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Are associative memories forgotten more quickly than item memories, and does the level of original learning differentially

influence forgetting rates? In this study, we addressed these questions by having participants learn single words and word

pairs once (Experiment 1), three times (Experiment 2), and six times (Experiment 3) in a massed learning (ML) or a distrib-

uted learning (DL) mode. Then they were tested for item and associative recognition separately after four retention inter-

vals: 10 min, 1 d, 1 wk, and 1 mo. The contribution of recollection and familiarity processes were assessed by participants’

remember/know judgments. The results showed that for both item and associative memories, across different degrees of

learning, recollection decreased significantly and was the main source of forgetting over time, whereas familiarity remained

relatively stable over time. Learning multiple times led to slower forgetting at shorter intervals, depending on recollection

and familiarity processes. Compared with massed learning, distributed learning (six times) especially benefited associative

memory by increasing recollection, leading to slower forgetting at longer intervals. This study highlighted the importance

of process contribution and learning experiences in modulating the forgetting rates of item and associative memories. We

interpret these results within the framework of a dual factor representational model of forgetting (as noted in a previous

study) in which recollection is more prone to decay over time than familiarity.

According to the contents of the retrieved information, memory
can be divided into item memory and associative memory
(Murdock 1997; Squire and Wixed 2011). Unlike on tests of item
memory, on tests of associative memory, participants have to
determine whether the relations between items, or item–context
relations, are learned during a study. Establishing and maintain-
ing associations between items is an important aspect of episodic
memory. Whether associative memory relies on different mecha-
nisms from item memory remains a central issue of memory re-
search (Murdock 1997; Squire et al. 2004; Davachi 2006). Many
studies have suggested that they are dissociated in both behavioral
mechanisms and neural substrates, with associative memory rely-
ing primarily on recollection and item memory, on familiarity
(Gardiner et al. 2002; Cohn and Moscovitch 2007; Eichenbaum
et al. 2007). In addition, the hippocampus is critical for and
more involved in associative memory than in item memory,
whereas the opposite holds for the perirhinal cortex (Davachi
2006; Eichenbaum et al. 2007; but see Squire et al. 2007). Recent
evidence, however, suggests that item and associative memory
can both depend on recollection and familiarity (Smith et al.
2011), and it is these processes, rather than the types of memory,
that determine the neural substrates that are implicated. Less is
known, however, about the factors that determine the rate of for-
getting for items and associations (e.g., Wixted 1990; Hockley and
Consoli 1999; Sadeh et al. 2014). In this paper, we examine the
forgetting rate of item and associative memories to ascertain
whether recollection and familiarity are determining factors, as
they are in retention.

Forgetting is rapid shortly after learning but slows with time
(Ebbinghaus 1885/1964). Does this pattern apply to all kinds of

memory? Studies have shown that associative memory or source
memory declines to a greater extent than item memory (e.g.,
Brown and Halliday 1991; Sharot and Yonelinas 2008; Talamini
and Gorree 2012; Brubaker and Naveh-Benjamin 2014). Remote
memories typically are less detailed than recently acquired mem-
ories (Moscovitch et al. 2006; Squire and Bayley 2007). For exam-
ple, in a study by Talamini and Gorree (2012), color pictures and
picture–position/picture–picture associations were tested over
different retention intervals (5 min to 3 mo). The results showed
that the associative memories decayed faster than memory of sin-
gle pictures at 1 wk and 1 mo after encoding. However, other
behavioral studies have suggested that forgetting rates for item
and associative memories are similar over time (at least until
1 wk) (e.g., Bornstein and LeCompte 1995; Hockley and Consoli
1999). For example, Hockley and Consoli (1999) compared
memory recognition of words and word pairs over different
intervals (30 min versus 1 d in Experiment 1; 2 d versus 7 d in
Experiment 2), and the results showed that the performance of
the two types of memory declined at similar rates.

One way to consider the cause of forgetting is to analyze how
the contribution of different processes in item and associative
memories change over time. Sadeh et al. (2014) proposed a two-
factor, representational theory of forgetting that posits that for-
getting depends on how we remember, namely on how items
are initially represented in memory. In particular, they based their
theory on a proposal by Hardt et al. (2013) that memory relying
on the hippocampus is relatively resistant to interference, but
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sensitive to decay. Because recollection relies mainly on the hip-
pocampus and familiarity on extra-hippocampal regions (e.g.,
Bowles et al. 2007, for review, see Eichenbaum et al. 2007, but
see Squire et al. 2007), memories relying on recollection are
more sensitive to decay but are relatively resistant to interference
from irrelevant information. In contrast, memories relying on fa-
miliarity are prone to the detrimental effects of interference but
show less effect of decay. Studies using Remember/Know (R/K)
and ROC paradigms have found that the proportion of recollec-
tion greatly decreases over time, particularly over short intervals,
but that of familiarity remains unchanged (Gardiner and Java
1991; Knowlton and Squire 1995; Hockley and Consoli 1999;
Barber et al. 2008; Sharot and Yonelinas 2008; Tunney 2010) or
even increases (e.g., Viskontas et al. 2009). When the interval is
longer than 1 wk, the contribution of both processes decreases
(Gardiner and Java 1991; Tunney and Bezzina 2007). In a recent
test of their theory, Sadeh et al. (2016) found that over intervals
of 1 h, memory for words based on recollection is more prone to
decay than to interference, whereas the reverse was true of mem-
ory based on familiarity.

Neuroimaging studies have also shown that the decrease of
hippocampus activity is associated with recollection decline
(e.g., Viskontas et al. 2009; Harand et al. 2012). Patients with hip-
pocampal lesions have more rapid forgetting of recollection-based
memory for recent events (for review, see Sadeh et al. 2014).
Because the hippocampus is crucial in processing detailed or con-
textual information (for review, see Davachi 2006; Mayes et al.
2007) even after a long time (Gilboa et al. 2004, Moscovitch
et al. 2006), the recollection change may reflect the extent to
which detailed information is forgotten over time. Based on the
above findings and assumptions, we adopt the same approach
to reexamine the forgetting mechanisms of item and associative
memories. As item and associative memories both depend on rec-
ollection and familiarity (Smith et al. 2011), but possibly to a dif-
ferent extent, it is possible that their forgetting rate may be
comparable or different, according to what extent to item and as-
sociative memories relies on the two processes over time.

In addition, most of the above studies present stimuli
only once during learning. The forgetting rate may be modulated
by degree of learning and spacing effect. Early studies have
shown that repetition of learning produces slower forgetting
(Ebbinghaus 1885/1964; Loftus 1985), but others have argued
that learning does not influence the forgetting rate (e.g.,
Slamecka and McElree 1983; Slamecka 1985; Nilsson et al. 1989;
Bogartz 1990; for review, see Wixted 1990). For example, after
participants learned words (Experiment 1) and word pairs
(Experiment 2) once or three times, they were tested immediately,
1 and 5 d later by recalling the categorical words or pairs, or recog-
nizing word pairs (Slamecka and McElree 1983). The results
showed that for each memory type, there was no significant
interaction between learning and retention interval—although
the intercept of forgetting curves increased, the slope remained
stable. Note that the time interval was within 1 wk in this
study, and comparison of time interval was between participants.
In addition, multiple learning may boost recollection/familiarity
process or both processes. If the two processes differ in their
decay rate, it is important to clarify whether the learning ex-
perience influences recollection and familiarity processes, and
if so, how forgetting rates change for item and associative
information.

Furthermore, distributed learning (DL) usually leads to better
memory performance than massed learning (ML) (i.e., spacing ef-
fect. For review, see Janiszewski et al. 2003; Cepeda et al. 2006),
and may have different effects on forgetting of item and associat-
ive memories. In a study of Litman and Davachi (2008), partici-
pants learned word pairs twice in 2 d (i.e., DL), twice within 1 d

(i.e., ML) and once within 1 d, and then they were tested by recall
and recognition after 10-min and 1-d intervals. The results
showed that for associative memory, the DL performance was bet-
ter than that of ML at the 1-d interval, but this pattern did not ap-
ply to item memory. It suggested that DL decreases the forgetting
rate of associative memory at the 1-d interval. Other studies have
found that DL enhances the performance speed rather than accu-
racy when face–location associations are learned using DL (versus
ML) (e.g., Takashima et al. 2007).

On the other hand, the cognitive mechanism of spacing ef-
fect is not quite clear, mostly emphasizing the role of encoding
variability and consolidation (Janiszewski et al. 2003; Cepeda
et al. 2006), but there is a lack of empirical evidence on this mat-
ter. As for the underlying processes, consider that after partici-
pants learned the stimuli by DL, compared with ML, they could
obtain more contextual information about the stimuli. This could
lead to more contribution of the recollection process. If forgetting
rate is more related to recollection contribution, then DL experi-
ence may slow memory decay. Recent studies shed light on this
assumption. For example, Vilberg and Davachi (2013) showed
that after DL rather than ML mode, the connectivity between
hippocampus and perirhinal cortex was correlated with decreased
forgetting of object-based associative memory. It is worth-
while, therefore, to explore the outcome of spacing effect over
time to clarify whether the spacing effect lasts for a longer interval
than 1 d.

In sum, the questions addressed in this study were: (1)
whether associative memory decays more quickly than item
memory, and whether the decay of two types of memory relies
on different processes (i.e., recollection and familiarity). (2)
Whether learning repetition modulates the decay of recollec-
tion and familiarity in item and associative memories. (3)
Whether different modes of learning (ML versus DL) modulates
the decay of recollection and familiarity in item and associative
memories.

Participants were asked to study single words and word pairs
in each experiment. To ensure that words and word pairs were
both encoded, participants performed a concreteness judgment
for each word, and a relational task (e.g., make a sentence) for
each word pair. To determine the effect of learning on memory
performance, participants were asked to learn words and word
pairs once (Experiment 1), three times in ML or DL mode
(Experiment 2), and six times in ML or DL mode (Experiment 3).
During retrieval, participants performed recognition tasks at dif-
ferent time intervals after the last learning trial (i.e., 10 min, 1 d,
1 wk, and 1 mo). At each time interval, they were asked to make
old/new judgment for item recognition, and old/recombined
judgment for associative recognition. For either item or asso-
ciative recognition task, participants further made remember/
know/guess judgments for their responses to dissociate recollec-
tion and familiarity processes. The forgetting rate of each con-
dition was analyzed and compared in each experiment. As
forgetting typically involves losing detailed or contextual infor-
mation (Winocur and Moscovitch 2011), we hypothesized that
across three experiments, memory relying on recollection, rather
than familiarity, would be more sensitive to decay (Sadeh et al.
2014). As both recollection and familiarity processes contribute
to associative and item memory, the difference in forgetting rate
between the two memory types after learning once should be
minimal. Repetition learning slows down the forgetting rate by
increasing the contribution of recollection. Compared with
massed learning, distributed learning increases contextual infor-
mation during encoding (Glenberg, 1979; Janiszewski et al.
2003; Cepeda et al. 2006) and reactivation process to consolidate
associations between words. Accordingly, the forgetting rate of as-
sociative memory, rather than item memory, would be decreased.
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Results

Experiment 1
In Experiment 1, participants were presented word pairs once dur-
ing learning, then they judged old/new words and old/recom-
bined word pairs during retrieval after 10-min, 1-d, 1-wk, and
1-mo intervals. The corrected recognition (Hit-FA), Hit rate, FA
rate, RTs, and contribution of recollection and familiarity were an-
alyzed separately using a repeated-measures ANOVA with the time
interval (10 min, 1 d, 1 wk, 1 mo) and the memory type (item, as-
sociative) as within-subjects factors.

Results

The results of corrected recognition showed that memory perfor-
mance decreased over time (F(3,66) ¼ 73.11, P , 0.001, h2 ¼ 0.75).
For both item and associative memory tests, recognition perfor-
mance decreased from 10 min to 1 d (P , 0.001), 1 d to 1 wk
(P ¼ 0.08), and from 1 wk to 1 mo (P ¼ 0.05) (Fig. 1A). There
was no significant interaction between retention interval and
memory type (F(3,66) ¼ 0.39, P ¼ 0.76, h2 ¼ 0.02). Item and associ-
ative memory performance were comparable (F(1,22) ¼ 2.59, P ¼
0.12, h2 ¼ 0.17). The values of Hit-FA in different conditions
were significantly higher than expected by chance (0) (Ps ,

0.05), except in the case of 1-mo associative memory (t(22) ¼

0.38, P ¼ 0.34). The response bias did not show significant effects
of time and memory type, nor interaction of time and memory
type (Fs , 1).

Similar to the corrected recognition, the Hit rate decreased
over time (F(3,66) ¼ 57.08, P , 0.001, h2 ¼ 0.63) (Fig. 1B). Here,
the interaction between memory type and time interval was sig-
nificant (F(3,66) ¼ 6.61, P ¼ 0.001, h2 ¼ 0.20), showing that the
higher Hit rate for item (versus associative) memory was obvious
for 1-wk and 1-mo intervals (longer intervals, Ps , 0.001) but
not for 10-min and 1-d intervals (shorter intervals, Ps . 0.55).

In addition, the Hit rate of item memory remained stable from 1
d to 1 wk (P ¼ 1.0), whereas that of associative memory was stable
from 1-wk to 1-mo interval (P ¼ 0.48). For the FA rate, there was
significant effect of time interval (F(3,66) ¼ 8.33, P ¼ 0.001, h2 ¼

0.32), increasing from 10 min to 1 d (P , 0.001) and remained sta-
ble thereafter (Ps ¼ 1.0). For the RTs, participants performed more
slowly on tests of associative memory than on tests of item mem-
ory (F(1,22) ¼ 614.68, P , 0.001, h2 ¼ 0.96) because they had to
judge the relationship between the two words (Table 1). There
was no significant effect of time interval, nor was the interaction
between memory type and interval (F , 1). The interaction and
memory type effect were not significant (Ps . 0.20).

Because familiarity and recollection can contribute to both
item and associative memory, we examined how they were affect-
ed by our manipulations. Similar repeated-measures ANOVA tests
were performed separately for recollection and familiarity pro-
cesses. Regarding the contribution of recollection, there was a sig-
nificant effect of time interval (F(3,66) ¼ 99.81, P , 0.001, h2 ¼

0.82) and significant interaction between time interval and mem-
ory type (F(3,66) ¼ 8.96, P , 0.001, h2 ¼ 0.29), suggesting different
decay patterns for item and associative memories that are recol-
lected. Further analysis showed that the recollection estimates
became less over time for associative memory from 10 min to 1
mo, and for item memory from 10 min to 1 d and remained stable
afterward. In addition, recollection was higher for associative
memory than for item memory at the 10-min and 1-d intervals
(Ps , 0.05) but not at longer intervals (Ps . 0.05) (Fig. 1C).

Regarding the contribution of familiarity, there was a signifi-
cant effect of time interval (F(3,66) ¼ 4.04, P ¼ 0.011, h2 ¼ 0.16),
but further pairwise comparisons did not show significant dif-
ferences between any two time intervals (Ps . 0.10). The interac-
tion of time and memory type was not significant (F(3,66) ¼ 1.49,
P ¼ 0.23, h2 ¼ 0.06). This suggested that familiarity processes op-
erate similarly over time for both item and associative memories.
When contribution of recollection and familiarity was directly

Figure 1. Results of Experiment 1. (A) Corrected recognition. (B) Hit and FA rates. (C) Contribution of recollection and familiarity. The error bars rep-
resent the standard errors of the means.
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compared, the results showed that there was greater recollec-
tion than familiarity for associative memory at 10-min and 1-d
intervals (Ps , 0.001), and for item memory at 10-min interval
(P ¼ 0.047). It suggested that both associative and item memories
rely on both processes over longer intervals. The estimates of fa-
miliarity for associative memory were above chance level except
for 1-d interval (Ps . 0.10). Note that the estimate of recollection
was at chance level at 1-mo interval (P ¼ 0.60).

The averaged guess responses were 0.16+0.07 for the raw
data, and 0.00+0.05 after correction by the FA rate. They were
not significantly different from chance level for each condition
(Ps . 0.15). There were no significant effects of time and memory
type, or significant interactions between time and memory type
for the guess responses (Fs , 3, P . 0.10).

Summary and comment

The main result of Experiment 1 was that the interaction between
memory type and retention interval was not significant for
corrected recognition. Although the memory performance de-
creased quickly from 10 min to 1 d, which was consistent with
Ebbinghaus’s (1886) forgetting curve, the results of corrected rec-
ognition showed that item and associative memories had similar
forgetting rates. The result supported the finding of Hockley and
Consoli (1999) and further extended the time interval to 1 mo.

More important, the contribution of recollection decreased
significantly over time, whereas that of familiarity did not.
Recollection decreased mainly from 10 min to 1 d for item mem-
ory and linearly from 10 min to 1 mo for associative memory. It
suggested that the decline in recollection process, which contrib-
utes to both item and associative memory, is the main cause of for-
getting over time (Sadeh et al. 2014). It is important to note,
however, that the experiment was not designed to examine the ef-
fects of interference on forgetting where familiarity is expected to
be more vulnerable, as shown in a recent study by Sadeh et al.
(2016).

Note that at the 1-d interval, associative memory was more
dependent on recollection, but item memory was dependent on
both recollection and familiarity. This pattern was consistent
with previous findings on dissociation of item and associative
memory (Eichenbaum et al. 2007). One reason for the equivalent
rates is that recollection may have converted to familiarity but it is
unlikely that the reverse occurred. In general, however, as both
item and associative memory depend on recollection and famil-
iarity, the difference between them in forgetting rate was
minimal.

Experiment 2
In Experiment 2, participants learned the words and word pairs
three times within 1 d in the ML group, whereas participants

learned the material once per day for 3 d in DL group. The esti-
mates of recollection and familiarity were also adopted to explore
whether the same pattern we found in Experiment 1 for single
learning trials applies to multiple learning trials that are either
massed or distributed.

Massed learning (ML3)

The results of corrected recognition showed that memory perfor-
mance decreased over time from 10 min to 1 mo (F(3,81) ¼ 93.09,
P , 0.001, h2 ¼ 0.77). Unlike Experiment 1, there was significant
interaction between time interval and memory type (F(3,81) ¼

7.84, P , 0.001, h2 ¼ 0.24) (Fig. 2A). The result reflected the fact
that item memory decreased more rapidly from 10 min to 1 d
than associative memory. Item memory was better than associat-
ive memory at the 10-min interval (P ¼ 0.004) but comparable
at other intervals (Ps . 0.10). The values of Hit-FA in different
conditions were significantly higher than expected by chance
(Ps , 0.01). The response bias did not show significant effects,
or interaction of time and memory type (Fs , 2).

The Hit rate decreased over time (F(3,81) ¼ 84.87, P , 0.001,
h2 ¼ 0.76). The interaction between memory type and interval
was not significant (F(3,81) ¼ 1.36, P ¼ 0.26, h2 ¼ 0.05), and the
Hit rate was comparable for the two memory types (F(1,27) ¼

2.67, P ¼ 0.14, h2 ¼ 0.09) (Fig. 2B). For the FA rate, there was a sig-
nificant interaction (F(3,81) ¼ 20.40, P , 0.001, h2 ¼ 0.43) because
the FA rate remained stable across time for associative memory
(Ps . 0.80), but increased over time for item memory from 1 d
to 1 mo (Ps , 0.05). Accordingly, the FA rate was significantly
higher for item memory than for associative memory at 1-wk
and 1-mo intervals (Ps , 0.05). For the RTs, participants per-
formed more slowly on tests of associative than of item memory
(F(1,27) ¼ 269.9, P , 0.001, h2 ¼ 0.91), but there was no significant
effect of time interval, nor was the interaction between memory
type and interval (F , 1).

Regarding the contribution of recollection, there was a sig-
nificant interaction between memory type and time interval
(F(3,81) ¼ 2.94, P ¼ 0.04, h2 ¼ 0.10). The recollection estimates de-
creased from 10 min to 1 mo for both memory types (F(3,81) ¼

149.02, P , 0.001, h2 ¼ 0.85), and recollection contributed simi-
larly to associative and item memories except at the 1-wk interval
(P ¼ 0.025) (Fig. 2C). This result suggested that recollection
of associative memory decreases more slowly from 1 d to 1 wk
than that of item memory. For familiarity, there was no significant
difference between time intervals (Ps . 0.05). The significant
interaction (F(3,81) ¼ 4.51, P ¼ 0.009, h2 ¼ 0.13) indicated that
familiarity was contributing more to item than associative
memory from 10-min to 1-wk intervals (Ps , 0.02) but not at
the 1-mo interval (P ¼ 0.93) (Fig. 2B). The estimates of familiarity
for associative memory were above chance level at 1-wk and

Table 1. RTs in Experiment 1–3 (msec)

10 min 1 d 1 wk 1 mo

Item Asso Item Asso Item Asso Item Asso

Once Mean 1023 1461 1043 1420 1023 1346 1017 1325
SD 87 220 107 217 129 249 133 267

ML3 Mean 880 1194 888 1202 943 1220 946 1217
SD 111 181 131 205 128 183 124 219

DL3 Mean 871 1123 910 1164 987 1229 991 1242
SD 112 226 133 208 146 180 138 220

ML6 Mean 968 1250 979 1194 1045 1358 983 1258
SD 99 141 105 161 125 166 111 178

DL6 Mean 885 1079 905 1161 997 1236 1006 1295
SD 106 156 125 196 163 202 131 193
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1-mo intervals (Ps , 0.02), but not at 20-min and 1-d intervals
(Ps . 0.10). To compare recollection and familiarity, there was
more contribution of recollection than that of familiarity for
item memory at 10-min and 1-d intervals (P , 0.001), and for
associative memory at 10-min to 1-wk intervals (Ps , 0.01). The
averaged guess responses 0.00+0.05 after correction by the FA
rate. They were not significantly different from the chance level
(0) for each condition (Ps . 0.10) except for the associative mem-
ory at 1-mo interval (P ¼ 0.02). There was significant interaction
of time and memory type (F(3,81) ¼ 4.10, P ¼ 0.01, h2 ¼ 0.13),
which showed that there were more guess responses for associat-
ive than item memory at 1-mo interval (P ¼ 0.02), but was compa-
rable at other intervals (Ps . 0.10).

Distributed learning (DL3)

For corrected recognition, memory performance decreased over
time (F(3,72) ¼ 101.16, P , 0.001, h2 ¼ 0.81) (Fig. 3A). Similar to
that in ML3 group, there were marginal significant effects of inter-
action (F(3,72) ¼ 2.40, P ¼ 0. 076, h2 ¼ 0.09). Further comparison
showed that associative memory decreased from 1-d to 1-mo
(Ps , 0.05), whereas item memory decreased from 10 min to 1
mo (Ps , 0.05). Item memory was better than associative memory
at the 10-min interval (P ¼ 0.05) but comparable at other intervals
(Ps . 0.10). The response bias did not show significant effects, or
interaction of time and memory type (Fs , 2).

The Hit rate decreased over time (F(3,72) ¼ 55.29, P , 0.001,
h2 ¼ 0.70), but the interaction between memory type and interval
was not significant, nor was the effect of memory type (Fs , 1,
P . 0. 40) (Fig. 3B). For the FA rate, there was a significant interac-
tion between retention interval and memory type (F(3,72) ¼ 3.01,
P ¼ 0.04, h2 ¼ 0.11). This occurred because the FA rate increased
from 1 wk for item memory (P , 0.001) but remained stable for
associative memory (Ps . 0.20). There were no significant effects
for the RTs (Fs , 1).

Regarding the contribution of recollection, there was a sig-
nificant interaction between time interval and memory type
(F(3,72) ¼ 2.93, P , 0.039, h2 ¼ 0.11). As shown in ML3 group, rec-
ollection decreased over time from 10 min to 1 mo (F(3,72) ¼

189.83, P , 0.001, h2 ¼ 0.89) for both memory types, but there
was greater recollection of associative than item memory at 1-d
and 1-wk intervals (Ps , 0.01) (Fig. 3C). This finding suggested
that recollection decreased more slowly for associative than for
item memory at shorter intervals. For the contribution of familiar-
ity, the main effect of time interval was significant (F(3,72) ¼ 7.03,
P , 0.001, h2 ¼ 0.23), but further analysis showed that there was
no significant difference between time intervals (Ps . 0.05). The
significant interaction (F(3,72) ¼ 2.61, P ¼ 0.066, h2 ¼ 0.10) indi-
cated that familiarity contributed more to item than associative
memory at the 10-min to 1-wk intervals (Ps , 0.05) but not for
1-mo (P ¼ 0.11). The contribution of recollection was greater
than that of familiarity for item memory at 10-min and 1-d inter-
vals (P , 0.001), and for associative memory at 10 min until 1 wk
(Ps , 0.01). The averaged guess response was 0.01+0.05 after cor-
rection by the FA rate. They were not significantly higher than the
chance level (0) for each condition (Ps . 0.10). There were no sig-
nificant effects of time and memory type, or significant interac-
tion between them (Fs , 3, P . 0.10).

Group or spacing effect (ML3 versus DL3)

To explore the spacing effect on the forgetting rate, an additional
ANOVA was performed with group (ML3 versus DL3) as a between-
subjects factor. Spaced learning significantly increased corrected
recognition (F(1,51) ¼ 5.03, P ¼ 0.03, h2 ¼ 0.09), but the interac-
tions related to group, including the interaction between time in-
terval and group, were not significant (Ps . 0.28). It suggested
that spacing does not influence the forgetting rate. There was a
main effect of contribution of recollection, greater for DL3 than
ML3 (F(1,51) ¼ 6.70, P ¼ 0.01, h2 ¼ 0.12). For the contribution of

Figure 2. Results of ML3 in Experiment 2. (A) Corrected recognition. (B) Hit and FA rates. (C) Contribution of recollection and familiarity. The error bars
represent the standard errors of the means.

Memory forgetting, recollection, and learning

www.learnmem.org 369 Learning & Memory

 Cold Spring Harbor Laboratory Press on September 30, 2020 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


familiarity, there was significant time by group interaction
(F(1,153) ¼ 5.30, P ¼ 0.02, h2 ¼ 0.09), because there was more
contribution of familiarity for DL3 versus ML3 at 1-mo interval
(P , 0.001) but not at other intervals (Ps . 0.28). In summary,
DL3 increased general memory performance over ML3, increased
the contribution of recollection at all intervals, but familiarity
only at longer intervals. The forgetting rate did not differ between
DL3 and ML3.

Learning effect (Experiment 1 versus ML3 in Experiment 2)

To explore the effect of learning time on the forgetting rate, an-
other ANOVA was performed with learning (once versus ML3) as
a between-subjects factor. The results showed a significant learn-
ing effect (F(1,49) ¼ 17.67, P , 0.001, h2 ¼ 0.27). There were also
significant interactions between time interval and learning
(F(3,147) ¼ 6.80, P , 0.001, h2 ¼ 0.12) and among time, learning,
and memory type (F(3,147) ¼ 4.42, P ¼ 0.005, h2 ¼ 0.08). The
learning effect was significant at the 10-min and 1-d intervals
for item memory (Ps , 0.001) and significant from 1-d to 1-mo in-
tervals for associative memory (Ps , 0.05). After learning three
times, item memory decreased less from 1 d to 1 wk, and associat-
ive memory decreased less from 10 min to 1 d. The results suggest-
ed that learning three times leads to slower forgetting rate at
shorter intervals.

The result of recollection was similar to that of corrected rec-
ognition. There was more contribution of recollection for ML3
than for once (F(1,49) ¼ 16.76, P , 0.001, h2 ¼ 0.26). There were
significant interactions between interval and learning (F(3,147) ¼

12.04, P , 0.001, h2 ¼ 0.18) and among time, learning, and mem-
ory type (F(3,147) ¼ 7.70, P , 0.001, h2 ¼ 0.14). The learning effect
appeared at all-time intervals for associative memory and for item
memory at 10-min and 1-d intervals (Ps , 0.01). For familiarity,
there was also a significant interaction between interval and learn-
ing (F(3,147) ¼ 3.69, P ¼ 0.01, h2 ¼ 0.07), showing more contribu-

tion of familiarity at 1-d and 1-wk intervals for ML3 (versus
once). These findings suggested that learning more times increas-
es both recollection and familiarity.

Summary and comment

The result of Experiment 2 showed that for both ML3 and DL3, as-
sociative memory decreased more slowly than item memory from
10-min to 1-d. The contribution of recollection decreased signifi-
cantly over time, whereas that of familiarity did not. Recollection
decreased more slowly for associative memory than item memory
at shorter intervals for both ML3 and DL3 groups.

Compared with learning once, learning three times signifi-
cantly increased both item and associative memories at shorter in-
tervals. In addition, learning slowed down the forgetting rate in
shorter intervals especially for associative memory. Both recollec-
tion and familiarity contributed to the learning effects. Note that
although familiarity increased with learning at 1-d and 1-wk inter-
vals, there was no significant decrease over time, suggesting that
change in recollection mainly accounts for the forgetting rate.
Although memory performance was generally better for DL3
than for ML3, the forgetting rate was equivalent across memory
type and memory process.

Experiment 3
In Experiment 2, we did not find significant spacing effect on the
forgetting rate. The results did not conform to our hypothesis of
enhanced effect for associative memory. It was also different
from that of a previous study of Litman and Davachi (2008),
which showed that associative memory benefited more from DL
at 1-d interval than from ML. We considered one of the reasons
was that the number of times the participants learned each
day was not enough. It is possible that more learning sessions
per day is necessary for enhanced spacing effect. Therefore, in
Experiment 3, to further explore the spacing effect on item and

Figure 3. Results of DL3 in Experiment 2. (A) Corrected recognition. (B) Hit and FA rates. (C) Contribution of recollection and familiarity. The error bars
represent the standard errors of the means.
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associative memories, we asked participants to learn single words
and word pairs for six times instead of three times. In DL6 group,
participants learned stimuli twice within a day for 3 d, whereas in
ML group, participants learned stimuli six times within a day.

Massed learning (ML6)

The corrected recognition decreased over time (F(3,69) ¼ 137.61,
P , 0.001, h2 ¼ 0.86). There was no significant interaction be-
tween time interval and memory type (F(3,69) ¼ 2.03, P ¼ 0.11,
h2 ¼ 0.09). On both item and associative memory tests, recog-
nition performance was stable from 10-min to 1-d interval
(P ¼ 0.57), but the performance decreased afterward (Ps , 0.001)
(Fig. 4A). The memory performance of item and associative mem-
ories was comparable (F(1,23) ¼ 2.70, P ¼ 0.11, h2 ¼ 0.11). The val-
ues of Hit-FA in different conditions were significantly higher
than expected by chance (Ps , 0.05). The response bias did not
show significant effects, or interaction of time and memory type
(Fs , 2).

Similar to the corrected recognition, the Hit rate decreased
over time (F(3,69) ¼ 46.04, P , 0.001, h2 ¼ 0.63), and the Hit rate
for associative memory was comparable to that for item memory
(F(1,23) ¼ 0.023, P ¼ 0.88, h2 ¼ 0.01) (Fig. 4B). The interaction be-
tween them was not significant (F(3,69) ¼ 1.20, P ¼ 0.32, h2 ¼

0.05). For the FA rate, there was a significant interaction between
retention interval and memory type (F(3,69) ¼ 8.53, P , 0.001,
h2 ¼ 0.27) because the FA rate remained stable across time for as-
sociative memory (Ps . 0.15), but increased over time for item
memory from 1 d to 1 mo (Ps , 0.02). Accordingly, the FA rate
was significantly higher for item memory than for associative
memory in 1-wk and 1-mo intervals (Ps , 0.05). RTs on associative
memory was slower than that on item memory (F(1,23) ¼ 240.31,
P , 0.001, h2 ¼ 0.91). Although the interaction was significant
(F(3,69) ¼ 3.17, P ¼ 0.03, h2 ¼ 0.12), further analysis showed no
significant effects in time two-way comparisons (Ps . 0.10).

Regarding the contribution of recollection, there was a mar-
ginally significant interaction between memory type and reten-
tion interval (F(3,69) ¼ 2.52, P ¼ 0.07, h2 ¼ 0.11). The
recollection estimates remained stable from 10-min to 1-d interval
for both memory types (Fig. 4C), then it decreased from 1-d to
1-wk interval for item memory, and decreased linearly from 1-d
to 1-mo for associative memory. The result was consistent with
that of the corrected recognition. Recollection estimate was larger
for associative than item memory at 1-d (P ¼ 0.05) and 1-wk (P ,

0.001) intervals. For familiarity, there were no significant effects of
the retention interval, the test and the interaction between them
(Fs , 4.0, Ps . 0.05). Recollection contributed more than famil-
iarity over the various retention intervals (P , 0.001) except for
the 1-mo interval (P ¼ 0.92). The averaged guess response was
0.00+0.04 after correction by the FA rate. They were not signifi-
cantly higher than the chance level (0) for each condition (Ps .

0.20). There were no significant effects of time and memory
type, or significant interaction between them (Fs , 3, P . 0.10).

Distributed learning (DL6)

The corrected recognition decreased over time (F(3,63) ¼ 51.16,
P , 0.001, h2 ¼ 0.71). There was a significant interaction between
retention interval and memory type (F(3,63) ¼ 3.60, P ¼ 0.018,
h2 ¼ 0.15), showing that associative memory was better than
item memory for different intervals (Ps , 0.01) except for the
10-min interval (P ¼ 1.0). In addition, for associative memory, a
significant decrease only occurred between 1 wk and 1 mo (P ,

0.001), but for item memory, recognition performance decreased
linearly from 1 d to 1 mo (Ps , 0.01) (Fig. 5A). This result suggest-
ed that DL6 significantly decrease the forgetting rate for associat-
ive (versus item) memory. The values of Hit-FA in different
conditions were significantly higher than expected by chance
(Ps , 0.05). The response bias did not show significant effects,
or interaction of time and memory type (Fs , 2).

Figure 4. Results of ML6 in Experiment 3. (A) Corrected recognition. (B) Hit and FA rates. (C) Contribution of recollection and familiarity. The error bars
represent the standard errors of the means.
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The Hit rate decreased over time (F(3,63) ¼ 39.18, P , 0.001,
h2 ¼ 0.65), and the interaction between them was significant
(F(3,63) ¼ 3.69, P ¼ 0.02, h2 ¼ 0.15). The pattern was the same as
that of the corrected recognition (Fig. 5B). For the FA rate, there
was a significant interaction between retention interval and mem-
ory type (F(3,63) ¼ 3.94, P , 0.01, h2 ¼ 0.16). This pattern was
obtained because the FA rate remained stable for associative mem-
ory (Ps . 0.10), but increased for item memory from 1 d to 1 mo
(Ps , 0.002)(Fig. 5B). In addition, the FA rate was significantly
higher for item memory than for associative memory in 1-wk
and 1-mo intervals (Ps , 0.03) but not in 10-min and 1-d intervals
(Ps . 0.30). RTs were longer for associative memory than item
memory (F(1,21) ¼ 103.93, P , 0.001, h2 ¼ 0.83). No significant
interaction was found (F(3,63) ¼ 1.73, P ¼ 0.17, h2 ¼ 0.07).

Regarding the contribution of recollection, there was a signif-
icant interaction between time interval and memory type
(F(3,63) ¼ 3.07, P , 0.03, h2 ¼ 0.14). Similar to the results for cor-
rected recognition, for associative memory, the recollection esti-
mates decreased between 1 wk and 1 mo (P , 0.001) but not
from 10 min to 1 wk (Ps . 0.10); for item memory, the recollection
contribution decreased linearly from 10 min to 1 mo (Ps , 0.01)
(Fig. 5C). For the contribution of familiarity, there were no signifi-
cant effects of retention interval, test, and their interaction (Fs ,

2.0, P . 0.20). The recollection contribution was greater than fa-
miliarity over the various retention intervals (P , 0.001) except
for the 1-mo interval (P ¼ 0.19). The averaged guess response
was 0.00+0.04 after correction by the FA rate. They were not sig-
nificantly higher than the chance level (0) for each condition
(Ps . 0.20). There were no significant effects of time and memory
type, or significant interaction between them (Fs , 2, P . 0.15).

Spacing effect (ML6 versus DL6)

When ML6 and DL6 were compared, there were significant inter-
actions between interval and group (F(3,132) ¼ 5.90, P , 0.001,

h2 ¼ 0.11) and between memory type and group (F(1,44) ¼ 4.11,
P ¼ 0.048, h2 ¼ 0.08) for the corrected recognition. Compared
with ML6, DL6 significantly increased memory at the 1-wk and
1-mo intervals (Ps , 0.003) but not at the 10-min and 1-d intervals
(Ps . 0.50). In addition, associative memory performance was
significantly higher in the DL6 than ML6 group (P ¼ 0.012), but
the learning mode did not influence item memory performance
(P ¼ 0.25). Distributed learning significantly increased the contri-
bution of recollection (F(1,44) ¼ 7.52, P ¼ 0.009, h2 ¼ 0.14), but fa-
miliarity remained stable(F(1,44) ¼ 1.26, P ¼ 0.27,h2 ¼ 0.03). More
importantly, the interaction between group and time interval was
significant for recollection (F(3,132) ¼ 4.94, P ¼ 0.003, h2 ¼ 0.10),
because recollection decreased more slowly at longer intervals in
DL6 (versus ML6), and contributed more to for DL6 than ML6 at
1-wk and 1-mo intervals. Thus, spacing significantly decreased
the forgetting rate especially at longer intervals, the effect being
dependent on the contribution of recollection.

We also compared the encoding difference between ML6 and
DL6. Participants made judgment for sentence task (three times,
yes/no) and vividness judgment for imagination task (three
times, 1–5). Participants make high “yes” judgments during sen-
tence task, and there were no significant differences in learning
and group (Ps . 0.5). The results showed that the vividness scores
increased from first to the third time (2.03+0.27; 2.07+0.36;
2.12+0.37), F(2,112) ¼ 8.15, P ¼ 0.001, h2 ¼ 0.13. But group effect
and interaction between learning time and group were not signif-
icant, Fs , 1. It suggested that learning increases encoding vivid-
ness for both ML6 and DL6.

Learning effect (ML3 versus ML6)

The corrected recognition increased after ML6 versus ML3
(F(1,50) ¼ 4.54, P ¼ 0.038, h2 ¼ 0.08). There was a marginally sig-
nificant interaction between interval and learning (F(3,150) ¼

2.26, P ¼ 0.083, h2 ¼ 0.04), because learning effect was apparent

Figure 5. Results of DL6 in Experiment 3. (A) Corrected recognition. (B) Hit and FA rates. (C) Contribution of recollection and familiarity. The error bars
represent the standard errors of the means.
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only for the 1-d interval (P ¼ 0.004), leading to slower forgetting
from 10 min to 1 d for both item and associative memories.
Recollection was greater for ML6 than ML3 (F(1,50) ¼ 4.00, P ¼
0.05, h2 ¼ 0.07), with significant interactions between interval
and learning (F(3,150) ¼ 4.05, P ¼ 0.004, h2 ¼ 0.08), as the learning
effect appeared at 1-d and 1-wk intervals (Ps , 0.03). There were
no significant differences in learning effect and group-related in-
teractions for familiarity (Fs , 1, P . 0.40). It suggested that
learning six times (versus three times) per day benefits memory
for 1-d interval and recollection contributed to this effect.

Summary and comment

The result of Experiment 3 showed that for corrected recognition,
forgetting was equivalent for both memory types at ML6. By com-
parison, the forgetting rate was significantly slowed down for DL6
for associative memory by the contribution of recollection.
Compared with ML6, DL6 significantly decreased the forgetting
rate of associative (versus item) memory at longer intervals.

The interaction between memory type and retention interval
for DL6 was obtained when the encoding task was controlled, and
the initial memory performance for each type was matched. The
participants used the same learning mode for associative memory
and item memory for each specific retention interval. The compa-
rable memory performance on the initial day excluded the possi-
bility of inferior encoding (Cepeda et al. 2006) and enabled us to
compare memory type and forgetting rate without an initial
memory difference (Elliott et al. 2014).

For the effect of learning time (ML6 versus ML3), the interac-
tion between interval and learning was marginally significant.
There was slower forgetting from 10 min to 1 d for both item
and associative memories, which was consistent with the result
of ML3 versus once with smaller effect. However, ML6 signifi-
cantly increased the recollection contribution at 1 d and 1 wk
but left familiarity stable (versus ML3). It suggested that once
learned for certain repetitions, increasing learning sessions may
not have much of an influence on the forgetting rate after 1-d in-
terval, and may not increase the familiarity contribution.

Discussion

In this study, retention interval and degree of learning were ma-
nipulated to explore their effects on the forgetting rates of item
and associative memories. We asked whether these factors influ-
enced the forgetting rate of item and associative memories, and
to what extent the forgetting rate was related to the contributions
of recollection and familiarity over time. There were four main
findings in our three experiments. First, item and associative
memory overall were forgotten at similar rates when participants
learned the stimuli once and up to six times with massed presen-
tations. Second, with the passage of time, the recollection process
declined quickly over time and familiarity process remains rela-
tively stable. This pattern occurred across degrees of learning
(i.e., in three experiments). Third, learning more times signifi-
cantly decreased the forgetting rate especially at shorter intervals.
Both recollection and familiarity contributed to the learning ef-
fect. Fourth, compared with massed learning, distributed learning
(six times) especially benefited associative memory by increasing
recollection, leading to slower forgetting at longer intervals. The
results of the three experiments suggested that the decline of rec-
ollection process is the main cause of forgetting over time. Degree
of learning and spacing effect influenced the forgetting process
mainly due to their effect on recollection. This study clarified
the effects of learning on memory forgetting, and highlighted
the importance of recollection contribution in determining mem-
ory forgetting with the passage of time.

Recollection, familiarity, and forgetting
Across three experiments examining the effects of delay and
massed and distributed learning on item and associative memory,
the novel, overarching finding is that the forgetting rate of item
and associative memories are determined primarily by the under-
lying recollection and familiarity processes. Recollection declined
over time, whereas familiarity remained relatively stable for both
item and associative memory irrespective of degree of learning.
Because the pattern of recollection change was the same as that
of corrected recognition, and familiarity process remained stable,
it suggested that the decline of recollection component is the
main cause of forgetting for both item and associative memories.

Our results are consistent with the hypothesis proposed by
Sadeh et al. (2014) that with time, recollection-based memory is
more likely to be forgotten than familiarity-based memory.
Accordingly, memory loss should be greater for recollection at
early stage, and then asymptote, which are what our data and
data from other studies suggest. In addition, the decline of recol-
lection occurred irrespective of the way the stimuli learned. After
participants learned the words and word pairs three or six
times, recollection increased significantly. The contribution of
familiarity increased for learning three times versus once, too.
Nevertheless, the forgetting pattern did not change for these
two processes, consistent with the hypothesis of Sadeh et al.
(2014).

We further found that when the study–test interval was lon-
ger than 1 wk, memory depends on the contribution of both pro-
cesses (Gardiner and Java 1991; Tunney and Bezzina 2007). The
unitized association could be formed and retrieved without con-
scious awareness (Quamme et al. 2007), thus it is possible that
even in Experiment 1, the unitization occurs during encoding
and supports the associative memory when the recollection pro-
cess is not accessible (i.e., 1-mo intervals).

Previous studies have reached inconsistent conclusions
about whether item and associative memories have similar forget-
ting rates over time when the material is learned once (e.g.,
Hockley and Consoli 1999; Talamini and Gorree 2012). Based
on our results, we can surmise that these inconsistencies may be
related to the nature of the underlying recollection and familiarity
processes. Thus, some studies found differential change for recol-
lection and familiarity over time after a single exposure (e.g.,
Gardiner and Java 1991; Hockley and Consoli 1999). In the pre-
sent study, we further found that when the study–test interval
was longer than 1 wk, memory depends on the contribution of
both processes (Gardiner and Java 1991; Tunney and Bezzina
2007). On the one hand, the recollection contributed more to as-
sociative than to item memory, and decayed over time after learn-
ing once. On the other hand, familiarity contributed more to item
than to associative memory, and did not change across time.
Thus, in general, the difference in forgetting rate between item
and associative memories was minimal. It is reasonable to assume
that the extent to which recollection contributed to a certain
memory type, in this case item and associative memory, is a better
way to determine how quickly the memory is forgotten. For exam-
ple, memory for object–object and object–position pairs may rely
primarily on recollection because forming these associations
needs detailed information, thus memory for these associations
declines to a greater extent than memory for single objects
(Talamini and Gorree 2012).

Learning effect and forgetting
One of the novel findings of the study was that learning modulat-
ed the forgetting rate in shorter intervals due to contributions of
recollection and familiarity. First, both recollection and familiar-
ity contributed to the learning effects for ML3 versus once. After
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learning multiple times, participants obtained more detailed in-
formation and more familiar experience of the words and word
pairs, which may lead to increased recollection (Barber et al.
2008) and familiarity contributions (Kilb and Naveh-Benjamin
2011; Ahmad and Hockley 2014). On the other hand, familiarity
process increased after ML3 versus once but not for ML6 versus
ML3. It suggested that when stimuli are repeatedly learned, sim-
ply increasing the number of repetitions does not increase famil-
iarity. Second, after learning multiple times, forgetting rate was
decreased (or slowed down) at shorter intervals. Like other aspects
of forgetting caused by delay, this effect was mainly driven by the
recollection process, because the familiarity process did not chan-
ge over time. Increasing recollection made participants forget few-
er details over time, but the increased recollection mainly
appeared in 1 d (and 1 wk), slowing down forgetting from 10
min to 1 d for both item and associative memories.

Previous studies have inconsistent findings on whether
learning influence the forgetting rate. Some found participants
forgot less when stimuli were learned multiple times (e.g.,
Ebbinghaus 1885/1964; Loftus 1985) but others did not (e.g.,
Slamecka and McElree 1983). In this study, we used the same anal-
ysis as Slamecka and McElree (1983), and the results were different
from theirs. There are some differences in methods, which may in-
fluence the results. First, the comparison of time intervals was be-
tween participants in their study, and the recall and recognition
used the same word pairs. As the recognition-matching task for
word pairs followed cued recall, it is difficult to delineate the influ-
ence of recall on recognition performance. Second, Slamecka
and McElree (1983) presented words auditorily and used a recall
test. Because recall relies mainly on recollection, and we found
that learning three times increased both recollection and familiar-
ity, the difference between once and three times may not be
significant.

The slower forgetting rate associated with multiple learning
may be related to encoding and sleep-based consolidation pro-
cesses. By presenting the stimuli three or six times, participants
processed them repeatedly and hence had the opportunity to in-
crease detailed and gist-like information, leading to increased rec-
ollection and familiarity. Because the delayed forgetting occurred
between 10 min and 1 d, sleep cycle seems important. Studies
have suggested that during a normal sleep cycle, especially the
sleep at the first night after learning (Sterpenich et al. 2009),
new and initially labile memories can be transformed into more
stable representations (Diekelmann and Born 2010). In addition,
memory after several repetitions is more likely to be selected in
sleep-based consolidation (Breton and Robertson 2014). Though
speculative, it is possible that presleep learning experience influ-
ences subsequent consolidation and forgetting rate.

Spacing effect (massed versus distributed learning)

and forgetting
The formation of a memory is highly sensitive not only to the to-
tal amount of training, but also to the pattern of trials used during
training. We clarified how spacing modulated memory and the
forgetting rate. Compared with massed learning, distributed
learning (six times) especially benefited associative memory by in-
creasing recollection, leading to slower forgetting at longer inter-
vals. As we did not find a significant interaction between interval
and group when participants learned three times (DL3 versus
ML3) in Experiment 2, it is possible that learning twice a day is op-
timal for remote memory especially if it is associative.

The spacing effect has been found in many studies, showing
higher memory performance for DL than ML (for review, see
Cepeda et al. 2006). However, few studies have explored how spac-
ing effect influence the forgetting rate of different types of mem-

ories mediated by different processes. Like Litman and Davachi
(2008), we found associative memory benefited from DL (versus
ML). Furthermore, our study clarified that spacing effect was man-
ifested especially at longer study–test intervals. Compared with
ML6, DL6 led to a decrease in forgetting from 1-wk interval in as-
sociative memory. Unlike Litman and Davachi’s (2008) study, we
did not find the significant difference between DL and ML for the
1-d interval; the difference between DL6 and ML6 appeared at the
1-wk and 1-mo intervals. One difference between our study and
theirs was that we manipulated the learning mode as a between-
participants factor, which excluded the influence of the two dif-
ferent sessions. In a within-participants design, ML lists are usual-
ly learned the second day, and thus, they are more susceptible to
the interference from the DL list, which may have been consoli-
dated during sleep.

The results supported our hypothesis that DL enhances
memory for detailed information, and in turn enhances the con-
tribution of recollection process. Because the forgetting rate is
more related to the recollection process, DL leads to slower forget-
ting than ML. The reason for the spacing effect may be related to
encoding variability (Glenberg 1979; Janiszewski et al. 2003;
Cepeda et al. 2006) and reactivation process (Benjamin and
Tullis 2010). DL6 may improve memory by increasing the proba-
bility of successful trace retrieval (Estes 1955; Glenberg 1979;
Cepeda et al. 2006). Recent neuroimaging studies have suggested
that spaced learning enhances recognition memory by reducing
neural repetition suppression in cortical regions (Wagner et al.
2000; Xue et al. 2011), which could lead to enhanced encoding-
related neural activity upon repeated presentation (Wagner et al.
2000). It would be interesting to include more encoding parame-
ters to evaluate whether reactivation influenced item and associ-
ative memories in a different way.

The reason that forgetting rate was slowed down for the dis-
tributed (versus massed) learning may be due to consolidation
process involving the hippocampus. At the neural level, studies
have shown that activity in the hippocampus is highly associated
with recollection, which suggested that in the dimension of time,
decrease of hippocampus activity leads to recollection decrease,
and manifest forgetting in behavioral performance (Eichenbaum
et al. 2007; Sadeh et al. 2014). DL increased the connectivity be-
tween the hippocampus and perirhinal cortex, which was corre-
lated with decreased forgetting of associative memory (Vilberg
and Davachi, 2013). Moreover, the two additional reactivations
of the stimuli may trigger the reconsolidation processes via the
hippocampus (Nader and Hardt 2009; Wang and Morris 2010),
facilitate the process of assimilating new information into the
old memory system (Nader and Hardt 2009) and strengthen exist-
ing memories (Sara 2000; Inda et al. 2011). These in turn increase
recollection contribution and delay the forgetting.

Other studies have suggested that sleep-based consolidation
is more important for associative memory than item memory
(Cairney et al. 2011; van der Helm et al. 2011; Bell et al. 2014)
because associative memory requires 24 h to consolidate whereas
item memory requires less (Ellenbogen et al. 2007). Therefore, it is
possible that DL especially enhances memory representation of
associations between unrelated items. As associative memory
takes a longer time to be consolidated, the spacing effect appears
at longer time intervals.

Distinction between item and associative memories
One of the distinctions between item and associative memory
is that associative memory mainly relies on the recollection pro-
cess, whereas item memory relies on both recollection and famil-
iarity processes (Davachi 2006; Cohn and Moscovitch 2007;
Eichenbaum et al. 2007; but see Squire et al. 2007). We obtained
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similar results in our study. For associative memory, the contribu-
tion of recollection was greater than that of familiarity at 10-min
and 1-d intervals after single learning, and extended to 1 wk after
multiple learning. For item memory, the recollection contribu-
tion was greater than that of familiarity at 10 min after single
learning, and extended to 1 d after multiple learning. Our partic-
ipants were asked to encode item and associative memories sepa-
rately. This procedure may increase recollection in item memory,
especially after multiple learning. The contribution of recollec-
tion and familiarity was comparable for item memory at 1-wk
and 1-mo intervals. In another way, associative memory had
more recollection contribution than item memory especially at
10-min and 1-d intervals (learning once), and even 1 wk (learning
three times). In contrast, item memory had more familiarity
contribution than associative memory at shorter intervals after
learning three times. The findings were consistent with previous
reports that associative memory is more dependent on recollec-
tion and item memory is more dependent on familiarity
(Yonelinas and Levy 2002; Eichenbaum et al. 2007).

On the other hand, we should note that, both recollection
and familiarity processes were involved in associative and item
memories, though their degree of involvement differed. In other
words, when participants remember a word or a word pair, they
have to remember the details and contexts of the word or the re-
lation between words. At the same time, they obtain familiarity or
general knowledge of the stimuli. Both detailed and gist-like infor-
mation help them retrieve the stimuli (Winocur and Moscovitch
2011). Our results showed that the forgetting rate associated with
recollection remained consistent irrespective of learning experi-
ence, which highlighted the critical role of recollection contribu-
tion in memory forgetting. It suggested that it is the processes of
recollection and familiarity, rather than the type of memory that
determine the forgetting characteristics.

In comparison to the two(dual)-process model of recognition
which we have applied so far, one-process models attribute the
recognition change in different conditions (e.g., item versus asso-
ciative memory) to memory strength (for review, see Eichenbaum
et al. 2007; Squire et al. 2007). They assume that strong memory
has unequal variances, thus participants may have higher confi-
dence and higher performance for strong memory (versus weak
memory), leading to higher “remember” response (Squire et al.
2007). Despite the assumptions and theoretical proposal, both
types of models agree on the basic notion that item and associat-
ive memory may differ in some aspects. The current study was not
designed to address the debate, or reconcile the two views, but the
findings suggested that recollection/familiarity distinction is a
more appropriate way to account for the data. According to
strong/weak memory proposal, forgetting process is a change
from strong to weak memory representation. If so, recollection
contribution should decrease but familiarity increase. Contrary
to the latter prediction, we found that over time the familiarity
process remained relatively stable. In contrast, the distinction in
recollection and familiarity explained well the current findings
on forgetting, learning, and spacing effects. We, therefore, sug-
gested that the recollection/familiarity distinction is a more ap-
propriate way to explain the dissociation between item and
associative memories over time.

There are some debates on whether Remember/Know proce-
dure (Tulving 1985; Gardiner 1988) is a valid approach to assess
recollection and familiarity processes (for review, see Donaldson
1996; Wixted and Stretch 2004). However, we should note that
some studies have adopted both R/K and ROC curves using the
dual-process signal detection (Yonelinas and Levy 2002) proce-
dures and obtained similar findings on various issues (e.g., Koen
and Yonelinas 2010; Ozubko et al. 2012). Particularly, there are
many studies using R/K and ROC paradigms have found that

the proportion of recollection greatly decreases over time (for re-
view, see Sadeh et al. 2014). Wais et al. (2006) also used ROC
curves and confirmed that recollection estimates decrease with
time to a greater degree than familiarity estimates. These results
suggested that when participants follow appropriate instructions,
R/K procedure could provide valid process measures that converge
quite well with other measures.

Conclusions

In summary, our study showed that across different degrees of
learning, the recollection process declines over time and familiar-
ity process remains relatively stable. Repetition learning signifi-
cantly slowed the forgetting rate at shorter intervals, and both
recollection and familiarity contributed to the modulation.
Compared with ML, DL specifically increase the recollection pro-
cess especially at the longer intervals, with associative memory
benefiting more from spacing effect than item memory, leading
to slower forgetting rate. This study highlighted the importance
of process contribution and learning experiences in modulating
the forgetting rates of item and associative memories.

Whether associative memory is dissociated from item mem-
ory is a central issue of memory research (Murdock 1997). The
memory models differ in their assumption of whether item mem-
ory and associative memory are independent (e.g., TODAM,
Murdock 1997) or not (e.g., SAM, Gillund and Shiffrin 1984).
The current study contributes to the current models in that it pro-
vides evidence on how item and associative memories change
over time, and how they are influenced by degree of learning.
More importantly, the results emphasized that the underlying dif-
ferences in recollection and familiarity processes is a better way to
account for the item and associative memory differences we ob-
served with respect to learning and forgetting.

Materials and Methods

Experiment 1

Participants

Twenty-four healthy, right-handed participants (11 males) with a
mean age of 21.38+2.06 yr were recruited in the study. All of the
participants were native Chinese speakers, and they all provided
written informed consent in accordance with the procedures
and protocols approved by the Review Board of Peking University.

Material

Two within-subjects factors were included in the study: memory
type (associative, item) and retention interval (10 min, 1 d, 1
wk, and 1 mo). We first selected 618 Chinese words that were all
composed of two Chinese characters. These words were placed
in 309 unrelated pairs (e.g., tooth–tree, window–air), and nine
of them were used as practice pairs. The remaining 300 word
pairs had moderate word frequency (18.04+32.15 per million)
and moderate numbers of word strokes (18.39+4.83). The word
pairs were divided into five sets to be used for four retention
intervals and as new stimuli (60 pairs per set). The words in the
five sets had comparable word frequency and numbers of strokes
(Ps . 0.10). The two words in a pair had no relations in semantic,
phonological, and orthographical features. We also rated the ex-
tent to which the word pairs were related, the ability to visualize
them, the familiarity, and the concreteness of the words (five par-
ticipants). The words in the five sets had comparable features
(Ps . 0.60). In addition, the words on the left and right side of
the pairs had comparable features (Ps . 0.10). The five sets were
balanced using the Latin-square principle, so each set had an
equal chance of being used for the four retention intervals and
for the new set.
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For each set, the 60 pairs were divided into three subsets.
Among them, 20 pairs were used as intact pairs in the test phase
(e.g., tooth–tree), 20 pairs were used as recombined pairs (without
changing the left/right position of the words, e.g., tooth–air), and
the words in other 20 pairs were used as old (single) words in the
test phase (half from the left and half from the right, e.g., window,
tree). The new words were selected from the new set. Thus, word
recognition and associative recognition used different material
for each participant. The stimuli were counterbalanced so that
each word and word pair had an equal chance to be used as old
or new words and old or recombined pairs.

Procedure

During the study phase (Fig. 6A), for each trial, the word pair was
presented on the center of the screen for 2 sec while the partici-
pants first judged the concreteness of each of the two words
from left to right separately. This ensured
that participants encoded the words as
well as the word pairs. Next, the word
pair was presented again for 4 sec while
the participants were asked to form a sen-
tence combining the unrelated words.
Finally, to assess whether participants
performed the task well, they judged
how well they made a sentence to con-
nect the two words on a scale of 1–3.
All stimuli were pseudorandomly pre-
sented during the encoding phase so
that no more than three stimuli that
were tested in the same time interval
were presented consecutively.

During the test phase, item and as-
sociative memory performance over dif-
ferent retention intervals was tested
separately (i.e., 10-min, 1-d, 1-wk and
1-mo later after study). To test item mem-
ory, the old or new word was presented
on the center of the screen for 2 sec,
and the participants judged whether
the word was old or new as accurately
and quickly as possible (Fig. 7A). To test
associative memory, the old or recom-
bined word pairs were presented for 2

sec, and the participants judged whether
the pair was old or recombined as accu-
rately and quickly as possible (Fig. 7B).
The word or word pair disappeared right
after participants made the judgment.
After the old/new judgment, the word
or the word pair was again presented for
1 sec and participants were asked to state
whether they remembered or knew or
guessed it. If participants judged that
they could retrieve stimulus-related de-
tails or contexts, they responded as “re-
member”; if they only felt that the
stimulus was familiar without any de-
tailed information, they responded as
“know.” If they did not believe they re-
trieved the stimulus by the above two
processes, they responded “guess.” The
old/new words and the old/recombined
word pairs were presented randomly in
each task, and the order of the two tasks
was counterbalanced across participants.

Before each test phase, to avoid a re-
hearsal from the study phase, the partic-
ipants were asked to count backward by
seven continuously from 1000 for 5
min. In addition, to prevent the partici-
pants from rehearsing the stimuli after
the study phase, they were reminded

that it was not necessary to intentionally retrieve or forget the
stimuli. The participants had separate opportunities to practice
study and test trials before the formal phase.

Data analysis

The hit rate, false alarm rate (FA), corrected recognition (Hit-FA),
and the mean RTs were calculated and analyzed separately using
a repeated-measures ANOVA with the time interval (10 min, 1 d,
1 wk, 1 mo) and the memory type (item, associative) as within-
subjects factors. The RTs was based on the mean RTs and only cor-
rect responses were included in the analysis. We excluded the par-
ticipants if their Hit rates at the 20-min interval were at the chance
level, or the Hit–FA rate at the 20-min interval were lower than
the mean (.2 SD). One subject’s data were excluded due to low
Hit rate at 20-min interval. The forgetting rate was estimated by
the interaction between the retention interval and the memory

Figure 6. Procedure of the study phase. For each trial, participants first performed a concreteness
judgment for each word, then performed a sentence-making task (A, in Experiment 1–3) or an imag-
ination task (B, in Experiment 3). Chinese words are replaced by English words for illustration purpose.

Figure 7. Procedure of the test phase.

Memory forgetting, recollection, and learning

www.learnmem.org 376 Learning & Memory

 Cold Spring Harbor Laboratory Press on September 30, 2020 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


type (Slamecka 1985; Gardiner and Java 1991) based on previous
studies (e.g., Gardiner and Java 1991; Hockly and Consoli 1999;
Elliott et al. 2014). Partial Eta Squared (h2) was calculated to esti-
mate the effect size of each analysis. Post hoc pairwise compari-
sons were Bonferroni-corrected. The d′ was also calculated for
each subject and averaged according to signal detection theory.
Because the results of d′ value and corrected recognition were sim-
ilar, only the corrected recognition results are reported in detail.

Recollection and familiarity processes were estimated using
the independent K (IRK) procedure (Yonelinas and Jacoby 1995;
Yonelinas and Levy 2002), in which R responses are assumed to
estimate recollection whereas familiarity is estimated as the pro-
portion of K responses divided by the proportion of non-R re-
sponses. By this, the R and K responses are not only mutually
exclusive, but also independently estimated. Then R and IRK re-
sponses were then corrected using the FA: Recollection ¼ P(R,
Hit) 2 P(R, FA); Familiarity ¼ P(K, Hit)/(12P(R, Hit))2P(K,FA)/
(1 2 P(R,FA)). Repeated-measures ANOVA tests were performed
separately for recollection and familiarity processes with the re-
tention interval and the memory type as within-subjects factors.

Experiment 2

Participants

Fifty-seven healthy, right-handed participants (18 males) with a
mean age of 22.03+2.40 yr were recruited in the experiment.
Among them, 29 participants were randomly assigned to ML
group (8 male, 21.18+2.50 yr), and 28 participants were assigned
to DL group (10 male, 21.03+1.80 yr). No age and gender differ-
ence were found between groups (Ps . 0.9). All of the participants
were native Chinese speakers, and they all gave written informed
consent in accordance with the procedures and protocols ap-
proved by the Review Board of Peking University.

Procedure and data analysis

Two within-subjects factors and one between-subjects factor were
included in Experiment 2: memory type (associative, item), time
interval (10 min, 1 d, 1 wk, and 1 mo), and group (ML, DL). The
stimuli were the same as those used in Experiment 1. The proce-
dure was the same as that in Experiment 1, except the following:
(1) each word pair was presented three times in three sessions
within a day for the ML group (i.e., ML3). For each learning ses-
sion, all stimuli were pseudorandomly presented once so that
no more than three stimuli in the same time intervals were con-
tinuously presented. (2) Each word pair was presented three times
in 3 d for the DL group (once per day, i.e., DL3). Different random
orders were used for each learning session. As in Experiment 1, the
10-min stimuli were tested after all study sessions were completed.

Data analysis was performed in the same manner as in
Experiment 1. The data of one participant in ML3 group and
four participants in DL3 group were excluded due to low memory
performance (Hit rate or Hit–FA rate) or failure to follow the in-
structions. In addition, to compare the spacing effect on the for-
getting rate, an additional ANOVA was performed with group
(ML3 versus DL3) as a between-subjects factor. To compare the ef-
fect of learning time on the forgetting rate, another ANOVA was
performed with learning (once versus ML3) as a between-subjects
factor.

Experiment 3

Participants

Forty-seven right-handed participants (22 males) with a mean age
of 21.59+2.50 yr were recruited in the study. Among them, 24
participants were randomly assigned to ML group (8 males,
21.46+2.16 yr), and 23 participants were assigned to DL group
(14 male, 21.55+2.76 yr). No age and gender difference were
found between groups (Ps . 0.9). All of the participants were na-
tive Chinese speakers, and they all gave written informed consent

in accordance with the procedures and protocols approved by the
Review Board of Peking University.

Procedure and data analysis

Two within-subjects factors and one between-subjects factor were
included in Experiment 3: memory type (associative, item), time
interval (10 min, 1 d, 1 wk, and 1 mo) and group (ML6, DL6).
The stimuli were the same as those used in Experiment 1. The pro-
cedure was the same as that in Experiment 2, except the following:
(1) each word pair was presented six times within a day for the ML
group (ML6), and each word pair was presented six times in 3 d for
the DL group (twice per day, DL6). (2) Participants were asked to
form a sentence or an imagination combining the unrelated
words alternately during encoding (Fig. 6B), and to assess whether
subjects performed the task well, they judged the success of their
sentence or their imagination to connect the two words. The or-
der of the two tasks was counterbalanced across the participants.
The stimuli were pseudorandomly presented during each session.
The data analysis was performed in the same manner as in
Experiment 2. Again, we compared the data of ML6 and DL6 to
be the index of spacing effect, and data of ML3 and ML6 to be
the index of learning effect.
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