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We propose that we encode and store information as a function of the particular ways we have used
similar information in the past. More specifically, we contend that the experience of retrieval can serve as
a powerful cue to the most effective ways to encode similar information in comparable future learning
episodes. To explore these ideas, we did two studies in which all participants went through study–test
cycles of single category lists while we manipulated the nature of the recognition tests. The recognition
tests either included only same-category lures or only different-category lures. The experience of
repeated testing leads participants to avoid conceptual-based strategies but only when conceptual
knowledge was poorly diagnostic for recognition (i.e., in the same-category lures condition). In a second
study with a similar manipulation, we showed that repeated testing with lures from the same category as
study items improved performance in a final recall surprise test compared to conditions in which
different-category lures were used. Such a difference is akin to the one obtained when encoding
instructions focus on distinctive item features compared to cases in which the focus is on relational
processing. We suggest that testing requirements lead to adaptive changes at encoding.

Keywords: Retrieval practice; Implicit learning; Test structure; Adaptive memory.

Human memory did not evolve to give
optimal performance in our silly laboratory
task[s]

Anderson (1990, p. 42)

The idea that we will fail to grasp what memory is
without knowing what memory is for is hardly new.
Several authors have presented this idea before
(Bjork & Bjork, 1992; Neisser, 1978) others have
developed specific (McClelland & Chappell, 1998;
Shiffrin & Steyvers, 1997) or even quite general
models (Anderson, 1990) around it. In this paper,

we join these authors by proposing a narrow version
of the same idea. We propose that we encode and
store information as a function of the particular
ways we have used similar information in the past.
More specifically, we contend that the experience of
retrieval can serve as a powerful cue to the most
effective ways to encode similar information in
comparable future learning episodes.

In order to explore these notions, we designed
two experiments in which all participants went
through multiple study–test cycles of single-
category lists with different types of tests. Each
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test involved recognition, but either included only
same-category lures or only different-category
lures. From here onwards, we refer to this
manipulated feature as “test structure”. We
expected that the experience of multiple study–
test cycles (i.e., repeated testing) would lead to
adaptive changes in subsequent performance as
long as test structure remained constant; but this
adaptive change would also carry a cost that would
be detectable whenever the test structure changed.

As our goals and methods combine ideas that
have been explored under the rubrics of test
expectancy (e.g., Balota & Neely, 1980; Finley &
Benjamin, 2012), the power of testing (e.g.,
Landauer & Bjork, 1978; Roediger & Karpicke,
2006) and conceptual learning effects (Higham
& Brooks, 1997; Kantner & Lindsay, 2010), we
will first briefly refer to these literatures, both to
review previous findings on the effects of test
experiences on subsequent encoding, and to
describe how our studies differ from the studies
carried out under these rubrics.

Testing expectancy

The first studies identifying test expectancy effects
were reported by Meyer (1934, 1936). Meyer’s
findings were intuitive and compelling: students
expecting an essay test always performed better
than those expecting a multiple-choice test,
regardless of final criterial test format. The take
home message appeared to be clear—students
should always study as if for an essay test, even
when they expect a different kind of test. Further
lab research used practice tests to induce expect-
ancy of a final criterial tests, and roughly equated
essays with free recall and multiple-choice with
recognition. Findings from these studies either
converged with the conclusion that expectations
of a recall test produced superior performance in
all cases (e.g., Balota & Neely, 1980; Hall, Gross-
man, & Elwood, 1976, exp. 1; Neely & Balota,
1981; Schmidt, 1983; Thiede, 1996) although some
studies only found the recall expectancy superior-
ity in recall performance (e.g., Connor, 1977;
d’Ydewalle, 1981; Hall et al., 1976, exp. 3; Maisto,
DeWaard, & Miller, 1977). Puzzling enough, the
picture is even less clear-cut in field studies, where
a test expectancy match benefit is more often
found than recall expectancy superiority effects—
students expecting an essay do better at essay tests
than students expecting multiple-choice test;
whereas the converse is true for multiple-choice

performance (for a meta-analysis that includes
both lab and field studies, see Lundeberg & Fox,
1991).1 With some exceptions (e.g., Finley &
Benjamin, 2012; Leonard & Whitten, 1983;
Tversky, 1973; Whitten & Leonard, 1980), the
test expectancy literature has been targeted at
exploring and accounting for Meyer’s initial find-
ings, either in lab studies that induced recall or
recognition expectancies by practice tests or in field
studies that used the supposedly more naturalistic
test counterparts, namely essay and multiple-
choice tests and induced test expectancy by manip-
ulating practice tests, instructions or both. In our
case, although we use practice tests to induce test
expectancies just as many of the lab studies in this
area, we are not interested in how test expectancies
affect test performance per se, instead we are more
interested in exploring how experience with testing
leads to more adaptive encoding of subsequent
information for the same type of test. More
specifically, we are interested in showing how test
expectancy and beliefs about test structure can
influence future study episodes and not only per-
formance on tests.

The power of testing

Since its inception (Ebbinghaus, 1885), the scient-
ific study of memory has maintained a sharp
contrast between the phases of study and test.
Learning would—ideally—occur only during the
study phase and testing would serve exclusively to
provide a more or less sensitive assessment of
learning. It is true that over time there have been a
few critical voices speaking up against this simp-
listic view (e.g., Bjork, 1975; Izawa, 1971), but by
and large in the memory literature, the investiga-
tion of encoding has been separated from the
study of retrieval. Moreover, research on encoding
processes has predominated over research on
retrieval processes. Recently, under the concept
of the “testing effect” (for recent reviews, see
Roediger & Butler, 2011; Roediger, Putnam, &
Smith, 2011), the literature has uncovered a host
of processes that occur at testing and that can
modify, add and generally boost learning. For
instance, Karpicke and Roediger (2008) have
shown that repeated retrieval practice (in the
absence of new study opportunities) enhances

1There were however a few exceptions, even for the more
restricted version of Meyer’s hypothesis (e.g., McDaniel,
Blischak, & Challis, 1994)
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long-term learning much more than repeated
studying of the same information (in the absence
of repeated testing).

Our studies, however, are not concerned with
the benefits of repeated testing of the same
information and long-term retention, but with the
changes induced by repeated testing in the encod-
ing of new information. That is, we are interested
in test potentiation effects, a much lesser explored
subject. Research on test potentiation is usually
related to how unsuccessful retrieval attempts
enhance learning by improving encoding of the
same or related items in subsequent study epi-
sodes (Finley & Benjamin, 2012; Izawa, 1971;
Karpicke, 2009; Szpunar, McDermott, & Roedi-
ger, 2007; Wissman, Rawson, & Pyc, 2011). Our
studies depart from this more usual line of
research in the sense that we aim to study how
the development of strategies during retrieval can
change encoding of a different set of items.
Despite this difference, we are still interested in a
mediated testing benefit and not just in the direct
benefits of testing.

Mediated and direct effects of testing have
often been treated in an undifferentiated way
and only recently have testing and test potentia-
tion effects been experimentally isolated (see
Arnold & McDermott, 2013) and the possible
processes by which potentiation occurs clarified
(Grimaldi & Karpicke, 2012). Our aim with this
study is precisely to enlighten some of the
mechanisms that might be responsible for some
forms of the test potentiation effect, namely with
novel items.

Conceptual learning

In our studies, although all study lists correspond
to exemplars of a given category, in one condition,
the recognition test includes only lures from a
different category. In this sense, our recognition
test becomes very similar to classification tasks
used in concept learning (Bruner, Goodnow, &
Austin, 1956; for an extensive review, see Murphy,
2002; for a review on implicit learning, see Seger,
1994). In classification tasks, participants have to
learn to discriminate items pertaining to different
categories (corrective feedback is usually provided
during discrimination). Performance is usually
assessed by classification accuracy of new exem-
plars. In recognition memory tasks participants
have to discriminate items pertaining to the study
list from lures (new items), and corrective

feedback is usually not provided during discrim-
ination. Performance is usually assessed by identi-
fication accuracy (P(“old”/“old”) – P(“old”/“new”)). But
classification and recognition tasks can be very
similar because participants in classification tasks
are sometimes asked to study examples of cat-
egory A, and only later are they asked to classify
old and new items members as members of
category A or B (non-A). In classification tasks,
the discrimination criteria are feature based, cor-
rective feedback is usually provided, and the
learning episodes are not clearly separated from
the testing episodes as usually occurs in memory
tasks. In recognition memory tasks, the discrim-
ination criteria are episodic, special care is taken
to prevent feature-based learning (i.e., list items
should match foils in every respect other than their
encoding status), corrective feedback is not usually
provided, and the separation between learning
and testing phases is clear-cut, with the tasks for
each phase being clearly different. These differ-
ences conspire to allow for little concept or
feature-based learning to occur, or at least to be
ascertainable in recognition tasks. This is unfortu-
nate, because memory and concept-based learning
are likely to be closely interwoven in the real
world. In fact, the literature has already documen-
ted a host of effects of knowledge on memory
(e.g., prototype memory effects and false memory
effects based on previous associations or know-
ledge, see Anisfeld & Knapp, 1968; Brainerd &
Reyna, 1988; Posner & Keele, 1968; Roediger &
McDermott, 1995; Underwood & Freund, 1968)
and several theoretical approaches have already
attempted to delineate a more meaningful rela-
tionship between memory and concept learning
(Brainerd & Reyna, 2001; Hintzman, 1986). More
specifically, Higham and Brooks (1997) have
obtained classical recognition memory effects in a
classification task and classical classification effects
in a recognition memory task. Thus, in a classi-
fication task, participants classified items as better
category exemplars when they had a positive
episodic status (i.e., they were “old”) or
when they were deeper processed (see Craik &
Lockhart, 1972). Moreover, these results reversed
for new items such that a “mirror effect” was
obtained (see Glanzer & Adams, 1985). On the
other hand, in recognition tests, these authors
obtained common classification effects, such as
centrality effects—false recognition of new exem-
plars increases whenever their features are con-
gruent with the features of old items. Given these
findings, we believe that inducing test expectancy

ADAPTING TO TEST STRUCTURE 367



by retrieval practice will allow us to uncover
systematic concept learning effects in recognition
and to further characterise the relationship
between concept learning and memory.

EXPERIMENT 1

In Experiment 1, participants went through four
study–test cycles. Each study list was formed from
exemplars of a common category, with a different
category used for each study–test cycle. For the
two between-subjects conditions, the first three
cycles differed only in the nature of the recogni-
tion test. In the Related Lure condition, all lures
were exemplars of the category presented in the
study list, matched to the presented items in terms
of frequency of production—i.e., mean number of
times the item is produced in a category genera-
tion task. In the Unrelated Lure condition, all
lures were exemplars of a different category (one
category per list) from the one presented in the
study list. In the last study–test cycle, participants
in both conditions received a test like the ones
participants had received in the Related Lure
condition (i.e., with all lures being exemplars of
the same category presented in the study list). Our
goal was to examine how participants adapt their
encoding strategies to the requirements of the
situation in which the learned information is to
be retrieved. In this regard, the two groups of
participants stood in stark contrast. For the first
three study–test cycles, for participants in the
Unrelated Lure condition, the identification of
the category of the exemplars included in each
study list was crucial and sufficient to assure good
performance in the subsequent recognition test;
whereas for participants in the Related Lure
condition, identifying the category to which all of
the items belonged was of little value. More
specifically, in the Related Lure condition, cat-
egory knowledge had no diagnostic power when
applied to the recognition test because the lures
were matched to the presented items in terms of
category membership and frequency of production
(i.e., centrality). Thus, participants in the Unre-
lated Lure condition should make their recogni-
tion judgments based on the category membership
of test items, whereas participants in the Related
Lure condition should base their recognition judg-
ments on the distinctive features of study list
members. So, we expect that in test 4, participants
in the Unrelated Lure condition fail to adapt to
the new test and show more false alarms and

possibly less hits than participants in the Related
Lure condition, who should already have adapted
their encoding strategy to the type of test.

Although we are mostly interested in the
performance on test 4, we are confident that
recognition performance on the first three tests
will be affected by our test structure manipulation,
and that participants in the Unrelated Lure con-
dition will greatly outperform participants in the
Related Lure condition on these three tests. Also,
a more interesting question about performance on
the three first tests arises—will the difference in
the types of lures included in the recognition test
affect criterion in a contrasting way? More specif-
ically, participants in the Unrelated Lure condition
should exhibit a highly restrictive criterion in that
they should reject all the lures (which are from a
different category than the study list items) as well
as the least typical studied items because low
centrality items are often not recognised as cat-
egory members (Greenberg & Bjorklund, 1981;
Loftus, 1975; McCloskey & Glucksberg, 1978). On
the other hand, participants in the Related Lure
condition should exhibit the opposite response
tendency (i.e., a lenient criterion) because all items
on the test are from the study list item category.
This leniency bias should be greater for high
centrality relative to low centrality items. It is
important to note that the stability of the criterion
used across the study–test cycles should differ
between conditions. Participants in the Related
Lure condition should gradually learn to avoid
using conceptual knowledge to inform their recog-
nition judgments. Thus, their criterion should
become less lenient across the four study–test
cycles and the centrality bias should also decrease
across cycles. On the contrary, participants in the
Unrelated Lure condition should maintain a stable
criterion until the fourth test, which involves a
sudden change in the nature of the test (where all
lures belong to the study list item category). This
change in the nature of the lures should lead to a
dramatic change in criterion for participants who
had experienced only unrelated lures on previous
tests.

Method

Participants. Eighty-eight Lisbon University
undergraduates participated in the experiment
for payment. Forty-nine participants were assigned
to the Unrelated Lure condition (tested with
unrelated lures in tests 1–3) and 39 were assigned
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to the Related Lure condition (tested with related
lures in tests 1–3).

Materials. Four categories were selected from
the Portuguese category norms (Pinto, 1992)—
animals, fruits, occupations and body parts—to
construct the categorical lists and the related lures.
These four categories were chosen because they
were the categories with the greatest number of
exemplars with a category frequency (i.e., probab-
ility of being generated as a category exemplar)
above 5%. For each category, the 45 most fre-
quent exemplars were selected. Exemplars with
more than one word were excluded.

For each category, three study lists were built
so that, when ordered in terms of decreasing
frequency, items in positions 1 and 4, 2 and 5, or
3 and 6 were not presented and could be used as
lures in the recognition tests for participants in the
Related Lure condition. As list words and lures
were counterbalanced between participants, three
different study lists per category were created, and
each participant studied one of these lists per
category. Each study list was composed of
30 exemplars of the same category randomised
afresh for each participant. For each study list, two
types of recognition tests were created. Both types
of test included 15 out of the 30 studied words. But
the Related Lure recognition test included the
15 unstudied category members of the studied
category, whereas Unrelated Lure recognition test
included 15 unstudied and unrelated words,
selected from 15 other non-presented categories.
So, in both conditions, each recognition test
included a total of 30 words. The unrelated lures
used in the three recognition tests of the Unre-
lated Lure condition were drawn from a set of
45 exemplars of 15 non-presented categories. For
each recognition test this set was divided into
three sets, so that 15 lures of 15 different categor-
ies were included. Thus, for the Unrelated Lure
condition, the lures were different for each one of
the three tests, and each lures on a single test came
from a different category—but the 15 categories
were repeated across the three tests. Test 4 was
identical for the two conditions and was composed
of the 15 list words and the 15 unstudied members
of the same category.

Design. The design was between participants, so
participants in the Related Lure condition
received tests with lures that were from the same
category as studied words in tests 1–3, whereas
participants in the Unrelated Lure condition

received tests with lures that were from different
categories in tests 1–3. Test 4 was identical for all
the participants, and included related lures, vary-
ing only in terms of category and the specific lures
that were used for counterbalancing purposes. The
study lists were counterbalanced using a Latin
square design, resulting in four different study list
orders. The level of correct recognition and false
alarms was measured for all tests, so the criterion
and sensibility could be calculated for all tests, as
well as performance differences (in this case, the
comparison of interest was on test 4).

Procedure. Participants were told that they were
going to study lists of words, and that their
memory about those words would be tested
afterwards. Words were presented one by one in
the centre of a computer monitor at the rate of
2000 ms per word. After each list (30 words)
presentation, all participants solved math pro-
blems for 1 minute. After this distractor task,
participants received classic recognition instruc-
tions, and those in the Related Lure condition
received a recognition test composed of 15 pre-
sented words and the 15 unpresented category
members, while participants in the Unrelated Lure
condition received a recognition test composed of
15 presented words and 15 unpresented unrelated
words. This cycle of study-math-test was repeated
for the four lists. Test 4 was identical for partici-
pants in the two conditions, being composed of
15 presented words and 15 related distractors, i.e.,
same category members. For the recognition tests,
each word was presented one by one in the centre
of the computer monitor, and word order was
randomised for each participant. The recognition
tests were self-paced and participants responded
by using the keyboard. Participants were
instructed to press the key “c” if they thought the
word had been presented before or the key “m” if
they thought the word had not been presented
(the key “m” had a red sticker on it and the key
“c” had a green sticker on it, and participants were
told that they should press the red key if they had
not seen the word before and the green key if they
had seen the word before).

Results and discussion

We first describe the results in terms of hit and
false alarm data, and then turn to discrimination
and criterion measures, which were statistically
analysed to address our hypotheses. Mean hits and

ADAPTING TO TEST STRUCTURE 369



false alarms from the four study–test cycles in the
Related and Unrelated Lure conditions are pre-
sented in Table 1. The data show a mirror effect.
That is, participants in the Unrelated Lure condi-
tion produced both more hits and fewer false
alarms than participants in the Related Lure
condition on tests 1−3. On the fourth test, which
was the same in the two conditions, participants in
the Unrelated Lures condition produced more hits
as on previous lists, but also more false alarms.

To explore the effect of the lure manipulation
on performance throughout the study–test cycles,
we subjected both d′ (ability to discriminate
between studied items and lures) and c (criterion
or response bias; reflects the degree to which
“yes”/“old” responses dominate or the degree to
which “no”/“new” responses are preferred; negat-
ive values indicate a bias towards classifying items
as “old”, and positive values indicate a bias
towards classifying items as “new”; Macmillan &
Creelman, 2005) to a 2 Lure (Related vs. Unre-
lated) × 3 Study–Test Cycle (1–3) mixed-model
analysis of variance (ANOVA) and then we
separately test the results of our manipulation in
the fourth study cycle (in which the participants of
both conditions received the same related lure
recognition test). As a reminder, note that Lure
was manipulated between subjects. Let us first
present the results for the memory discrimination
measure, d′. We obtained a main effect of Lure,
showing that participants in the Unrelated Lure
condition (M = 2.89) outperformed participants in
the Related Lure condition (M = 1.73), F(1, 86) =
149.43, p < .001, MSE = .57, η2 = .63. We also
obtained a marginal main effect of study–test cycle,
F(2, 86) = 2.90, p = .056, MSE = .26, η2 = .03, but
most importantly, the two factors interacted show-
ing that the superior performance of participants
in the Unrelated Lure condition relative to parti-
cipants in the Related Lure condition disappears
on the fourth test, F(3, 86) = 29.68, p < .001,

MSE = .32, η2 = .18. These results were expected
since the recognition is much easier for Unrelated
Lure participants. In the fourth study cycle (in
which the participants of both conditions received
the same related lure recognition test), however,
the two conditions no longer differed (t < 1).
Figure 1 depicts all the relevant d′ scores data.

In the analysis of c (criterion or response bias),
we also obtained a main effect of lure, such that
participants from the Unrelated Lure condition
(M = .15) showed a more biased criterion than
participants in the Related Lure condition, who
were more liberal (M = −.23), F(1, 86) = 48.65,
p = .001, MSE = .19, η2 = .36. We also obtained the
interaction showing that the two factors interacted,
F(2, 86) = 3.27, p = .040, MSE = .06, η2 = .04. To
interpret this interaction we contrasted the linear
trend between the two conditions and it was
indeed different, F(1, 86) = 3.78, p = .055, MSE =
.05. And this happened because, whereas Unre-
lated Lure participants did linearly decrease their
bias across study–test cycles, F(1, 86) = 4.33,
p = .040, MSE = .05, the same did not occur for

TABLE 1
Mean hits and false alarms from the four study–test cycles in the Related and Unrelated Lure conditions for Experiment 1

Related lures Unrelated lures

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 1 Cycle 2 Cycle 3 Cycle 4

Hits .87 (.10) .84 (.09) .81 (.13) .76 (.17) .87 (.11) .90 (.07) .88 (.10) .83 (.13)
FAs .30 (.16) .27 (.20) .31 (.22) .29 (.19) .06 (.06) .06 (.03) .06 (.03) .41 (.28)

Note: Cycle 4 for Unrelated Lures condition refers to a recognition test containing related lures only. Standard deviations are in
parentheses.

FAs, false alarms.

1.0

1.5

2.0

2.5

3.0

3.5

4.0

s-t cycle 1 s-t cycle 2 s-t cycle 3 s-t cycle 4

d
'

Related
Unrelated

Figure 1. Study–test × lures condition interaction on d′ scores
in Experiment 1. Vertical bars denote standard errors of the
means.
Note: S-T cycle 4 for Unrelated Lures condition refers to a
recognition test containing related lures only.
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Unrelated Lure participants (F < 1). Finally, in the
fourth trial (in which the participants of both
conditions received the same related lure recogni-
tion test), the initial differences between Unre-
lated and Related Lures participants reversed such
that the bias was now stronger and more liberal
for Unrelated Lure (M = −.40) relative to Related
Lure M = −.08) participants, with a F(86) = 7.08,
p = .001, MSE = .33, η2 = .08. Figure 2 depicts all
the relevant c scores data.

To further explore the role of conceptual
knowledge on criterion placement we performed
a median split by centrality of the items and lures
used in the Related Lures condition. We had to
restrict this analysis to the Related Lures condition
because in the Unrelated Lures condition, lures
were taken from a different category than the
studied items (except for the fourth study cycle).
We present hits and false alarm data in Table 2.
Data from Table 2 show a centrality effect such
that high centrality targets and lures are more
readily accepted as old items than the correspond-
ing low centrality items and lures. To analyse these

data, we ran two centrality (High vs. Low) ×
4 Study–Test Cycle within-subjects ANOVAs on
both d′ and c. The results of the ANOVA for the
memory discrimination measure, d′, only pro-
duced a centrality main effect, showing that
participants’ performance was superior for low
centrality items and lures (M = 2.36) relative to
high centrality items and lures (M = 2.13), F(1, 38)
= 488, p = .033, MSE = .68, η2 = .11.

Figure 3 shows criterion in the Related Lure
condition by centrality and study–test cycle. In the
analysis relative to criterion measure c, we also
obtained a main effect of centrality, such that
participants more readily accepted high centrality
items and lures (M = −.30) relative to low
centrality items and lures (M = −.05), F(1, 38) =
32.92, p < .001, MSE = .15, η2 = .46. We also
obtained a main effect of study–test cycle,
F(3, 114) = 2.66, p = .051, MSE = .39, η2 = .06,
mainly due to the fact that the overall criterion
becomes dramatically less and less biased across
the study–test cycles. And indeed the linear trend
is significant, F(1, 38) = 7.32, p = .010, MSE = .41

–0.80

–0.60

–0.40

–0.20

0.00

0.20

0.40

s-t cycle 1 s-t cycle 2 s-t cycle 3 s-t cycle 4

c
Related
Unrelated

Figure 2. Study–test cycle × lures condition interaction on bias
(c) in Experiment 1. Vertical bars denote standard errors of the
means.
Note: S-T cycle 4 for Unrelated Lures condition refers to a
recognition test containing related lures only.

TABLE 2
Mean hits and false alarms for high and low centrality items and lures (Related Lures condition only) along the study–test cycles for

Experiment 1

High centrality Low centrality

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 1 Cycle 2 Cycle 3 Cycle 4

Hits .90 (.13) .86 (.12) .82 (.17) .77 (.21) .86 (.14) .84 (.12) .80 (.17) .76 (.20)
FAs .33 (.25) .34 (.30) .27 (.24) .28 (.25) .20 (.19) .18 (.19) .23 (.22) .25 (.23)

Note: Standard deviations are in parentheses.
FAs, false alarms.
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Figure 3. Changes in bias (c) across the four study–test cycles
for high and low centrality words (Related Lures condition
only) in Experiment 1. Vertical bars denote standard errors of
the means.
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and the effect size is considerably larger (η2 = .16)
than the overall main effect whereas the residuals
were non-significant, F < 1. Critically, although the
interaction was not significant, F(3, 114) = 2.99,
p = .119, MSE = .23, η2 = .05, the above-mentioned
linear trend was indeed moderated by centrality,
F(1, 38) = 6.65, p = .015, MSE = .17, η2 = .15,
whereas the residuals were non-significant, F < 1.

Finally, we also compared contrasted high and
low centrality across Unrelated and Related Lure
conditions in the fourth cycle (in which the
participants of both conditions received the same
related lure recognition test) for both d′ and c.
Thus we first performed a 2 Lure (Unrelated vs.
Related) × 2 Centrality (High vs. Low) mixed
ANOVA on d′ scores, with the last factor being
within participants. We obtained a main effect for
centrality, F(1, 86) = 3.76, p = .056, MSE = 1.05,
η2 = .04, such that participants performed better
with Low (M = 1.88) than with high centrality
(M = 1.56) items and lures. A marginal interaction
also emerged, F(1, 86) = 2.92, p = .091, MSE =
1.05, η2 = .03, suggesting that the differences
between low and high centrality items occurred
more pronouncedly in the Unrelated (M = 1.82 vs.
M = 1.25) than in the Related Lure (M = 1.94 vs.
M = 1.90) condition. As for the same analysis with
c scores, we only replicated the already reported
difference between conditions in the last study
cycle and this difference was not qualified by
centrality (F < 1).

We interpreted these data as evidence that,
across the study–test cycles, participants in both
conditions tried to adapt their encoding and test
strategies to the requirements of the specific test
they had been faced with. Thus, whereas partici-
pants in both conditions probably identified the
taxonomic category underlying the first study list,
this conceptual knowledge facilitated the perform-
ance of participants in the Unrelated Lure condi-
tion but it hindered performance of participants in
the Related Lure condition, because the lures
were from a different category in the former
condition but from the same category in the latter
condition. More specifically, participants’ concep-
tual knowledge leads to a liberal criterion in the
Related Lure condition (especially in the case of
high centrality) because both targets and lures
belonged to the same category; and to a stringent
criterion setting in the case of the Unrelated Lure
condition because all lures belonged to a different
category, which made lure rejection very easy
(along with a certain degree of rejection of low
centrality items). Across the study–test cycles,

participants in the Related Lure condition learned
to disregard their knowledge about the category
underlying the study lists and their criterion
became less and less biased (lenient) overall and
in especially for high centrality targets and lures.
However, the same did not occur in terms of
memory discrimination. Apparently, the constant
change of categories across the study–test cycles
may have limited the possibility of developing a
strategy that would improve memory perform-
ance, while at the same time may have facilitated
insight regarding the low diagnosticity of category
membership.

Participants in the Unrelated Lure condition,
on the contrary, kept relying on their conceptual
knowledge to perform on the recognition test,
such that when on the last study–test cycle the
structure of the test was changed to include only
lures from the same category as the studied items,
participants’ criterion placement showed a greater
degree of bias than the initial bias shown by the
participants in the Related condition.

Thus, participants in both conditions initially
relied on their conceptual knowledge, showing the
centrality effect, in other words being more likely
to endorse high centrality items as old. However,
across the first three study–test cycles, participants
in the Related Lure condition learned to avoid this
conceptually based response because it promoted
limited performance. The same did not happen to
participants in the Unrelated Lure condition, for
whom the conceptually based response strategy
allowed them to achieve very high levels of
performance until the last critical study–test cycle.
Thus, these participants in the Unrelated Lure
condition were never given the opportunity to
learn how to avoid this response strategy and
when they were confronted with a recognition test
in which all the lures were from the same category
as the studied items (the fourth test), they exhib-
ited an even more liberal response criterion than
they would probably have shown in the absence of
previous tests (i.e., a criterion probably similar to
the criterion shown by participants in the Related
condition when they were tested for the first
study–test cycle).

EXPERIMENT 2

We contend that the requirements of experienced
tests shape the way participants encode similar
new information or new information in similar
contexts. These test-driven differences of encoding
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should affect performance on similar tests but they
can also affect performance on different tests if
participants are surprised by an unwarned change
in test format. In Experiment 2, the new test we
use is free recall. We relied on the same Related/
Unrelated Lure manipulation as in Experiment 1,
but on the fourth and last test we asked our
participants to perform a free recall test, and we
did not warn them of this change in test format.
We reasoned that participants in the Related Lure
condition would learn a strategy based on the
individual features of the studied items (a distinct-
ive feature-based strategy), since a category-based
strategy would be quite inefficient given the
structure of the test lists they had experienced,
whereas participants in the Unrelated Lure con-
dition would learn to rely precisely on the
categorical or thematic nature of studied items
(a relational, conceptual-based strategy). Since
feature-based encoding strategies enhance free
recall of lists of related items (Einstein & Hunt,
1980; see also, Hunt & McDaniel, 1993; Nairne,
2006) we expect that despite the Unrelated Lure
participants outperforming the Related Lure par-
ticipants across the first three study–test cycle, this
performance difference would be reversed in the
final study–test cycle, in which the test requires
free recall.

Method

Participants. Ninety-four Lisbon University
undergraduates participated in this experiment
for payment. Forty-six participants were assigned
to the unrelated condition (tested with unrelated
distractors in tests 1–3) and forty-eight were
assigned to the related condition (tested with
related distractors in tests 1–3).

Materials, design and procedure. The same
materials, design and procedure used in Experi-
ment 1 were also used in this Experiment, with

two exceptions: first, the final test was a free recall
test rather than a recognition test—after studying
the fourth list and solving math problems, the
participants were instructed to write on a blank
sheet as many words as they could recall from the
last list of words; and second, in the first three
recognition tests the participants’ responses were
given on a sheet of paper, where all the test items
were listed, rather than on the computer. In the
study phase, the words were presented one by one
on the computer screen (randomised afresh for
each participant), but after each list presentation,
followed by the math distractor task, the partici-
pants were instructed to read the words written on
the sheet of paper and to decide whether each
word had been presented on the previous list. For
each word, participants were asked to circle “yes”
if they thought that the word had been presented
and “no” if they thought it had not. The recogni-
tion test was administered in a self-paced manner
and the test words were presented in a random
order for each version (without the items from
positions 1 and 4, 2 and 5 and 3 and 6) and list
presentation order (as determined by a Latin
square design), resulting in a total of 12 test word
presentation orders for each condition. The rando-
mization of the words on each test was constant
because the tests were administered on paper.

Results and discussion

Hits and false alarms from the first three study–test
cycles in both conditions are presented in Table 3.
The data show that participants in the Unrelated
Lure condition produced about the same level of
hits but noticeably fewer false alarms relative to
participants in the Related Lure condition. To
explore the effect of the lure manipulation on
recognition performance throughout the first three
study–test cycles, we performed 2 Lure (Related
vs. Unrelated) × 3 Study–Test Cycle (1–3) mixed-
model ANOVAs on both d′ and c. Regarding the

TABLE 3
Mean hits and false alarms from the three study–test cycles in the Related and Unrelated Lure conditions for Experiment 2

Related lures Unrelated lures

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Hits 0.89 (.10) 0.84 (.14) 0.84 (.15) 0.84 (.18) 0.88 (.17) 0.84 (.09)
FAs 0.20 (.13) 0.20 (.15) 0.18 (.13) 0.05 (.13) 0.02 (.11) 0.01 (.05)

Note: Standard deviations are in parentheses.
FAs, false alarms.
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memory discrimination measure, d′, we only
obtained a main effect of Lure, showing that
participants in the Unrelated Lure condition
(M = 3.51) outperformed participants in the
Related condition (M = 2.45), F(1, 90) = 64.89,
p < .001, MSE = 1.70, η2 = .42. In the analysis
relative on the criterion measure, c, we again
obtained a main effect of Lure, such that partici-
pants in the Unrelated Lure condition (M = .45)
showed a more stringent criterion than partici-
pants in the Related Lure condition (M = −.14),
F(1, 90) = 82.63, p < .001, MSE = .29, η2 = .48. We
also obtained a main effect of study–test cycle,
F(3, 90) = 4.48, p = .013, MSE = .09, η2 = .05,
mainly due to the fact that the overall criterion
became more stringent across the three study–test
cycles. The two factors did not interact signifi-
cantly, F(2, 180) = 2.37, p = .100, MSE = .09,
η2 = .02. Thus, the difference in bias between
Lure conditions remained reliable across the
three study–test cycles. However, across the three
study–test cycles, participants in the Related
Lure condition exhibited a positive linear trend,
F(1, 90) = 5.99, p = .016, MSE = .12, η2 = .06 (with a
non-significant residuals, F < 1), whereas this linear
trend was absent from the data of participants in
the Unrelated Lure condition, F(1, 90) < 1. Figure 4
depicts these data.

Again, we conclude that across the first three
similar study–test cycles, participants in both con-
ditions tried to adapt their encoding and test
strategies to the requirements they were con-
fronted with. More specifically, as in Experiment 1,
participants’ conceptual knowledge lead to a lib-
eral criterion setting for participants in the Related
condition and to a stringent criterion setting for
participants in the Unrelated Lure condition.
Across the study–test cycles, participants in the
Related Lure learned to disregard their know-
ledge about the categories underlying the study

lists and their criterion became less liberal. How-
ever, and like in Experiment 1, this did not occur
in terms of memory discrimination. Participants in
the Unrelated Lure condition, on the contrary,
maintained their encoding and response strategy
based on conceptual knowledge to perform in the
recognition test.

Like in Experiment 1, to further explore the
role of conceptual knowledge on criterion place-
ment, we split both items and lures used in the
Related Lure condition into low and high central-
ity lures. We present the hits and false alarm data
for these two types of items in Table 4. Data
from Table 4 shows a centrality effect such that high
centrality lures are more readily falsely recognised
than low centrality lures. To follow-up in the
analyses of these data, we computed two 2
Centrality (High vs. Low) × 3 Study–Test Cycle
mixed-model ANOVAs (the last factor being
within-participants) on both d′ and c. Two main
effects emerged from the results for the memory
discrimination measure, d′. Thus, a centrality main
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Figure 4. Changes in bias (c) for the first three study–test
cycles for Related and Unrelated Lures participants in Experi-
ment 2. Vertical bars represent standard errors of the means.

TABLE 4
Mean hits and false alarms for high and low centrality items and lures (Related Lures condition only) along the first three study–test

cycles for Experiment 2

High centrality Low centrality

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Hits 0.88 (.19) 0.84 (.16) 0.81 (.18) 0.86 (.19) 0.86 (.14) 0.87 (.15)
FAs 0.27 (.23) 0.23 (.18) 0.24 (.19) 0.16 (.18) 0.17 (.18) 0.13 (.14)

Note: Standard deviations are in parentheses.
FAs, false alarms.
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effect emerged, indicating that participants’ per-
formance was superior for low centrality items and
lures (M = 2.80) relative to high centrality items
and lures (M = 2.29), F(1, 46) = 20.28, p < .000,
MSE = .91, η2 = .31. A study–test cycle’s main
effect was also significant, due to the better
performance on the first study–test (M = 2.76)
relative to the remaining cycles (M = 2.39 and M =
2.48), F(2, 92) = 3.25, p = .043, MSE = 1.09,
η2 = .07.

In the analysis relative to criterion measure c,
we also obtained a main effect of centrality. The
main effect of centrality indicated that participants
more readily accepted high centrality targets and
lures (M = −.23) relative to low centrality targets
and lures (M = −.04), F(1, 46) = 6.50, p < .014,
MSE = .39, η2 = .12. Critically, although the
interaction was not significant, F(2, 92) = 1.41,
p = .249, MSE = .26, η2 = .03, a difference in the
acceptance of high centrality targets and lures
(M = −.40) and low centrality targets and lures
(M =.−.07) emerged at the first study–test cycle,
F(1, 46) = 6.89, p = .012, MSE = .37, η2 = .13, but
failed short from significance for the remaining
cycles (both Fs < 1). Figure 5 depicts these data.

We interpret these data as replicating results
from Experiment 1, in that although participants’
conceptual knowledge leads to a liberal criterion
setting in the Related Lure condition, across the
study–test cycles, participants learned to disregard
their knowledge about the category underlying the
study lists and their criterion became less biased.
This effect could be documented in both the
overall gradual “de-liberalising” of the criterion
and in the gradual reduction of difference in
criterion between high and low centrality items
across the study–test cycles.

Finally, we compared free recall in the fourth
study–test cycle between the Related and Unre-
lated Lure conditions. The number of intrusions
was small and not significantly different between
the two conditions, so we ignored them in sub-
sequent analyses and just focused on correct
recall. Performance differed by Lure condition,
t(90) = 2.70, p = .001, SD = 5.60, d = .56, such that
participants in the Related Lure condition (M =
13.55) outperformed participants in the Unrelated
Lure condition (M = 10.40). To check whether the
centrality effect found across the previous study–
test cycles in recognition would also be obtained in
free recall, we split the recalled items in high and
low centrality and computed a 2 Lure condition
(Related vs. Unrelated) × 2 Centrality (High vs.
Low) mixed-model ANOVA, the last factor being
within participants. The analysis revealed two
main effects, a Lure main effect that of course
reproduced the previously obtained difference,
and a centrality main effect, such that high cent-
rality targets (M = 6.70) were better recalled than
low centrality targets (M = 5.50), F(1, 91) = 14.89,
p < .001, MSE = .22, η2 = .14. The interaction was
not significant, F < 1. Thus, although participants
in the Related condition learned how to overcome
a knowledge-based bias in their responses to
recognition tests, such that the centrality effect as
measured by criterion was gradually overcome, a
centrality effect reappeared for these participants
when the retrieval context was no longer detri-
mental to such a response strategy (i.e., at the free
recall test).

As we have argued that test requirements lead
to an adaptive change in encoding and test
strategies across the study–test cycles, and that it
was these strategy changes that accounted for the
differences obtained in the last study–test cycle (in
the free recall test), we measured the correlation
between d′/c and the number of items recalled.
Because test requirements varied as a function of
condition, we computed these correlations sepa-
rately for the Related and Unrelated Lure condi-
tions. These correlations are depicted in Table 5.

Data from Table 5 suggest that, for participants
in the Related Lure condition, the encoding and
response strategies that allowed them to discrim-
inate between list items and lures in the first three
study–test cycles were similar to the strategy they
adopted in the last study–test cycle, as the correla-
tions between d′ scores across the study–test and
the number of recalled items were all statistically
significant and strong. No correlation was found
between c scores and the number of items
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Figure 5. Changes in bias (c) across the first three study–test
cycles for high and low centrality words (Related Lures
condition only) in Experiment 2. Vertical bars denote standard
errors of the means.
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recalled. On the contrary, participants in the
Unrelated Lure condition showed a completely
different performance pattern. The encoding and
response strategies that led them to successfully
discriminate between items and different-category
lures seem to be quite different from the strategy
these participants used in recall. This is, for
participants in the Unrelated Lure condition, the
correlations obtained between d′ scores and the
number of items recalled were small and non-
significant. On the other hand, for these partici-
pants, response criterion on the last recognition
test did predict the number of items recalled on
the free recall test, such that the more stringent
the criterion, the fewer items were recalled in the
last study–test cycle (free recall test). As we
interpreted this stringency in criterion as evidence
of knowledge-based encoding and response strat-
egy, this result concurs with our interpretation.

GENERAL DISCUSSION

In this paper, we argued that specific requirements
of retrieval contexts in which previous learning is
assessed affect future encoding of similar informa-
tion or information acquired in similar contexts. In
two studies, in which the instructional sets were
always identical across conditions (i.e., memorise
categorised study lists), we simply altered the
nature of the recognition tests by including related
(same-category) or unrelated (different-category)
lures at test. This difference guaranteed a higher
performance from participants in the Unrelated
Lure condition and promoted the setting of a
conceptual-based stringent response criterion that
remained stable until the retrieval requirements
were changed. On the other hand, for participants
in the Related Lure condition, the initial concep-
tual-based criterion would be very liberal and the
level of performance attainable by persisting in

that criterion would be very poor (due to high
levels of false alarms). As such, these participants
learned to avoid this conceptual-based criterion
and supposedly relied on a more distinctive or
feature-based encoding and response strategy.
When, in Experiment 1, the nature of the recog-
nition test was changed for participants in the
Unrelated Lure condition, such that all lures were
from the same category as the study list, perform-
ance deteriorated and the response criterion
became as liberal as the initial response bias
exhibited by participants in the Related Lure
condition. Although this difference in criterion
from the first three to the last study–test cycle (in
Experiment 1) was quite dramatic, we account for
it in terms of the same conceptual-based encoding
and response strategy that gave rise to very
different consequences when the test requirements
were changed. Moreover, we found more direct
evidence for the hypothesised learning process of
avoiding a conceptual-based strategy, which
occurred for participants in the Related Lure
condition, as suggested by the linear of gradually
reducing bias for high centrality items. It is also
noteworthy that this effect emerged only for
participants in the Related Lure condition (in
both Experiments 1 and 2). Also, we were able
to show that the avoidance of a knowledge or
conceptual-based strategy and the development of
an item or distinctive-based strategy gave an
advantage on the free recall test to participants
in the Related Lure condition, compared to
participants in the Unrelated Lure condition, who
supposedly did not learn to avoid the thematic or
conceptual-based strategy (Hunt & McDaniel,
1993; Nairne, 2006). Finally, correlations between
d′ and c scores from the three first study–test
cycles and the number of items recalled at the last
study–test cycle (free recall test) provided evid-
ence that converged with the idea that the nature
of the lures included in the successive recognition

TABLE 5
Correlations between the d′ and c scores obtained in the first three study–test cycles and the number of items recalled in the final

cycle (computed by Lures condition) in Experiment 2

d′ c

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Free recall .61* .59* .51* −0.09 −0.03 0.04
(Related lures)
Free recall 0.13 0.27 0.17 −0.03 −0.17 −.31*
(Unrelated lures)

*p < .05.
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tests induced different encoding and processing
strategies that benefited or hindered performance
on the free recall test. The same category included
in the recognition tests given to participants in
Related Lure condition induced them to adopt
strategies based on item distinctive features. These
feature-based strategies apparently enhanced per-
formance at free recall because the d′ scores and
the number of items recalled were always strongly
associated for these participants. On the contrary,
only the c score from the third study–test cycle
predicted the level of free recall for participants in
the Unrelated Lure condition, showing a negative
association. Thus, the more stringent was the
criterion adopted by participants in the Unrelated
Lure condition at the recognition test that pre-
ceded the last study–test cycle, the worse their
performance was on the free recall test. As we
explained before, we took stringency of criterion
as an indication of knowledge or relational encod-
ing and response strategy. Thus this inverse rela-
tionship corroborates the idea that the adoption of
a relational strategy hinders free recall of related
lists (Hunt & McDaniel, 1993; Nairne, 2006).
Taken together these results point to a mediated
test benefit—the ability to adapt encoding strat-
egies to the nature of previous materials and
retrieval tasks. This retrieval-induced strategy
adaptation seems to be a valuable process to
potentiate learning of related but different sets of
items. Since we explored how testing potentiated
the learning of new items and not how testing
potentiated the learning of previously unrecalled
but studied items (e.g., Karpicke, 2009), our
proposed explanation of potentiation is not incom-
patible with other explanations such as the ones
based on the activation of a specific search-set
during retrieval that would lead to a better sub-
sequent encoding (Grimaldi & Karpicke, 2012).

However, we think we must address three
caveats before we conclude. The first is related
to the suggestion made by Zaromb and Roediger
(2010) that the power of repeated testing derives
from the increased use of an organisational or
conceptual-based strategy. In fact, Zaromb and
Roediger showed that repeated testing led to
better recall and to higher recall output organisa-
tion than repeated studying. Thus, if repeated
testing leads to reliance on a more relational,
conceptual-based or organisational strategy, how
is it possible that our participants in the Related
Lure condition became less reliant on it across
study–test cycles? One possible answer is that the
organisational benefits found by Zaromb and

Roediger occurred from repeated testing of the
same list, whereas in our case, a new study list was
presented in each of the study–test cycles. This
constant change of list may have made a specific
conceptual-based strategy difficult to adopt and
the poor diagnosticity of general conceptual-based
strategies particularly easy to detect. Future
research will be needed to clarify whether in
study–test cycles with the same category concep-
tual-based strategies are avoided or used by
participants that have studied the lists under
conditions similar to our Related Lure condition.

The second caveat has to do with our prefer-
ence for talking about an encoding and retrieval
strategy. Why don’t we simply argue that our
participants learned different response strategies
during the performance of recognition tests with
different test structures, while the encoding strat-
egy remained invariant across conditions? We
concur that this account can easily fit the results
from Experiment 1. However, in Experiment 2, we
changed the fourth test for both conditions, such
that the specific requirement learned from previ-
ous recognition tests could no longer be used by
any participant, independently of their condition,
and we still obtained the predicted difference
across conditions. Such a difference is typically
obtained when the encoding set favours either
relational conceptual-based or distinctive feature-
based encoding (Hunt & McDaniel, 1993; Nairne,
2006). We agree that our paradigm cannot com-
pletely disentangle encoding and retrieval pro-
cesses, but neither is it our aim (which is more
how the interplay between these two processes can
promote adaptation to a context with a given
structure). Thus we contend that our proposal of
an adaptive change of both encoding and retrieval
strategies as a function of requirements of the
relevant retrieval context fits better with the data
from the two experiments.

The final and last caveat has to do with an
alternative but related possible account, the desir-
able difficulties in learning framework from Bjork
(1994a, 1994b, 2013). According to Bjork (2011),
manipulations that make successful learning more
difficult during study (introducing interference,
spacing learning or using testing instead of re-
study) often enhance long-term retention and
transfer. In our case, although we always used
similar study lists and standard recognition tests
for both conditions, tests for the Unrelated Lure
condition were patently easier, and thus the
poorer performance of participants in the Unre-
lated Lure condition at free recall (Experiment 2)
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may simply indicate that the difficulties felt by
participants in the Related Lure condition were
indeed desirable. Although we do concur with this
assessment, we believe that every encoding strat-
egy has inevitable associated costs that become
noticeable only under certain circumstances, that
is, when the retrieval requirements change in
appropriate ways. Note that whereas it is certainly
true that participants who faced desirable difficult-
ies (i.e., participants in the Related Lure condi-
tion) did perform better at the final study–test
cycle in both experiments, it is very likely that
participants in the Unrelated Lure condition
would continue to outperform their colleagues if
the final test had remained unchanged. Thus, we
believe that although some difficulties in learning
can be desirable in most long-term retention or
transfer cases, it should always be possible to find
a specific retrieval context in which the desirable
difficulties cease to be desirable. Only future
research can provide further insight into these
questions.

We began by quoting John Anderson who
argued that human memory did not evolve to
give optimal performance in our silly laboratory
tasks. And we agree. But we would add that even
our silly laboratory tasks might lead our memories
to “evolve” in adaptive ways to these tasks if we
allow them to.
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