember-Know technique (Tulving, 1985;
Yonelinas, 2002; Yonelinas and Jacoby, 1995).

3. Experiment 2: Conceptual replication
The purpose of this study was to establish the generalizability of the

conclusions of Experiment 1 with a new measure for estimating recol-
lection and familiarity (one used in prior research with an immediate
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final test). Performance was examined on an immediate and 4-day
delayed final test, using Remember-Know-New responses from which
to estimate recollection and familiarity. A 1-day delayed final test was
not included, as the 1- and 4-day delayed final tests produced virtually
identical patterns of results in Experiment 1.

3.1. Materials and methods

3.1.1. Participants

One-hundred and twenty-nine subjects completed an initial training
session of the experiment on Amazon Mechanical Turk (immediate final
test condition: 59; 4-day delay: 70). Of these, 7 subjects were excluded
because they failed to complete the remaining experimental session(s)
(immediate final test condition: 1; 4-day delay: 6). Specifically, in order
to ensure that subjects understood the Remember-Know-New (RKN)
instructions, all subjects completed an extensive training session before
being admitted to the main experiment (see Procedure section below for
details regarding the training). An experimenter then judged responses
from the training task and determined whether the subject understood
the RKN distinction (responses were judged twice by the same experi-
menter at two different time points; any disagreements between the
judgments were considered and then resolved). Participants who did not
pass the RKN training were not invited to complete the main experi-
ment. Forty-five subjects failed to pass the RKN training (immediate
final test: 22; 4-day delay: 23; see Supplementary Materials for example
correct and incorrect responses). An additional 38 subjects were
excluded due to a combination of the following issues (for some subjects,
the following reasons for exclusion occurred in conjunction with failing
the initial RKN training or failing to complete all remaining experi-
mental sessions]): noting words during the task (8), restarting the
experiment after beginning the main task (1), missing data (2), reporting
not normal or corrected-to-normal vision (3), reporting a possible
neurological disorder (6), reporting that English is not the subject’s
native language (1), reporting that the subject does not wish to be
invited back to complete the main experimental task (1), and failing a
short RKN retraining before completing the final recognition test (21;
this retraining was completed to ensure that subjects continued to
exhibit an adequate understanding of the RKN distinctions before
completing the Final Testing session). One additional subject was
excluded as final test responses clearly indicated a complete lack of
engagement in the task (making over 50 of the same responses in a row).
All subjects were at least 18 years old. Forty-three subjects met all in-
clusion criteria: immediate final test (N = 21, mean age = 34.8, SD age
= 9.0, age range = 23-51, female [F] = 8), 4-day delay (N = 22, mean
age = 37.0, SD age = 9.1, age range = 27-63, F = 11). Conditions were
run sequentially on Amazon Mechanical Turk (1: immediate; 2: 4-day
delay).

Subjects were compensated approximately $9.00 per hour for their
participation (and an additional $1.00 for completing the initial RKN
training). Before beginning the study, subjects consented to participa-
tion and, upon completion of the study, were debriefed. Experiment 2
was conducted in accordance with the Washington University in St.
Louis Institutional Review Board.

3.1.2. Materials

All experimental task materials were the same as in Experiment 1,
with one exception. Specifically, one stimulus in the current study,
“REMEMBER,” was replaced with another stimulus of the same length
and Kucera-Francis Frequency during data collection in the immediate
final test condition when it came to the experimenter’s attention that the
stimulus may be confusing for subjects (given that the final test response
instructions for Experiment 2 contain the response choice “Remember”;
see below). Responses to the word “REMEMBER” were removed from
analysis for any subjects in Experiment 2 who completed the task before
the stimulus was replaced.

RKN training and retraining materials consisted of explanations of
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the RKN response options, 12 multiple choice questions, and 6 short
answer questions concerning the RKN judgments and distinctions. The
complete RKN training task can be found in the Supplementary Mate-
rials along with example responses from one subject who passed and one
subject who failed the training.

3.1.3. Procedure

3.1.3.1. Initial RKN training. To ensure that subjects understood the
RKN distinctions and task instructions—and because misunderstandings
create difficulty in interpretation of the recollection and familiarity es-
timates obtained from RKN responses—before completing the main
experimental task, subjects completed an RKN training session (see RKN
Training in the Supplementary Materials for the complete RKN training
instruction). During the training, subjects were provided with explana-
tions of each response type and were asked to review these instructions
twice. Subjects then answered 12 multiple choice questions concerning
the response types (4 questions per response type; e.g. “You are pre-
sented with the word ‘FRAME.” You recall that this had come right at the
beginning of the previous list. What response do you make?” With
answer choices: Remember, Know, New). Subjects were then asked to
provide a description and an example (in separate short answer forms)
of each of the three judgment types. On the basis of responses to the
multiple choice and short answer questions, an experimenter deter-
mined whether the subject understood the RKN distinction and in-
structions. Subjects who understood the RKN distinction were invited
back the next day to take part in the main experimental task.

3.1.3.2. Initial learning. The Initial Learning procedure was identical to
that of Experiment 1.

3.1.3.3. Retention interval. Subjects completed the final recognition test
either 1) immediately (average retention interval = 7.54 min [longer
than the equivalent immediate final test condition in Experiment 1 due
to the addition of an RKN retraining before the final test, see RKN
retraining below], SD = 3.48 min, range = 3.27 min-15.00 min); or 2)
approximately 4 days later (average retention interval = 4.07 days, SD
= 0.22 days, range = 3.94 days—4.93 days).

3.1.3.4. RKN retraining. Before the final recognition test, subjects
completed an RKN retraining task. The RKN retraining task was similar
to the initial RKN training task, except that it did not include a multiple
choice section. All subjects who completed the RKN retraining had the
option to continue to the final recognition test following the retraining
(the final recognition test followed immediately and automatically after
the RKN retraining). However, an experimenter reviewed RKN retrain-
ing responses after-the-fact, and excluded from analysis any subjects
that did not appear to understand of the RKN distinction and in-
structions during the retraining (see the Participants section above).

3.1.3.5. Final testing. The final recognition test was identical to that of
Experiment 1, with the exception of the response options and in-
structions. Subjects were asked to indicate their memory for stimuli by
making Remember-Know-New responses via the 7-8-9 keys (or 9-8-7
keys, for a portion of the subjects) on their keyboard. A Remember
response indicates that the participants can consciously recall specific
parts of the experience they had when they saw the word in the Initial
Learning session of the study. By contrast, a Know response indicates
that the participants have a gut feeling that they saw the word in the
previous session of this study, but that they do not have conscious
recollection of ‘seeing’ or ‘experiencing’ it in the previous session. A
New response indicates that the participant believes the word to be new
to the study.
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3.2. Results

As in Experiment 1, the existence of outliers (more than 3 standard
deviations from the mean) was examined for each analysis. No outliers
were detected in Experiment 2.

3.2.1. Initial learning

First, initial learning was examined to ensure that performance was
similar across the different retention interval groups. Accuracy was
calculated for each subject in the same way as in Experiment 1.

As in Experiment 1, initial test accuracy was similar in the immediate
and 4 day delay retention interval groups (see Table 2). A Two-Way
Mixed ANOVA examined the effect of retention interval condition (be-
tween-subjects: immediate, 4 day delay) and test block (within-subjects:
Initial Test Block 1, Initial Test Block 2) on initial test accuracy. The
main effect of retention interval was not significant (F(1, 41) = 0.01,p =
.917, nﬁ < 0.001); subjects in both retention interval conditions per-
formed similarly on initial tests (Mimmediate = -49, M4 day = .49). In
addition, there was no significant main effect of initial test block,
although subjects numerically improved from the first (M = .47) to the
second (M = .51) initial cued-recall test (F(1, 41) = 3.91, p = .055, r]f, =
.09). Finally, the interaction between retention interval condition and
initial test number was not significant (F(1, 41) = 0.31, p = .578, 715 =
.01). Thus, performance on initial tests was roughly equivalent across
retention interval groups and reflected a pattern of results similar to that
found in Experiment 1.

3.2.2. Final testing

3.2.2.1. Accuracy. Accuracy on the recognition test was calculated as
hits (Remember and Know responses to items previously seen in the
experiment) minus FAs (Remember and Know responses to items not
previously seen in the experiment).

Fig. 4 displays accuracy on the final recognition test by Initial
Learning condition and retention interval group. As in Experiment 1, a
testing effect occurred across retention interval. Although overall per-
formance declined over time, the magnitude of the testing effect did not
change over time.

A Two-Way Mixed ANOVA examined the effect of retention interval
group (between-subjects: immediate, 4 day delay) and Initial Learning
condition (within-subjects: test, no test) on Final Testing accuracy.
There was a main effect of Initial Learning condition (F(1, 41) = 76.40, p
< .001, r]IZ, = .65); a testing effect emerged such that performance was
greater for items previously tested (M = .46) than for items previously
untested (M = .33). There was, additionally, a main effect of retention
interval (F(1, 41) = 35.96, p < .001, ;15 =.47); as expected, performance
was better on the immediate final test (M = .52) than after a 4-day delay
(M = .27). As in Experiment 1, the interaction between Initial Learning
condition and retention interval was not significant (F(1, 41) = 0.70, p
=.407, nﬁ =.02), indicating that the magnitude of the testing effect did
not differ as a function of retention interval between Initial Learning and
Final Testing.

For comparison, another common measure of accuracy, d’, was
calculated to adjust for potential differences in response bias across

Table 2

Initial cued-recall test performance in Experiment 2. Means (standard er-
rors) are reported for initial test blocks 1 and 2 by retention interval group
(immediate, 4 day delayed).

Experiment 2: Initial Cued-Recall Test Accuracy

Retention Interval Initial Test Block 1 Initial Test Block 2

Immediate
4 Day Delay

.47 (.03)
.46 (.03)

.50 (.03)
.52 (.04)

Mean (SE) performance during initial test blocks 1 and 2 for each retention in-
terval group.
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Fig. 4. Final recognition test accuracy in Experiment 2. Final recognition
test average accuracy (+SE) was calculated as correct recognition (Remember
and Know hits) minus false alarms (Remember and Know FAs) and is depicted
here by Initial Learning condition (test vs. no test) and retention interval (im-
mediate, 4 day delay).

subjects. Using this alternative measure of accuracy, all patterns of re-
sults remained the same.

3.2.2.2. Parameter estimates. The primary goal in conducting Experi-
ment 2 was to examine the extent to which recollection and familiarity
supported the testing effect over time, using RKN data in order to obtain
process estimates. Estimates of recollection and familiarity on the final
recognition test were calculated by using the Independence Remember-
Know Procedure (Yonelinas, 2002; Yonelinas and Jacoby, 1995; see
Supplementary Materials for exact formulas used).

Fig. 5 displays parameter estimates of recollection (A) and famil-
iarity (B) on the final recognition test by Initial Learning condition and
retention interval group. As can be seen in the figure, estimates of both
recollection and familiarity revealed a testing effect over time. Although
overall recollection and familiarity estimates declined from the imme-
diate to the 4-day delayed final test, the magnitude of the testing effect
in recollection and familiarity did not significantly change over time.

A Three-Way Mixed ANOVA formally examined the effect of
parameter (within-subjects: recollection, familiarity), Initial Learning
condition (within-subjects: test, no test), and retention interval (be-
tween-subjects: immediate, 4 day delay) on process estimates during
Final Testing. The three-way interaction was not significant (F(1, 41) =
2.12,p=.153, '75 =.05). In addition, no significant two-way interactions
were present (parameter X retention interval, p = .951; Initial Learning
condition X retention interval, p = .567; parameter X Initial Learning
condition, p = .847).

Lastly, main effects of Initial Learning condition, retention interval,
and parameter were examined. The main effect of Initial Learning
condition was significant (F(1, 41) = 75.93, p < .001, 115 = .65), indi-
cating a testing effect, such that process estimates were higher for items
previously tested (M = .34) than for items previously untested (M = .23).
The main effect of retention interval was also significant (F(1, 41) =
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Fig. 5. Parameter estimates on the final recognition test in Experiment 2.
Average estimates (+SE) of (A) recollection and (B) familiarity on the final
recognition test are depicted by Initial Learning condition (test vs. no test) and
retention interval (immediate, 4 day delay).

29.54,p < .001, nf, = .42), indicating that process estimates were higher
for items on an immediate final test (M = .38) than for items on a 4-day
delayed final test (M = .19). The main effect of parameter, however, was
not significant (F(1, 41) = 1.92, p = .173, 7112, =.04).

Thus, as in Experiment 1, at both retention intervals, estimates of
both recollection and familiarity revealed a testing effect during Final
Testing, and process estimates decreased over time. In contrast to
Experiment 1, the magnitude of the testing effect in recollection and
familiarity did not differentially change over time.

3.2.2.3. Raw know responses. Of note, although estimates of familiarity
revealed a clear testing effect at both retention intervals, raw Know
response probabilities did not (immediate: t(20) = 1.00, p = .329,
Cohen’s d = 0.22; 4-day delay: t(21) = 0.08, p = .941, Cohen’s d = 0.02;
see Supplementary Fig. 1). Although an overall testing effect in Know
responses across subjects was not observed, some subjects did exhibit a
numerical testing effect in Know responses. The lack of an overall testing
effect in raw Know probabilities is likely due to the fact that, to the
extent that prior testing enhances recollection, fewer Know responses
can be made. This pattern occurs because in the Remember-Know pro-
cedure, when a participant recollects an item, he or she must provide a
Remember, rather than a Know, response, even if item familiarity was
experienced. The Independence Remember-Know Procedure, commonly
used to obtain parameter estimates of familiarity (and used in the pre-
sent study), serves to adjust for this bias.

Beyond this suggestion, in the present data we observe strong evi-
dence to suggest that the lack of an observed testing effect in raw Know
probabilities is not due to a lack of an effect of prior testing on famil-
iarity. Instead, evidence suggests that enhanced recollection following
testing led to fewer Know responses for items previously tested, even
when familiarity was enhanced due to prior testing. Specifically, the
magnitude of the testing effect in raw Know responses revealed a
moderate-to-strong negative correlation with the magnitude of the
testing effect in raw Remember responses (immediate: r(19) = —.64,p =
.002; 4-day delay: r5(20) = —.44, p = .040; see Supplementary Fig. 2).
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This negative relation suggests one of two possibilities. One possibility,
which we believe to be very unlikely, is that when prior testing enhances
recollection more for an individual, familiarity is truly enhanced less for
that individual. The second possibility, which we believe to be much
more likely, is that individuals for whom prior testing enhances recol-
lection more simply cannot provide Know responses as readily to items
previously tested (given their enhanced Remember responding). This
situation then produces the negative relation across subjects between
the magnitude of the testing effect in raw Remember and raw Know
responses. Thus, the absence of an overall testing effect in raw Know
probabilities does not pose issues for the above conclusions with regard
to estimates of familiarity.

The primary goal of Exp. 2 was to examine parameter estimates of
recollection and familiarity. As such, the analysis of raw Know proba-
bilities was conducted for the purpose of completeness and will not be
considered further.

3.3. Discussion

Experiment 2 was designed to examine the generalizability of the
finding that prior testing magnified estimates of both recollection and
familiarity on an immediate and a delayed final test. Critically, Experi-
ment 2 used a different method of obtaining estimates of recollection
and familiarity (the Remember-Know procedure, used in Chan and
McDermott, 2007), and obtained the same pattern of results: prior
retrieval practice improved both recollection and familiarity processing
on an immediate and 4-day delayed final test.

4. General Discussion

The present study examined the mechanisms that support the ben-
efits of retrieval practice to later memory. Of particular interest were
two processes—recollection and familiarity—initially proposed by
Endel Tulving (1985) to characterize distinct memory systems (also see
Jacoby, 1991; Yonelinas, 2002). Since its inception, the
recollection-familiarity distinction has been used to understand a large
variety of memory phenomena. In the present study, we used this
distinction to better understand a robust effect in the memory literature:
the testing effect.

Prior research using short retention intervals of approximately 15
min or less between initial and final testing has found that retrieval
practice magnifies estimates of recollection but does not affect the use of
familiarity (Chan and McDermott, 2007; Pu and Tse, 2014; Verkoeijen
et al., 2011; although see Gao et al., 2016). However, several findings
suggest that the mechanisms that support the long-term testing effect,
one obtained with retention intervals of a day or longer, may differ from
those previously found to support the effect on an immediate final test.
This suggestion has come from research that observes change over time
in the magnitude and direction of the testing effect (Roediger and Kar-
picke, 2006a), as well as change over time and across tests in the use of
recollection and familiarity (Conway et al., 1997; Dewhurst et al., 2009;
Gardiner and Java, 1991). This suggestion has likewise come from
studies in which delayed estimates of familiarity following initial testing
reveal a testing effect. However, with the exception of one study (Bie-
s-Hernandez, 2013), these estimates were indirectly assessed by the
present authors via group means reported in the papers (Dudukovic
et al., 2009; Kessler et al., 2014).

On an immediate, 1-day delayed (Exp. 1 only), and 4-day delayed
final test, the present study observed a testing effect in estimates of both
recollection and familiarity. This pattern was found when measures of
recollection and familiarity were obtained via confidence (Exp. 1) and
Remember-Know-New (Exp. 2) judgments. Thus, contrary to the ma-
jority of prior work using short retention intervals, the present results
suggest that the benefits of retrieval practice can arise from changes in
both familiarity and recollection. In considering only a role for recol-
lective processes in supporting the testing effect, current explanations of
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the testing effect may be incomplete. Below, the present results are
considered in light of prior research, and we provide a working hy-
pothesis as to some of the key variables that may impact whether a
familiarity-based contribution to the testing effect will emerge on a final
test. We hope this discussion will shed light on potential explanations for
the discrepancies in the literature, as well as provide testable predictions
as to when a testing effect in familiarity estimates may be revealed on a
final test.

4.1. The effect of delay and other design characteristics

Prior to the current study, only a handful of studies have used the
dual-process perspective to directly examine the mechanisms that sup-
port the benefit of retrieval practice to later memory. Whereas the ma-
jority of these studies employed a short retention interval between
initial and final testing and found increases only in estimates of recol-
lection following initial testing (Chan and McDermott, 2007; Pu and Tse,
2014; Rowland, 2011; and Verkoeijen et al., 2011; but see Gao et al.,
2016), one study employed a long retention interval and found increases
in familiarity following initial testing, and a less reliable increase in
recollection (Bies-Hernandez, 2013). The current study used an imme-
diate, 1-day delayed, and 4-day delayed final test to explore the impact
of retention interval, and, in all cases, found reliable increases in both
familiarity and recollection following initial testing. In light of these
results, one might conclude that retention interval, per se, is not a key
factor in determining whether a testing effect in familarity estimates is
revealed on a final test. However, it may be premature to draw this
conclusion. We propose that, although delay may not be necessary in
order to observe a benefit of testing to familiarity, it may be sufficient.

Indeed, inspection of the current experiments, along with those
discussed in the Introduction to this article, reveals that, for any study in
which the retention interval between initial studying and final testing is
1 day or longer, a testing effect in familiarity-related processes is
observed either statistically or numerically. This outcome was observed
with a 1-day retention interval (Kessler et al., 2014, and the present
study Exp. 1); a 2-day retention interval (Bies-Hernandez, 2013, Exp. 1
and Exp. 2 and Dudukovic et al., 2009, Exp. 1); and a 4-day retention
interval (the present study Exp. 1 and Exp. 2). By contrast, each study in
which a testing effect in familiarity estimates is not observed used very
short retention intervals (Chan and McDermott, 2007, Exps. 1-3; Ver-
koeijen et al., 2011, Exps. 1-4; Pu and Tse, 2014; Rowland, 2011, Exp. 1;
and Jones and Roediger, 1995). Why then, in the present study is a
testing effect in familiarity estimates on an immediate final test reliably
observed? One possibility is that, although retention interval may be an
important factor, several other design characteristics interact to reveal
or fail to reveal a benefit of testing to familiarity.

Before proposing several potentially influential characteristics, we
seek to address why, theoretically, if prior testing truly enhances fa-
miliarity processing, might increasing the retention interval between
initial learning and final testing increase the likelihood of observing a
testing effect in familiarity estimates. One possibility is that prior testing
only directly enhances recollection, and, by contrast, indirectly enhances
familiarity. The suggestion is that, over time, what was initially
enhanced recollection due to prior retrieval practice becomes decon-
textualized memory, and is, thus, revealed on a delayed final test as
enhanced familiarity. This suggestion would be in line with findings
from Dewhurst et al. (2009) and Conway et al. (1997), in which the
authors observed that, with repeated testing, many correct responses
initially accompanied by conscious recollection over longer retention
intervals become correct responses unaccompanied by conscious
recollection.

Although an indirect benefit of testing to familiarity could account for
the fact that a testing effect in familiarity is more often observed after
longer retention intervals, this explanation cannot account for the cur-
rent result: that testing can, in some cases, magnify estimates of famil-
iarity even on an immediate final test. Another possibility is that,
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although retrieval practice may directly enhance familiarity, this benefit
to familiarity will often fail to appear on an immediate final test. Spe-
cifically, on an immediate final test, when recollection is presumably
fairly high, subjects may rely successfully on recollection processes in
order to succeed in the task (see Bies-Hernandez, 2013, and Chan and
McDermott, 2007, for related arguments with respect to reliance on
recollective processes during final testing). When a longer retention
interval is introduced, however, and recollection of the initial learning
experience presumably decreases, subjects may rely relatively less on
recollective processing for success in the task. In this circumstance, a
testing effect in familiarity—which may always have existed, even if
unobserved—will more consistently appear on the final test. This pos-
sibility would suggest that in an experiment that employs an immediate
final test, various design choices at any stage of the experiment that
emphasize, encourage, or improve recollective processing would lower
the likelihood of observing a testing effect in familiarity estimates.
Conversely, elements of an experiment that place comparatively less
emphasis on the use of recollective processing or make recollective
processing more difficult should increase the likelihood of observing a
testing effect in familiarity estimates on an immediate final test.

Prior work has considered this possibility with respect to final test
format (Bies-Hernandez, 2013). Indeed, whereas source memory and
exclusion tests emphasize the use of recollection to succeed on the final
test, confidence-based and Remember-Know judgments place no such
emphasis. Thus, a testing effect in familiarity may be more readily
observed when using confidence and Remember-Know final test formats
because subjects need not attend specifically to recollective processes in
order to successfully complete the task (Bies-Hernandez, 2013; also see
Chan and McDermott, 2007, for a related argument). In line with this
suggestion, we observed that, of the studies that found a negative or
non-existent effect of testing on estimates of familiarity (Chan and
McDermott, 2007, Exps. 1-3; Verkoeijen et al., 2011, Exps. 1-4; Pu and
Tse, 2014; Rowland, 2011, Exp. 1; and Jones and Roediger, 1995), more
than half used a source memory or exclusion final test. By contrast, of
the studies that revealed a positive statistical or numerical testing effect
in familiarity-related processes (the current study, Exp. 1 and Exp. 2;
Bies-Hernandez, 2013, Exp. 1 and Exp. 2; Dudukovic et al., 2009, Exp. 1;
Gao et al.,, 2016; and Kessler et al., 2014), over half used a
Remember-Know or confidence-based final test.

In addition to final test emphasis on recollection, we suggest that
design choices at any stage of the experiment that emphasize or improve
recollective processing may lower the likelihood of observing a testing
effect in familiarity estimates on an immediate final test. In line with this
suggestion, we observed that the number of items to be remembered in
the testing condition was lower in studies that have failed to find
familiarity-based contributions to the testing effect (30-64 items) than
in studies that have found a testing effect in familiarity (40-140 items).
Perhaps with fewer items to remember on an immediate final test,
recollection is relatively high and can be more readily relied on for
success in the task. However, as the number of items to be remembered
increases, recollection may be more heavily taxed. As a result, partici-
pants may be less able to rely upon recollection for success in the task.

In the present data it is possible to explore this suggestion to some
extent through an examination of individual differences in overall
recollection and its relation to the magnitude of the testing effect in
familiarity. In other words, across subjects does higher recollection
predict reductions in the testing effect in familiarity? When examining
parameter estimates of recollection and familiarity, there was no
consistent statistical relation between the average of recollection esti-
mates in the test and no test condition and the magnitude of the testing
effect in familiarity (correlation coefficients and significance tests for
these analyses are provided in Supplementary Table 3).

By contrast, examination of raw confidence (Exp. 1) and Remember-
Know (Exp. 2) responses provided a different picture. Specifically, for
the raw confidence (Exp. 1) and Remember-Know (Exp. 2) data, average
raw recollection-related responding was calculated for each subject as
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the average proportion of “6” (highest confidence; Exp. 1) or
“Remember” (Exp. 2) hits minus false alarms in the test and no test
conditions. The magnitude of the testing effect in familiarity-related
responding was calculated as the proportion of “4” and “5” (lower
confidence; Exp. 1) or “Know” (Exp. 2) hits in the test condition minus
that in the no test condition. Using raw confidence and Remember-Know
responses, a negative relation was revealed between average
recollection-related responding and the magnitude of the testing effect
in familiarity-related responding on the immediate and 1-day delayed
final tests (Exp. 1 only). However, this relation was not observed sta-
tistically at the 4-day delay (although the relationships remained
negative in direction; see Supplementary Table 3).

Thus, across the literature it appears that the magnitude of the
testing effect in familiarity may be influenced in part by the extent to
which the study emphasizes recollection throughout. However, in the
present study, the relation between an individual’s average recollection
and the magnitude of the testing effect in familiarity was not clear-cut.

Finally, we observed that experiments that did not obtain a testing
effect in overall accuracy and that included a restudy, rather than no
test, control condition less often observed a testing effect in familiarity
estimates.

Of note, the above possibilities of indirect and direct effects of testing
on familiarity are not mutually exclusive and might, together, help to
explain why it is less likely to observe a testing effect in familiarity on an
immediate final test and more likely on a delayed final test. Further, the
possibilities discussed above are only speculative; experimental exami-
nation will be necessary before drawing strong conclusions.

4.2. Alternative interpretations

This article and the literature it is founded on functions within the
dual-process perspective of recognition memory. This perspective, and
the idea that independent recollection and familiarity processes can be
estimated from recognition memory performance, has been critically
examined in the literature, with much evidence to suggest its validity,
and the validity of the Dual-Process Signal-Detection (DPSD) model,
specifically (e.g., see Parks and Yonelinas, 2007a; Yonelinas, 2001,
2002).

However, a competing perspective suggests that a general memory
strength signal can better account for recognition memory performance
(e.g., see Wixted, 2007a, 2007b). A prominent model from this
perspective, the Unequal-Variance Signal-Detection (UVSD) model, ar-
gues that a single memory strength signal, along with unequal variances
of old item (previously presented) and new item (not previously pre-
sented) memory strength distributions, can account for recognition
performance (Wixted, 2007a). Critically, in this framework, whether or
not recollection or familiarity processes underlie the single memory
strength signal, the two processes cannot be separately estimated
(Wixted, 2007a, 2007b).

Interpretation of the present results within this alternative frame-
work would suggest that prior testing broadly increases the memory
strength signal for tested items, leading to improved recognition per-
formance (i.e. the testing effect). In the present study, Experiment 1
confidence data were fit to both the DPSD and UVSD models, for com-
parison. Results indicated that both models fit the data well (and to a
similar degree), as is often the case (see Supplementary Tables 1-2).

Critically, in the present study, recollection and familiarity were
additionally estimated via Remember-Know responses (Experiment 2).
An important consideration in interpretation of Remember-Know re-
sponses is the extent to which subjects correctly interpret and apply the
Remember-Know distinction when responding on the final test (e.g., for
discussion see Migo et al., 2012; Parks and Yonelinas, 2007a; McCabe
and Geraci, 2009; but also see Rotello et al., 2005). Briefly, it is
important to ensure that Remember and Know responses indicate
qualitative differences in memory and do not merely indicate respond-
ing in terms of somewhat higher vs. somewhat lower memory strength,
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respectively (also see Wixted, 2007a, 2007b; Parks and Yonelinas,
2007a). To the extent that Remember and Know responses do simply
indicate somewhat higher vs. somewhat lower memory strength, inter-
pretation of the present results from a single-process (or related)
perspective would suggest that prior testing leads to an increase in the
proportion of stronger memories (raw Remember responses) and no
change in the proportion of weaker memories (raw Know responses).
Thus, in order to make sense of these data from the dual-process
perspective of recognition memory, it is important to verify that sub-
jects correctly interpret and apply the Remember-Know distinction
when responding on the final test (e.g., Migo et al., 2012).

To this end, prior to Experiment 2 participants completed an
extensive Remember-Know training session, and only subjects who
demonstrated clear understanding of the distinction were invited to take
part in the main experimental task. Participants further completed a
Remember-Know re-training session immediately preceding the final
Remember-Know recognition test. These steps were undertaken to help
ensure that only subjects who were correctly interpreting the
Remember-Know instructions during the final test were included in
analysis. The large degree of alignment between the results of Experi-
ment 1 and 2, when using completely different methods for estimating
recollection and familiarity, along with the extensive Remember-Know
training, provides increased confidence in the conclusions drawn in
the present study.

The goal of the present article is to engage in debate with the host of
prior literature which suggests that the benefits of retrieval practice
function only through recollection-related processes (if one subscribes to
the dual-process perspective). Thus it is beyond the scope of this article
to provide a comprehensive review of the debate between dual- and
single-process (or related) perspectives of recognition memory. How-
ever, we believe this debate to be of great importance and direct the
interested reader to a thorough and continuing discussion on the topic
(e.g. see Diana et al., 2006; Dunn, 2004; Jang et al., 2009, 2011; Parks
and Yonelinas, 2007a, 2007b; Rotello et al., 2006; Wixted, 2007a,
2007b; Wixted and Mickes, 2010; Yonelinas, 1994; Yonelinas and Parks,
2007).

4.3. Implications: Neural correlates of the testing effect over time

There is little agreement as to the neural mechanisms that support
the testing effect (van den Broek et al., 2016). In light of prior research
examining the neural correlates of recollection and familiarity during
recognition testing, however, the present results point to several sug-
gestions as to potential neural correlates of the testing effect in recog-
nition memory. To the extent that recollection-related processes during
recognition memory are supported by regions in the inferior lateral
parietal cortex, hippocampus, and PhC (Diana et al., 2013; Ranganath,
2010; Vilberg and Rugg, 2007; Yonelinas et al., 2005), one could expect
that these regions may be involved in producing the testing effect on
both immediate and delayed final tests. Similarly, to the extent that
familiarity-related processes are supported by regions in the superior
lateral parietal cortex and PrC (Ranganath, 2010; Vilberg and Rugg,
2007; but see Diana et al., 2013), one could predict that these regions
may likewise be involved in producing both the immediate and delayed
testing effect. Future studies that compare retrieval-related activation
during recognition testing for items previously tested and items previ-
ously untested on both immediate and delayed final tests could help to
address this question and improve our understanding of the neural
mechanisms that support the testing effect.

4.4. Conclusions

The benefit of testing may, in many cases, accrue via enhanced
recollective processes. However, the present results clearly demonstrate
that both the short- and long-term benefits of testing can, in some cases,
be due to changes in both recollection and familiarity processes. Thus,
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the answer as to whether recollection or familiarity processes support
the testing effect may simply be: it depends. Future work that seeks to
examine the variables that influence the extent to which familiarity is
revealed as a supporting mechanism on both immediate and delayed
final tests will advance our understanding of the effect. If familiarity
processes reliably support the testing effect under particular conditions,
theoretical explanations of the effect would be improved by accounting
for a role for familiarity.
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