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It was hypothesized that age-related deficits in episodic memory for feature combimations (e.g., B. L.
Chalfonte & M. K. Johnson, 1996} signal, in part, decrements in the efficacy of reflective component
processes {e.g., M. K. Johnson, 1992) that support the short-term maintenance and manipulation of
information during encoding (e.g., F. I. M. Craik, R. G. Morris, & M. L. Gick, 1990; T. A. Salthouse,
1990). Consistent with this, age-related binding deficits in a working memory task were found in 2
experiments. Evidence for an age-related test load deficit was also found: Older adults had greater
difficulty than young adults when tested on 2 features rather than 1, even when binding was not required.
Thus, disruption of source memory in older adults may involve deficits in both encoding processes
(binding deficits) and monitoring processes {difficulty accessing multiple features, evaluating them,

or both).

An episodic memory is a memory that includes details that can
be used to attribute it to a source (e.g., the time, place, and
modality of its acquisition). Older adults often experience substan-
tial difficulty compared with young adults in remembering many
types of event details (see Burke & Light, 1981; Kausler, 1994,
Spencer & Raz, 1995, for reviews). For example, there is evidence
of age-related memorial deficits for spatial information (e.g., Light
& Zelinski, 1983), voice (e.g., Kausler & Puckett, 1981), modality
(e.g., Mclnryre & Craik, 1987), color (e.g., Park & Puglisi, 1985;
but see Chalfonte & Johnson, 1996), temporal cues (e.g., Schacter,
Kaszniak, Kihlstrom, & Valdiserri, 1991; but see Bayen & Mur-
nane, 1996), person (e.g., Ferguson, Hashtroudi, & Johnson,
1992), and cognitive operations (e.g., Rabinowitz, 1989).

Although it is reasonably clear that there are age-related deficits
in memory for source information, there has been little work to
date attempting to separate age-related deficits in feature memory,
per se, and deficits in memory for associations between the indi-
vidual features of an event (i.e., a feature binding deficit). That is,
older adults might remember as well as young adults which objects
they saw and which locations had objects in them (i.e., they may
have intact memory for individual features) but have more diffi-
culty than young adults remembering which object was in which
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location (i.e., they may have a deficit for bound object and location
information). Chalfonte and Johnson (1996) directly compared
feature memory (colors, objects, and locations) and feature binding
in young and older adults and found evidence for an age-related
deficit in feature binding (i.e., remembering object + location and
object + color combinations)." For example, even though older
adults’ ability to remember what colors they have seen and what
objects they have seen is equivalent to that of young adults, older
adults show a deficit in their ability to remember object + color
combinations. In addition, Chalfonte and Johnson found evidence
for an age-related long-term deficit in memory for location.

The failure to remember the associations between features of an
event could result from processing deficits at acquisition {(e.g.,
binding during enceding), during the retention interval (e.g., self-
initiated rehearsal or reactivations; Johnson & Chalfonte, 1994), or
at test (e.g., revival and decision}, or some combination of these.
Although their design could not distinguish between these alter-
natives, Chalfonte and Johnson (1996) proposed that older adults’
binding deficit may reflect, in part, poor encoding arising from
deficits in one or more of the reflective component processes that
are critical for establishing associations between elements of ex-
perience. Chalfonte and Johnson's original hypothesis focused
mainly on the reflective component process of reactivation (i.e., a
proposed cognitive process by which elements that have left con-
sciousness are made active again; e.g., Johnson, 1992; Johnson &

! For clarity, throughout this article we reserve the term conjunction to
refer to the perceptual experience of features “going together” and use the
term combination to refer to the memorial representation that results from
features being bound together. Discussion of the mature of this bound
representation (e.g., a new “gestalt” versus “pointers” to the various inde-
pendent fearures) is beyond the scope of this article. Although we use the
term binding in this article to refer specifically to the binding of simple
features (e.g., object + location), it is assumed that thc sume processes are
involved in binding multiple complex “units” (themselves already well
bound) together.
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Chaifonte, 1994; Johnson & Hirst, 1993); however, deficits in
other reflective processes would also be expected to affect encod-
ing (for instance, shifting attention between features, cumulative
rehearsal; e.g., Johnson, 1992). The present experiments are based
on two assumptions: that these reflective component processes
compose, at least in part, what is usually referred to as working
memory (e.g., Baddeley, 1986, 1992; Baddeley & Hitch, 1974;
Norman & Shallice, 1986}, and that with respect to long-term
memory, these reflective processes constitute encoding processes.
This latter assumption is consistent with many models that assume
that rehearsal increases the probability of long-term memory (e.g.,
Atkinson & Shiffrin, 1968).

Consistent with the idea that aging is associated with loss of
efficiency of the reflective component processes required to en-
code episodic events in memeory, older adults have been shown to
exhibit deficits on many working memory tasks, especially when
coordination or manipulation of information is necessary {e.g.,
Babcock & Salthouse, 1990; Bayles & Kasniak, 1987; Craik,
1986; Dobbs & Rule, 1989; Foos, 1989; Salthouse, 1990). For
example, there is generally a greater age-related decrement in
performance on backward than forward memory span tasks (see
Babcock & Salthouse, 1990, for a meta-analysis; Craik, 1977, for
a review; but see, e.g., Grégoire & Van der Linden, 1997). Like-
wise, Gick and Craik found an age-related deficit on a task in
which participants were to repeat a short random series of words
back in alphabetical order, but not on a simple forward digit-span
task (as cited in Craik, 1986: but see Belleville, Rouleau, & Caza,
1968). Although there is still considerable debate regarding the
interpretation of such findings (see, e.g., Belleville et al., 1998, for
a discussion), it seems likely that age-related decrements in the
efficacy of some of the reflective component processes that sup-
port the short-term maintenance or manipulation of information
(e.g., Craik, 1977, 1986; Craik, Morris, & Gick, 1990; Salthouse,
1988, 1990) contribute to the binding deficits that underlie older
adults’ long-term episodic memory decrements.

In addition to the behavioral evidence regarding older adults’
decrements on working memory tasks, there is accumulating evi-
dence from the neuropsychological, neurophysiological, and neu-
roimaging domains that points to specific age-related deficits in
brain areas known to be involved in working memory and binding
processes. For exampile, the frontal lobes have long been known to
play a critical role in reflective, or more executive, cognilive
processes (e.g., planning, monitoring; see, e.g., Jonides et al,
1996; Petrides, 1994a, for reviews), and recent neuroimaging
evidence from young adults points to the frontal region (especially
prefrontal cortex) as a primary locus of working memory processes
(e.g., J. D. Cohen et al., 1997; D’Esposito et al., 1995: Goldman-
Rakic, 1995; Smith, Jonides, & Koeppe, 1996). There is evidence
suggesting that normal aging affects the frontal lobes; in fact, a
recent review of the neuroanatomical, neurochemical, and meta-
bolic indicators of aging conducted by Raz {2000) suggests that the
prefrontal cortex may be more affected by aging than any other
cortical region (see also, Raz, Gunning-Dixon, Head, Dupuis, &
Acker, 1998). Likewise, the hippocampal-medial temporal region
has been implicated as a region critical in binding processes (e.g.,
N. J. Cohen & Eichenbaum, 1993; Eichenbaum & Bunsey, 1995;
Henke, Weber, Kneifel, Wieser, & Buck, 1999; Kroll, Knight,
Metcalfe, Wolf, & Tulving, 1996; Moscovitch, 1994; Squire,
1993), and in a recent neuroimaging study conducted by Grady et

al. (1995) older, but not young, adults exhibited a lack of hip-
pocampal activity on a task that may rely on the binding of features
into complex representations (i.e., encoding of faces; Kroll et al,,
1996). Thus, there is both behavioral and neurophysiological ev-
idence to suggest that aging may be associated with deficits in the
encoding processes thought to underlie memorial binding.

To explore this issue, in Experiment 1 we examined memory for
individual features (i.e., object and location information) and
memory for combinations of features {i.e., object plus its location)
in a working memory task. Participants received alternating blocks
of trials on which they were to remember either object information
only, location information only, or the combination of object and
location information. They were always given a “yes-no” recog-
nition test of the information that they were told to study on that
trial {(Chalfonte & Johnson, 1996). Experiment 2 used a similar
procedure to examine factors at both encoding and test.

Experiment 1

Method

Participants

Twenty-four undergraduvates {(mean age = 19.5 years, SD = 0.93 years,
range = 18 to 21 years) received credit toward fulfillment of a course
requirement in exchange for their participation. Twenty-four healthy older
adults (mean age = 74.1 years, SD = 2.43 years, range = 63 to 85 years)
were tecruited from the community to serve as paid participants. All
participants reported having normal or corrected-to-normal vision and also
reported being able to see all of the stimuli well. The behavioral data
regarding memory for the individual features (discussed below) support
these reports. Older adults were also screened to ensure freedom from
primary degenerative brain disorders (e.g., Alzheimer’s disease, Parkin-
son's disease} and other conditions or medications that reasonably may be
expected to affect memory (e.g., stroke, brain trauma, psychotropic
medications).

Although the older adults had completed more years of formal education
(M = 157, SD = 3.2) than the young adults (M = 13.2, SD = 0.83),
H46) = 3.66, p <. .001, they were not atypical of people their age in terms
of general memory abilities. Within a couple weeks of participating in this
working memory experiment, 21 of the 24 older adults took part in another
study that included subtests of the Wechsler Memory Scale—Revised
(Wechsler, 1987) and the California Verbal Learning Test (Delis, Kramer,
Kaplan, & Ober, 1987). Table | contains their mean scores on these tests,
together with published normative data for adults ages 65 to 75 years.
Examination of this table shows that our older adults were within estab-
lished norms.

Design

In addition to the between-subjects variable, age, there were two within-
subjects variables. We were primarily interested in young and older adults’
ability to remember combined object + location information as compared with
their memory for individual features. To this end, type of to-be-remembered
information was manipulated within subjects. We were secondarily interested
in the extent to which similarity of the objects across trials might differentially
affect the performance of young and older adults {¢.g., Kane & Hasher, 1996).
Thus, for generality, haif of all trials used the same eight objects across all trials
(i.e., repeated objects trials) and half of the trials used different objects on each
irial {i.e., nonrepeated object trials). This resulted in a 2 (age: young, old) % 3
(condition: object only, location only, or combination) X 2 (itern type: re-
peated vs. nonrepeated objects) mixed design. Preliminary analyses showed
that therc were no significant effects of whether the objects were novel or
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Table 1
Older Adults’ Mean Scores and Standard Deviations on Select Standard Memaory Tests and
FPublished Norms for Adults Ages 65 to 75 Years

Experiment 17 Experiment 2% Test norm
Maximurm
Test score M SD M SD M SD
Backward Digit Span 12¢ 74 2.1 7.1 2.0 7.6 20
Long Delay Cued Recall 16¢ 124 3.0 10.5 2.6 10.3 37
Verbal Paired Associates I 24¢ 19.7 34 14.8 4.4 16.5 40

Note. Test norms are from Glisky, Polster, and Routhieaux (1995).
*n=21. "a=12. °From the Wechsler Memory Scale-Revised (Wechsler, 1987).
Verbal Learning Test (Delis, Kramer, Kaplan, & Ober, 1987).

<9 From the California

repeated across trials, nor did this factor enter into any significant interactions.
This factor, therefore, is not discussed further; the data were collapsed across
this factor for all analyses.

verbally to ensure that participants understood the task. On average, slightly
more explanation was requited for the older participants. Participants were told
that we were studying working memory and were particularly interested in

young and older aduits’ ability to remember pictures of common objects,
locations, and objects together with their locations, for brief periods of time.
The entire procedure, including the test requirements, was fully explained to
the participants at the beginning of the experiment.

A praphical representation of the procedure is presented in Figure 1. The
start of each trial was signaled by a cue, presented in the middle of the screen

Materials and Procedure

Stimuli were presented via computer, which also recorded responses and
response latencies. Each session began with self-paced, computer-presented
instructions for each task. The experimenter also went over the instructions
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Figure 1. Procedure and timeline for Experiment 1 together with samples of test probes for each condition. In
all conditions, each of the three study objects was presented in one of eight colors (each object on a given trial
was in a different color). The test ohjects were always black and white.
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for 500 ms (ie., “object,” “location,” or “object + location™), intended to
remind participants of what they were supposed to remember on that trial. This
was followed by three 3 X 3 grids, approximately 7.9 X 7.9.in. (20 X 20 cm),
each of which contained a drawing of a different object (e.g., bell, whistle, key;
Snodgrass & Vanderwart, 1980) in a different location. Fach appeared in a
different one of eight colors (vellow, red, blue, brown, green, pink, purple,
orange) and was sized so as to nearly fill the sguare in which it appeared. Mean
familiarity and complexity of objects was roughly equated between conditions
using the Snodgrass and Vanderwart norms, and objects, locations, and object—
location combinations were counterbalanced between conditions. The grids
were presented sequentially, in the center of the screen, for 1 s each. Presenting
cach study array separately encouraged participants of both age groups (o
attend equally to each stimulus.

In separate blocks of trials, participants were told to remember either (a)
only what objects were presented (object trials), (b) only which locations were
filled (location trials), or (¢) each object and its location together as a unit
{combination trials). They were told that color was irrelevant. Participants
were tested (as described below) after an unfilled 8-s delay, during which the
screen was blank. The instructions emphasized that each trial was independent
and that participants would be tested on only the information they were told to
study during the current trial. The first block of each type was preceded by
more specific task instructions, inciuding descriptions of the test probes, and
two practice trials using abstract shapes as the objects. Briefer instructions
were given before the subsequent blocks of each type as a reminder.

Participants received a total of 12 blocks of trials (4 object, 4 location, and 4
combination). Each block contained eight trials. The order of blocks was the
same for all participants: object only, location onty, combination, location,
combination, object. Afier these 6 blocks, there was a brief rest period
(approximately 2-3 min) followed by a second set of 6 blocks of trials in the
same order. This order was used to allow participants to get comfortable with
the general task (timing, pressing the keys, etc.) before they got to the more
difficult task (i.e., the combination condition). In several subsequent experi-
ments (e.g., Mitchell, Johnson, Raye, & D’Esposito, 1999, in press) in which
order of conditions was counterbalanced, the same general pattem (to be
discussed below) was obtained. Also, it should be noted that data recently

Table 2

reported by Ui, Cosentino, and Graf (1999) suggest that older adults are not
necessarily more affected by fatigue during cognitive tasks than young adults.

In all trials, 8 s after the third study array was presented participants were
given a recognition test on a single object, location, or object + location
combination. In all conditions, an equal number of targets and lures were
randomly intermixed and targets were sampled equally often from each of
the three study positions. Each test was cued by the word “TEST” pre-
sented in the middie of the screen for 500 ms. Targets were as follows: For
ohject trials, a black-and-white line drawing of an object studied on that
trial presented in the center square of the 3 X 3 grid (note that the center
square of the grid was never used as a location at smdy; although this fact
was not revealed to participants explicitly, it did not take long for partic-
ipants to notice), for location trials, a filled black circle, just slightly
smaller than the objects, presented in one of the squares that had been filled
on that trial; and for combination trials, a black-and-white line drawing of
an object presented in its correct, studied location. Lures were as follows:
for object trials, a black-and-white ling drawing of an object not studied on
that trial presented in the center square of a grid (note that except for when
a lure occurred on the first trial, the object used at test was one that had
been studied on a previous trial); for location trials, a filled black circle
presented in a lacation not filled on that trial; and for combination trials, a
black-and-white line drawing of an object studied on that trial located in a
square that had been filled by a different object on that trial (i.e., a studied
object and studied location were re-paired). Test probes were presented for
2 s. Participants were instructed to respond as quickly as possible without
sacrificing accuracy by pressing the button on the keyboard marked “Y”
(the § key) for “ves” and the button marked “N” (the L key) for “no.”
Participants could respond any time after the test probe appeared. The
computer continued to collect responses and response latencies during the
2-s intertrial interval, during which the computer screen was blank.

Results and Discussion

Table 2 shows the proportion of hits and false alarms (together
with standard error of the mean) for each age group in each

Mean Proportion of Hits and False Alarms and Standard Errors of the Mean

Jor Experiments 1 and 2 by Condition and Age

Hits False alarms
Ape group Condition M SEy M SEy,
Experiment 1
Young Combination 93 0l .05 02
Location 95 .01 04 01
Object 93 02 03 01
Older Combination 92 01 15 03
Location S0 01 .04 01
Object 89 02 03 01
Experiment 2
Young Study feature~test feature 95 .01 .04 .01
Study combination-test combination .66 02 .09 03
Study combination—test combination (old + new) — .01 0
Study combination-test single feature 96 01 04 01
Study combination—test two features 98 01 .05 02
Older Study feature—test feature 93 02 .06 02
Study combination—test combination .70 02 27 .06
Study combination—test combination (old + new) _ .05 .02
Study combination—test single teature 90 .02 .06 .02
Study combination—test two features .86 03 18 04

Note. The means presented here are the means of the unadjusted scores.
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condition; however, we focus our primary discussion on accuracy
scores expressed as 4’. Before calculating d', we adjusted scores as
follows: p(H) = 1 was recalculated as 1 — 1/(2N}); p(FA} = 0 was
recalculated as 1/(2N), where N = the maximum number of hits or
false alarms possible (Macmillan & Creelman, 1991). We indicate
effect size in terms of n”.

An initial 2 (age: young, older) X 2 (condition: object, location}
contrast confirmed that there were no differences between the age
groups in memory for objects or locations, F(l, 46) = 2.53,
MSE = 0.37, p > .10, for the main effect of age, and {1, 46) < 1
for the interaction (see Figure 2a). Thus, we collapsed across
single feature conditions to examine the combination deficit. A 2
(age: young, older) X 2 (condition: single feature, combination)
contrast revealed a marginal age by condition interaction, F(1,
46) = 3.67, MSE = 0.21, p = .06, n* = .07 (sec Figure 2b). As
predicted, planned comparisons confirmed that older adults per-
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Figure 2. (a) d' scores for each age group in the object-only and location-
only conditions (with standard errors) for Experiment 1. (b) d' scores for
each age group on feature-only trials {collapsed across object-only and
location-only trials) and combination trials (with standard errors) for Ex-
periment 1.

formed significantly below young adults in the combination con-
dition, 2(46) = 2.49, p < .05, 5 = .12, but not significantly below
young adults in the single-feature condition, 1(46) = 1.59, p > .10,
7" = .05

Older adults’ poor performance in the combination condition
came about because they were more likely than young adults to
produce false alarms in response to the re-paired lures,
1(46) = 3.20, p < .01, 7> = .18 (see Table 2). In contrast, hits were
similar for the two age groups {p > .10, %°> = .003; see Table 2).°
This pattern is exactly what we would expect given our method-
ology. That is, older adults’ deficit in the combination condition
should manifest itself as difficulty in rejecting lures. To see why
this is the case, consider first the feature-only conditions. Recall
that in the feature-only conditions the lures were made up of novel
features—features that, although experienced elsewhere in the
experiment, were not seen on that trial. Such novel items should be
relatively easy for both young and older adults to reject given their
equally good memory for studied features. In other words, both
accepting feature targets and rejecting lures can be done well if one
has good memory for the features studied, and, as expected, our
older adults had no problem remembering the features. But our
prediction would be different in the combination condition, in
which memory for bound features was most directly tested by the
lures. In the combination condition, good memory for the two
features alone could be enough to allow good performance on
targets; even if participants said “‘yes” to a target only because they
remembered studying both features, they would still be correct.
And, in fact, our older adults did quite well accepting targets in the
combination condition. Accurately rejecting lures, on the other
hand, requires not only memory for the features but memory for
how the features were paired during study. Thus, for the combi-
nation trials, performance on lures is most telling about memory
for the unique association between the features studied on that trial
because only by remembering how the features were originally
combined can lures be rejected. :

Note that the intent of this design (i.e., small set sizes and brief,
unfilled delay intervals) was to examine memory for combinations
of features under conditions in which memory for the features
themselves was not at issue. Clearly, performance on the feature-
only trials suggests we succeeded in that goal. Thus, it would

2 Analysis of criterion scores ¢ (Macmillan & Creelman, 1991, p. 33)
shows that older adults were significantly biased to say “yes” in the
combination condition (¢ = —.17) as compared with either the object (¢ =
.19) or the location condition (¢ = .16), which did not differ from each
other, F(2, 46) = 18.19, MSE = 0.05, p < .001. The young adults did not
exhibit such a bias (¢ = .05, .03, and .08 for the combination, location, and
object conditions, respectively; F < 1). One possibility is that, lacking
memoty for the associations between the features of the studied stimuli,
older adults defaulted to a less stringent criterion, perhaps a familiarity-
based strategy whereby they said “yes” to familiar features (e.g., see
Verfaellie & Treadwell, 1993, for a similar suggestion about individuals
with amnesia). However, it is hard to make toe much of this given that the
same pattern did not obtain in Experiment 2, in which older adults exhib-
jted lower accuracy in the combination condition relative to features only,
but no difference in criterion (in Experiment 2, ¢ for older adults = .02, .01,
04, and —.18 for the study feature—test feature, test combination, test one
feature, and test two feature conditions, respectively; F < 1).
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appear that under conditions in which older and younger adults
both have good memory for feature information, older adults
exhibit a deficit in binding those features into more complex
memories.

The pattern of response latencies supports the general idea that
older adults experienced problems in remembering the combined
information that they did not experience in remembering features
only. It has been well-cstablished that older adults are slower
generally than young adulis on most cognitive tasks (e.g., Cerella,
1990). However, there is also evidence that this difference may be
exaggerated in more difficult conditions {e.g., Myerson, Hale,
Wagstaff, Poon, & Smith, 1990). Therefore, we might expect that
our older adults would be especially slowed in the combination
condition compared with the feature-only conditions. And, again,
because the lures most directly test memory for the association
between the features, we would expect older adults’ difficulties in
the combination condition to be manifested as slower response
times to reject the lares. Thus, if our hypothesis is correct, regard-
less of overall age differences in the baseline of response latencies,
older adults should show a larger target-lure difference on com-
bination trials than feature trials.

To examine this possibility, we calculated a difference score for
each participant (median response time on lures minus median
response time on targets) in each condition, which should control
for individual differences within groups in base level of response
latencies by anchoring participants” lure performance (o their own
target performance. We compared combination difference scores
with a feature difference score calculated as the mean of the object
and location difference scores. We included both correct and
incorrect trials because we were interested here in time to make
judgments about feature combinations, regardless of whether the
judgment is correct. It seems reasonable that older adulis” inability

ta bind features effectively will lead to slower responding on
combination trials than single-feature trials because they must
have encoded a less cohesive set of features.

Figure 3 shows the lure—target difference scores for combination
and feature trials for each age group (with standard errors). Both
young and older adults were faster on lures than targets in the
feature-only conditions, as evidenced by the negative difference
scores, and slower to respond to lures than targets in the combi-
nation condition, as evidenced by the positive difference scores.

‘More important, however, a 2 (age) X 2 (condition) contrast

revealed a significant interaction, F(1, 46) = 11.14,
MSE = 20,652.16, p < .01, %% = .19, indicating that the age
difference was greater on combination, #46) = 3.04, p < .01,
12 = .11, than feature trials, {46) = 1.57, p > .10, n* = .05.
Moreaver, the difference between performance on the feature trials
as compared with the combination trials was nearly twice as large
for the older (M = 419.89) than the younger adults (M = 224.08),
a reliable difference, #(46) = 3.34, p < 01, n* = .19, that
remained marginally significant with log-transformed scores

‘(mean differences hetween the feature and combination condi-

tions = 0.09 and 0.12 for young and older adults, respectively),
K46) = 1.57, p = .06, one-tailed, n* = .06. Thus, the latencies are
consistent with the idea that the older adults were having difficulty
in rejecting the combination lures. They may have responded
slowly in an attempt to improve their accuracy. However, as
indicated by the accuracy data, their slower responding did not
make up for their deficit in the processes that support binding
during initial encoding. Together, the latency and accuracy data
support the conclusion that older adults experienced difficulty
binding object and location information in this working memory
task.
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Figure 3. Response latency difference scores for each age group in Experiment 1, calculated as each
participant’s median latency on lure trials minus that participant’s median latency on target trials (with standard
errors). The feature-only scores represent the mean of the object and location conditions. RT = response time.
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Experiment 2

It is possible that older adults’ poor performance on the
combination trials in Experiment 1 does not reflect only poor
connections between features but also the fact that combination
trials involve more information than feature trials. Generally
speaking, remembering combinations of features requires pro-
cessing more information than remembering individual fea-
tures: (a) To the extent that binding does not necessarily reduce
information through *“chunking” {(and even if it does, such
chunking is not, presumabiy, instantaneous), our participants
must maintain information about six features on combination
trials but only three on feature trials, and (b) more information
must be assessed at test on combination trials (e.g., information
about two features and relational information) than on feature
trials. Thus, it may be that older adults have more difficulty
than young adults on combination trials because they are unable
to maintain as much information over the delay (a maintenance
load hypothesis), they have more difficulty evaluating multiple
features at test (a test load hypothesis), or both.

Experiment 2 was designed to evaluate the possible contribution
of these two factors to older adults’ deficits on combination trials.
With respect to the maintenance load hypothesis, if older adults
have more difficulty maintaining larger amounts of information,
they should also have difficulty on a single-feature test if it follows
instructions to combine features at encoding. With respect to the
test load hypothesis, if older adults have more difficulty assessing
multiple features at test, they should show poor performance
whenever two features are tested, even if memory for the relations
between the features is not necessary.

‘We used the same stimuli and trial structure as in Experiment 1,
with added conditions to test the maintenance load hypothesis and
the test load hypothesis. Table 3 provides a summary of the
conditions (described below). To replicate Experiment 1, we tested
young and older adults’ feature memory after instructions that
encouraged them to remember a single feature (i.e., either object or
location only, as in Experiment 1; Condition 1 in Table 3) and we
tested their memory for combinations of features {i.e., object +
location) after combination encoding instructions that encouraged
them to try to remember the features combined (i.¢., combination
condition as in Experiment 1; Condition 2a in Table 3). One new
condition tested participants’ feature memory after combination
encoding instructions (Condition 3 in Table 3). Good memory on
the part of the older adults for the studied features would argue
against a maintenance load explanation for older adults’ perfor-
mance decrements in the combination condition, A second new
condition probed two values of a feature (i.e., two objects or two
locations) following combination instructions at encoding (Condi-
tion 4 in Table 3). This condition tested the possibility that older
adults’ memory decrements in the combination condition were
related to the need to respond to a test stimuius containing two
features (i.e., an object and its location), as opposed to only one
feature (i.e., either an object or a location)—the test load hypoth-
esis. To the extent that increased test load can fully account for
older adults’ problems on combination test trials, their perfor-
mance on the two-feature and combination tests should be
equivalent.

Method
Participants

Sixteen undergraduates (mean age = 19.6 years, SD = 0.93 years,
range = 18 to 22 years) and 16 healthy older adults {(mean age = 73.1
vears, SD = 2.43 years, range = 71 to 80 years) were recruited from the
same pools as in Experiment 1. The young and older adults had completed
equivalent levels of education (young: M = 13.1 years, 5I) = 0.56 years,
older: M = 13.4 years, SD = 2.10 years), #(30) < 1. Scores from standard
memeory tests (obtained within a month of the present experiment) were
available for 12 of the 16 older adults; they are provided in Table 1. The
young adults participated in exchange for credit toward a course require-
ment; older adults were paid for their participation.

Design

Age was, obviously, a between-subjects variable. There were four con-
ditions (described below), defined in terms of encoding instructions and
test type, manipulated within subjects.

Materials and Procedure

The stimuli and trial timeline were the same as those used in Experi-
ment 1 (with repeated objects). However, in this experiment, participants
were first given a single block of 16 trials of one of the single-feature
conditions (i.e., either object only or location only), followed by a block
of 16 trials of the alternate single-feature condition (starting order was
counterbalanced). On these frials, which we refer to as study feanwre—test
feature trials (Condition 1 in Table 3), participants were told to study only
one feature (either object or location) and were then tested on that feature
as in Experiment 1. Each block was preceded by verbal instructions with
llustrations. The first block began with six practice trials using stimuli
similar— but not identical—to the experimental stimuli. All trials, regard-
less of condition, began with the cue word “STUDY™ (500 ms). The test
probes (half targets, half lures, randomly intermixed) for these single-
feature conditions were the same as in Experiment 1, with the exception
that object memory was tested using a black-and-white line drawing in the
center of the screen with no grid.

The study feature—test feature blocks were followed by 104 trials in
which participants were given combination encoding instructions, Thar is,
as on the combination trials of Experiment 1, participants were told that
they should always try to remember each object plus its location combined
as a unit. They were further informed that on these trials there would be
several different types of test probes, which would vary randomly from
trial to trial. It is important to emphasize that for all of the following
conditions load and processing should have been identical until presenta-
tion of the test probe because the participants were told to remember
object + location information on all trials—all that varied was the nature
of the test probe. As summarized in Table 3, there were three test condi-
tions on these study combination trials, described in the following sections.

Combination test ( Condition 2a in Table 3).  On 32 wrials (16 targets, 16
lures), participants were tested for their memory for combinations of
features (i.e., objects plus locations} as in Experiment 1. Test probes were
as described in Experiment 1. We expected to replicate older adults’ deficit
in this condition, hereinafter referred to as the study combination—test
combination condition. '

We argued earlier that using lures compoesed of studied, but re-paired,
features is the most sensitive way to test for age-related binding deficits
because good performance under such conditions cannot be based on
feature information alone. Information about the relationship between the
two features is critical. We tested this assumption by including another
eight study combination—test combinatian trials (all lures) in which the test
probes contained one of the studied feature values and one feature value
that was not studied on that trial (although it would be old from another



Table 3

Outiine of Study and Test Conditions in Experiment 2

Study instruction

Test probe

Condition 1: Stndy feature—test feature
Remember objects only*

Remember locations only*

Study feature

Single black-and-white object in the center of the screen.
Target = studied object; lure = object not studied on present trial.

Black dot in one square of a grid.
Targets appeared in studied locations, lures in unstudied locations.

Condition 2: Study combinations—test combinations
Remember objects + locations* (Condition 2a)

Remember objects + locations
{old + new; Condition 2b)

Condition 3; Study combinations—test one feature
Remember objects + locations

Remember objects + locations

Condition 4: Study combinations—test two features
Remember objects + locations

Remember objects + locations

Study combination

Black-and-white object in a location other than center.
Targets = studied object + location combination; lures = re-paired features
(i.e., studied object in a ditferent, but studied location),

2

Black-and-white object in a location other than center.
This involved only lures, which were composed of one studied feature plus one
novel feature.

%

Single black-and-white object in the center of the screen.
Targets = studied objects; lures = object not studied on present trial.

Black dot in one square of the grid.
Targets appeared in studied locations, lures in unstudied locations.

Two black-and-white objects presented side-by-side.

Targets = two studied objects; lures = one studied object and one object not studied

on present trial.

B %

Two black dots presented in different squares of a single grid.
Targets = both dots in studied locations; lures = one studied location and one
location not studied on present trial.

Note. At study, in all conditions, participants saw three 3 X 3 grids presented sequentially for 1 s each, with each grid containing a different colored object
in a different location as in Experiment 1. Thus, all that varied between conditions were the encoding instructions and test probe (illustrated). For all
conditions in the bottom panel of the table (Conditions 2—-4), encoding instructions were identical (i.e., study object + location) and all that varied was
the nature of the test probe. Thus, the load and the processes engaged in these “study combination” conditions should have been identical until presentation
of the test probe.

* These conditions are exactly as in Experiment 1.
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- trial; e.g., a studied object in an unstudied location). For half of these trials
the object was new, and for haif the location was new. These trials are
hereinafter referred to as study combination—test combination (old + new)
trials (Condition 2b in Table 3). To the extent that these lures can be
rejected out of hand if one remembers what features were studied on that
trial, we expected older adults” inability to reject combination lures to be
attenuated on these trials.

One-feature test (Condition 3 in Table 3).  On 32 trials (16 targets, 16
lures), participants were tested for either object information only (ie., a
single black-and-white drawing in the middle of the screen without a
grid; 16 trials) or location information only (i.e., a single black dot in one
of the grid locations; 16 trials). These trials are hercinafter referred to in the
aggregate as study combination—test one feature. Recall that at acquisition
participants were told to try to remember the objects and their locations
combined as single units. Thus, if the age-related decrement found in
Experiment 1 is due solely to the increase in amount of to-be-remembered
information (i.¢., maintenance load) on the combination trials, we would
expect & sinilar decrement in older adults’ performance in this condition
compared with the study feature—test feature trials.

Two-feaiures test (Condition 4 in Table 3).  We also wanted to include
a feature test in which the test demands were equivalent, in terms of
number of features, to those of the combination condition. Participants
received 32 two-feature test trials. On the 16 object test trials (8 targets, 8
lures), two black-and-white objects appeared side by side without a grid.
On the 16 location test trials (8 targets, 8 lures), two black dots appeared,
each in a different [ocation of the same grid, In this way, participants were
tested for their memory for two values from a single feature category. Test
targers were made up of two feature values studied on that trial (two
studied objects or two dots each in a studied location); lures were com-
posed of one studied value and one unstudied value {e.g., one object seen
during that trial and one object seen on some previous trial). The order—
position of the old and new feature were counterbalanced. Note that
because both feature categories involved eight values that were repeated
across trials, both values in a lure would have been previously studied, just
not necessarily on that trial. This condition will hereinafter be referred to
as the study combination—test two features condition. We reasoned that if
older adulis’ decrements on the combination trials in Experiment 1 were
due merely to the need to evaluate multiple features (i.e., the test load
hypothesis), we would expect their performance on the two-feature test to
be as low as their performance on the combination test. To the extent that
a test load deficit contributes to, but cannot fully explain, older adults’
poorer performance on combination trials, we would expect their perfor-
mance in this condition to be poorer than in the single-feature test condition
yet better than the combination test condition.

General procedures for study combination trials. The same pseudo-
random order of trials was used for all participants. These 104 study
combination trials were broken up into three blocks to allow participants
brief rest periods {(approximately 2-3 min). The first block was preceded by
detailed instructions, including graphical presentation of the trial progres-
sion and a thorough discussion of all test probe types. For all test probe
types, targets were sampled equally often from each of the three study
positions. Participants were told that they should say “yes™ if the test probe
contained either features or feature combinations that were exactly as
studied in the trial, and “‘no” otherwise. Participants were also given 10
practice trials to acquaint them with the test requirements. If necessary,
older adults were given more practice. The experimental procedure began
only after the experimenter was sure the participant understood the nature
of the task requirements.

Results and Discussion

Hits and false alarms are shown in Table 2; our focus is on d’.
Again, an initial 2 (age: young, old) > 2 (condition: object,
location) contrast on &' scores shows that there were no significant

differences between the two groups on their memory for objects
only (M = 2.85, SE = .09, and M = 2.82, SE = .07, for young and
older adults, respectively) or locations only (M = 2.74, SE = .09,
and M = 2.50, SE = .20, for young and older adults, respectivelv),
F(1, 30) = 1.05, MSE = 0.28, p > .10, for the main effect of age,
and F(1, 30) < 1 for the interaction. Therefore, the remaining
analyses were conducted collapsed across type of feature. To
explore how well the pattern of data fit our specific hypotheses, we
conducted a series of planned contrasts.

Older Adults Again Exhibit a Decrement in Their Memory
Jor Combinations of Features '

The study feature—test feature and study combination-test
combination conditions of the present experiment correspond to
the conditions of Experiment 1. Test combination (old + new}
lures were not included in the following analyses; they are
discussed separately. If we look at these conditions (see Figure
4), we see that the central finding of Experiment 1 was repli-
cated: Although the age by condition interaction in a 2
(age) X 2 (condition) contrast failed to reach significance, F(1,
30) = 2.38, MSE = 0.23, p > .10, w* = .07, planned compar-
isons confirmed that the older adults again showed poorer
performance than the young adults in the combination test
condition, #(30) = 2.24, p < .05, %* = .14, but not the
feature-only condition, £(30) = 0.96, p > .10, #n* = .03 (see
Figure 4). Unlike Experiment 1 (and a similar subsequent
experiment; Mitchell et al., in press), the young adults also
showed poorer performance in the combination test condition
than in the study feature~test feature condition, #(15) = 10.49,
and 1(15) = 9.07, for young and older adults, respectively, p <
.0001, n*> > .80 for both (see Figure 4)—an interesting finding
that we return to in the General Discussion section. Recall,
however, that young adults’ performance on combination test
trials was still better than older aduits’. Thus, as in Experi-
ment 1, older adults showed a deficit on combination test triais
although memory for individual features was quite good.

As in Experiment 1, we calcylated a difference score for each
participant in each condition that consisted of that participant’s
median response latency on lures minus that participant’s median
response latency on targets. Figure 5 shows these difference scores
for each age group (with standard errors) for each condition.
Again, both voung and older adults were faster on lures than
targets in the study feature—test feature condition, as evidenced by
the negative difference scores, and slower to respond to lures than
targets in the study combination—test combination condition, as
evidenced by the positive difference scores. The difference be-
tween performance on the study feature—test feature trials as com-
pared with the study combination—test combination trials was
nearly twice as large for the older (M = 283.63) than the younger
adults (M = 154.34), and a 2 (age) X 2 (condition) contrast
showed a marginally significant interaction, F{1, 30) = 3.58,
MSE = 18,668.61, p < .07, n* = .10 (see Figure 5). However, the
interaction was not significant when log-transformed latencies
were analyzed (F <1, = .02).

As expected, both young, (15) = 3.27, p << .01, v~ = .42, and
older adults, 15) = 4.58, p < .001, n* = .58, were better able to
reject combination lures when they contained one studied and one
unstudied feature—that is, combination (old + new) test—than
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Figure 4. d' scores for each age group in each condition (with standard errors) for Experiment 2.

when the lures were composed of two studied, but re-paired,
features—that is, the standard combination test. Also the Age X
Condition interaction was reliable, F(1, 30) = 7.14, MSE = 0.01
p = .01, 5* = 18 (see Table 2). The improvement in older adults’
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ability to reject the combination lures when they contained one
new feature supports the conclusion that they had good feature
memory. This finding also suggests that older adults’ difficulties
on the standard combination trials cannot be due solely to an
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Figure 5. Response latency difference scores for each age group in Experiment 2, calculated as each
participant’s median latency on lure trials minus that participant’s median latency on target trials (with standard

etrors). RT = response time.
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inability to deal with multiple features at test—an issue we return
to shorty.

To Whar Extent Does Increased Maintenance Load
Contribute to Older Adults’ Decrement in the
Combination Test Condition?

If older adults’ poor performance in the combination test con-
dition is due solely to increased maintenance load, we should also
expect to see an age-related decrement on a single-feature test
following combination encoding instructions. However, direct
comparison of the study feature—test feature and study
combination—test one feature conditions with a 2 (age) X 2 (con-
dition) contrast showed no reliable interaction, F(1, 30) = 2.63,
MSE = 0.06, p > .10, 5 = .08 (see Figure 4). The overall pattern
of performance discussed thus far suggests two things. First, there
is little evidence that decreased maintenance capacity on the part
of older adults can explain age-related combination memory dec-
rements in this task. Second, this pattern suggests that trying to
bind the information at encoding—that is, trying to remember the
combined information as vnits—did not hurt older adults® memory
for the features themselves. They clearly have more information
available about the features than about the associations between
features.

To What Extent Does Increased Test Load Contribute to
Older Adults’ Decrement in the Combination
Test Condition?

We previously suggested that the difference in the number of
features involved in the test probes might contribute to older
adults’ difficulties on the combination test trials (i.e., a feature test
probe requires a decision about only one feature value, whereas a
combination test probe requires a joint decision about two feature
values together with a decision about their relationship). Although
older adults’ relatively good performance on the combination
(old + new) trials suggests that this cannot be the entire story
behind their combination test deficits, the hypothesis that older
adults may have difficulty dealing with multiple features at test
gained some support in this experiment. A 2 (age) X 2 (condition:
study combination—test one feature vs. study combination—test two
features) contrast showed a reliable interaction, F(1, 30) = 7.46,
MSE = 027, p = .01, %* = .19 (see Figure 4); the age decrement
was greater on the two-feature test, £30) = 4.11, p < .00, 7°> =
.35, than the one-feature test, #(30) = 2.01, p = .05, n° = .11.
Moreover, only older aduits’ performance was lower on the two-
feature than the one-feature test, 7(15) = 0.02, p > .50, 7% < .01,
and #(15) = 3.11, p < .01, %* = .39, for young and older adults,
respectively. Thus, with encoding instructions and maintenance
load held constant, older, but not younger, adults showed a deficit
when they were required to make a memory judgment about two
features compared with when they were required to make a deci-
sion about one. This decrement obtained even though they did not
have to know the relationship between features to make the
decision.

Response latencies are interesting with regard to this age-related
test deficit. As is clear from Figure 3, on the one-feature test both
voung and older adults were slower on targets than lures (as
indicated by the negative scores), but on the two-feature test the

young were again slower on targets than lures and the older adults
were slower on lures than targets (as indicated by the positive
score). This produced a reliable interaction in the 2 (age) X 2
(condition) contrast, F{(1, 30) = 12.43, MSE = 21,250.6, p = .001,
7* = .28, indicating that the difference in the time it took young
and clder adults to respond to lures versus targets was greater for
two-feature trials, #(30) = 3.03, p < 01, n* = .23, than one-
feature trials, #(30) = 0.69, p > .10, »* = .02. Both the interaction,
F(1, 30y = 10.16, MSE = 0.002, p < .01, and planned compari-
sons, #(30) = 2.83, p < .01, and #(30) = .41, p > .05, for the
two-feature and one-feature trials, respectively, remained signifi-
cant when log-transformed scores were used. Such a pattern sup-
ports the idea that the older adulis were having trouble assessing
multiple features at test, regardless of the need to remember the
association between them,

If older adults’ deficit on the combination trials were due solely
to the need to respond to a probe containing two features as
opposed to one feature, we would expect their performance on the
two-feature test to be as low as their performance on the combi-
nation test— but, as is clear from Figure 4, it was not. Older adults
had poorer performance in the combination test condition than in
the two-feature test condition, #(15) = 4.47, p < .001, 1" = .57,
suggesting that test load alone cannot fully account for their
decrement in the combination test condition. The young adults also
exhibited a rather large deficit on combination trials compared
with the two-feature trials, H15) = 9.61, p < 0001, n* = .85,
creating a reliable interaction in the 2 (age) X 2 (condition: study
combination—test two features, study combination—test combina-
tion) contrast, F{1, 30) = 4.69, MSE = 0.26, p < .05, * = .13.
Together with the finding that young adults’ performance on
combination trials was significantly lower than their own one-
feature test performance in this experiment, £15) = 9.21, p <
.0001, n* = .85, these results indicate that young adults had more
difficulty on the combination trials in Experiment 2 than in Ex-
periment 1—an issue we return to in the General Discussion
section. Central to the present question is the fact that the age
deficit was, nevertheless, reliable in both the combination test
condition, (30) = 2.24, p < .05, w* = .24, and the two-feature test
condition, #(30) = 4.11, p < .001, »* = .51.

In sum, compared with their performance on the combination
test, older adults’ relatively good performance on the study
combination—test one feature trials (which, it is important to note,
did not differ from the study feature—test feature condition) sug-
gests that trying to bind at study does not lead to worse memory
overall on the part of older adults. That is, they do not simply
exhibit a general working memory decrement for features under
conditions of increased maintenance load. They clearly have a
large proportion of the studied features in memory. Rather, it
appears that older adults have two specific memory-related defi-
cits. First, as in Experiment 1, older adults showed a performance
decrement on the combination test compared with the single-
feature test after combination encoding instructions, demonstrating
that they have a binding problem at encoding. Second, older adults
also showed a performance decrement on the two-feature test
compared with the single-feature test after combination encoding
instructions, suggesting they have an access—evaluation problem
at test when a probe contains multiple features. Of importance,
their accuracy in the combination condition was below that in the
two-feature test condition, indicating that their binding deficit
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leads to difficulties above and beyond their difficulty in dealing
with multiple features at test.

General Discussion

The present research addressed the question of whether older
adults’ long-term memory deficits for complex information reflect
binding deficits that stem from deficits in reflective component
processes used during initial encoding and consolidation of mem-
ories (Chalfonte & Johnson, 1996; Johnson & Chalfonte, 1994).
We assume that working memory consists of reflective processes
by which information is encoded for longer term memory (e.g.,
Johnson, 1992). Thus, we expected age-related feature binding
deficits in a working memory task. Indeed, that is what we found.
Both experiments show that after being presented with three suc-
cessive arrays, each of which contained a different object in a
different location, older adults had no problem recognizing indi-
vidual features (either objects or locations). However, in both
experiments older adults were significantly impaired in their abil-
ity to recognize combinations of features (an object and its loca-
tion). These results suggest that the age-relaied source memory
deficits seen in long-term memory have their origin, at least in
part, at encoding, where disrupted or inefficient reflective pro-
cesses result in less well bound complex memories.

We say “in part” because it appears that there also may be
age-related differences in how information is accessed and evalu-
ated at test. Expetiment 2 demonstrates a new specific age-related
test load deficit. Older adults showed an impairment when tested
with two individual features, compared with a test that presented
only one feature, under conditions that were equated on encoding
demands (i.e., the two-feature test vs. the one-feature test after
combination encoding instructions). This finding is provocative,
and two hypotheses suggest themselves,

The first is that older adults® difficulties on combination trials
were due entirely to their difficulty in dealing with multiple cues
at test (i.e., a test load deficit). Older adults may experience
difficulty whenever they are required to access multiple features,
evaluate them, or both (e.g., Johnson, De Leonardis, Hashtroudi, &
Ferguson, 1995; but see Bayen & Murnane, 1996). From the
present data, we cannot determine whether the age-related test
deficit demonstrated here represents age-related problems at the
access or the evaluation phase of remembering. Nevertheless, to
the extent that evaluation of complex (e.g., autobiographical)
memories typically involves multiple features, such a deficit could
help explain age-related source and reality monitoring deficits
often found in longer term memory procedures (e.g., Ferguson et
al., 1992; Hashtroudi, Johnson, & Chrosniak, 1990; Henkel, John-
son, & De Leonardis, 1998).

However, there are several reasons to suspect that older adults’
difficulty in dealing with multiple cues at test probably is not the
entire story behind their combination condition decrement in this
working memory task. Older adults’ performance improved sig-
nificantly when the combination lures were composed of one
studied feature and one new feature—the combination {old + new)
test—compared with when they were tested with lures composed
of two studied but re-paired features—the standard combination
test. If their difficulty on combination trials was due to number of
features, per se, this manipulation should have no effect. More
important, older adults exhibited significantly poorer performance

on combination test trials compared with two-feature test trials,
suggesting that they experienced additional difficulty in the com-
bination condition beyond their difficulty in dealing with two
features.

A second hypothesis is that older adults’ performance decre-
ment on the two-feature test is another manifestation of a general
binding deficit. One possibility is that because of effective inter-
dimensional binding (i.e., object + location), young adults were
more likely than older adults to successfully retrieve the corre-
sponding “nontested” feature for each feature in the test probe
(e.g., to retrieve the corresponding locations when presented with
two objects) and use this information as evidence regarding the
oldness of the presented features (see, e.g., Clark & Gronlund,
1996). It is also possible that, in addition to hinding object +
location information for each study stimulus, young adults were
binding objects to objects and locations to locations within each
trial (i.e., intradimensional binding). If so, then the two features of
the probe could serve as potential cues for ¢ach other. To the extent
that older adults have an intradimensional, as well as an interdi-
mensional, binding deficit (which seems likely), they would derive
less benefit from such cuing. In either case, the age-related deficit
in the two-feature condition may be, like the age-related deficit in
the combination condition, related to binding deficits and not to
greater difficulty with complex tests, per se.

It is notable, in this regard, that the young adults showed a
decrement on the combination test in Experiment 2 compared with
their performance on the single-feature and two-feature tests. We
have subsequently replicated the pattern of results from Experi-
ment 1 using a similar procedure {e.g., Mitchell et al., in press).
Thus, it seems reasonable that the relatively poor performance on
combination trials shown by the young adults in Experiment 2 was
brought about by using a mixed test format. One possibility is that
although they were told to remember object + location informa-
tion, young adults may have shifted some effort (i.e., reallocated
reflective processes) from interdimensional to intradimensional
binding because the majority of the trials in Experiment 2 tested
features. We are currently exploring this possibility.

In any event, the present data raise the possibility that older
adults experience two unique sources of working memory defi-
cits—a binding deficit at encoding and a test deficit when pre-
sented with multiple cues. More work is necessary to tease apart
the relative contribution of these two factors {e.g., whether older
adults exhibit a test load deficit independent of an intradimensional
binding deficit). Until then, it seems reasonable to tentatively
conclode that both of these deficits contribute to older adults’
long-term memary deficits for complex information.

Luck and Vogel (1997) recently presented findings suggesting
that the binding of visual features may be a relatively automatic
encoding process. Their conclusion was that visual working mem-
ory stores the complex multifeature results of this automatic bind-
ing process. On the one hand, we replicated their findings regard-
ing young adults’ feature binding in Experiment 1: As they found,
our young adults showed equivalent performance on feature and
combination trials. Thus, the present results generalize their find-
ings to a more complex sitnation. Whereas Luck and Vogel used
simple visual features (e.g., color, orientation), our materials in-
volved both a visuospatial feature (i.e., location) and a nameable
feature (i.e., objects). Moreover, our test for associations between
features was more stringent than Luck and Vogel’s because our
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combination lures were composed of studied, but re-paired, fea-
tures, whereas their lures involved changes other than in feature
combinations, per se.®> On the other hand, our older adults showed
a binding deficit in both experiments, suggesting by some criteria
(e.g., Hasher & Zacks, 1979) that memorial binding is not an
automatic, effortless process. Additional evidence that memorial
binding is a resource-demanding process is the fact that our young
adults showed a performance decrement on combination trials in
Experiment 2 but not Experiment 1, suggesting that how partici-
pants distribute their reflection (i.e., effort or attentional resources)
affects the probability of binding feature information.

The divergence of our Experiment 2 results and Luck and
Vogel's (1997) findings could be due to differences in materials
and procedure. However, it seems more likely that Luck and Vogel
were actually testing perceptual binding (e.g., they presented the
study arrays for only 100 ms, and their delay period was only 9(X)
ms), whereas the present procedure tapped into a postperceptual
process, namely, memorial binding. Alternatively, Luck and Vo-
gel’s procedure may tap into different reflective processes than our
procedure. For example, it may be that the perceptual conjunction
of features can be maintained for a brief period in working mem-
ory via refreshing, a proposed cognitive component process that
extends the initial activation of information so that one can easily
shift back to it for further rehearsal (e.g., Johnson, 1992; as
suggested by Luck & Vogel's findings). However, this does not
necessarily mean that this comjunction is being automatically
bound for long-term memory (as suggesied by the present find-
ings). Memorial binding may also require reflective operations
beyond refreshing—for example, reactivation (e.g., Johnson &
Chalfonte, 1994; Johnsen & Hirst, 1993), recursive rehearsal, and
so on (e.g., Johnson, 1992). Although there is evidence to suggest
that older adults may experience deficits in the refresh process
(e.g., Johnson, Raye, & Reeder, 2000), little is known about the
contribution of these individual component processes to memorial
binding. Exploring these processes is a challenge for the future,

A related target for further investigation is potential age-related
differences in explicit rehearsal strategies that may have an impact
on binding, Recall that the 8-s delay in this study was unfilled;
participants were free to engage in any strategy they developed.
One possibility is that older adults had more difficulty than young
adults in identifying or maintaining an effective rehearsal strategy.
Postexperimental intérviews with our participants suggested few
obvious differences in the rehearsal strategies of young and older
adults in the combination condition. However, the fact that self-
reports did not identify strategy differences does not rule out the
possibility that older adults developed their strategies later than
young adults or that the same sirategies simply are less effective in
older adults (due to inefficiency of the underlying cognitive pro-
cesses engaged by them). We are currently investigating these
possibilities.

With regard to brain mechanisms, working memory is usually
considered to be mediated by the prefrontal cortex (e.g., J. D.
Cohen et al., 1997; D’Esposito et al., 1995; Goldman-Rakic, 1995;
Smith et al., 1996), whereas binding is thought to be mediated by
the hippocampal region (e.g., N. J. Cohen & Eichenbaum, 1993;
Eichenbaum & Bunsey, 1995; Henke et al., 1999; Kroll et al,,
1996; Moscovitch, 1994; Squire, 1995). The enceding of multiple
features into complex long-term episodic memories likely relies on
these two areas acting together in cooperation (e.g., Johnson,

Hashtroudi, & Lindsay, 1993; Shimamura, 1994; Stuss, Eskes, &
Foster, 1994), That is, the binding of multiple memorial attributes
probably involves a frontal-hippocampal circuit in which the
frontal regions mediate the reflective processes that maintain ac-
tivation and monitor, control, and coordinate the agendas {(e.g.,
task goals, strategies) necessary to direct the postperceptual, me-
morial binding of multiple attributes, and the hippocampal region
mediates the binding of features that are coactive (e.g., Johnson,
1992). Thus, during encoding, frontal processes presumably both
control what is coactive and extend the time {(or number of occa-
sions) it is coactive, presenting the hippocampal region with ad-
ditional opportunities for binding.

Evidence of such a frontal-hippocampal circuit comes from
several sources. There is neuroimaging evidence from young
adults that prefrontal cortex maintains and manipulates informa-
tion (e.g., D’Esposito et al., 1998; D’Esposito, Postle, Ballard, &
Lease, 1999; Petrides, 1994a, 1994b). Moreover, the hypothesis
that prefrontal cortex maintains feature combinations over time is
consistent with recent findings from electrophysiological record-
ings in monkeys showing that some cells in prefrontal cortex code
for both object and location (Rao, Rainer, & Miller, 1997) and
functional magnetic resonance imaging ({MRI) data from young
adults showing greater prefrontal cortex activation (right Brod-
mann's Area 10) when participants maintained integrated feature
information versus a task in which they maintained the features
separately (Prabhakaran, Narayanan, Zhao, & Gabrieli, 2000). A
recent neuroimaging review suggests that anterior hippocampal
activations may be particularly likely when tasks involve relational
encoding (Schacter & Wagner, 1999). It is not surprising, then,
that there is indirect evidence that age-related neuropathology in
frontal and medial-temporal regions is correlated with age deficits
in long-term source memory {(e.g., Craik, Morris, Morris, & Loe-
wen, 1990; Glisky, Polster, & Routhicaux, 1995; Henkel et al,,
1998; Mather, Johnson, & De Leonardis, 1999; Shimamura, 1994}.
Such findings are consistent with the idea that memory for com-
plex events is supported by a frontal-hippocampal circuit subserv-
ing specific, postperceptual, reflective processes (e.g., Johnson,
1992) and suggest that deficits in one or more of the components
of this circuit underlie older adults’ binding deficits.

We have recently found direct evidence for this proposal using
fMRI (Mitchell et al., in press). The procedure was almost iden-
tical to that of Experiment 1. The behavioral data replicated that of
Experiment 1, and the fMRI data showed areas of lefi anterior

* At test, Luck and Vogel (1997) re-presented the entire study array
(which contained several multifeature stimuli, e.g., four colored bars in
various ortentations). In a lure array, one feature value would be changed
(e.g., one of the four bars might be in the same orientation as at study but
in a new color). This changed feature was sometimes a repetition of a value
presented at study and sometimes a novel value, taken from a larger pool
of feature values used to create their stimuli. As with our combination
(old + new) test lures, pasticipants could conceivably do well rejecting
Luck and Vogel’s lures without having bound the feature information at all
(e.g., by noticing that the test array contained two instances of some feature
value whereas the study array did not, or by noticing a completely novel
feature in the test array). Thus, aithough participants might have been
responding based on bound featural information, this procedure is not ideal
for assessing hinding. We thank Ed Vogel for supplying additional proce-
dural details.
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hippocampus and right prefrontal cortex (Brodmann's Area 10)
that were differentially recruited in the combination condition
relative to the feature conditions in young, but not older, adults.
Such a pattern of activations suggests that age-related dysfunction
of hippocampal regions, prefrontal regions, or both might help
explain older adults’ behavioral deficit in the combination condi-
tion in this working memory task.

In conclusion, age-related deficits in reflective processes that
mediate feature binding are manifested in both working memory
(the present experiments) and longer term episodic memory tasks
(e.g., Chalfonte & Johnson, 1996). We also found evidence for an
age-related working memory test load deficit, suggesting that older
adults experience difficulty in accessing multiple features, in eval-
uating them, or in both. Taken together, such findings are consis-
tent with the idea that there is overlap in the reflective processes
that account for performance in working memory tasks and the
reflective processes that encode, access, and evaluate information
in long-term memory tasks. The degree, and nature, of this overlap
remains to be clarified, for example, by using neuroimaging tech-
niques to specify the extent to which common and different brain
regions are activated during acquisition and test in working mem-
ory and long-term memory tasks using comparable materials,
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