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A B S T R A C T

To bridge the gap between naturalistic and laboratory assessments of episodic memory, we designed time- and
content-matched real-world and virtualized versions of the same tour event. In younger and older adults, we
investigated objective and subjective aspects of recollection for event features using a verbal true/false test
common to both event conditions. Using a data-driven multivariate analysis blind to the age groups and event
conditions, we found that discriminating altered from true details accounted for the largest amount of variance
in objective retrieval patterns. There was an advantage for real-world over laboratory encoding on this di-
mension for both age groups. Similarly, real-world encoding elicited higher scores on a dimension defined by
subjective recollection. However, real-world (but not laboratory) encoding decoupled objective and subjective
memory in older adults, who reported similar rates of subjective recollection as younger adults despite ex-
hibiting significantly poorer discrimination accuracy. These results demonstrate robust and specific ways in
which the accuracy and subjective quality of memory differ for matched naturalistic and laboratory episodes.
Furthermore, these results suggest that naturalistic and laboratory encoding conditions produce qualitatively
different patterns of episodic memory decline in older age.

1. Introduction

Events are the “prototypical unit[s]” of episodic memory (Tulving,
1983, p. 223), but they are operationalized in dramatically different
ways across studies, ranging from lists of discrete stimuli in typical
laboratory studies to personal real-world experiences in auto-
biographical memory studies. The relative merits of laboratory versus
naturalistic memory assessments have been debated for decades (e.g.
Banaji & Crowder, 1989; Conway, 1991; Koriat & Goldsmith, 1996;
Neisser, 1978; Tulving, 1991), with the former emphasizing experi-
mental control and the latter emphasizing ecological validity (for a
review, see Kvavilashvili & Ellis, 2004). There has been an increase in
naturalistic memory studies over this time (see Fig. S1), but direct
comparison is required to determine whether there are theoretically
important differences in the memories produced by naturalistic versus
laboratory events.

Relative to laboratory stimuli, autobiographical events tend to be

more remote (and therefore span a larger search space; Chen, Gilmore,
Nelson, & McDermott, 2017) as well as more emotional, personally
significant, and self-referential (Cabeza & St. Jacques, 2007). Though
these variables can be manipulated within conventional laboratory
memory paradigms, certain features of autobiographical and laboratory
events remain inherently different – for instance: embodiment, the
contribution of multisensory and idiothetic cues, and the spatial scale.

Consistent with these suggested differences, brain network patterns
during retrieval of autobiographical versus laboratory-based events
often diverge, with the former eliciting greater activity or discrimin-
ability in the hippocampus, posterior medial temporal lobe and cortical
midline regions of the default mode network (Cabeza et al., 2004; Chen
et al., 2017; Chow, Westphal, & Rissman, 2018; Monge, Wing, Stokes, &
Cabeza, 2018; Summerfield, Hassabis, & Maguire, 2009; for earlier
meta-analyses, see Gilboa, 2004; McDermott, Szpunar, & Christ, 2009).
These findings echo differences in hippocampal coding of real-world
versus virtual experiences in rodents and monkeys (Aghajan et al.,
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2015; Thome et al., 2017), together suggesting that the processes
supporting memory for laboratory versus naturalistic events may be
fundamentally different (Roediger & McDermott, 2013).

On the other hand, when laboratory methods emphasize contextual
recall or subjective re-experiencing, the associated pattern of brain
activation is similar to that engaged by autobiographical memory (Kim,
2015; Rissman, Chow, Reggente, & Wagner, 2016; Rugg & Vilberg,
2012). This raises the possibility that observed neural-level differences
in memory for laboratory versus naturalistic events reflect incidental
task features (e.g. retrieval cues and instructions, retention interval, and
event content itself) rather than crucial component processes. Yet,
holding constant incidental task features, it is still unknown whether
and how memories differ across naturalistic and laboratory encoding
contexts in the first place. Such differences could be observed in the
objective and subjective criteria of episodic memories (respectively,
accurate detail retrieval and subjective re-experiencing).

Evidence from the spatial memory literature suggests that first-
person real-world encoding conditions enhance memory relative to
more passive or cue-impoverished conditions. For instance, real-world
versus desktop-based (video or virtual) navigation produce qualita-
tively different spatial memory representations (Hegarty, Montello,
Richardson, Ishikawa, & Lovelace, 2006), and active self-motion pro-
duces better spatial relational memory than passive displacement
(Holmes, Newcombe, & Shipley, 2018). It is unclear if similar manip-
ulations of environmental context and physical engagement shape the
accuracy and vividness of memory for events more generally, despite
established evidence for the scaffolding effects of space on episodic
memory (Robin, 2018).

If naturalistic and laboratory episodic memories differ in crucial
ways, they may also exhibit different patterns of decline across groups.
Older age, in particular, is associated with episodic memory changes
due to degradation in the extended hippocampal circuit (Leal & Yassa,
2015; Nilsson et al., 1997). Relative to younger adults, older adults
recall fewer perceptual and contextual details from past events and
typically report less subjective re-experiencing (Hashtroudi, Johnson, &
Chrosniak, 1990; Levine, Svoboda, Hay, Winocur, & Moscovitch, 2002;
Old & Naveh-Benjamin, 2008; Parkin & Walter, 1992). It is, however,
not clear how aging interacts with memory for naturalistic versus la-
boratory encoding contexts.

By some accounts, features of real-world encoding conditions such
as spatial contextual distinctiveness (Sharps & Gollin, 1987; Uttl & Graf,
1993), environmental support (Craik, 1986), and active participation
(Hashtroudi, Parker, Luis, & Reisen, 1989) should reduce age-related
episodic memory deficits. On the other hand, increased irrelevant and
distracting information in real-world settings should selectively impair
older adults (Hasher & Zacks, 1988). Furthermore, when volitional
control affords active and adaptive encoding strategies, older adults
may be less likely than younger adults to adopt these strategies
(Brandstatt & Voss, 2014), and less likely to bind and exploit richer
pools of available contextual information to support recollection
(Chalfonte & Johnson, 1996; Hay & Jacoby, 1999). In still other cases,
increasing stimulus distinctiveness or enactive encoding improves
younger and older adults' memories similarly (Park, Cherry, Smith, &
Lafronza, 1990; Rosa & Gutchess, 2011; Schacter, Israel, & Racine,
1999).

In the present study, we had three goals: first, to bring methodo-
logical rigour to naturalistic memory assessment by objectively mea-
suring episodic memory for a rich and dynamic yet experimentally
controlled event, building on other recent controlled real-world en-
coding paradigms (e.g. Armson, Abdi, & Levine, 2017; Dede, Frascino,
Wixted, & Squire, 2016; Diamond, Romero, Jeyakumar, & Levine, 2018;
Jeunehomme & D'Argembeau, 2018; St. Jacques & Schacter, 2013).
Second, to experimentally compare episodic memory retrieval, in-
cluding its objective and subjective components, for time- and content-
matched naturalistic and laboratory-style episodes using an identical
test. Third, to investigate how aging, associated with episodic memory

decline, interacts with this encoding manipulation. We designed our
encoding conditions, memory assessment, and analytical approach to
identify which aspects of episodic retrieval reliably differed across en-
coding conditions and age groups. Our approach was exploratory with
regard to the precise nature of these differences.

We created real-world and virtualized (slideshow) versions of the
same event: a tour of the arts and exhibits on the first floor of Baycrest
Health Sciences, which is a visually rich and interesting environment.
Both encoding conditions were yoked to the same museum-style audio
guide, which cued participants' attention to specific target items, con-
trolling viewing time and order. After a 48 h delay, all participants
completed the same true/false memory test with accompanying sub-
jective ratings probing objective and subjective recollection for specific
details from the tour. We used a multivariate data reduction technique
(multiple correspondence analysis; MCA), that was blind to the en-
coding conditions and age groups, to identify (1) the patterns of test
responses that characterize the main dimensions of variability in the
data, and then (2) whether the groups differ along these dimensions.
This approach provided a statistically powerful and data-driven method
to investigate whether and how age and encoding context (naturalistic
versus laboratory) affect episodic memory accuracy and phenomen-
ology.

2. Methods

2.1. Participants

Participants were 84 adults, 43 younger (Mage = 23.38 years,
SD = 3.75; Meducation = 15.50 years, SD = 1.31; 27 women) and 41
older (Mage = 69.95, SD = 3.81; Meducation = 16.35 years, SD = 3.01;
28 women). They were recruited via the Rotman Research Institute
participant database at Baycrest Health Sciences, and from advertise-
ments in the Toronto community. Four participants were excluded;
three (one younger and two older) for abnormally poor neuropsycho-
logical test performance, and one older adult for failing to adhere to
study guidelines by revisiting part of the tour (see below) between
encoding and test sessions. Participants were screened for history of
neurological or psychiatric illness, active significant medical illness, or
substance abuse. Given that the encoding conditions in the present
study involved either seated computer use or physical ambulation, all
participants were screened for experience using computers and comfort
standing and walking for 30 min. Participants were fluent English
speakers, had normal or corrected-to-normal vision and hearing (by
self-report), were not colour-blind, and gave informed consent in ac-
cordance with institutional guidelines.

2.2. Materials

2.2.1. The event conditions
The naturalistic tour (NAT) condition involved an audio-guided

real-world walking tour of the first floor of Baycrest hospital (see
Fig. 1A). We designate this event 'Baycrest Tour 1.0', as distinguished
from different tours used in subsequent studies. The route formed a loop
through several different sections of the building. Although participants
were instructed to approach different target items, the tour was gen-
erally unidirectional. Participants were instructed to examine target
items (e.g. paintings, portraits, and exhibits) and to complete different
tasks (e.g. locate a particular individual in a frame of portraits, or to
locate a particular item in the gift shop). In the middle of the tour,
participants had an interaction with a research confederate, during
which the confederate asked a series of scripted questions.

The laboratory tour (LAB) consisted of a slideshow capturing the
content of the naturalistic tour in a series of static images (see Fig. 1B).
It was controlled by the same audio guide as the NAT tour. Participants
viewed a slideshow of colour photographs presented using Microsoft
PowerPoint. The photographs were taken using a Fujifilm X20 digital
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camera. The LAB slideshow consisted of 106 photographs that can be
classified as scene shots, item shots, or buffer shots. Scene shots de-
picted hallways or rooms as they would be seen by participants at the
corresponding point in NAT. Item shots depicted target items in full
screen and were linked to their appropriate audio tracks. Buffer shots
depicted non-target items in full screen; they were included in an effort
to equate total encoding duration and intervening non-target event
content across conditions. The photographs appeared in sequence

according to the order in which the content was encountered in the
NAT condition, and the number of scene and buffer shots between each
target item was scaled to approximate the distances between target
items. For the confederate interaction, participants in the LAB condition
viewed a picture of the confederate and read the same scripted ques-
tions, then answered silently. Participants advanced through the sli-
deshow by pressing the spacebar.

The audio guide was recorded and edited by N.B.D using Audacity

Fig. 1. A. In the real-world condition (NAT), participants underwent a walking-tour of the first floor of Baycrest Hospital. The tour formed a loop. Participants
listened to a museum-style audio guide through headphones. The guide instructed participants to examine certain artwork and items (two examples are shown),
controlling viewing time and order. B. In the laboratory condition (LAB), participants were exposed to a virtualized version of the real-world tour captured in discrete
photographs. LAB participants also listened to the audio guide from NAT.
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(http://audacity.sourceforge.net/). It is publicly available on the Open
Science Framework (https://osf.io/pmt7d/). It is narrated by four dif-
ferent speakers (two female and two male). Participants listened to the
guide using Creative HQ-1600 over-ear headphones from a portable
MP3 player (NAT) or a testing laptop (LAB). Each speaker narrated two
different sections of the tour, and the narrator order was different in
sections 1-4 vs. 5-8, so that the narrator order was decoupled from the
sequence structure of the tour. Several measures were taken to increase
the distinctiveness of the four narrators. Participants in both conditions
heard narrator biographies before the tour began, and twice more
throughout the tour. They also received a sheet displaying the narrators'
names and faces, and were instructed to refer to the sheet whenever the
narrator voice changed.

Each section of the audio guide was broken down into multiple
tracks, each associated with an item. We cut the guide into separate
tracks rather than using one continuous recording to allow for in-
dividual differences in walking speed between items. Each track was
initiated by the participant by pressing a button on the MP3 player
(NAT) or the spacebar on the computer (LAB). Upon arrival at target
items, the guide instructed participants to examine them for 6 s (con-
trolled by a silent period in the recording), which could be preceded or
followed by reading information cards associated with target items.
Upon completion of this viewing period, the audio guide directed
participants to the next target item and instructed them to “press next”
when they arrived. Participants in both conditions were given extensive
instructions before the tour began, and they were given an opportunity
to practice using the MP3 player or the slideshow to control the audio
guide. The NAT tour took on average 23.00 min (SD = 3.02) for
younger adults and 27.15 min (SD = 4.32) for older adults. The LAB
tour took on average 25.13 min (SD = 3.89) for younger adults and
26.83 min (SD = 4.61) for older adults (tour duration data were not
consistently recorded during the early testing stages, and are missing
for 23 out of 80 participants). The experimenter unobtrusively observed
participants in both conditions to verify that they followed the in-
structions. All participants navigated successfully through the tour with
little or no experimenter interference.

The NAT and LAB tours were designed under the constraints that
they involved the same target content with the same ordinal structure,
were controlled by the same audio guide, and that memory for the
details common to both tours could be assessed with a single test. These
constraints placed some limitations on the degree to which the NAT and
LAB conditions were representative of typical naturalistic and labora-
tory encoding conditions. For instance, we opted to use an audio guide
rather than free exploration so as to prioritize the homogeneity of the
experience and the comparison between NAT and LAB. On the other
hand, we decided to not use a movie or virtual reality for the NAT
condition because this would have compromised the physical aspect of
the experience. The LAB condition, on the other hand, was designed to
capture the timing and perceptual details of the target items in discrete
photographs. Thus, the two conditions were matched for content while
differing in physical engagement.

2.2.2. The recognition test
We adapted the signal detection logic of old/new recognition tests

to a novel true/false test comprising 80 statements (40 true and 40
false) about details from the tour experience (for a similar approach, see
Armson et al., 2017). The items are listed in Supplementary Tables 1
and 2. An additional 6 statements were excluded because they per-
tained to tour details that changed over the course of the study. Lures
were created by altering details of tour elements and were non-re-
dundant with respect to true statements (i.e. no two statements referred
to the same detail). Most statements referred to item features, rather
than whole items, so that there were multiple T/F statements for most
target items in the tour (e.g. one statement about the colour of a piece
of art and another about its shape). Previous research suggests that
distinct details of naturalistic stimuli are forgotten at different rates

(Brady, Konkle, Alvarez, & Oliva, 2013). Statements pertained to four a
priori categories of information from the tour event: event details
(things that happened; e.g. “You passed two fish tanks”; N = 19),
perceptual details (visual features of target items; e.g. “Al Green's statue
called ‘The Sage’ is green;”; N= 27), spatiotemporal order (the location
or sequence of items; e.g. “You passed the Hall of Honour before the
giant egg art piece”; N = 16), and verbal information (content read
from information cards or spoken by the audio guide narrators; e.g.
“One of the women in the Natalie Ross paintings is named Dora”;
N = 18). Given that episodic autobiographical memories routinely
incorporate many different types of information, we intended to probe
memory for diverse aspects of the encoded experience (while ensuring
that all tested details were equally accessible in both naturalistic and
laboratory encoding conditions).

The subjective quality of participants' memory was assessed using
the Remember-Know-Guess paradigm (Tulving, 1985; Gardiner,
Ramponi, & Richardson-Klavehn, 2002), wherein Remember responses
indicate conscious recollection of contextual details surrounding the
encoding of the detail in question, and Know responses indicate a
feeling of recognition in the absence of recollection. Know responses are
purified by the option to report guessing, which is not a part of the
original formulation of the Remember-Know paradigm (Gardiner et al.,
2002). Beyond including a Guess option, the present design differs from
most previous applications of this method in two ways. First, Re-
member/Know/Guess responses are typically employed in old/new
recognition paradigms where they characterize subjective memory for
words or objects as a whole, whereas here these responses are made at
the featural level (e.g. a target item's colour). Participants were thus
instructed to report “remembering” when they made their true/false
responses on the basis of re-experiencing the detail in question (for
instance, by seeing the detail in their mind's eye, or by remembering a
thought they had about it). Participants were instructed to report
“knowing” when they had a feeling, even a strong feeling, that a given
statement was true or false without re-experiencing the detail in
question. Second, in contrast to old/new paradigms where subjective
ratings are only gathered for “old” responses, Remember/Know/Guess
responses were gathered for “false” as well as “true” responses, on the
basis that our false statements altered features of otherwise valid
memoranda and thus would similarly require recollection of the true
item feature in question. We used a modified procedure from our prior
studies assessing subjective memory judgements in samples of patients
with prefrontal cortical pathology (Söderlund, Black, Miller, Freedman,
& Levine, 2008; Stamenova et al., 2017), designed to ensure that the
participants understood the instructions. We used the terms “Memory
Type A” and “Memory Type B” to avoid contamination by pre-experi-
mental associations with the words “remember” and “know”. Partici-
pants verbally justified their subjective ratings in a set of practice
questions, with additional explanation and clarification provided by the
examiner (if necessary). Thus, following practice items, all participants
demonstrated the capacity to provide justified responses of their sub-
jective mnemonic experience.

For a subset of recognition statements (N = 55) participants also
made a source memory judgment about which of the four audio guide
narrators was associated with the target item in question. These data
are not reported here.

2.3. Procedure

Using a between-subjects design, all participants were pseudo-ran-
domly assigned to complete either the naturalistic tour condition (NAT)
or the laboratory tour condition (LAB). The study consisted of two
sessions. During the first session, participants underwent a neu-
ropsychological assessment battery, including the Rey Auditory
Learning Verbal Test (RAVLT), Brief Visuospatial Memory Test (BVMT-
R), face-name associative memory test (Troyer et al., 2012), Symbol
Digit Modalities Test (SDMT), Trail Making Test (TMT), phonemic
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fluency (FAS), and the Shipley Vocabulary Test. They then completed
either the naturalistic tour (NAT) or the laboratory tour (LAB). The
second session was two days (48 +/− 3 h) after the first, and com-
prised the recognition memory test followed by the Autobiographical
Interview, a semi-structured interview probing recall for the tour
(Levine et al., 2002). Autobiographical Interview data are reported in
Diamond, Armson, and Levine (in revision) and Diamond and Levine
(in revision), investigating recall accuracy and temporal contextual
organization, respectively. Participants were instructed to turn their
phone off or on silent during all aspects of testing and leave all their
belongings in the locked test room during the tour. All participants
exited and re-entered the building through specific doors to limit re-
exposure to the tour.

2.4. Analysis

We conducted separate multiple correspondence analyses (MCAs)
on the true/false and Remember/Know/Guess responses using the
ExPosition and InPosition packages (Beaton, Fatt, & Abdi, 2014) in the
R programming language. For a detailed description of MCA, see Abdi
and Valentin (2007), and for a recent and similar approach, see Armson
et al. (2017). Briefly, MCA is a multivariate data reduction technique,
similar to principal components analysis (PCA), but tailored for the
analysis of nominal or ordinal data. MCA is ideal for our true/false
memory test (1) because MCA identifies patterns of correlation among
test responses that explain the maximal amount of variance, and (2)
because MCA transforms categorical data into quantitative variables—a
feature allowing for more detailed analysis of memory performance.
MCA extracts orthogonal dimensions (also called factors or compo-
nents) that best explain the variance (called ‘inertia’ in this context) of
the observations (i.e. participants) and variables (i.e. true/false re-
sponses to each item), with each dimension extracting a portion of the
total inertia of the data. As in other multivariate data reduction tech-
niques, each observation and variable has a factor score for each di-
mension representing the importance of this observation or variable for
this dimension. These factor scores, in turn, can be used as coordinates
in the graphical representation of a dimension space (e.g. a given par-
ticipant and/or recognition response can be represented as a point in a
scatterplot in the 2-D space defined by its Dimensions 1 and 2 factor
scores). In correspondence analysis, the inertia explained by a dimen-
sion is called the eigenvalue of this dimension (denoted by λ; it is al-
ways smaller than 1), and the percentage of the total explained variance
is denoted by τ.

We evaluated the significance of the overall MCA decomposition
and of each dimension with a permutation test by which we permuted
the participants' responses independently for each true/false item 1000

times. For each iteration, we computed the total inertia (equivalent to a
χ2 statistic; see Abdi & Béra, 2018) and the eigenvalue associated with
each dimension. The proportion of observed inertia and eigenvalues
larger than the observed values provides an empirical p-value.

Recall that for each dimension, the true and false (or Remember,
Know, and Guess) responses for each item are represented by their
factor scores. To measure the reliability of these factor scores, we used a
bootstrapping procedure by which 1000 new datasets were generated
by resampling the observations with replacement. The ratio of the mean
of a factor score to its standard deviation (called a “bootstrap ratio”)
can be interpreted like a t-statistic. We analyzed the collection of re-
sponses with bootstrap ratios of magnitude of 2 or more—a value
roughly corresponding to uncorrected p-values of 0.05 — to interpret
the meaning of the dimensions extracted by the MCA analyses. In other
words, the responses significantly loading on the positive and negative
poles of each dimension together reveal the pattern of memory per-
formance captured by this dimension.

3. Results

3.1. Demographics and neuropsychological test performance

The demographics and neuropsychological test data for the four
participant groups are reported in Table 1. First, we conducted a priori
t-tests (uncorrected for multiple comparisons) to compare younger and
older adults' neuropsychological test performance. As expected, older
adults performed significantly worse than younger adults on all tests
(p's < .009), except verbal fluency (FAS) where there was no age
difference (p = .598), and the Shipley Vocabulary Test where older
adults out-performed younger adults (p < .001). Next, to confirm that
the encoding conditions were matched in age, education, and neu-
ropsychological test performance, we conducted t-tests (uncorrected for
multiple comparisons) to compare naturalistic (NAT) and laboratory
(LAB) participants within each age group. Among younger adults, there
were not significant condition differences in age (t(40) = 0.79,
p = .435), education (t(40) = 0.70, p = .487), nor in any neu-
ropsychological test (all p's > .19). Similarly, among older adults,
there were not significant condition differences in age (t(36) = 1.56,
p = .127), education (t(36) = 0.27, p = .789), nor in any neu-
ropsychological test (all p's > .23). No condition difference was ob-
served when collapsing across age groups (all p's > .14).

3.2. Objective memory: True/false accuracy

We first conducted MCA on participants' true/false responses. To
reiterate, MCA extracts orthogonal latent dimensions that best explain

Table 1
Demographics and neuropsychological test performance split by group (NAT = naturalistic, LAB = laboratory).

Test Young NAT
Mean (SD)

Young LAB
Mean (SD)

Old NAT
Mean (SD)

Old LAB
Mean (SD)

Age (years) 23.82 (3.92) 22.90 (3.58) 69.00 (3.07) 70.89 (4.29)
Education (years) 15.64 (1.09) 15.35 (1.53) 16.50 (3.73) 16.21 (2.23)
Sex (counts; women/men) 14/8 13/7 15/4 13/6
RAVLT: learning trials 1-5 59.27 (7.12) 58.15 (7.15) 53.47 (7.40) 53.26 (6.76)
RAVLT: delayed recall 12.86 (2.01) 12.55 (1.93) 11.47 (2.04) 10.74 (4.03)
RAVLT: recognition hits-FA 14.05 (1.13) 13.55 (1.54) 12.42 (2.69) 11.32 (3.84)
BVMT: total learning 26.68 (4.07) 28.40 (4.26) 19.37 (7.99) 18.68 (6.32)
BVMT: delayed recall 10.59 (1.47) 10.80 (1.11) 7.05 (3.03) 7.57 (2.34)
Face-name associative memory 0.83 (0.16) 0.77 (0.21) 0.64 (0.27) 0.53 (0.27)
SDMT: delayed digit recalla 7.32 (2.36) 6.37 (2.61) 3.78 (2.34) 4.63 (2.41)
SDMT: total correct 60.45 (8.24) 59.60 (9.31) 45.42 (10.99) 44.26 (9.19)
TMT: B –A time (s) 28.32 (7.41) 31.47 (16.37) 36.58 (18.09) 41.58 (18.74)
FAS: total correct 43.50 (12.63) 44.60 (10.42) 42.79 (10.46) 42.53 (12.83)
Shipley: total correct 29.52 (4.49) 29.58 (4.52) 35.84 (3.34) 34.92 (3.79)

a At the end of the neuropsychological test session, participants were presented with each of the symbols and had to recall the corresponding digit.
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the variance across participants and recognition test responses. Both
observations (i.e. participants) and variables (i.e. true/false responses
to each item) have factor scores reflecting their importance for each
dimension. Graphically, the values of the observations or variables for
these dimensions can be used as coordinates for a scatterplot. Since the
recognition test was identical across the four factorial groups (Younger/
Older × NAT/LAB), we were able to submit all participants' responses
to a single MCA, which was blind to the age and event condition groups.
This approach allowed us to (1) extract the patterns of recognition re-
sponses that best explain the variance in memory performance across
participants, and then (2) identify whether the age and encoding groups
reliably differed in expression of these retrieval patterns.

The overall MCA decomposition was significant (p ≤ .001). The
permutation test and the scree plot revealed two significant (p < .05)
dimensions (Fig. S2A; Dimension 1: λ1 = 0.003, p ≤ .001, τ1 = 31%;
Dimension 2: λ2 = 0.002, p ≤ .001, τ2 = 15%, where λ is the eigen-
value and τ is the percentage of inertia, or variance, extracted by a
given dimension). We projected individual participants onto the re-
sultant 2-dimensional factor space, where the participants' location was
determined by their Dimension 1 (x coordinate) and Dimension 2 (y
coordinate) factor scores, and we also plotted the means for each group
along with their bootstrap-derived 95% confidence intervals around
them (Fig. 2, coloured blobs). Separation between groups in the factor
space therefore indicates significant group differences at the p = .05
level. To interpret the meaning of each dimension (i.e. which aspects of

memory performance are driving variance along that dimension), we
investigated the pattern of recognition responses loading on each di-
mension, isolating responses with bootstrap ratios of magnitude larger
than 2. We used the logic of signal detection theory to interpret these
responses, calculating the proportion of hits (“true” | true), misses
(“false” | true), correct rejections (“false” | false), and false alarms
(“true” | false) at each pole of the two dimensions. These proportions
are plotted at the poles of the two dimensions in Fig. 2. All recognition
responses and associated bootstrap ratios are presented in Supplemen-
tary Tables 1 and 2.

Dimension 1 reflected lure discrimination ability. Responses sig-
nificantly loading on the negative pole (Fig. 2, left; 28 significant item
responses) were predominantly false alarms, and on the positive pole
(Fig. 2, right; 18 significant item responses), correct rejections. Di-
mension 2 reflected response bias, with ‘false’ responses (pre-
dominantly misses) defining the negative pole (Fig. 2, bottom; 15 sig-
nificant item responses) and ‘true’ responses (hits and false alarms) at
the positive pole (Fig. 2, top; 17 significant item responses).

The four participant groups are ordered sequentially along
Dimension 1, with NAT being higher than LAB, and younger adults
being higher than older adults. This pattern suggests that both younger
age and more naturalistic encoding conditions promote greater dis-
crimination of altered details from true details. Furthermore, younger
and older groups overlap along Dimension 1 in LAB but not in NAT—a
configuration suggesting a significant effect of age on lure

Fig. 2. Results from MCA of true/false responses. The factor space is defined by the first two dimensions, with Dimension 1 as the x-axis and Dimension 2 as the y-
axis. Dimensions 1 and 2 explained respectively 31% and 15% of the data variance. Small coloured dots represent individual participants, whose locations in factor
space are determined by their Dimensions 1 and 2 factor scores. Group mean coordinates are represented by dark filled circles, and bootstrap-derived 95% confidence
intervals are represented by ellipses around the group means. The bar plots at each pole depict the proportion of hits, correct rejections, misses and false alarms
among the recognition responses loading significantly on each pole of each dimension. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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discrimination in the naturalistic but not in the laboratory encoding
conditions.

Younger participants in the naturalistic condition separate from the
other groups and have the smallest variance (as shown by the smallest
ellipsis along Dimension 1). The specificity of the age-related dis-
crimination impairment to the NAT condition was supported by a 2
(age) × 2 (condition) × 2 (error type; false alarms vs. misses) mixed-
design ANOVA which indicated an interaction between all three vari-
ables (F(1,76) = 5.38, p = .023). Follow-up age × error type ANOVAs
within each condition revealed an interaction in the NAT condition (F
(1,39) = 9.86, p = .003), where older adults committed more false
alarms than younger adults (t(39) = 3.76, p= .001, d = 1.18), with no
age difference in misses (t(39) = 1.10, p = .554, d = 0.35; p-values
Bonferroni-corrected for two comparisons). There was no such inter-
action nor age effect in the LAB condition (F(1,37) = 0.12, p = .735
and F(1,37) = 0.94, p= .339, respectively), but there was a main effect
of error type (F(1,37) = 14.96, p < .001), with more false alarms than
misses overall (t(38) = 3.91, p < .001, d = 0.94) (see Fig. 3). Parsed
another way, the effect of age on false alarms was specific to the NAT
condition (F(1,76) = 4.04, p = .048).

To investigate whether true/false responses to items from the four
categories (event, perceptual, spatiotemporal, and verbal) loaded dif-
ferentially on Dimension 1, we conducted one-way ANOVAs separately
on positive and negative Dimension 1 response loadings as a function of
category. There was not a significant category difference in either di-
rection (positive: F(3,76) = 1.20, p = .314); negative: F(3,76) = 1.42,
p = .244). This finding suggests that the pattern of responses expressed
by Dimension 1 was not specific to the type of content retrieved. There
was no condition × category interaction on overall univariate accuracy
scores (see Fig. S3).

There was very little differentiation of groups along Dimension 2.
Older adults in the LAB condition exhibited the most variance in the
negative direction, suggesting a more conservative response bias, al-
though the overlap of ellipses along this dimension suggests that the
difference is not statistically reliable.

3.3. Subjective memory: Remember/Know/Guess responses

Next, we ran an MCA on participants' Remember/Know/Guess re-
sponses (irrespective of true/false). The overall MCA decomposition
was significant (p= .001). The permutation test and scree plot revealed
four significant (p < .05) dimensions (Fig. S2B; Dimension 1:
λ1 = 0.021, p = .001, τ1 = 34%; Dimension 2: λ2 = 0.014, p = .001,
τ2 = 22%; Dimension 3: λ3 = 0.003, p = .001, τ3 = 5%; Dimension 4:

λ4 = 0.002, p = .001, τ4 = 5%). We restricted our interpretation to
Dimensions 1 and 2. Dimensions 3 and 4, though significant, explained
considerably less variance and were not clearly interpretable. For
completeness, the Dimensions 3 vs. 4 factorial map is presented in Fig.
S4. As above, we projected group means and bootstrap-derived con-
fidence intervals onto the resultant 2-dimensional factor space (see
Fig. 4). The proportion of Remember/Know/Guess responses, out of all
responses significantly loading on each dimension, are plotted for each
pole of each dimension.

Between-group variance was once again oriented along the first
dimension, which was defined on the negative pole by Guess responses
(Fig. 4, left; 54 significant item responses) and on the positive pole by
Remember responses (Fig. 4, right; 44 significant item responses). The
naturalistic encoding groups were higher than the laboratory encoding
groups on this dimension, a configuration indicating that naturalistic
encoding elicited higher rates of subjective recollection and laboratory
encoding elicited higher rates of guessing. Younger participants in each
encoding condition overlapped on this dimension, indicating that they
did not significantly differ in their subjective response profiles. In
contrast, the two older groups exhibited clear separation, with NAT
encoding promoting significantly more subjective recollection and less
guessing than the LAB condition. Notably, younger and older NAT
participants had highly overlapping distributions, indicating similar
subjective memory responses. This pattern contrasts with the clear se-
paration between younger and older NAT participants in discrimination
accuracy.

As above, there was little differentiation among groups along
Dimension 2, which was defined by Know responses. Know responses
were absent at the negative pole (Fig. 4, bottom; 39 significant item
responses) and constituted 100% of significant responses at the positive
pole (Fig. 4B, top; 49 significant item responses). In the LAB condition,
associated with less subjective recollection, there is a visual trend for
younger participants to report more Know responses, suggesting re-
liance on familiarity, whereas older adults report more guesses.

Given a priori theoretical interest in the distinction between
Remember and Know responses, approximately reflecting recollection
and familiarity, respectively (Gardiner et al., 2002; Tulving, 1985), we
conducted a 2 (condition) × 2 (age) × 2 (response; Remember/Know)
ANOVA on subjective response frequency. Consistent with condition
differences along subjective Dimension 1, we found a significant in-
teraction between condition and response (F(1,76) = 5.19, p = .026),
whereby NAT elicited more Remember (t(78) = 3.64, p < .001,
d = 0.81), but not Know (t(78) = 0.39, p = .696, d = 0.09) responses
than LAB (Fig. 5).

Fig. 3. False alarms as a proportion of false recognition statements (N = 40) and misses as a proportion of true recognition statements (N = 40). Coloured dots,
depicting individual participants, are slightly horizontally jittered to reveal overlap. Black dots depict means and error bars represent standard errors. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N.B. Diamond, et al. Cognition 202 (2020) 104309

7



3.4. Connecting objective and subjective memory measures

The objective memory MCA revealed that the age and event con-
ditions principally differed along a dimension of objective recollection
(discrimination accuracy), and the subjective memory MCA revealed
that the age and event conditions principally differed along a dimension

of subjective recollection (self-reported re-experiencing). To investigate
the relationship between these measures within participants, we de-
rived objective – subjective Dimension 1 differences scores for each
participant (objective Dimension 1 factor score minus Subjective
Dimension 1 factor score). We submitted these difference scores to a 2
(age) × 2 (condition) ANOVA (see Fig. 6). Positive scores indicate that

Fig. 4. Results from the MCA of Remember/Know/Guess responses. The factor space is defined by the first two significant dimensions, with Dimension 1 forming the
x-axis and Dimension 2 forming the y-axis. Dimension 1 explained 34% of the variance, and Dimension 2 explained 22% of the variance. Group mean coordinates are
represented by dark filled circles, and bootstrap-derived 95% confidence intervals are represented by ellipses around the group means. The bar plots at each pole
depict the proportion of Remember/Know/Guess responses among the recognition items equal or greater than a bootstrap ratio of 2 at each pole.

Fig. 5. Remember, Know, and Guess responses as a proportion of total responses in each age group and encoding condition. Note that Guess responses were not
analyzed here.
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objective exceeded subjective recollection, negative scores indicate the
reverse, and scores closer to zero indicate closer alignment between the
two. There was a main effect of condition (F(1,76) = 7.70, p = .007),
in that NAT encoding elicited greater subjective than objective scores
(difference M = −0.036, SD = 0.11) whereas LAB encoding elicited
the reverse (difference M = 0.038, SD = 0.14; t(78) = 2.61, p = .011,
d = 0.58). This was qualified by an interaction (F(1,76) = 5.25,
p = .025), where the condition difference was expressed in older (t
(36) = 3.14, p = .003, d = 1.02) but not in younger adults (t
(40) = 0.40, p = .694, d = 0.12). Only older NAT participants were
significantly different from zero (t(18) = −3.08, p = .026, d = 0.71;
other p's > 0.35, Bonferroni-corected for 4 comparisons), a pattern
suggesting that their objective and subjective memory were uniquely
decoupled at the group level, with subjective re-experiencing sig-
nificantly exceeding discrimination accuracy.

4. Discussion

The assumption that laboratory tests of episodic memory capture
the core processes underlying memory for real-world experiences is
fundamental to experimental research and clinical practice. Although
there is recent neuroimaging evidence challenging this assumption, it is
unknown whether and how the content encoded in real-world versus
laboratory-style contexts produce different memory representations,
while holding constant incidental task features. In this experiment,
younger and older adults experienced an event encoded in a naturalistic
(active movement through real-world space) or laboratory (passive
viewing of discrete photographs) context, followed 48 h later by the
same test of memory for specific event details and accompanying sub-
jective memory states. Real-world encoding elicited greater dis-
crimination accuracy and subjective re-experiencing than laboratory
encoding. Real-world encoding, however, decoupled objective and
subjective recollection in older adults, who reported similar rates of
subjective recollection as younger adults despite making significantly
more false alarms.

Using a multivariate data-driven analysis, we extracted latent di-
mensions capturing patterns of responses that explained the most var-
iance in our novel memory test, and found separation of age and en-
coding groups along these dimensions. Whereas any univariate
difference between naturalistic and laboratory encoding conditions
could itself be trivial, our results highlight group differences in statis-
tically robust and specific retrieval patterns. The most significant

dimension in objective memory responses captured discrimination of
true from altered details (correct rejections versus false alarms). Lure
rejection is often based on recollecting veridical item features, espe-
cially when lures and targets are highly similar (Gallo, Cotel, Moore, &
Schacter, 2007; Migo, Montaldi, Norman, Quamme, & Mayes, 2009).
False alarms, on the other hand, are rated as less vivid and contain
fewer sensory and contextual details than correctly recognized items
(Mather, Henkel, & Johnson, 1997; Norman & Schacter, 1997). Older
adults were significantly lower than younger adults on this dimension,
extending established evidence of age-related declines in detailed re-
collection (Levine et al., 2002; Old & Naveh-Benjamin, 2008) and in-
creases in lure susceptibility (Devitt & Schacter, 2016; Diamond et al.,
2018; Yassa, Mattfeld, Stark, & Stark, 2011).

Naturalistic encoding, however, elicited greater discrimination ac-
curacy than laboratory encoding for both younger and older adults.
This is broadly consistent with well-documented effects of encoding
distinctiveness on lure rejection in both age groups (Schacter et al.,
1999). Yet contrary to accounts that naturalistic conditions reduce age
differences in episodic memory accuracy (e.g. Uttl & Graf, 1993), we
found that, if anything, age differences were magnified in the natur-
alistic condition, where older adults made significantly more false
alarms than younger adults. A second dimension pertaining to response
bias was significant but showed less sensitivity to age or encoding
condition. This overall latent structure is similar to that of a prior study
assessing true/false recognition for a staged event at delays of 1 month
to 4 years (Armson et al., 2017).

In our memory test, false statements were altered descriptions of
item and event features (e.g. changing the colour of a given statue, or
the number of times participants were instructed to check the time),
analogous to perceptually similar lures in visual mnemonic dis-
crimination tasks (Stark, Kirwan, & Stark, 2019). Accurate responses,
therefore, likely required high-fidelity retrieval of specific details. The
verbal (rather than visual) nature of our recognition cues likely in-
creases demands on subject-initiated imagery and reconstruction. The
demands on fine-grained detail reconstruction may be one reason why
we observed a difference between naturalistic and laboratory contexts
whereas previous studies testing recognition of photographic stimuli
did not (Cabeza et al., 2004).

In the subjective response data, naturalistic encoding again elicited
higher factor scores on the first dimension, which was defined by
Remember responses on the positive pole and Guesses on the negative
pole. Naturalistic encoding thus produced higher rates of self-reported
re-experiencing. A follow-up univariate analysis revealed that the en-
coding manipulation affected Remember but not Know responses.
Relative to laboratory stimuli, items encountered in naturalistic en-
vironments are bound to a richer and more diverse set of contextual
cues — for example, allocentric location, viewpoint, extraneous en-
vironmental details, postural and idiothetic information, goal states,
multisensory information, etc. More variable contextual associations
across items should facilitate more discriminable and richly recollected
memories (Schacter et al., 1999; Shiffrin & Steyvers, 1997). Even when
stimulus content is held constant, properties characteristic of natur-
alistic encoding – e.g., volitional versus passive visual exploration
(Voss, Gonsalves, Federmeier, Tranel, & Cohen, 2011), active self-mo-
tion versus passive displacement (Holmes et al., 2018), self-performed
versus observed or imagined actions (Conway & Dewhurst, 1995), and
first-person versus observer-based bodily reference frames
(Bergouignan, Nyberg, & Ehrsson, 2014) – enhance the formation of
episodic associations. More controlled and incremental manipulations
may reveal which specific cues and encoding properties drive the dif-
ferent patterns of memory accuracy and subjective quality observed in
the present study. It is ultimately these cues and processes that are of
interest.

Despite committing significantly more false alarms, older partici-
pants' subjective responses overlapped in factor space with those of
younger adults in the naturalistic condition. Thus, older adults'

Fig. 6. Difference of objective Dimension 1 participant factor scores minus
subjective Dimension 1 participant factor scores within participants. Lower
difference scores indicate that subjective re-experiencing exceeded dis-
crimination accuracy, and high difference scores indicate the reverse.

N.B. Diamond, et al. Cognition 202 (2020) 104309

9



objectively poorer discrimination was not associated with similarly
reduced subjective re-experiencing. This interaction held specifically in
the naturalistic condition, where older participants' subjective and ob-
jective recollection performance were uniquely decoupled. Similar
subjective memory inflation, where older adults report equal or greater
subjective memory ratings (e.g. confidence, vividness, or reliving) than
younger adults in the face of objectively poorer accuracy, has been
observed in previous laboratory (Dodson, Bawa, & Krueger, 2007;
Jacoby & Rhodes, 2006; Mcdonough, Cervantes, Gray, & Gallo, 2014)
and naturalistic episodic memory studies (Robin & Moscovitch, 2017;
St. Jacques, Montgomery, & Schacter, 2015; St-Laurent, Abdi, Bondad,
& Buchsbaum, 2014). This pattern of subjective-objective decoupling
with age is particularly noteworthy in the present study given that
Remember responses are explicitly meant to be based on retrieving
specific contextual details.

Why should naturalistic but not laboratory encoding conditions give
rise to similar patterns of subjective recollection yet objectively less
accurate representation of details in older relative to younger adults? It
is important to consider that “Remember” responses permit re-experi-
encing of any detail associated with the item in question, whereas our
true/false statements probed specific item and event features. One
possibility is that real-world encoding did indeed support similar sub-
jective recollection in younger and older adults, but that for older
adults, the recollected information neither included nor supported re-
trieval of the specific item features in question (i.e. non-criterial re-
collection; Yonelinas & Jacoby, 1996). Relative to younger adults, older
adults tend to recall relatively fewer objective event features (e.g.
perceptual and spatial details), which were the focus of our memory
test, and correspondingly more thoughts and feelings (Hashtroudi et al.,
1990). Older adults may have committed more false alarms based on
recollection of item features not including the detail in question, ana-
logous to a ‘recall-to-accept’ strategy, which is suboptimal when lures
and targets are highly similar (Migo et al., 2009).

On the other hand, subjective-objective decoupling in older adults
may reflect a metamemory or retrieval monitoring impairment
(Mitchell & Johnson, 2009; Wong, Cramer, & Gallo, 2012). Declines in
prefrontal cortical function with age are associated with false re-
collection, perhaps due to reductions in strategic retrieval and evalu-
ating the veracity of retrieved content (McCabe, Roediger, McDaniel, &
Balota, 2009; Mitchell & Johnson, 2009; Trelle, Henson, Green, &
Simons, 2017). We found that this effect was specific to the naturalistic
condition, whereas older adults’ subjective ratings in the laboratory
condition were more aligned to their objective memory performance.
Given that the retrieval cues were identical across conditions, this in-
teraction suggests that naturalistic versus laboratory encoding condi-
tions produce qualitatively different patterns of episodic memory de-
cline in older age, and potentially in other populations.

4.1. Limitations

We note that our naturalistic encoding condition, like the laboratory
condition, was controlled by an audio guide in order to establish
homogeneity across participants and correspondence between the nat-
uralistic and laboratory experiences. Our goal was to bring under
control low-level event features that are jointly present in auto-
biographical experiences and absent in typical laboratory encoding
conditions (e.g. environmental-scale spatial processing, continuous
temporal structure, and volitional control). Although the audio-guided
tour reduced volition, participants were in a complex and immersive
environment, searching for specific items and physically moving be-
tween them. In the laboratory condition, the audio instructions were
the same, but participants merely advanced through pre-set photo-
graphs. Thus, while laboratory participants did have minimal control
over stimulus timing, they could not influence the order, content or
viewpoint of the images. Notably, in location-fixed rats, even the po-
tential for exploration elicits place-specific hippocampal activity, and

this specificity is abolished when the potential for exploration is re-
moved by physical restraint (e.g. by snugly wrapping the rat's body in a
towel; Foster, Castro, & McNaughton, 1989).

Conversely, the laboratory condition in the present study was itself
more naturalistic than typical laboratory stimuli. It was multimodal
(visual and auditory), superficially goal-directed, and used full-screen
photographs of scenes that depicted a first-person trajectory through a
visually rich environment. In this sense, it is similar to recent studies of
navigation through virtualized versions of real-world environments
(e.g. Brunec et al., 2018). With this in mind, the condition effects on
subsequent memory in the present experiment may in fact under-
estimate differences between typical autobiographical and laboratory
encoding conditions.

4.2. Conclusions

We directly compared how information encoded in real-world
versus laboratory-style contexts is recollected in younger and older
adults. We found that real-world encoding produced more accurate and
richly recollected memories than a time- and content-matched labora-
tory condition in both age groups. Yet for older adults, naturalistic
encoding elicited similar patterns of subjective recollection as younger
adults despite poorer discrimination. Although laboratory tests of
memory provide control and standardization necessary for the accu-
mulation of experimental and theoretical evidence concerning me-
chanisms, they are not necessarily proxies for real-world memory. This
has implications for the understanding of memory operations in real
life, particularly for older adults, for whom changes in memory con-
stitute the most frequent cognitive complaint.
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