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Boosting confidence without boosting performance: item strength creates the
illusion of source accuracy
D. Merika W. Sanders a,b, Rosemary A. Cowellb, Johanny Castillob and Jeffrey J. Starnsb

aDepartment of Psychology, Harvard University, Cambridge, MA, USA; bDepartment of Psychological and Brain Sciences, University of
Massachusetts Amherst, Amherst, MA, USA

ABSTRACT
People often express high confidence for misremembered sources. Starns and Ksander ([2016].
Item strength influences source confidence and alters source memory zROC slopes. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 42(3), 351-365; hereafter SK16) found
that this happens more often when a person is highly confident in memory for the item itself,
and that simply increasing item memory can increase high-confidence source errors. Under the
decision heuristic account, this pattern emerges because strong item memories contaminate
source judgments by promoting high confidence responses even when source evidence is
relatively weak. Consequently, strengthening item memory is predicted to increase
confidence for both correct and incorrect source responses; however, SK16 could not assess
this key prediction because their item-strength manipulation also impaired source memory.
We report two experiments with new item-strengthening manipulations designed to
minimise source memory impairments. Results replicated the evidence for the decision
heuristic account reported by SK16 and provided additional support by showing a boost in
source confidence for both correct and error responses when item memory was
strengthened without accompanying source impairments .
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Source memory is the ability to link remembered infor-
mation to the context in which it was encountered, such
as remembering where, when, or how you learned a
specific claim, remembering who you were with the first
time you saw a movie, or remembering what you wore
on a job interview (Johnson et al., 1993). Source memory
is often contrasted with item memory, the ability to
remember the central information that defines an event,
such as the content of a claim, the plot of a movie, or
what you were asked in an interview. Source confusions
can have a range of deleterious consequences. For
example, the spread of misinformation and false news
stories is an issue made prominent by the 2016 US presi-
dential election and further intensified during the national
response to the COVID-19 pandemic (Bavel et al., 2020;
Lazer et al., 2018). Rather than censoring the content of
individual stories, one strategy to combat both belief in
and spread of misinformation has focused on highlighting
the source of the news. For example, Facebook’s context
button provides more information about the source of
an article by linking to the publisher’s Wikipedia entry
(Hughes et al., 2018), and YouTube has added notices to
videos published by sources that receive government or
public funding (Samek, 2018). But this strategy could be
undermined if someone remembers the content of a

false news story but misremembers its source – a scenario
that highlights the fundamental and important difference
between item and source memory.

Unfortunately, people often make the mistake of attri-
buting remembered information to incorrect sources
(Schacter, 1999). Further, people often express high confi-
dence in their source misattributions (e.g., Zaragoza &
Lane, 1994; Zaragoza & Mitchell, 1996). Understanding
the cognitive processes that underlie high-confidence
source memories, both veridical and false, is a critical
goal for memory research.

In the laboratory, one common approach to investi-
gating source memory is a list-learning paradigm
(Johnson et al., 1993). Participants first study a list of
words, each simultaneously presented with one of two
possible sources (e.g., either with an image of a face or a
scene). On a subsequent test, participants then rate both
their confidence that each word was studied (e.g., definitely
new to definitely old) and their confidence that each word
was paired with a given source (e.g., definitely paired with a
face to definitely paired with a scene). The first rating pro-
vides a measure of recognising the word, or item
memory, regardless of the image it appeared with, while
the second rating reflects the specific memory for the
accompanying image, or source memory. A wide range
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of characteristics can be used to define different sources,
including different individuals (e.g., Starns & Hicks, 2013),
different locations (e.g., Starns & Hicks, 2008), and
different processing tasks (e.g., Marsh & Hicks, 1998).

Studies using this approach have found that when par-
ticipants have high confidence in their item memory (i.e.,
they are very sure that an item was studied), they are
often highly confident in their source memory (e.g., very
certain which image it was paired with; DeCarlo, 2003;
Slotnick et al., 2000; Slotnick & Dodson, 2005). Moreover,
this can even hold true when their source judgment is in
fact incorrect, and even when the test word was not
studied at all, but is instead a falsely recognised lure
word (Starns et al., 2013; Starns & Ksander, 2016). We will
use the term “confidence contamination effect” for any
empirical pattern in which high item strength promotes
high source confidence without an accompanying
improvement in source accuracy. The idea is that strong
itemmemories contaminate source judgments by promot-
ing high source confidence even when memory for the
specific source information is vague.

Our conceptualisation of item-memory contamination
is similar to the item-memory misattribution (IMM)
model outlined by Dobbins and McCarthy (2008). This
model concerns tasks in which participants are directly
queried about one specific source – e.g., “Was this word
studied with a scene?” – and the model basically proposes
that participants sometimes respond “yes” because they
remember the item even when they fail to remember
specific source details. In the more common procedure
of asking participants to choose between possible
sources – “Was this word studied with a scene or a
face?” – item memory contamination should not necess-
arily increase responding for one particular source, but
high item strength might contribute to a high level of
confidence in whichever source the participant selects.
We did not directly apply the IMM model, as it is not
designed to be applied to a joint recognition and source
task. However, the IMM model and the models considered
herein are certainly conceptually linked, and we discuss
their relationship further in the General Discussion.

Signal detection models of joint recognition and source
memory can accommodate item-strength effects on
source confidence with a decision heuristic called the
“converging criteria” account, as detailed in the Impli-
cations for Signal Detection Models of Memory section
below (Starns et al., 2013, 2014; Starns & Ksander, 2016;
see Onyper et al., 2010 and Klauer & Kellen, 2010 for
similar approaches). At a psychological level, this account
holds that people are more willing to make highly
confident source responses when they have strong item
memories. For example, for items with a moderate level
of source memory, this account predicts that people
report low source confidence when they have a weak
memory for the item itself, whereas they report high confi-
dence if they have a strong memory for the item itself. In
other words, high item strength promotes high source

confidence even when the strong item memory is not
accompanied by a clear source memory. The “criteria”
referred to in the account are participants’ standards for
how well they need to remember source information to
justify making a high confidence source response. The
statement that these criteria “converge” with high item
strength means that participants become more lax with
their standards; that is, they become increasingly likely
to report high source confidence even for relatively
vague source memories. We will sometimes discuss this
general psychological pattern without tying it to a particu-
lar model implementation, in which case we will refer to it
as the “decision heuristic account”.

Prior findings from Starns and Ksander (2016)

One key prediction of the decision heuristic account is that
strengthening only item memory (i.e., without strengthen-
ing source memory) should increase source confidence.
This is because the boost to source confidence is produced
by relaxing the standards for making a high confidence
response, so the heuristic should affect responding even
without any accompanying increase in source accuracy.
Starns and Ksander (2016; hereafter SK16) tested this pre-
diction in two experiments. In Experiment 1, participants
studied words that were either presented only once with
one of two faces (male or female; the No repetition con-
dition) or presented once with a face (male or female)
and twice with one of two animal images (bird or fish;
the Different-source repetition condition). The goal of the
different-source repetition manipulation was to
strengthen item memory for the repeated words without
improving source memory for whether the word was
studied with a male or female face (see Dobbins &
McCarthy, 2008, Experiment 3, for a similar manipulation).
Experiment 2 was similar to Experiment 1 except that in
addition to the No repetition and Different-source repetition
conditions, a subset of items was presented three times
with the same face (i.e., a Same-source repetition con-
dition). Both Experiments 1 and 2 found that strengthen-
ing item memory without strengthening source memory
resulted in greater overall source confidence, as predicted
by the decision heuristic account. Unsurprisingly, strength-
ening both item and source memory (i.e., Same-source rep-
etition) also increased source confidence.

In addition to an overall increase in source confidence,
the decision heuristic account predicts that, all else being
equal, strengthening item memory should increase source
confidence for both correct source responses and source
errors. Unfortunately, SK16’s strengthening manipulation
had a side effect that prevented them from assessing
this prediction; namely, different-source repetition
impaired source memory. The source memory drop from
the No repetition to the Different-source repetition condition
was fairly large, with source discriminability measured by
d′ dropping from 1.55 to 1.08 in Experiment 1 and 1.45
to 1.06 in Experiment 2. This drop in source memory
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should decrease source confidence for correct judgments,
counteracting the boost in source confidence predicted by
the decision heuristic account. In fact, SK16 observed that,
relative to no repetition, different-source repetition
increased the proportion of high-confidence source
responses for source errors (.25 vs. .37 in Exp. 1 and .26
vs. .39 in Exp. 2) but not correct responses (.65 vs. .63 in
Exp. 1 and .59 vs. .62 in Exp. 2). SK16 argued that this
pattern was produced by the joint influence of a confi-
dence contamination effect and the source memory decre-
ment, with these two factors cancelling out for correct
source judgments. This explanation implies that reducing
the source memory decrement would show that item
strengthening increases source confidence for both
correct and incorrect source judgments.

Current aims

The purpose of the current experiments was to replicate
and extend SK16, with the primary goals of further
testing the decision heuristic account and developing
item-strengthening manipulations that minimise collateral
effects on source memory. Our experiments provide the
opportunity to replicate the evidence for the decision
heuristic account reported by SK16; specifically, that
strengthening item memory increases source confidence
for errors. Our experiments will also attempt to expand
the evidence for the decision heuristic account by
testing whether item strengthening can boost source
confidence for both correct and incorrect source
responses. SK16 could not cleanly assess source confi-
dence effects for correct source responses, because their
item-strength manipulation produced substantial source
memory decrements. We explored alternative item-rep-
etition manipulations in an attempt to attenuate the
source memory decrement observed by SK16. Specifically,
across two experiments, we progressively eliminated two
characteristics of the SK16 manipulation that theoretically
contributed to the source memory decrease.

First, the different-source repetition in SK16 used
encoding trials that were very similar to the target event,
which might have contributed to a high level of interfer-
ence (Postman, 1971; Underwood, 1949). SK16 asked par-
ticipants to remember the event of studying a word with
a picture of a face, and different-source repetition involved
studying a word with a picture of an animal. These events
are easily confusable. To reduce potential interference,
both experiments herein strengthened item memory
with encoding events that were more distinct from the
target source events. Specifically, item strengthening was
achieved via a recall task that did not use pictures as
stimuli, whereas the source task involved studying words
with either a picture of a scene or a face.

Second, SK16 always presented the encoding trials
designed to promote strong item memory (i.e., the
different-source trials) before the target source encoding
trials, so participants might have devoted less attention

to the source encoding trials given that the item was
already familiar from earlier in the study phase (e.g., Kim
et al., 2012). In Experiment 2, we eliminated this potential
factor by having all item-strengthening trials follow an
initial source encoding trial for the same item. In
summary, our experiments attempted to reduce source
memory decrements by limiting source interference
(Experiment 1) or by both limiting source interference
and eliminating previous study trials with the same word
(Experiment 2).

We will assess whether these measures are successful in
minimising the negative impact of item strengthening on
source discrimination. If we succeed in minimising the
source memory decrements produced by the item-
strengthening manipulation, then we should see an
increase in source confidence for both correct and incor-
rect responses according to the decision heuristic
account. More generally, having manipulations that more
selectively impact item strength will be helpful for
testing theories of the effect of item strength on source
decision processes.

We will also evaluate whether the current experiments
replicate previously-observed correlations between item
and source confidence that are consistent with a decision
heuristic account (SK16; Starns et al., 2013, 2014). Specifi-
cally, we will evaluate whether participants are more
likely to make high confidence source responses for lures
that are falsely recognised with high versus low item confi-
dence. The decision heuristic account predicts a positive
relationship between item and source confidence: even
though lure items were not studied in either source,
high item strength (indexed by high-confidence recog-
nition responses) makes participants amenable to report-
ing high source confidence. We checked for a similar
relationship between item and source confidence for
targets that were recognised but attributed to the incor-
rect source. These correlational patterns are subject to
more interpretational difficulties than our experimental
manipulation of item strength, as a number of factors
might vary across trials in which participants report high
versus low recognition confidence. Nevertheless, observ-
ing correlations in item and source confidence would
offer additional support for the decision heuristic
account if results also show a confidence contamination
effect produced by the experimental manipulation of
item strength.

Finally, SK16 used source memory receiver operating
characteristics (ROCs) to contrast memory-based and
decision-based models of item-strengthening effects,
and the current experiments provide an opportunity to
replicate these findings and to see if they hold when the
impact of item strengthening on source memory is mini-
mised. We mostly defer discussion of these issues to the
Implications for Signal Detection Models of Memory
section that follows presentation of the empirical results
from both experiments. In short, when the decision heur-
istic account is implemented as converging criteria in a

1174 D. M. W. SANDERS ET AL.



signal detection model of recognition and source memory,
the account predicts that item strengthening will change
the properties of source memory ROCs. Thus, we will
evaluate ROC data as a further test of the decision heuristic
account.

The converging criteria account – and the decision
heuristic account more generally – predict that we
should observe a boost in source confidence and replicate
the ROC patterns reported by SK16 even with item
strengthening manipulations that minimise decrements
in source memory. An alternative possibility is that the
source memory decrement in SK16 is critical for producing
these outcomes. The Implications for Signal Detection
Models of Memory section discusses a potential mechanism
by which the source decrement itself could produce the
SK16 results. If this mechanism is driving the effect, then
reducing the source decrement should eliminate the
effect of item strength on source confidence and efface
the ROC patterns predicted by the converging criteria
model.

Experiment 1

Experiment 1 was designed to assess whether reducing
source interference reduces the decrement in source
memory produced by an item-strengtheningmanipulation
and to explore the confidence contamination effect
reported by SK16 with a different encoding procedure.
SK16 selectively strengthened item memory by presenting
words with a secondary source image in addition to pre-
sentations with the target source image. Compared to pre-
senting word items only once, this different-source
repetition condition significantly impaired source
memory performance. The current design instead
strengthened item memory via a recall task with words
alone, an encoding task that is dissimilar to studying pic-
tures and therefore is expected to attenuate interference
with memory for the picture-based sources. If the predic-
tions of the decision heuristic account hold, then strength-
ening item memory should increase source confidence.
Further, if the current design succeeds in minimising dele-
terious effects on source memory, then the increase in
confidence should be observed for both correct and incor-
rect source judgments.

Method

Participants
Thirty-six undergraduate students from the University of
Massachusetts Amherst participated in exchange for
extra credit in their psychology courses. No participants
were excluded after applying an inclusion criterion of
item memory accuracy numerically greater than chance
(.50).

Materials
For each participant, we sampled word item stimuli from a
subset of the SUBTLEXUS database (Brysbaert & New, 2009);
the pool was limited to 412 words with frequency ratings
between four and six occurrences per million. Each word
was presented with either a face or a scene image. The
face image was a photograph of a white male with a
neutral expression selected from the Chicago Face Data-
base (Ma et al., 2015) and the scene image was a photo-
graph of a pastoral scene selected from stimuli
previously used in Ross et al. (2018); these two individual
images (one face, one scene) were used repeatedly
throughout the study.

In the study phase, participants completed 10 cycles,
each composed of two immediately successive encoding
blocks. Figure 1 provides example encoding blocks. In
the first encoding block for Experiment 1 (encoding
block Type A), participants learned six word items, pre-
sented alone for 2000 ms (with a 100 ms inter-trial blank
screen), and then completed a self-paced mini-test block
of six trials containing an initial-letter cued recall task for
each of the just-learned words (Figure 1, top panel, far
left). In the second encoding block (encoding block Type
B), participants learned 12 word items (six words from
the first encoding block and six new words), each paired
with a source image (face or scene; 2000 ms presentation
with a 100 ms inter-trial blank screen), and then completed
a self-paced mini-test block of twelve source memory
judgment trials, one for each just-learned word-picture
pair (Figure 1, top panel, second from left). Word-picture
pairings were randomised, while maintaining an equal dis-
tribution of items paired with scenes and faces. We also
randomised the assignment of words to encoding blocks
(i.e., which words were presented twice) and the within-
block presentation order for each participant. In total, par-
ticipants viewed 120 word-picture pairs, half of which
additionally appeared as words alone.

In the test phase, participants completed two self-
paced memory tests. First, participants made item
memory judgments for 120 studied words and 60 unstu-
died words sampled from the same pool as the studied
words (Figure 1, top panel, second from right). Of the
120 studied words, participants had seen an equal
number of strong (presented in both encoding blocks)
and weak items (presented in one encoding block) in
each source (face/scene). After completing recognition
judgments for all 180 word items, participants made
source memory judgments for the 120 studied word
items and for any of the 60 unstudied word items that
they incorrectly judged as “old” from the first memory
test (Figure 1, top panel, far right).

Twenty-one of the thirty-six participants completed two
sessions of the experiment. In the cases where multiple
sessions were completed, each session sampled a new
subset of words.
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Procedure
Participants completed both study and test phases in a
quiet room while seated at a desk with a computer
monitor and keyboard. Before the start of the experiment,

participants were verbally informed that the experiment
was a memory test and that they would study several
short lists of words either alone or paired with an image.
Written, on-screen instructions informed participants that

Figure 1. Experiment 1 and Experiment 2 paradigms. Experiment 1 (top panel) and Experiment 2 (bottom panel) designs were identical apart from the
sequence of tasks in the study phase. During the study phase, participants completed two types of encoding blocks. In encoding block Type A (Experiment
1: far left; Experiment 2: second from left), participants learned six words presented in succession. Immediately following, participants completed an initial-
letter recall task for the words just seen. In encoding block Type B (Experiment 1: second from left; Experiment 2: far left), participants learned 12 words
paired with either a face or scene image. Each image type was featured equally among the word-picture pairs. Immediately after, participants were pre-
sented with each word and prompted for a source judgment (i.e., “Press ‘f’ if the word was seen with a face and ‘s’ if the word was seen with a scene”).
Importantly, six of the twelve words in encoding block Type B (shaded) were identical to the six words in encoding block Type A, and thus studied twice. In
both experiments, the two encoding blocks repeated 10 times with unique words each time prior to the start of the test phase. The test phase was identical
in each experiment and consisted of an item recognition test (second from right) of all 120 studied words and 60 unstudied words (dotted) followed by a
source memory test (far right) of all 120 studied words and any of the 60 unstudied word items that were incorrectly judged as old from the first memory
test.

1176 D. M. W. SANDERS ET AL.



when the list of words first appeared they should just pay
close attention and no response was necessary. Instruc-
tions then told participants that after presentation of a
word list, they would complete one of two possible
tasks. When the words on the list had appeared alone at
study (i.e., without a paired source image), they would
be given the initial letter of a studied word, which would
serve as a prompt to type a word from the list they had
just seen, beginning with that letter (Block Type A in
Figure 1). When a word list had appeared with images,
they instead would be presented with a word from the
list they had just seen, and they would be asked to identify
which of the two images had appeared with that word
(Block Type B in Figure 1). Examples of both encoding
blocks followed. The study phase instructions also stated
that this first phase would repeat several times and that
participants would receive feedback (i.e., the presentation
of the correct word item or source image for 1000 ms) after
each response.

Instructions for the test phase immediately followed
the instructions for the study phase. Participants read
that the second phase consisted of two tests that would
each serially present one long list of words, some of
which had appeared during the first phase and others
that would be new. The first test required old-new item
decisions on a 6-point confidence scale, where the num-
bered keys 1, 2, 3, 4, 5, and 6 corresponded to each
response from definitely new to definitely old. The second
test required face-scene source decisions on a 6-point
scale, where the keys “z”, “x”, “c”, “,”, “.”, and “/” corre-
sponded to each response from definitely face to definitely
scene. The instructions told participants that they would
not receive any feedback following their responses in
this phase.

As in SK16, participants then practiced using the full 6-
point confidence scale for the item and source decisions.
Each practice trial presented symbols on the screen that
indicated the correct confidence level response to
provide. The letter (O, N or F, S) indicated the response
(old, new or face, scene) and the number of letters indicated
the confidence level. For example, OOO corresponded to a

definitely old response, OO to a probably old response, and
O to a maybe old response. Participants received feedback
(i.e., the presentation of the correct response and confi-
dence level) following each practice trial. In total, partici-
pants completed one block of 24 practice trials, evenly
dispersed among the six confidence levels, for each
decision type before the experimental trials began.

Results and discussion

We used descriptive statistics and traditional frequentist
statistics to explore basic empirical patterns, and we sup-
plement this approach with Bayesian statistics for the
modelling analyses reported in the Implications for Signal
Detection Models of Memory section below. Our primary
goals for the initial analyses were to assess whether the
item-strengthening manipulation affected source
memory, whether item strengthening inflated source
confidence for errors as in SK16, and whether item
strengthening additionally inflated source confidence for
correct responses. We used 1-tailed p values to test for
an item-strengthening effect on source confidence
because the decision heuristic account makes a strictly
directional prediction for this effect. We also conducted
2 (correct vs. incorrect) × 2 (item memory strengthened
vs. not strengthened) ANOVAs to see if different interpret-
ations for correct and incorrect responses were licensed by
an interaction.

Recognition memory
Repetition (i.e., having a word presented in both encoding
block types) improved recognition memory. When collap-
sing “old” responses across the three confidence levels, the
false alarm rate was .16 and the hit rates were .72 and .89
for weak and strong items, respectively. Correspondingly,
the difference in d′ scores between weak and strong
items reflected an improvement in recognition memory
following item repetition (d′Weak = 1.75 vs. d′Strong = 2.58).

Source memory
We explored the same source performance measures as
reported in SK16 (Table 1). Strong word items that were
repeated in both the recall and source memory judgment
encoding blocks showed a decrease in source discrimi-
nation relative to weak items that appeared only in the
source memory judgment encoding block (d′Strong = .84
vs. d′Weak = .98; t (35) =−2.37, p = .02, 95% CI [−.27,
−.02]). However, this decrement in source memory was
relatively small compared to the substantial drop in per-
formance found in SK16 (Experiment 1: d′ Strong = 1.08 vs.
d′Weak = 1.55; Experiment 2: d′ Strong = 1.06 vs. d′Weak =
1.45). Our strategy of reducing interference between the
source and item-strengthening trials seems to have been
partially successful in decreasing collateral effects of item
strengthening on source memory, but there was still a
detectable decrement to source performance.

Table 1. Source performance measures.

Performance measure

Experiment and
Condition p(“F” | F) p(“F” | S) d′ p(hc| C) p(hc| E)

Experiment 1
Weak .65 (.02) .31 (.01) .98 (.04) .57 (.01) .34 (.02)
Strong .64 (.02) .34 (.01) .84 (.04) .55 (.01) .40 (.01)
Lure .38 (.02)

Experiment 2
Weak .63 (.02) .33 (.02) .88 (.06) .55 (.02) .29 (.02)
Strong .65 (.02) .35 (.02) .81 (.06) .59 (.02) .40 (.02)
Lure .33 (.03)

Note: Standard errors are in parentheses. p(“F” | F) = proportion of face
responses to face items; p(“F” | S) = proportion of face responses to
scene items; p(hc| C ) and p(hc| E) = proportion of source attributions
made at the highest confidence level for correct and error responses,
respectively.
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We next analysed the effect of item strength (strong,
weak) and source accuracy (correct, error) on the pro-
portion of source responses made at the highest confi-
dence level using a 2 × 2 ANOVA.1 For correct responses,
we added the number of definitely face responses for
face items and the number of definitely scene responses
for scene items and divided the sum by the total
number of correct responses at any confidence level. Simi-
larly, for errors, we added the number of definitely face
responses for scene items and the number of definitely
scene responses for face items and divided the sum by
the total number of errors at any confidence level. We
completed these computations separately for each
strength condition. There was a main effect of accuracy,
F (1, 32) = 33.39, p < .001, such that participants were
more likely to indicate high confidence for correct
responses (.56) than for errors (.37). Further, there was a
significant interaction between strength and accuracy, F
(1, 32) = 8.01, p = .008. For source memory errors, partici-
pants were more likely to express high confidence for
strong items (.40) than for weak items (.34; t (32) = 3.10,
p = .002). A similar increase in confidence was not
observed for correct source responses; indeed, the pro-
portion of high confidence responses was slightly lower
for strong (.55) than weak (.57) items, (t (32) =−.94, p = .82).

In a final assessment of the decision heuristic account,
we evaluated its prediction that high-confidence source
ratings would accompany new items that participants
falsely, but confidently, claimed to remember (Figure 2,
left panel). When participants reported high confidence
in a false alarm (i.e., an unstudied word item that was
neither presented with a face nor a scene), they also
made a high-confidence source judgment on 30.6% of
trials. In comparison, for false alarms made with low or
medium confidence, participants reported high confi-
dence in only 19.8% of the subsequent source decisions.
The greater proportion of high-confidence source
responses for high-confidence false alarms was
confirmed with a Chi-square test, χ2(1) = 8.15, p = .004.
This replicates the relationship between recognition and
source confidence levels reported in both SK16 and
Starns et al. (2013). We tested the analogous case for
source errors, rather than false alarms; that is, cases
when the item was studied and correctly recognised, but
the source was incorrectly identified. The same relation-
ship held: the proportion of times participants expressed
high confidence in their source errors for targets that
were recognised with high item confidence (35.7%) was
greater than for targets recognised with low item confi-
dence (17.4%), Chi-square test, χ2(1) = 41.70, p < .001
(Figure 3, left panel).

Conclusions
Despite the altered encoding phase, Experiment 1 success-
fully replicated many of the results of SK16. Words pre-
sented twice – here, in two dissimilar encoding tasks
(recall and source memory) – had better recognition

performance relative to words presented in only one
encoding task. The item-strengthening manipulation also
produced a drop in source memory, so we did not
succeed in eliminating the source memory “side effect”
of strengthening item memory that SK16 noted. The
results also replicated the confidence contamination
pattern reported by SK16; namely, strengthening item
information increased the proportion of high-confidence
source errors without meaningfully affecting source confi-
dence for correct source responses. In short, we replicated
the support for the decision heuristic account reported by
SK16, but we did not expand on this support by extending
the confidence contamination effect to correct responses.
As in SK16, the fact that the effect was limited to error
source responses could be a consequence of the lower
source memory for repeated items, as this memory decre-
ment should decrease confidence in correct source
responses and counteract the decision heuristic that
inflates source confidence for strong item memories.

Results also showed a relationship between item confi-
dence and source confidence for errors, as predicted by
the decision heuristic account. Unstudied items that par-
ticipants were highly confident were “old” were
accompanied with high-confidence source responses at a
greater rate than other recognition confidence levels. Simi-
larly, participants expressed higher confidence in their
incorrect source judgments for targets that they recog-
nised with high versus low recognition confidence.

Experiment 2

The item-strengthening manipulation in Experiment 1
decreased source memory performance, although the
size of the effect on source memory seemed to be attenu-
ated compared to the manipulations used by SK16. Exper-
iment 2 attempted to further reduce the impact on source
memory by switching the order of the source-encoding
trials and the item-strengthening trials. In the Experiment
1 study phase, the source trial for a given word always fol-
lowed the recall-task (i.e., item-strengthening) trial, so the
remaining source memory decrement could be driven by
decreased attention to repetitions of the same item. We
altered the experimental design such that each word
was first encountered in the source encoding task, and
then half of the words were subsequently strengthened
by reappearing in a recall task (Figure 1, bottom panel).

Results will show whether having item strengthening
follow source encoding helps to minimise the impact on
source memory. If so, the decision heuristic account pre-
dicts that item strengthening will increase high-confi-
dence source responses for both correct and incorrect
source judgments. In other words, the confidence effect
on source errors observed by SK16 and in Experiment 1
should replicate and extend to correct responses as well.
Experiment 2 also provides another opportunity to repli-
cate the finding that participants report higher confidence
in source judgments when they are more confident that an
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item appeared in the study phase, even when the source
judgment is incorrect.

Method

Participants
Thirty-five undergraduate students from the University of
Massachusetts Amherst participated in exchange for
extra credit in their psychology courses. The analysis
included 34 subjects after applying an inclusion criterion
of item memory accuracy numerically greater than .5,
which excluded one subject.

Materials
The materials were identical to those of Experiment 1;
however, each participant completed only one session of
the experiment.

Procedure
In Experiment 2, we switched the order of the two encod-
ing blocks during the study phase. Each of the 10 study
cycles began with an encoding phase consisting of learn-
ing 12 word-picture pairs and then a source memory judg-
ment. In the second encoding block, six of the word items
from the first encoding block re-appeared alone in an

initial-letter cued recall task. All other procedures were
identical to that of Experiment 1.

Results and discussion

Recognition memory
As in Experiment 1, item strengthening improved recog-
nition memory. When collapsing “old” responses across
the three confidence levels, the false alarm rate was .14
and the hit rates were .75 and .93 for weak and strong
items, respectively. The difference in d′ scores between
weak and strong items showed a large improvement in
recognition memory produced by item repetition (d′Weak

= 1.95 vs. d′Strong = 2.93).

Source memory
The results of a t-test revealed that strengthening item
memory did not produce a substantial decrease in
source discrimination (d′Weak = .88 vs. d′Strong = .81; t (33)
=−.80, p = .43, 95% CI [−.26, .11]). Of course, obtaining a
nonsignificant result does not provide compelling evi-
dence that the effect size is exactly zero, but the confi-
dence interval shows that the results are only consistent
with small effects on source accuracy. Thus, the results
show that the strengthening manipulation effectively

Figure 2. Source confidence for unstudied items. In Experiment 1 (left panel) and Experiment 2 (right panel), participants incorrectly identified some new
word items as “old” with various levels of confidence (bars along x-axis, Low =maybe old, Med. = probably old, High = definitely old). For each level of
item confidence, the proportion of subsequent source confidence responses are shown in various shades of colour. The darkest shade represents the lowest
source confidence (maybe face or maybe scene) and the lightest shade represents the highest source confidence (definitely face or definitely scene).
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produced a large increase in item memory with minimal
impact on source memory.

We analysed the proportion of source responses made
at the highest confidence level with a 2 (item strength) × 2
(source accuracy) ANOVA.2 Participants were more likely to
indicate high confidence for correct responses (.57) than
for errors (.34), F (1, 28) = 66.99, p < .001, and for strong
items (.50) than for weak items (.42), F (1, 28) = 17.45, p
< .001. Additionally, we found a significant interaction
between strength and accuracy, F (1, 28) = 4.28, p = .048.
As in Experiment 1, this interaction reflected a larger confi-
dence contamination effect for source errors than for
correct responses. However, unlike Experiment 1, the
current results showed a positive confidence contami-
nation effect for both types of responses, as the proportion
of high confidence responses increased from .29 to .40 for
errors, t (28) = 4.23, p < .001, and increased from .55 to .59
for correct responses, t (28) = 1.84, p = .039.

The Experiment 2 data were also consistent with a posi-
tive relationship between item and source confidence, as
predicted by the decision heuristic account. When partici-
pants reported high confidence in a false alarm, they also
made a high-confidence source decision on 48.1% of trials.
In comparison, for false alarms made with low or medium

confidence, participants reported high confidence in only
11.2% of trials. This difference in the proportion of high-
confidence source ratings was again confirmed with a
Chi-square test, χ2(1) = 45.59, p < .001 (Figure 2, right
panel). The same relationship held for source errors: par-
ticipants differed in the proportion of times they expressed
high confidence in their source errors for targets that were
recognised with high (38.3%) versus low (12.3%) item
confidence, Chi-square test, χ2(1) = 48.82, p < .001
(Figure 3, right panel).

Conclusions
Experiment 2 asked whether the strength-induced
inflation in high-confidence source responses could be
replicated while also eliminating the source memory
decrement that was observed in both SK16 and Exper-
iment 1. The methods of Experiment 1 and Experiment 2
were identical except for the ordering of the two encoding
tasks. Experiment 2 asked participants to complete a
source judgment task for mini-blocks of items before com-
pleting a recall task for a subset of those items, which was
the reverse of the task order used in Experiment 1. This
change to the strengthening manipulation successfully
minimised the difference in source memory accuracy

Figure 3. Source error confidence for studied items. In Experiment 1 (left panel) and Experiment 2 (right panel), participants correctly identified some
studied word items as “old” with various levels of confidence (bars along x-axis, Low =maybe old, Med. = probably old, High = definitely old), but incor-
rectly identified the source. For each level of item confidence, the proportion of subsequent source error confidence responses are shown in various shades
of colour. The darkest shade represents the lowest source error confidence (incorrect maybe face or maybe scene) and the lightest shade represents the
highest source error confidence (incorrect definitely face or definitely scene).
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between strong and weak items, as there was no signifi-
cant effect of item strength on source discriminability
and the confidence interval was concentrated on very
small effect sizes.

The results again replicated the confidence contami-
nation effect produced by the item-strengthening
manipulation. Participants were significantly more likely
to express high confidence in their source judgments for
strong versus weak word items. Moreover, the results
expanded evidence for the source contamination effect
by demonstrating the effect for both correct and incorrect
source judgments, although the effect was still larger for
incorrect than correct responses. Finally, results again
showed a positive relationship between item confidence
and confidence in source errors. Overall, the findings are
very consistent with the claim that participants use a
decision heuristic in which they are more willing to
express high source confidence when they have a strong
memory for the item information.

Implications for signal detection models of
memory

This section further tests the decision heuristic account by
assessing the effect of item strengthening on source ROC
functions. We will review past work that implemented
the decision heuristic account in terms of converging
confidence criteria in a model of joint item and source
memory, and we will outline a clear prediction of the con-
verging criteria mechanism for the effect of item strength-
ening on source ROC functions. We tested this prediction
by fitting a signal detection model to the source ROC
data. We used a hierarchical Bayesian approach, so our
models were able to accommodate variation in parameter
values across participants while simultaneously using all

available data to inform parameter estimates (Kruschke,
2015).

ROCs are a tool for data analysis that define the
relationship between the proportion of correct and incor-
rect responses across different levels of response bias
(Macmillan & Creelman, 2005). For source memory,
researchers designate one source as the “target” (e.g.,
face) and the other source as the “lure” (e.g., scene). For
each point on the ROC plot, the x-axis value is the
source false alarm rate (e.g., the proportion of “face”
responses for words actually paired with a scene) and
the y-axis value is the source hit rate (e.g., the proportion
of “face” responses for words paired with a face). For
ROCs generated from confidence ratings, different points
on the function come from different ranges of the confi-
dence scale. The leftmost point includes the response
rates for only the most confidently remembered “target”
response (e.g., definitely face). Moving towards the right,
the second point includes the response rates for the
most confidently remembered “target” response as well
as the next most confidently remembered “target”
response (e.g., definitely face and probably face). This con-
tinues until the point farthest to the right includes the
response rates for all confidence responses, except for
the most confidently remembered “lure” response (e.g.,
definitely scene). By converting the hit and false alarm
response rates to z-scores, we create zROC functions, a
transformation that has been used to develop and evalu-
ate the predictions of signal detection-based models of
memory (e.g., Ratcliff et al., 1992).

ROC predictions of the decision heuristic account

Figure 4 shows a signal detection model of recognition
and source memory that implements the decision heuristic
account in terms of converging source criteria. The x-axis
represents a continuum of source memory ranging from
evidence in favour of the “scene” source (left) to the
“face” source (right). For example, a value on the far left
of this continuum means that the participant strongly
remembered seeing the test word with the picture of a
scene that was used on the study list. The y-axis represents
a continuum of item memory ranging from evidence in
favour of a “new” response (bottom) to an “old” response
(top). For example, a value at the low end of the conti-
nuum means that the test word was a very weak match
to the participant’s memory of the study phase, indicating
that it likely was not on the study list. Readers can think of
the evidence distributions as hills rising out from the plane
defined by the plot axes, with the contours interpreted as
an elevation map showing regions of high and low
elevation (thick and thin lines, respectively). Here, “high
elevation” means that a lot of items have joint recognition
and source memory strength values near that point (i.e.,
high probability density), and each contour shows all
points on the distribution with a probability density
equal to a certain value.

Figure 4. Decision heuristic account as a signal detection model of recog-
nition source memory.
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Words studied with a scene or face tend to have higher
item strength than words that were not seen on the study
list. Words studied with a scene (face) tend to have source
evidence on the scene (face) end of the continuum, and
lure words tend to be near the middle of the source evi-
dence continuum, indicating ambiguous source evidence.
The model incorporates a relationship between source and
item memory; that is, the source distributions for scene
and face items overlap completely with very low item
strength and diverge as item strength increases. As a con-
sequence, the ability to accurately discriminate sources is
zero for weak itemmemories and increases for increasingly
strong item memories.

The straight lines on the figure show criteria that map
memory strength values to responses on the confidence
rating scale. For example, items with source strength
values on the far left get high-confidence “scene”
responses and values on the far right get high-confidence
“face” responses. Here, the decision heuristic account is
implemented by “pulling in” the criteria on the source
dimension as confidence that the item was studied
increases. For example, an item recognised with high
confidence would get a high-confidence “scene” response
even if it was not too far to the left of the continuum; that
is, source confidence is high even though source memory
is relatively ambiguous.

As noted in previous studies (SK16; Starns et al., 2013,
2014), this converging criteria mechanism predicts that
source memory zROC slopes should systematically
deviate from a value of 1 when strong items from one
source are plotted against weak items from another
source. For example, SK16 plotted two mixed-strength
source zROC functions by varying the strength of the
“target” source (i.e., male face). One function plotted
repeated items paired with a male face against non-
repeated items paired with a female face (i.e., Strong-
Male-WeakFemale) and the other function plotted non-
repeated items paired with a male face against repeated
items paired with a female face (i.e., WeakMale-StrongFe-
male). The converging criteria model predicts that the
zROC slope should be below 1 when the “target” source
is stronger than the “lure” source and above 1 when the
“target” source is weaker than the “lure” source. A
number of studies have observed this pattern when both
item and source memory is strengthened (e.g., SK16;
Starns et al., 2013; Yonelinas, 1999), and SK16 showed
that the pattern also holds when item memory is strength-
ened without an improvement in source memory.

Dual-process signal detection account of source
zROC Slope effects

zROC slopes have traditionally been interpreted in terms of
memory processes, such as the relative contribution of two
distinct recognition memory systems (e.g., Yonelinas,
1994) or the relative variability of continuous distributions
of memory strength (e.g., Hilford et al., 2002; Slotnick et al.,

2000; Slotnick & Dodson, 2005). In particular, the effect of
learning strength on source memory zROC slopes has been
cited as support for the dual process signal detection
(DPSD) model (Yonelinas, 1994; Yonelinas & Parks, 2007),
and the specific strengthening manipulation used by
SK16 was designed to distinguish the dual process and
decision heuristic accounts. Thus, we will also consider
the implications of our results for the DPSD model.

The DPSD model assumes that memory decisions can
be based on one of two independent memory systems,
familiarity and recollection. Familiarity is characterised as
a continuous equal-variance signal detection process. For
source memory, items from either source have variable
memory strengths measured on a continuous scale,
which form separate probability distributions used to
inform an individual’s judgment. In contrast, recollection
is a discrete threshold process, such that a participant
either successfully recollects details from an event or fails
to recollect any details at all. Importantly, recollection is
associated with high-confidence responses that improve
the hit rate without eliciting changes in the false alarm
rate (i.e., false recollection does not occur in the Yonelinas
(1999) model).

The DPSD model predicts that zROC slopes are based
on the relative contribution of recollection and familiarity,
and that changing the relative contributions can lead to
slopes that deviate from 1. Yonelinas (1999) used a
source memory task to test this prediction. Participants
heard words organised in two lists, one spoken in a
man’s voice the other in a woman’s voice. The first list
was studied twice and the second only once, creating a
difference in learning strength. Yonelinas assumed that
familiarity-based memory strengths for both sources
would be similar, owing to a trade-off between frequency
(i.e., the first list source was repeated) and recency (i.e., the
second list source was presented immediately prior to
test). Therefore, familiarity signals should be less useful
for mnemonic source judgments, forcing participants to
rely on recollection alone. Results showed that additional
learning produced source zROC slopes that deviated
from 1, in line with the DPSD prediction (slope = .75).3

Other studies have since replicated the effect of mixed-
strength sources on source zROC slopes (e.g., Starns
et al., 2013).

SK16 noted that the DPSD model and the converging
criteria model predict the same direction of effect on
zROC slopes when sources differ in strength, but they do
so based on different mechanisms. The DPSD model attri-
butes the effect to an increase in source recollection for
stronger items, whereas the converging criteria model
attributes it to an increased willingness to make high-
confidence source responses for stronger items. Their
different-source repetition manipulation was designed to
distinguish these potential mechanisms by strengthening
item memory without improving source memory, which
should eliminate the slope effect if it is based on enhanced
source recollection but not if it is based on lax source
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confidence criteria for items that are high in item strength.
SK16’s results showed that different-source repetition pro-
duced the slope effect, which they interpreted as support
for the converging criteria model.

The zROC analyses for the current experiments allow us
to determine if this result replicates and also to evaluate
the zROC slope effect when item-strengthening manipula-
tions have less influence on source memory, especially for
Experiment 2. Although source memory is thought to rely
primarily on recollection (Yonelinas, 1999), the DPSD
model could technically produce the slope effect observed
by SK16 if item strengthening selectively impaired source
familiarity without affecting source recollection. By better
equating source performance for strengthened and
unstrengthened items, we can achieve a clearer test of
the DPSD model. Specifically, if item strengthening has
minimal effects on source performance, then the DPSD
model cannot predict a zROC slope effect by assuming a
selective effect on the familiarity component of source
memory (sparing recollection). In other words, the DPSD
model will predict no slope effect, but the converging cri-
teria model predicts the same slope effect observed in
SK16, as the latter model attributes the effect to differ-
ences in source decision making produced by a change
in item memory strength.

Modelling methods

We used a hierarchical Bayesian approach to fit a Gaussian
signal detection model to the observed source zROC func-
tions. We fit a Gaussian signal detection model to the
empirical zROC functions using hierarchical Bayesian
methods. Models were fit using JAGS software (Plummer,
2003) to take Markov Chain Monte Carlo (MCMC)
samples from the joint posterior distribution across all
parameters.

The model assumes that source retrieval produces a
continuous strength value representing how well the
remembered information matches one source versus the
other. A strength value of zero represented completely
ambiguous information, with values farther above or
below zero representing increasingly strong evidence for
Source 1 or Source 2, respectively. Variation in source
strength across test trials was represented by Gaussian dis-
tributions. The source distributions were symmetrical
around zero, with means at µ and -µ. Thus, the distance
between distributions was 2µ. The model had separate µ
parameters for weak and strong items (i.e., items that
were only studied in the source encoding blocks or
items that were studied in both the source and recall
encoding blocks). The model also had a free parameter
for the standard deviation for strong items, σ, with the
standard deviation for weak items fixed at a value of
1. Within a strength category, the distributions for face
and scene items had equal standard deviations. Finally,
the model had parameters for the position of 5 response
criteria to map strength values onto the 6 confidence
responses from high-confidence “face” responses to
high-confidence “scene” responses. The criterion separ-
ating “face” and “scene” responses, c, was allowed to
vary from zero, meaning that the model could accommo-
date biased responding (e.g., a participant with an overall
preference for responding “scene”). In addition to c, the
model had 4 criterion deviation parameters, d1–d4, for
the distance between adjacent criteria. d1 and d2 could
only take positive values, and the two confidence criteria
above the “face”/“scene” criterion were placed at c + d1
and c + d1 + d2, respectively. d3 and d4 could only take
negative values, and the two confidence criteria below
the “face”/“scene” criterion were placed at c + d3 and c +
d3 + d4, respectively.

The model described above applies at the individual-
participant level, so predicted responding for each partici-
pant was based on 8 parameters: µWEAK, µSTRONG, σ, c, d1, d2,
d3, and d4. Each participant was allowed unique values for
all parameters, but the model also used across-participant
distributions to serve as prior distributions for the partici-
pant-level parameter estimates. The across-participant dis-
tributions of µWEAK and µSTRONG were defined indirectly
with a Gaussian distribution for the average µ value
across the two strength conditions (av) and the strength
effect (se) for µ, where µWEAK = av – .5 × se and µSTRONG =
av + .5 × se. The model also used Gaussian distributions

Table 2. Priors on hyperparameters for across-participant distributions of
SDT parameters.

Label Description Prior distribution

µav Across-participant
mean of av

Gaussian with mean of 1 and SD of 1
truncated below 0

µse Across-participant
mean of se

Gaussian with mean of 0 and SD of 0.5

µlog
(σ)

Across-participant
mean of log(σ)

Gaussian with mean of 0 and SD of 0.5

µc Across-participant
mean of c

Gaussian with mean of 0 and SD of 1

µd1 Across-participant
mean of d1

Gaussian with mean of 0 and SD of 0.5
truncated below 0

µd2 Across-participant
mean of d2

Gaussian with mean of 0 and SD of 0.5
truncated below 0

µd3 Across-participant
mean of d3

Gaussian with mean of 0 and SD of 0.5
truncated above 0

µd4 Across-participant
mean of d4

Gaussian with mean of 0 and SD of 0.5
truncated above 0

σav Across-participant SD
of av

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σse Across-participant SD
of se

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σlog
(σ)

Across-participant SD
of log(σ)

Gaussian with mean of 0.1 and SD of
0.25 truncated below 0.05

σc Across-participant SD
of c

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σd1 Across-participant SD
of d1

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σd2 Across-participant SD
of d2

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σd3 Across-participant SD
of d3

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

σd4 Across-participant SD
of d4

Gaussian with mean of 0.25 and SD of
0.5 truncated below 0.1

Note: SD = standard deviation.
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to represent across-participant variation in c and the log of
σ. The model used Gaussian distributions truncated below
0 for d1 and d2 and Gaussian distributions truncated above
zero for d3 and d4. These across-participant distributions
each had a mean and standard deviation, so there were
16 total hyperparameters that were estimated along with
the individual-participant parameters. We used loosely
informative prior distributions for these hyperparameters,
as reported in Table 2.

We addressed two primary research questions with the
model results: (1) How did the item-strengthening
manipulation affect source memory? and (2) What was
the difference in zROC slopes between the “Strong Face
–Weak Scene” and “Weak Face – Strong Scene” functions?
For the first question, we assessed the difference in source
d′ values between strong and weak items. For a given par-
ticipant, the weak d′ value is 2mWEAK and the strong d′

value is 2mSTRONG/s. To represent overall performance,
we applied these equations using hyperparameters repre-
senting average parameter values across participants
instead of the parameters for an individual participant.
We created distributions of uncertainty by doing this for
each MCMC sample. For the second question, we calcu-
lated zROC slopes using the σ parameters. For a given par-
ticipant, σ is the ratio of the standard deviation in source
evidence for weak and strong items, so the cross-strength
functions have slopes of σ and 1/σ, making the slope effect
σ – 1/σ. To represent overall performance, we applied this
formula using the hyperparameter representing the
average σ value across participants.4 We did this for
every MCMC sample to create a posterior distribution of
overall slope differences.

Modelling results

Throughout, we use median of the posterior distribution as
a point estimate and 95% Highest Density Intervals (HDIs)
to characterise the range of uncertainty. As in SK16, we
evaluated both pure-strength and mixed-strength source
zROCs. In reporting results, we always defined “face” as
the target source and scene as the lure source, so the hit
rate was the proportion of face items reported as “face”
and the false alarm rate was the proportion of scene
items reported as “face”. For pure-strength zROCs, the
functions were based on face and scene items that were
either both studied once (weak) or both studied twice
(strong). For the mixed-strength zROCs, the functions
were based on face items from one strength condition
and scene items from the other.

Experiment 1 zROC analyses
The left panel of Figure 5 shows the pure-strength zROC
functions from Experiment 1. The strong function is
slightly closer to the positive diagonal defining chance
performance, suggesting that the item-strengthening
manipulation slightly impaired participants’ ability to dis-
criminate the sources. The model estimated d′ values of

1.01 and 0.83 for weak and strong item learning, respect-
ively. Figure 6 shows the posterior distribution for the
difference in the model’s d′ estimates in the weak and
strong conditions.5 The median of the posterior distri-
bution was −.175 and the 95% HDI was [−.304, −.057].
Because zero is not included in the HDI, we cannot con-
sider it a credible value and thus we can infer that
strengthening item memory impaired source discrimi-
nation. Thus, the Bayesian modelling results confirmed
the previous frequentist analysis.

The mixed-strength zROC functions had a lower slope
when the target source had stronger learning (.93) than
when the lure source had stronger learning (1.07; Figure
5, right). This is the direction of effect predicted by the con-
verging criteria model, but the slope difference was subtle.
Figure 7 shows the posterior distribution for the slope
difference (“Weak Face - Strong Scene” minus “Strong
Face – Weak Scene”). The median of the slope difference
posterior distribution was .137 and the 95% HDI was
[.017, .255]. We cannot consider zero a credible value
because it is not included in the HDI. Therefore, we can
infer that the mixed-strength source zROC slope effect
was present and that strengthening item memory
affected source zROC slopes as predicted by the conver-
ging criteria account, although the slope difference was
small.

Experiment 2 zROC analyses
Figure 8 shows the zROCs from Experiment 2. The pure-
strength functions (left panel) showed no evidence that
the item-strengthening manipulation affected source
memory, as the functions overlapped nearly completely.
The model estimated d′ values of .93 and .82 for weak
and strong item learning, respectively. Figure 9 shows
the posterior distribution for the difference in source
memory d′ between strengthened and unstrengthened
items. The posterior distribution had median value of
-.109 and a 95% HDI of [−.264, .063]. Zero is included in
the HDI, and anything other than a small effect is ruled
out by the interval. This implies that strengthening item
memory did not produce a substantial decrease in
source discrimination.

The mixed-strength zROC functions (Figure 8, right)
showed the slope effect predicted by the converging cri-
teria model, and the effect was larger than the one
observed in Experiment 1. The slope estimate was 0.89
when the target source had strong item learning and
1.13 when the lure source had strong item learning.

We again assessed the slope effect with the posterior
distribution for the difference in slope between the two-
mixed strength zROC functions (i.e., slope Weak Face vs.

Strong Scene – slope Strong Face-Weak Scene). The median of
the slope difference posterior distribution was .244 and
the 95% HDI was [.06, .429] (Figure 10). Zero did not fall
within the HDI and is not considered a credible value.
Thus, results again showed the slope effect predicted by
the converging criteria account.
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Collectively, the zROC results replicate SK16 and
provide further support for the converging criteria
account. Moreover, the effect held even with no appreci-
able difference in source memory between strengthened
and unstrengthened items (Experiment 2), which provides
evidence against the idea that the slope effect is produced
by a selective effect on source familiarity, as opposed to
source recollection, in the DPSD model. Thus, the current
results expand the support for the converging criteria
model over the DPSD model first reported by SK16.

General discussion

In two experiments, we explored the effect of strengthen-
ing memory for item information on confidence in source
memory judgments. The primary goal was to test a
decision heuristic account whereby strong item memory
makes participants more willing to report high confidence
in their source responses even if they do not clearly
remember source details. SK16 reported evidence for this
account by showing that strengthening item memory
inflated confidence in source errors, but in their dataset
SK16 found no effect on confidence in correct source
responses. The decision heuristic account predicts that
item strength should inflate source confidence for both

Figure 5. Source zROC functions from Experiment 1. Pure-strength functions (left) were plotted using face and scene items from the same item-strength
condition (i.e., word items appearing only once in encoding block Type B [weak items; unfilled circles] or word items appearing in both encoding blocks
[strong items; filled triangles]). The same data were used to plot mixed-strength functions (right) with strong items from one source plotted against weak
items from the other source. In both panels, functions with filled symbols feature strong face items, functions with unfilled symbols feature weak face
items, functions with triangles feature strong scenes, and functions with circles feature weak scenes. The displayed functions are not based on direct
fits to the observed zROC points; rather, they are based on average parameter values from the hierarchical model that was fit to the individual-participant
data.

Figure 6. Posterior distribution for the difference between strong and weak mean d′ estimates in Experiment 1. The comparison value of zero (dashed
vertical line) is accompanied with the percentage of the MCMC sample that falls below and above the comparison value. The bold horizontal line reflects
the 95% highest density interval (HDI).
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correct and errors responses. However, the item strength-
ening manipulation used by SK16 also impaired source
memory, which might have counteracted an increase in
source confidence for correct responses. The current
studies used new item-strengthening manipulations
designed to minimise impacts on source discrimination
by decreasing the similarity between the source-encoding
and item-strengthening trials (Experiments 1 and 2) and by
having the source-encoding trials precede the item-
strengthening trials (Experiment 2).

The Experiment 1 results showed that the item-
strengthening manipulation produced a detectable
decrease in source discriminability, but the effect was
smaller than the one observed in the SK16 experiments.
Item strengthening increased source confidence for incor-
rect responses with no effect on correct responses. Thus,
the results supported the decision heuristic account by
showing an overall increase in source confidence, but
did not show an effect for both error and correct
responses. As in the SK16 experiment, the effect on
correct source confidence might have been counteracted
by a reduction in source discriminability. In Experiment
2, item strengthening had a negligible effect on source
accuracy, and inferential tests could not rule out a null
result. So we succeeded in finding a “purer” manipulation
of item strength with minimal side effects on source dis-
crimination. Under these conditions, the item strengthen-
ing manipulation inflated source confidence for both
correct and erroneous source decisions. Thus, results pro-
vided strong support for the decision heuristic account.

We also assessed correlational evidence for the decision
heuristic account in terms of the relationship between
item and source confidence. As in previous studies (e.g.,
Starns et al., 2013), we found that participants were
more likely to make high confidence source responses
for lures that were falsely recognised with higher levels
of item confidence. We also found a similar pattern for

targets that were correctly recognised but attributed to
the incorrect source. Participants were more likely to
report high confidence in these source errors if the
target was recognised with higher item confidence.
Together with the results of the item strengthening
manipulation, these results provide converging evidence
that item strength inflates source confidence, even in the
absence of accurate source retrieval (i.e., for lures not
studied in any source and targets attributed to the
wrong source).

Finally, we also evaluated the effect of item strengthen-
ing on source zROC slopes to further test the decision
heuristic account and compare it to a dual process
account. By applying a Gaussian signal detection model
in a hierarchical Bayesian format, we showed that
strengthening item memory affected zROC slopes as pre-
dicted by the decision heuristic account. That is, the
source memory zROC slope was high when the source
defined as the “target” had stronger item memory than
the alternative source, and the slope was low when the
source defined as the “target” had weaker item memory
than the alternative source. This result is difficult to accom-
modate in a dual process account, which attributes
changes in zROC slope to differences in the relative contri-
bution of familiarity versus recollection on source discrimi-
nation. This is especially true for Experiment 2, for which
item strengthening had no discernible impact on source
discrimination but still affected source zROC slopes.

Our results suggest that multiple factors contribute to
source memory impairments produced by item-strength-
ening manipulations, as seen in SK16 and our Experiment
1. We speculated that the source impairments in SK16
could be attributed to two factors: source interference
and reduced attention to repeated presentations of the
same word. Experiment 1 minimised source interference
by strengthening item memory with a recall task that did
not include any picture sources like the ones on source

Figure 7. Posterior distribution for the slope difference between source zROC mixed-strength functions in Experiment 1. The comparison value of zero
(dashed vertical line) is accompanied with the percentage of the MCMC sample that falls below and above the comparison value. The bold horizontal
line reflects the 95% highest density interval (HDI).
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encoding trials, but this experiment maintained the SK16
practice of always having the item-strengthening trial
precede the source-encoding trial for a given word. This
attenuated source decrements relative to SK16, but still
produced a detectable effect on source discrimination.
Experiment 2 maintained the encoding procedures of
Experiment 1 but flipped the order such that the source-
encoding trial for a given word always preceded the
item-strengthening trial. This procedure was more suc-
cessful in minimising source-impairment side effects, and
results were consistent with either no decrement or a
very small decrement. The potential influence of attention
here highlights the importance of considering additional

cognitive processes when evaluating memory findings
and designing manipulations of memory strength. We rec-
ommend that future experiments investigating the effects
of item strength on source memory both make source and
item trials as distinct as possible and give participants the
opportunity to encode source details associated with an
item before it appears in the item-strengthening task.

Beyond the zROC results, the high-confidence source
error findings that we report are also inconsistent with
the standard DPSD model. The DPSD model associates
recollection with increases in high-confidence correct
source responses, but not source errors, and therefore
cannot explain how strengthening item memory, which

Figure 8. Source zROC functions from Experiment 2. Pure-strength functions (left) were plotted using face and scene items from the same item-strength
condition (i.e., word items appearing only once in encoding block Type B [weak items; unfilled circles] or word items appearing in both encoding blocks
[strong items; filled triangles]). The same data were used to plot mixed-strength functions (right) with strong items from one source plotted against weak
items from the other source. In both panels, functions with filled symbols feature strong face items, functions with unfilled symbols feature weak face
items, functions with triangles feature strong scenes, and functions with circles feature weak scenes. The displayed functions are not based on direct
fits to the observed zROC points; rather, they are based on average parameter values from the hierarchical model that was fit to the individual-participant
data.

Figure 9. Posterior distribution for the difference between strong and weak mean d′ estimates in Experiment 2. The comparison value of zero (dashed
vertical line) is accompanied with the percentage of the MCMC sample that falls below and above the comparison value. The bold horizontal line reflects
the 95% highest density interval (HDI).
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is assumed to increase the contribution of recollection,
would also increase participants’ confidence in source
errors. In contrast, the converging criteria model predicts
that confidence would increase for source errors because
high item strength is associated with lax criteria for
making a high-confidence source response, and this mech-
anism is not dependent on any other mechanism that
affects source accuracy, like recollection.

One critique of the conclusion made here may be that
we have failed to consider fully the influence of a source
memory decrement and that such a decrement may be

required to produce the slope effect when only item
memory is strengthened. For instance, although both fre-
quentist and Bayesian analyses of Experiment 2 did not
reveal a statistically significant impairment, there still
remained a numeric decrease in source memory perform-
ance between weak and strong items as measured by d′. In
combination with the impairment found in our Experiment
1 and both experiments of SK16, it may appear that we
have selectively focused on the exception among these
results. To explore the possible influence of source
memory impairments on the slope effect, we plotted the
group-level estimates of these two values across our two
experiments and the two experiments of SK16 (Figure
11). Although SK16 demonstrated greater source
memory deficits and slope effects, relative to our exper-
iments, a comparison of their two experiments revealed
similar slope effects (Exp1 = .30; Exp2 = .31) despite differ-
ences in the size of the source impairment (Exp1 = .47,
Exp2 = .39). Further, we observed a slope effect in both
of our experiments with a much smaller source impair-
ment than SK16, and a comparison of our experiments
showed that the experiment with the smaller source
impairment (Exp1 = .14 vs. Exp2 = .07) actually had a
larger slope effect (Exp1 = .11 vs. Exp2 = .25). Therefore,
there was no indication of a relationship between these
two factors that would discredit the converging criteria
account of the slope effect in favour of mechanisms
related to source memory deficits.

As mentioned in the Introduction, the source of a
memory can be defined in reference to a wide range of
dimensions, such as location, presenter, or even internal
cognitive and emotional states (Johnson et al., 1993).
Although it is standard in laboratory studies to use two

Figure 10. Posterior distribution for the slope difference between source zROC mixed-strength functions in Experiment 2. The comparison value of zero
(dashed vertical line) is accompanied with the percentage of the MCMC sample that falls below and above the comparison value. The bold horizontal line
reflects the 95% highest density interval (HDI).

Figure 11. The relationship between source memory performance and the
slope effect. Source memory impairment (y-axis), as measured by the differ-
ence in d′ between weak and strong items, was plotted against slope effect
(x-axis), as measured by the difference between mixed-strength source
zROC slopes, for Experiment 1 (black) and Experiment 2 (grey) of the
current study (triangles) and of SK16 (circles).
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source categories, a source decision can involve any
number of categories, such as when one attempts to
remember which news outlet carried a story. We expect
that the relationship between item strength and source
confidence noted herein will generally hold across many
different versions of a source task, but future studies will
be required to demonstrate this empirically. Past studies
suggest that many source memory phenomena are
robust to changes in source dimension (e.g., Hicks &
Marsh, 2001).

A number of possible mechanisms could underlie the
relationship between item and source confidence,
ranging from simple response tendencies (e.g., a predilec-
tion for reusing response options) to basic properties of
memory retrieval. This list includes mechanisms consistent
with the claim that high item strength affects source
responding in itself (like the converging criteria model)
and mechanisms that propose that source judgments are
instead affected by the feeling of confidence conferred
by high item strength, or even the overt response action
promoted by high item strength. Regardless of mechan-
ism, it is important for memory researchers to consider
the decision heuristic account; for example, researchers
would not want to interpret zROC patterns as evidence
for threshold recollection if they are in fact produced by
decision heuristics. Our design helps to rule out some of
the most mundane mechanisms for the link between
item and source confidence, as we had separate test lists
for these two judgments. Thus, it is unlikely that the
relationship reflects a simple tendency to repeat response
categories, as the preceding response for a given source
judgment was a source judgement for a separate item,
not the item judgment for the same item (that response
was made on a previous test list). Of course, it is possible
that participants remember their previous item response
before making a source response.

A recent study by Fox and Osth (2022) provides stron-
ger evidence that item strength itself impacts source judg-
ments. They used a reversed paradigm in which the source
test preceded the item test. Thus, source judgments could
not be affected by previous item judgments, but it is still
reasonable to expect that items recognised with high
confidence on the subsequent recognition test tended to
have stronger item memories than items not recognised
with high confidence. The goal of the original study was
to assess source discrimination for unrecognised items,
but the data can also be used to explore the relationship
between item and source confidence. Results from this
analysis show the same relationship between item
strength and source confidence predicted by the decision
heuristic account, and this holds even when analyses are
limited to source errors. Specifically, participants reported
high confidence in their source errors 11% of the time for
weak item memories versus 26% of the time for strong
item memories. Although not definitive, these results
suggest that high item memory directly promotes high

confidence source responding with no need for mediation
via an explicit item judgment.6

As noted in the Introduction, the item-memory misattri-
bution model (IMM; Dobbins & McCarthy, 2008) proposes
that people will sometimes claim to have studied an
item in a specific source based on item memory even
when they fail to retrieve specific source details. For the
more standard task of selecting between alternative
sources, one could potentially extend this account by
claiming that high item strength is misattributed to
source evidence for whichever source the participant
selects on a given trial. Functionally, this would increase
the variability of source evidence as item strength
increases. That is, slight evidence for Source 1 would be
perceived as strong evidence for Source 1 when high
item strength is misattributed to source, and the same is
true for Source 2. Notably, compressing the confidence cri-
teria is mathematically equivalent to increasing the varia-
bility of evidence distributions (Starns et al., 2013). Thus,
misattributing item evidence as source evidence is a
potential mechanism for the decision heuristic account,
and indeed, some versions of a misattribution account
could be mimicked by converging confidence criteria.

In sum, the current experiments support the conver-
ging criteria account over the DPSD account by upholding
three specific predictions of the former account. First,
when we eliminated interfering factors, we observed an
increase in the proportion of high-confidence responses
for both correct and error source responses. Second, we
replicated a dependency between confidence for item rec-
ognition errors (i.e., false alarms) and later source confi-
dence. Third, we observed an effect of item strength on
source zROC slopes even when the strength manipulation
had no effect or a slight negative effect on source
performance.

At a more general level, our findings highlight the dis-
sociation between source confidence and accuracy.
Returning to the issue of misinformation, our results indi-
cate that strong memory for the content of an article will
encourage people to express high levels of confidence
for their memory of the source of the article, even if they
misremember the source itself. It is important to consider
the factors that influence source confidence in the fight
against misinformation, because high levels of confidence
in memory for the source of a piece of information could
influence an individual’s decision to share it with others.
Our findings suggest that researchers cannot develop a
full understanding of source judgments unless they
account for how memory for source interacts with
memory for the item itself.

Notes

1. We had to remove three participants from the analyses of the
proportion of high-confidence source responses: two partici-
pants never made a high-confidence source response, regard-
less of item strength or source accuracy, and one participant
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never made a high-confidence source response for any weak
items.

2. We had to remove five participants from the analyses of the
proportion of high-confidence source responses: one partici-
pant never made a high-confidence source response, regard-
less of item strength or source accuracy; one participant
never made a high-confidence source error; one participant
never made a high-confidence error for weak items nor a
high-confidence correct response for strong items; and two
participants never made a high-confidence source error for
strong items.

3. As mentioned earlier, a source memory zROC requires desig-
nating one source as the “target” and the other source as
the “lure”. The direction of the slope deviation (i.e., whether
the slope is greater than or less than 1) depends on which
source has been designated as the “target”. Yonelinas (1999;
Experiment 3) designated the stronger source (List 1) as the
“target” source. Therefore, a slope less than 1 captured a
boost in high-confidence correct responses for the stronger
source. However, if instead they designated the weaker
source (List 2) as the “target” when plotting the source
zROC, a slope greater than 1 would reflect a boost in high-
confidence correct responses for the stronger source.

4. The model had an across participant distribution on log(σ), so
we exponentiated the hyperparameter for the mean of this
distribution to get the overall raw sigma.

5. We plotted all posterior distributions using the plotPost func-
tion, which is defined in Kruschke’s (2015) DBDA2E-utilities.R,
a collection of utility functions for performing Bayesian analy-
sis in R (R Core Team, 2016).

6. We do not make the strong claim that item and source judg-
ments make reference to the same memory representations.
Retrieving strong item information could impact source
decision processes even if item and source representations
are stored and retrieved separately.
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