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A B S T R A C T

The presence of background noise has been previously shown to disrupt cognitive performance, especially
memory. The amount of interference is derived from the acoustic characteristics of the noise; energetic vs.
informational, steady-state vs. fluctuating. However, the literature is inconsistent concerning the effects of
different types of noise on long-term memory free recall. In the present study, we tested the impact of different
noises on recall of items that were learned under two conditions – silent or aloud reading, a Production Effect
(PE) paradigm. As the PE represents enhanced memory for words read aloud relative to words read silently
during study, we focused on the effect of noise on this robust memory phenomenon. The results showed that (a)
steady-state energetic noise did not affect memory, with a recall advantage for aloud words (PE), comparable to
a no-noise condition, (b) fluctuating-energetic noise and fluctuating-informational (eight-talkers babble) noise
eliminated the PE, with similar recall for aloud and silent items. These results are discussed in light of their
theoretical implications, stressing the role of attention in the PE. Ecological implications regarding studying in
noisy environments are suggested.

1. Introduction

The Production Effect (PE) is a memory phenomenon which reflects
better memory for words read aloud relative to words read silently
(MacLeod & Bodner, 2017; MacLeod, Gopie, Hourihan, Neary, &
Ozubko, 2010). In a typical PE study, words are presented and learned
in a quiet environment (controlled laboratory settings, e.g., Forrin,
MacLeod, & Ozubko, 2012; Hourihan & MacLeod, 2008; Icht, Mama, &
Algom, 2014; MacLeod, 2011; Ozubko, Gopie, & MacLeod, 2012). In
most educational contexts, one seldom learns and memorizes material
in such “sterile” surroundings, without background noise. Although
noise is known to affect memory performance (Szalma & Hancock,
2011) its impact on the PE has not been tested so far.

Noise is defined as “irrelevant or meaningless data or output oc-
curring along with desired information” (Merriam-Webster Online,
2017), and usually refers to an acoustic phenomenon - unwanted and
disturbing sounds. Noises vary in amplitude, frequency, duration and
waveform. The temporal characteristics of sound waves may be con-
tinuous (steady) or intermittent (fluctuating). Continuous noise is con-
stant, with no intensity changes (e.g., white noise, which consists of
equal pressure levels in every frequency band across the frequency
range; Speaks, 1999). Intermittent noise changes in intensity to an
appreciable extent over time (e.g., road traffic noise; Florentine, 2011).
Such noises induce physical interference in the acoustic environment

(in the energetic level; Pollack, 1975).
Another type of noise is irrelevant speech, which also carries a

disruptive potency (Salamé & Baddeley, 1982). Competing speech
sounds induce perceptual interference which occurs in a more central
level of auditory or cognitive processing (in an energetic as well as
informational level; Durlach et al., 2003; Schneider, Li, & Daneman,
2007; Schneider, Pichora-Fuller, & Daneman, 2010).

Understanding the effect of noise on the PE carries both theoretical
and ecological implications. Hence, the goal of the present study was to
evaluate the effect of different types of noise on word memory in a PE
paradigm.

1.1. The impact of different background noises on memory

The negative effect of auditory background noise on human cogni-
tive performance has been subjected to a wide line of research
(Broadbent, 1958; Cohen, Evans, Stokols, & Krantz, 1986; Heinrich
et al., 2016). Specifically, auditory background noise was found to
impede memory for visually presented material (e.g., digits - Salamé &
Baddeley, 1990; text - Takahashi, 2006). The detrimental effect of noise
on visual memory performance has been investigated vastly over the
past three decades within the Irrelevant-Sound Effect (ISE). This effect
refers to a substantial impairment in short-term memory performance
(mainly immediate memory of serial order) which occurs when people
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are exposed to task-irrelevant sound (e.g., Colle & Welsh, 1976;
Ellermeier & Zimmer, 2014; Jones & Macken, 1993; Salamé &
Baddeley, 1982). Findings of these ISE studies are related to the present
study, which evaluates the effect of different auditory background
noises on long-term memory for visually studied words, in a free recall
task.

Many ISE studies aimed to identify the features of the acoustic
background which give rise to the detrimental effects on memory per-
formance observed in that paradigm. In general, several types of noise
interfere with memory for visually presented items (typically, se-
quences of words, digits, or consonants are used in the ISE studies).
Pure tones, music, narrative speech, and band-pass noise bursts were all
found to disrupt short-term memory serial recall (Jones & Macken,
1993). The extent of noise interference is derived from its acoustic
characteristics, mainly its acoustic variability. Steady-state sounds do
not affect performance compared to quiet (Jones, Madden, & Miles,
1992), but fluctuating noise was found to be distracting (Macken,
Phelps, & Jones, 2009). Many types of fluctuating background noises,
such as free-running speech, sequences of different spoken words, or
music, all characterized with sufficient complexity (spectro-temporal
changes) yield almost equal and maximal disturbance (Ellermeier &
Zimmer, 2014).

Interestingly, some studies suggested that speech and non-speech
sounds might induce the same interference when both have the same
amount of acoustical fluctuations (Jones & Macken, 1993, 1995;
Tremblay, Nicholls, Alford, & Jones, 2000). This implies that the pho-
nological characteristics of the sound (the informational quality) have
only limited impact on its disruptive potency. Similarly, the semantic
features of the irrelevant speech seems to have negligible effect (Jones,
Miles, & Page, 1990), since memory performance was equally affected
whether participants heard an unfamiliar language or their own lan-
guage as a background noise. Note, however, that equal memory per-
formance does not necessarily imply comparable cognitive effort, as
subjects tend to assess speech as more disturbing and disadvantageous
relative to non-speech sounds, regardless actual cognitive performance
(Venetjoki, Kaarlela-Tuomaala, Keskinen, & Hongisto, 2006).

Other studies showed that the effect of speech and non-speech
sounds might differ according to the task (Hongisto, 2005). For ex-
ample, Venetjoki et al. (2006) reported differential effects of various
sound environments (speech, masked speech, and continuous noise) in
a cognitive task (proofreading performance), where speech was found
to be more disruptive. Other tasks (reading comprehension, reaction
time, subtraction, proposition, Stroop and vigilance) were similarly
affected by all noise types.

Serial recall has been shown consistently to be particularly sus-
ceptible to disruption (Beaman & Jones, 1998). Yet, the impact of au-
ditory background noise on free or delayed (rather than serial) recall for
visual items is less clear. Noise of road traffic (fluctuating-energetic
noise) and of meaningful irrelevant speech (fluctuating-informational
noise) showed reliable effects on delayed recall (retrieval from semantic
memory) in text-reading tasks (Hygge, Boman, & Enmarker, 2003).
Similarly, Banbury and Berry (1998) found that meaningful speech as
well as meaningless speech were equally disruptive in a prose recall
task (for related results with reading comprehension and recognition,
see: Oswald, Tremblay, & Jones, 2000). However, Salamé and Baddeley
(1990), who evaluated the effect of background speech on immediate
free recall of lists of visually presented words, found no impairment in
the speech (continuous irrelevant speech) relative to the control (silent)
condition.

One of the explanations that has been offered for the interference
between written and spoken words is attention-based. Accordingly, the
attentional system is responsible for the effects, since both relevant and
irrelevant materials compete for similar available resources (Weinstein,
1977). Steady-state noises divert fewer attentional resources from the
main task at hand than fluctuating noises, and hence are easier to ig-
nore (Neath, 2000).

Common to these aforementioned studies is the fact that the visually
presented target stimuli were learned by a similar method (e.g., silently
reading lists of words - Salamé & Baddeley, 1990; silently reading a
text– Hygge et al., 2003), accompanied by different types of noises. No
study to date compared the effect of background noise on long-term
recall for target items that were learned by different methods, such as
some by silent reading and others by reading aloud. Such opportunity
can be provided with the PE paradigm.

1.2. The Production Effect

In a typical PE experiment, participants are required to study a list
of visually presented words for a following memory test. Half of the
words are to be learned by reading aloud, and the remaining words are
read silently. The typical result of such experiments is that words that
were read aloud (vocally produced) show a significant advantage over
words that were read silently (Hourihan & MacLeod, 2008; Lambert,
Bodner, & Taikh, 2016; MacLeod et al., 2010; Mama & Icht, 2016b;
Ozubko, Gopie, & MacLeod, 2012; Ozubko, Hourihan, & MacLeod,
2012; Ozubko & MacLeod, 2010), the PE.

Different PE studies demonstrated that various types of productions,
such as whispering, mouthing, spelling, typing and writing bring about
a better long-term memory relative to silent reading (Castel, Rhodes, &
Friedman, 2013; Conway & Gathercole, 1987; Forrin et al., 2012;
Gathercole & Conway, 1988; MacLeod et al., 2010; Mama & Icht, 2017).
Yet, when words are visually presented, reading aloud seems to be the
best mnemonic (MacLeod et al., 2010).

MacLeod and his colleagues suggested that enhanced distinctiveness
is the main mechanism underlying the PE (MacLeod et al., 2010;
Ozubko & MacLeod, 2010). According to the distinctiveness account,
vocally producing a word enhances its memory trace relative to the
other non-produced words (silently read) as it involves a greater
number of unique encoding processes. During a recall or recognition
test, this superior memory record is available for the participants, im-
proving the memory performance of vocally produced items relative to
non-produced words. Vocally producing a visually presented word in-
volves three separate encoding processes: a) reading, b) articulating
(motor response), and c) hearing (your own voice). Conversely, silent
reading involves only a single encoding process of reading. As the
number of distinct encoding processes increases, memory performance
improves. The high relative distinctiveness of reading aloud explains
well its superiority over silent reading as well as over other productions
(such as mouthing, which carries only a pair of processes - reading and
articulating). Several studies have directly tested the distinctiveness
account, with positive results (Icht et al., 2014; Mama & Icht, 2016a;
Ozubko & MacLeod, 2010; Ozubko, Major, & MacLeod, 2014).

Interestingly, the role of (differential) attention in the PE has been
mentioned in the context of encoding distinctiveness. Accordingly,
vocal production provides a boost to memory by selectively focusing
attention on aloud over silent words (Ozubko, Hourihan, & MacLeod,
2012). MacDonald and MacLeod (1998) stated that “words that re-
ceived more attention at encoding were better recognized than words
that received less attention. The more thorough processing of words
that were read aloud at study led to better direct remembering.” (p.
306, see also: Forrin, Jonker, & MacLeod, 2014; Ozubko, Gopie, &
MacLeod, 2012).

1.3. The present study

The aim of the present study was to test the effect of different types
of background noise on long-term verbal memory as reflected in a PE
task. Two experiments were conducted using three different types of
background noise: (a) steady-state (energetic), (b) babble (fluctuating-
informational; both used in Experiment 1), and (c) fluctuating-energetic
(Experiment 2). The different noises that were used in this study, and
their acoustic characteristics, are summarized in Table 1.
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All these background noises masked the participants' voices, and
canceled their auditory feedback at vocal production. The effect of
these noises on the PE (the difference between aloud and silent words)
was tested. Evaluating the effect of background noise on the PE may
help clarify the theoretical basis of the PE. On the one hand, if back-
ground noise interacts with the PE by masking the participants' own
voice and thereby removing that as a possible source of encoding dis-
tinctiveness, than the recall pattern should be similar across noise
conditions. Namely, a relative reduction in the advantage of reading
aloud, resulting in a smaller PE in the presence of background noise,
regardless of its type (such results were observed with production by
mouthing - a smaller PE relative to production by reading aloud; Forrin
et al., 2012).

On the other hand, since the different noises have diverse atten-
tional qualities, they may have a differential effect on the PE (similar to
ISE findings). Steady-state noise is relatively ignorable (Campbell,
Beaman, & Berry, 2002; Macken et al., 2009), draws less attention, and
may result in a typical PE (no interference). However, fluctuating noise
(informational as well as energetic) is more disturbing (Macken et al.,
2009). Such noise may interfere with aloud words' encoding, reducing
their relative higher distinctiveness, and decrease the amount of at-
tention they receive. As a result, the PE will be lessened with fluctuating
background noise.

2. Experiment 1

In Experiment 1, a typical PE design was used, in which the target
words were presented visually, half of them was read aloud and the
remaining half was read silently (study words were randomly inter-
mixed). In the first experimental condition, no noise was present
(baseline condition). Since no background noise was presented, vocal
production involved three unique encoding processes (reading, articu-
lating, and hearing), while silent reading involved a single encoding
process (reading). In the second condition, we used a steady-state noise
(non-speech energetic noise in the speech range) that accompanied the
study phase, in order to learn about the “net” effect of background noise
on the PE. The learning phase was similar to the baseline condition, yet
with simultaneous background noise. In this condition, we aimed to
energetically mask the participants' own voice, thus eliminating one of
the three available encoding processes involved in vocal production and
(possibly) reduce the advantage of aloud words relative to silent
reading. In the third condition, we tested the effect of fluctuating-in-
formational noise (multi-talker babble noise) on the PE. Again, parti-
cipants' voices were masked (both energetically and informationally),
and they could not hear their own voices at vocal production. Note that
the fluctuating noise was presented at a similar pressure level as the
steady-state noise, and included the same frequency range as the
steady-state noise, in order to control for differences between the
conditions related to their spectral characteristics (Ellermeier &
Zimmer, 2014).

2.1. Method

2.1.1. Participants
Sixty-two undergraduate students (40 females) from Ariel

University, received course credit for performing the experiment. Their
age ranged between 19 and 32 years (mean age: 25 years). All were
native Hebrew speakers with air-conduction hearing
thresholds < 25 dB HL bilaterally at octave frequencies from 0.5 to
4 kHz. All participants gave their informed consent to take part in the
study, which was approved by the local ethics committee.

Each participant was randomly assigned to one of three noise con-
ditions, differing in the presence of auditory distraction. Note that al-
though gender is a negligible variable in the PE literature (Icht,
Bergerzon-Biton, & Mama, 2016) it was balanced across the three noise
conditions. In the baseline condition (N=21, 14 females), no noise was
present. In the steady-state noise condition (N=21, 13 females), such
energetic noise accompanied the study phase of the PE paradigm. In the
fluctuating-informational noise condition (N=20, 13 females), we
tested the effect of babble noise, with a similar frequency range as the
steady-state sound, on the PE.

2.1.2. Apparatus and stimuli
2.1.2.1. Stimuli. The pool of items consisted of 80 familiar Hebrew
words, bi-syllabic nouns, three to five letters long (taken from: Icht
et al., 2014). From this pool, 40 words were selected for study, a
random sample for each participant. During study, each word was
presented singly for view. The word appeared at the center of a 15-inch
color monitor (Compaq laptop computer under control of Direct-RT
program). The words were presented in black (28-point Arial), against a
white background. On each trial, a small icon (2 cm2) appeared
approximately 5 cm above the study word. The icon entailed a small
picture of an eye or of a microphone. The icon indicated the appropriate
mode of production for that word: The eye indicated silent reading, the
microphone vocal production.

2.1.2.2. Hearing screening. Hearing screening was conducted using an
AD229B inter-acoustic audiometer.

2.1.2.3. Noise. Since the average intensity of conversational speech is
about 60 dB SPL (Raphael, Borden, & Harris, 2007), we used noise
levels of 85 dB SPL, preventing the participants of hearing their own
speech (for similar masking level, see: Olsen, Noffsinger, & Carhart,
1976). In order to verify that a participant's own voice was indeed
masked by the background noise, a research assistant (RA, speech and
language pathology student) was present in the lab throughout the
experiment, continuously monitoring his or her voice level using a
sound level meter, as detailed below. During the practice phase, each
participant confirmed that she could not hear her own voice. This was
re-confirmed (by self-report) at the end of the study phase.

In the steady-state noise condition, a steady-state band-passed en-
ergetic noise within the frequency range of 0.5–5 kHz with constant
amplitudes was presented continuously during the learning phase, via
WH-102 earphones. In the fluctuating-informational condition, we used
Hebrew sentences spoken by eight young female talkers. Each talker
recorded a series of sentences that was different for each talker. The
sentences had been recorded on digital audiotape, sampled at 20 kHz
using a 16-bit A/D converter (TDT AD1). The recordings were trans-
ferred to a computer (Dell Optiplex GX1p) using a sampling rate of
22.05 kHz. Each talker's recording of sentences was edited to create an
uninterrupted, continuous 35-s-long stream for each talker. Finally, the
eight recordings were combined to a single record of eight talkers'
fluctuating informational noise with a frequency range of 0.5–5 kHz.
The steady-state and fluctuating noises were normalized to have the
same root mean square (RMS) amplitudes.

2.1.2.4. Voice level monitoring. In order to make sure that the

Table 1
Summary of the acoustic characteristics of the different background noises used in the
present study.

Type of noise Noise characteristics

Steady vs.
fluctuating

Energetic vs.
informational

Steady-state noise (Exp. 1) Steady Energetic
Babble noise (Exp. 1) Fluctuating Informational
Fluctuating-energetic noise

(Exp. 2)
Fluctuating Energetic
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participants' voice level was not louder than the background noise
(Lombard Effect), their voice level were continuously monitored using
TES-1350A sound level meter located in close proximity to the
participant. Participants' voice level was not louder than 70 dB SPL.
As mentioned above, the RA was present along the experimental
session, verifying that the participant could not hear his own voice
during vocalization.

2.1.3. Design and procedure
The participants were tested individually in a quiet room. Upon

arrival, each participant was told that he or she would be presented
with a list of words to be learned via the mode signaled by an icon and
that a memory test would follow the presentation of the words. The
participant also signed the informed consent form. Following this, a
screening hearing test was performed.

The participant then was seated at a distance of 60 cm from the
center of the screen. Prior to the study phase, we presented a short
practice phase consisting of six words (none of which was used at study)
individually presented in the center of the screen. Three words ap-
peared with the eye icon, and the remaining three words appeared with
the microphone icon. During the practice phase, participants confirmed
their inability to hear their own voice. Following the practice phase, the
study phase began.

2.1.3.1. Study. The 40 study words were randomly divided into two
equal subsets (20 words each) defined by the requested mode of
learning (vocal production, silent). In each experimental trial, the
icon appeared for 300ms, followed by the visually presented study
word, which appeared (with the icon) for 3 s. A blank screen for 1 s
followed (thus the interval between words was about 4 s). In the steady-
state and in the fluctuating-informational noise conditions, a noise was
presented during study, thus the participants could not hear their own
voices at vocal production. Following study, the participants re-
confirmed that they did not hear their own voice. After the
presentation of the 40 words, the participants performed a short
(filler) task, verifying that long-term memory abilities are tested.

2.1.3.2. Filler task. Four arithmetic problems (multiplication of two-
digit numbers) printed on A4 paper were prepared for a filler task.
Participants were given 4min. to complete these problems.

2.1.3.3. Memory: free recall. Following the filler task, each participant
was asked to write down from memory as many study words as she or
he could recall with no time limitation. An empty sheet of paper and a
pencil were provided by the experimenter.

2.1.4. Data analysis
For each list, we calculated the proportions of aloud and silent study

words correctly recalled out of the total number of aloud and silent
words presented for study (for a similar procedure, see: Forrin et al.,
2012; MacLeod et al., 2010; Mama & Icht, 2016a; Ozubko, Gopie, et al.,
2012; Ozubko, Hourihan, et al., 2012). A two-way repeated-measures
ANOVA was carried out with background noise (no noise, steady-state,
or fluctuating-informational) as a between-subjects variable, and
learning condition (aloud or silent reading), as a within-subject vari-
able. Following this, paired sample t-tests (Bonferroni corrected; for a
similar procedure, see: Ben-David & Icht, 2016) were used to evaluate
the PE size (the differences between aloud and silent words) in each of
the noise conditions. Note that data analysis revealed a minor intrusion
rate (words that were recalled but did not appear at study) - an average
of 3.1% across conditions. Intrusions will not be further discussed.

2.2. Results

Fig. 1A gives the free recall results of the three noise conditions of
Experiment 1. Plotted are the proportions of words recalled for the two

learning conditions, reading aloud and reading silently. The left section
represents the baseline (no noise) condition. Visual inspection reveals
the superiority of vocal production (M=0.36) over silent reading
(M=0.25), a typical PE. The results of free recall for the steady-state
noise condition are plotted in the mid part of Fig. 1A. Again, a PE is
depicted, namely vocal production superiority (M=0.31) over silent
reading (M=0.24). Finally, the right section of Fig. 1A gives the results
for the fluctuating-informational noise condition. Observing Fig. 1A
reveals similar rate of recalled words for aloud (M=0.2) and silent
reading (M=0.21) — no PE.

Statistical analysis supports the conclusions based on the visual
inspection of Fig. 1A. A two-way repeated-measures ANOVA revealed a
significant main effect for noise condition, F(2,59) = 6.37, p < .01, a
significant main effect for learning condition, F(1,59)= 8.054, p < .01,
and also an interaction between these two variables (noise condi-
tion× learning condition), F(2,59) = 3.36, p < .05. In order to reveal
the source of the interaction, we performed two separate analyses: a)
comparing aloud and silent words' recall in each noise condition
(evaluating the PE), and b) comparing between the different noises in
each learning condition (aloud, silent), separately.

a) Learning conditions (PE): as an interaction was found between
background noise and learning condition, dependent one-tailed t-
tests were performed to assess the PE in each noise condition. In
both the baseline and the steady-state conditions, a PE was ob-
served, t(20) = 3.127, p < .005; t(20) = 1.95, p < .05, respectively.
Yet, in the fluctuating condition no PE was found, with similar recall
rates for aloud and silent words, t(19) = 0.406, p > .05.

b) Noise conditions: analyzing the effects of noise, a pair of one-way
ANOVAs was performed, separately for aloud and silent words. The
first one-way ANOVA, with background noise as the independent
variable and proportion of aloud words recalled as the dependent
variable, revealed a significant main effect for noise, F(2,59) = 9.654,
p < .001. This confirms that the number of aloud words recalled
differed significantly between the background noise conditions. A
second one-way ANOVA with the proportion of silent words recalled
as the dependent variable revealed no such difference, p > .5.

Finally, following the significance of the effect of background noise
on aloud words' recall, we conducted independent t-tests (Bonferroni
corrected), comparing the aloud recall ratios between the three noise
conditions. These analyses revealed that the recall rate under fluctu-
ating noise was smaller than for steady-state noise, t(39) = 3.13,
p < .01, and for no background noise (baseline) condition,
t(39) = 4.27, p < .001. The recall rate under steady-state noise was not
different from the no noise condition, p= .18.

2.3. Discussion

The main results of Experiment 1 can be summarized as follows. In
the no noise condition, we used a classical PE paradigm, in order to
obtain baseline data. As was expected (based on numerous previous
studies, e.g., Forrin et al., 2012; MacLeod et al., 2010), a PE was found -
words that were read aloud at study were better recalled than silently
read words.

In the steady-state noise condition, we used a similar learning
paradigm, except that a steady-state noise (energetic noise consisting of
speech-range frequencies) was presented during study, preventing the
participants from hearing their own voices at vocal production.

We debated regarding the effect of steady-state noise on the PE. On
one hand, steady-state sounds (such as continuous broadband noise or
repetitions of single syllables or tones) have a slight effect or no effect at
all on recall (Miller, 1957). On the other hand, since auditory feedback
was eliminated by the noise (removing one of the encoding processes
involved in vocalizing), this may negatively affect the aloud words
advantage (reducing the PE). The results were comparable to these of
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the no noise condition, as a PE was observed. In other words, items that
were read aloud at study were better recalled than silently read items.

These results are in line with some classic findings. For example,
Murray (1965) showed that consonant lists learnt without noise were
recalled similarly to lists learnt with white noise of intensity sufficient
to mask their hearing of their own soft voice. In the perceptual level,
steady-state noise affects speech perception to a much lesser extent than
fluctuating noise (Ben-David, Vania, & Schneider, 2012; Ezzatian, Li,
Pichora-Fuller, & Schneider, 2011; Helfer & Freyman, 2008; Rajan &
Cainer, 2008; Taitelbaum Swead & Fostick, 2016). It appears that in
many situations, people are required to ignore high levels of steady-
state noises (e.g., noise from rail and air traffic, and industrial con-
struction) (ASHA, 2017; Passchier-Vermeer & Passchier, 2000). Miller
(1957) found that even very loud white noise (111 dB) presented at test
did not significantly affect recall of visually presented verbal material
(words, sentences). Interestingly, the participants in his study reported
some initial disturbances due to the background noise but that adap-
tation was quickly achieved and that, following adaptation, the noise
was not perceived as a noxious stimulus. Basner et al. (2014) also
suggested that people tend to habituate to such noise exposure. In sum,
steady-state noise, non-fluctuating in its nature, was generally found to
be less distracting than fluctuating noise, and this was found true for the
PE as well.

From the encoding distinctiveness perspective (MacLeod et al.,
2010), although the steady-state noise prevented the participants from
hearing their own voices at vocal production (reducing one of the three
encoding processes involve in vocalizing), reading aloud kept its su-
periority relative to silent reading. This yielded a standard PE. Possibly,
this may be due to the motoric quality of vocalizing (Bodner & Taikh,
2012; Jamieson & Spear, 2014). Murray (1965) also suggested that
when words are vocalized, participants try to attend particularly to the
auditory feedback, but if this is prevented, more attention is paid to the
motor cue.

In this respect, preventing the participants from hearing their own
voices at encoding (due to the presence of the background noise) may
seem comparable to mouthing (voicelessly articulating the word),
which was previously found to improve memory relative to silent
reading (Forrin et al., 2012, Exp. 2B; MacLeod et al., 2010, Exp. 5).
However, mouthing was found to be less effective than vocalizing, re-
sulting in a smaller PE. The current results are different, since the PE
was comparable with no noise and with steady-state noise. It appears
that voicelessly articulating words (mouthing) is different than saying
words aloud on the background of noise, although both are character-
ized by the absence of the auditory encoding process (for related results
with hearing impaired individuals, see: Taitelbaum-Swead, Icht, &

Mama, 2017; Taitelbaum-Swead, Mama, & Icht, 2018).
In the fluctuating-informational condition, we used babble noise

consisting of eight-talkers. Since memory performance is specifically
impaired by background sounds with a changing state characteristic
(such as noise consisting of different consonants or tones; Murphy,
Craik, Li, & Schneider, 2000; Murphy, Daneman, & Schneider, 2006;
Peelle & Wingfield, 2005), we expected an interference effect. Indeed,
in this noise condition no PE was obtained. The words that were read
aloud at study were recalled to the same extent as silently read words.

In contrast to the results of the steady-state condition (a lack of
interference on PE), the pattern of results of the fluctuating-informa-
tional condition revealed that such babble noise affected aloud words,
reducing their superiority relative to silent words, and eliminating the
PE.

As was previously reported, noise affects memory and recall, and its
presence reduces human memory capacity compared to when no noise
is present (e.g., Bell & Buchner, 2007; Bell, Mund, & Buchner, 2011).
The literature distinguishes between different kinds of noise, and points
out the fluctuations within the noise as the critical factor for inter-
rupting memory and recall (e.g., Heinrich, Schneider, & Craik, 2008;
Murphy et al., 2000; Szalma & Hancock, 2011). Our findings support
these suggestions and show that although we used two types of noise
with the same frequency range, only the fluctuating one decreased the
number of aloud words. Importantly, the number of silent words was
not affected by the presence of the background noise, and was similar
across conditions.

Note however, an essential issue. In the babble condition, we used
noise which is fluctuating and informational. Indeed, such noise was
found to be most disruptive for memory for spoken words (Szalma &
Hancock, 2011). For example, in a reading comprehension task, cued
recall and recognition were more impaired by meaningful irrelevant
speech (fluctuating-informational) than by road traffic noise (fluctua-
ting–non-informational; Boman, Enmarker, & Hygge, 2005). The babble
noise is different from the steady-state noise in two aspects: a) temporal
characteristics – the steady-state noise is continuous, but the babble
noise is fluctuating, b) level of interference - the steady-state noise in-
duces energetic interference, but the babble noise interferes in an en-
ergetic as well as an informational level (see Table 1). Therefore, it is
not clear whether the different recall patterns in these conditions
(namely, a PE with the steady-state noise; no PE with the babble noise)
originates in the variability of the noise (the presence of fluctuations in
the babble noise interfered with aloud words recall), or in its in-
formational characteristics (the presence of speech sounds induced in-
terference).

Tapping the source of the memory interference, in the second

Fig. 1. The left section (A) shows the proportion
of recalled words calculated separately for the
subsets of silent and aloud words, for the three
noise conditions of Experiment 1: no noise,
steady-state noise, and babble (fluctuating-in-
formational) noise. The right section (B) shows
the proportion of recalled words calculated se-
parately for the subsets of silent and aloud words,
for Experiment 2, with fluctuating-energetic
noise. The error bars are standard errors of their
respective means.
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experiment we used a different type of fluctuating noise – energetic
rather than informational. Such noise is comparable to the steady-state
noise used in Experiment 1, since both are non-informative (but they
differ by the tonal fluctuations). In addition, it shares the variability of
the fluctuating-informational noise (yet they differ by the informational
content). If the major cause of distraction (interference for aloud words)
induced by the fluctuating–informational noise (Experiment 1) was its
variability (fluctuations), than the fluctuating–energetic noise
(Experiment 2) will result in a similar pattern of results — no PE.
However, if the distraction of the fluctuating–informational noise was
induced by the informational feature (presence of phonemes in the
babble noise), than its absence (no phonemes in the fluctuating–ener-
getic noise) would result in no interference for the aloud words, hence a
typical PE (similar to the steady-state condition).

3. Experiment 2

In order to separate the role of information features from fluctua-
tions in the noise, in Experiment 2 we again used a PE learning pro-
cedure (learning half of the words by silent reading, and half by aloud
reading) with a new background noise – fluctuating-energetic (non-
informational) noise. This noise interfered with the participants' ability
to hear their voice at vocal production. Note that the experimental
procedure was identical to that of the noise conditions of Experiment 1.

3.1. Method

3.1.1. Participants
Twenty-two undergraduate students (16 females, their age ranging

from 20 to 28 years, with mean age of 24 years) were selected from the
same recruitment pool. None participated in Experiment 1. Inclusion
criteria were similar to these of Experiment 1. All participants received
partial course credit for participation.

3.1.2. Apparatus and stimuli
3.1.2.1. Stimuli, hearing screening and voice level monitoring. These were
the same as in Experiment 1.

3.1.2.2. Noise. We used a fluctuating-energetic noise within the
frequency range of 0.5–5 kHz (the same frequency range of the noises
used in Exp. 1) that was designed in the spectral shape of the fluctuating
- informational noise used in Exp. 1. The amplitude of each frequency
was identical to the amplitudes presented in the informational-
fluctuating noise.

Noise was presented continuously during the learning phase, via
WH-102 earphones, at the level of 85 dB SPL, preventing the partici-
pants from hearing their vocal productions (as was verified by self-re-
port before and after the study phase).

3.1.3. Procedure
This was the same as in the noise conditions of Experiment 1.

3.1.4. Data analysis
At a first step, we calculated the PE, namely the proportion of study

words recalled (aloud and silent words). A paired sample t-test was used
to verify the PE (again, intrusions were rare, 2.8%, and will not be
further discussed). Since the participants of Experiment 1 and 2 were
selected from the same recruitment pool, and the procedures of these
experiments were identical (the sole difference was the noise type), we
performed a direct comparison. Specifically, we compared the present
noise condition (fluctuating–energetic noise) to each of the conditions
of Experiment 1. A (4×2) mixed-measures ANOVA (with noise as a
between-subjects variable and learning condition as a within-subject
variable) was conducted. This analysis was followed by appropriate
planned comparisons. In addition, a pair of one-way ANOVAs was
conducted, to compare the aloud conditions and the silent conditions

between Experiment 1 and 2, with subsequent planned comparisons.

3.2. Results and Discussion

Fig. 1B gives the free recall results of Experiment 2. Plotted are the
proportions of aloud and silent words. Visual inspection reveals com-
parable recall rates for vocally produced words (M=0.29) and for si-
lently read words (M=0.32), no PE. A dependent t-test supported this
pattern, with no difference in recall rates between aloud and silent
words, t(21)= 0.78, p= .44. A similar pattern (no PE) was docu-
mented for the fluctuating-informational (babble) noise condition of
Experiment 1.

In order to directly evaluate the effect of the fluctuating–energetic
noise on memory performance relative to each of the other three noise
conditions of Experiment 1, a mixed-measures ANOVA was conducted,
with noise (×4) as a between-subjects variable and learning condition
(×2) as a within-subject variable. This analysis revealed a main effect
for background noise, F(3,80) = 4.21, p < .01, and a main effect for
learning condition, F(1,80)= 4.19, p < .05. The interaction between
these variables was also significant, F(3,80)= 3.73, p < .05.

Planned comparisons followed this ANOVA, to directly compare the
recall rates between Experiment 2 (fluctuating-energetic noise) and
each of the noise conditions of Experiment 1. These analyses revealed
no difference between the fluctuating-energetic noise and the no-noise
condition, or the steady-state noise condition. A significant difference
was found only between the fluctuating-energetic noise and the fluc-
tuating-informational (babble) noise condition (see Table 2 for detailed
data).

Finally, two separate one-way ANOVAs were conducted, to compare
the aloud and the silent conditions between Experiment 1 and 2. The
first analysis, for the aloud conditions, yielded a significant effect,
F(3,83) = 6.07, p < .001. This ANOVA was followed by planned com-
parisons, that showed a significant difference only between the fluc-
tuating-energetic noise and the fluctuating-informational (babble)
noise, t(80) = 2.44, p < .05 (p > .5 for all other comparisons). The
second one-way ANOVA, comparing the silent conditions, yielded no
significant effect, F(3,83)= 2.38, p > .05.

Taken together, the results of Experiment 2 revealed no PE in the
presence of fluctuating–energetic noise, a similar pattern to that ob-
tained with fluctuating–informational noise (Experiment 1). It seems
that both fluctuating noises eliminated the differences between aloud
and silent words' recall rates (the PE). Note that although both fluctu-
ating noise conditions removed the PE, the informational noise had a
larger detrimental effect than the energetic one (no differences were
found in overall memory between the fluctuating-energetic noise con-
dition to the no noise, and to the steady-state noise conditions). This
finding is in line with previous reports, showing that the informational
content of the noise interferes more with cognitive performance
(Venetjoki et al., 2006) and memory tasks (Boman et al., 2005).

The absence of a PE with both types of fluctuating noise supports
that the decisive factor in long-term verbal memory interference
(memory for aloud words relative to silent words) is the acoustic
variability (fluctuations) of the background noise, rather than its in-
formational content. Next, we will address the theoretical and ecolo-
gical implications of the results in detail.

Table 2
Planned comparisons between the different background noises of Experiment 1 and 2.

Contrast Estimate (SE) p

No-noise (Exp. 1) - Fluctuating-energetic noise (Exp. 2) −0.001 (0.03) .97
Steady-state noise (Exp. 1) - Fluctuating-energetic noise

(Exp. 2)
−0.032 (0.03) .32

Babble noise (Exp. 1) - Fluctuating-energetic noise (Exp.
2)

−0.1 (0.03) .002
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4. Conclusions

Noise has broad detrimental effects, ranging from effects on mental
and physical health (Basner et al., 2014; Clark, 1984) to interference
with cognitive processing (Fostick, Ben-Artzi, & Babkoff, 2013; Smith,
1983). Background noise was found to reduce short-term (working)
memory performance, such as in serial recall tasks (Macken et al., 2009;
Szalma & Hancock, 2011). The effect of background noise on long-term
memory is less clear, nor is its effect on memory for items learned under
different methods (silent or aloud reading). Clarifying these effects was
the goal of the present study.

In two experiments, we evaluated the effect of three types of
background noise on the PE. In the PE paradigm, memory is probed
following a filler task, thus it represents long-term memory abilities
(rather than working memory). We were interested in the impact of
these noises (steady-state, fluctuating–energetic, and fluctua-
ting–informational noises) on the recall of words that were learned by
silent reading versus words that were read aloud during study.

The results showed that steady-state energetic noise had no effect on
long-term memory performance as reflected in the recall task, with
higher recall for aloud words relative to silent words (a PE). Such
pattern is typically observed in quiet conditions, and was also docu-
mented in the present Experiment 1, without any background noise
(baseline condition). Fluctuating noise, on the other hand, was found to
have negative effects on memory, whether it contains informational
features (fluctuating-informational noise, Experiment 1) or lacks such
traits (fluctuating-energetic noise, Experiment 2). The presence of
fluctuations in the background noise eliminated the PE, interfering with
aloud words recall. As a result, similar recall rates were obtained for
aloud and silent items.

We suggest that the source of the interference caused by the fluc-
tuations might be attentional. Noise can decrease attention, even with
low intensity (Passchier-Vermeer & Passchier, 2000). For conditions of
continuous noise, individuals can develop effective coping strategies,
such as adaptation (Szalma & Hancock, 2011). However, it is more
difficult to ignore fluctuating noise, especially while learning words
(Heinrich et al., 2008). The presence of fluctuating noise may reduce
attentional resources from the primary task (vocal production), hence
disrupting performance. In the present study, we suggest that the
background fluctuating noise drew the participant's attention, thus took
its toll on the attentive aloud words rather than the less attentive silent
words. This idea fits well with “shallow processing” of silent words
described by Bodner, Taikh, and Fawcett (2014), who suggested: “…
cost may reflect cursory processing of silent items” (p. 153). Conse-
quently, the aloud words lost their relative advantage, and the PE was
eliminated in the presence of fluctuating noise (whether energetic or
informational).

Note that all noise conditions were similar in terms of the number of
distinct encoding processes involved in learning. Yet, memory perfor-
mance was different across conditions. Again, this difference may be
attributed to attentional processes. Within the encoding distinctiveness
framework, the prevailing PE theory, attentional processes have been
identified (MacDonald & MacLeod, 1998; Ozubko, Gopie, et al., 2012;
Ozubko, Hourihan, et al., 2012). Namely, vocalization enhances
memory by focusing attention on aloud words. The steady-state noise,
which is relatively ignorable, draws less attention, resulting in a typical
PE. However, the presence of fluctuating background noise (regardless
of its type) interferes with the more attentive aloud words than the less
attentive silent words, eliminating their relative memory advantage,
thus resulting in no PE.

4.1. Ecological implications

Since vocal production (saying aloud) is a simple act, effortless and
easy to perform, it was offered as an effective mnemonic (Ozubko,
Gopie, et al., 2012; Ozubko, Hourihan, et al., 2012), improving long-

term memory for a selected portion of the studied material within
various populations (e.g., pre-school children - Icht & Mama, 2015;
older adults - Lin & MacLeod, 2012; cochlear-implant users -
Taitelbaum-Swead, Icht, & Mama, 2017; dysarthric adults - Icht et al.,
2016).

The current study evaluated the effect of background noise on the
efficacy of the PE. Studying the impact of different noises on high-order
cognitive performance (learning, memorizing) carries clinical implica-
tions, as noise is a prevalent environmental problem in working places
(World Health Organization, 1980) as well as schools (Enmarker,
Boman, & Hygge, 1998; Heinrich et al., 2008; Lundquist, Holmberg, &
Landstrom, 2000; McCoy et al., 2005; Murphy et al., 2000, 2006).

Our results show that the presence of steady-state noise did not
affect the PE. Memory performance without noise and memory per-
formance with steady-state noise were similar. This result supports the
ability of using vocal production as a means to improve memory even in
noisy environments, as long as the noise is non-fluctuating (e.g., a
ventilation system noise). However, fluctuating noise (energetic as well
as informational) was found to be disruptive, and it eliminated the PE.
This finding suggest that when the background noise is characterized by
tonal variability (which is the case with many school activities, e.g.
conversations, footsteps, traffic noise), using vocal production as a
mnemonic is not beneficial, and other mnemonics should be used.

An interesting direction for future study may be conducting a si-
milar PE experiment, but with lower, more “everyday” levels of back-
ground noise. Such noise will not eliminate the auditory encoding
processes involve in vocalization, but will still draw attention, possibly
affecting the PE.
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