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Abstract

Extensive research shows that inter-talker variability (i.e., changing the talker) affects recognition memory for speech signals.
However, relatively little is known about the consequences of intra-talker variability (i.e. changes in speaking style within a
talker) on the encoding of speech signals in memory. It is well established that speakers can modulate the characteristics of
their own speech and produce a listener-oriented, intelligibility-enhancing speaking style in response to communication
demands (e.g., when speaking to listeners with hearing impairment or non-native speakers of the language). Here we
conducted two experiments to examine the role of speaking style variation in spoken language processing. First, we
examined the extent to which clear speech provided benefits in challenging listening environments (i.e. speech-in-noise).
Second, we compared recognition memory for sentences produced in conversational and clear speaking styles. In both
experiments, semantically normal and anomalous sentences were included to investigate the role of higher-level linguistic
information in the processing of speaking style variability. The results show that acoustic-phonetic modifications
implemented in listener-oriented speech lead to improved speech recognition in challenging listening conditions and,
crucially, to a substantial enhancement in recognition memory for sentences.
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Introduction

Spoken language contains information both about the content

of a message and about the speaker of that message. Content is

composed of several levels of linguistic information: sounds

(phonological information), word-forming units (morphological

information), combinations of words into sentences (syntactic

information), and the meanings of words and word combinations

(semantic information). The same auditory signal conveying all of

this linguistic information also carries a wealth of information

about the speaker: social (e.g., regional or social dialect features),

affective (e.g., whether the person is happy, sad, excited, fatigued

etc.), and personal (e.g., sex, age, as well as the size and shape of

the vocal tract) [1,2,3,4,5,6,7,8,9].

Traditionally, the perception of linguistic content has been

studied separately from the indexical properties of talkers. The

emphasis in this line of work has been on how abstract linguistic

units can be extracted from the immense variability in the speech

signal. This abstractionist approach has been supported by a

number of neuroscientific studies, which have shown that these

two types of information are processed differently in the brain

[10,11,12,13,14,15]. For example, individuals with language

deficits following a stroke do not show concomitant deficits in

identifying speakers. Similarly, individuals with a neurological

deficit that affects voice perception (phonoagnosia) show normal

language comprehension skills. The finding that indexical and

lexical information are dissociable is consistent with abstractionist

accounts.

In contrast to abstractionist models, episodic approaches to

speech processing contend that linguistic and indexical informa-

tion are encoded and stored together in memory. These

approaches have also been supported by a number of behavioral

and neural studies showing that linguistic and indexical informa-

tion are functionally integrated during speech processing

[16,17,18,19,20,21,22,23]. These studies show that properties of

a talker’s voice affect the processing of linguistic content in an

utterance. For example, the recognition of words presented in

noise is enhanced when listeners are familiar with the talker

relative to words produced by an unfamiliar talker—an advantage

that emerged for testing 5 minutes after exposure, but also up to a

whole week after exposure [18]. Similarly, recognition memory in

a continuous list of words has been shown to be more robust for

words repeated in the same voice relative to a new voice [22].

By showing that talker variability affects recognition memory for

words, these studies demonstrate the importance of indexical

information in the processing of linguistic information. However,

the focus of such studies has been on variability across talkers. In

contrast, very little is known about the effects of speaking style

changes by an individual speaker on the encoding of speech in

memory. Extensive previous research has shown that speakers are

able to enhance the intelligibility of their speech when asked to

speak as if they are communicating with someone who is having

difficulty accessing or understanding linguistic information. This
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intelligibility-enhancing speaking style (‘‘clear speech’’ hereafter) is

characterized by a number of acoustic/articulatory adjustments,

including a decrease in speaking rate (both in terms of added

pauses and in terms of increased duration of phonetic segments),

increased dynamic pitch range, increased amplitude, more salient

stop consonant releases, greater intensity of non-silent portions of

consonants such as bursts and frication, and increased energy in

the 1000–3000 Hz frequency range [24,25,26,27,28,29,30,31,32]

(for a review, see [33]). In addition, it has been demonstrated that

the distinctiveness of language-specific phonological vowel and

consonant contrasts as well as of prosodic properties is enhanced in

clear speech [25,32,34,35,36,37,38]. Together, these conversa-

tional-to-clear speech adjustments increase intelligibility, albeit to

different degrees, for a wide range of listener populations,

including normal hearing listeners [39], listeners with hearing

impairment [40,41], elderly listeners [42], non-native speakers of

the target language [35], and children with and without learning

disabilities [24]. As far as we know, however, no study has

examined the effect of this type of intelligibility variability on

recognition memory for linguistic content. Given that speakers

constantly modify their speech during everyday communication in

response to changing communication demands, it is of interest to

examine the extent to which such changes impact memory for

sentences.

This investigation of the effects of speech signal clarity on the

robustness of memory representations also contributes to ongoing

discussions in the literature on speech processing by aging and/or

hearing-impaired adults. The ‘‘effortfulness hypothesis’’ [43],

introduced by Rabbitt [44,45], argues that perceptual processing

in adverse listening situations may come at the cost of attentional

resources that would otherwise be available for memory encoding

[43,46,47,48,49,50,51,52]. McCoy et al. (2005), for example,

investigated recall of the final three words in a running word

memory task by older adults with good hearing and poor hearing.

All listeners were able to recall the final word with extremely high

accuracy, indicating that they were all able to correctly perceive

each word as it was presented. However, the adults with poor

hearing recalled significantly fewer of the non-final words in word

lists that lacked contextual constraint as opposed to word lists with

high contextual constraint (i.e., where target words were predict-

able from the two prior words). It is argued that the higher orders

of approximation may have facilitated target word recognition by

increasing their likelihood, by decreasing the number of potential

word candidates, and by aiding retrospective recognition of words

that were unclear. Any of these mechanisms, they argue, might

‘‘reduce the perceptual burden on listeners’ processing resources’’

and, therefore, aid recall.

In the present study, all listeners had normal hearing and the

speech targets were not physically distorted or degraded, but their

intelligibility was varied along the real-world dimension of within-

talker speaking style changes. The effortfulness hypothesis leads to

the prediction that greater attentional resources will be available

for encoding the easier-to-perceive (i.e., clear) sentences in

memory, leading to better recognition memory for clear speech

versus conversational speech.

Specifically, this study investigated the extent to which changes

in speaking style aimed at enhancing intelligibility affect memory

for spoken language information. We tested such effects across two

types of sentences: semantically anomalous and semantically

normal (i.e., meaningful) sentences. Meaningful sentences pre-

sumably require less processing effort relative to anomalous

sentences, and therefore were predicted to aid recognition memory

and possibly modulate the effect of speaking style on recognition

memory. Experiment 1 tested the intelligibility of all four sentence

types as produced by a female native speaker of English. These

sentences were presented to normal-hearing, young adult listeners

in the presence of speech-shaped noise (i.e., white noise filtered so

that its spectrum matches the long-term average spectrum of

speech). The listening-in-noise paradigm was employed to avoid

ceiling performance and to make the task difficult enough to reveal

intelligibility differences between the two speaking styles. Listeners

were asked to transcribe each sentence to the best of their ability.

In Experiment 2, the sentences were presented in quiet to new

listeners in a recognition memory experiment. For this task,

listeners were exposed to a subset of conversational and clear

sentences (40 total) and then tested on the full set (80 total),

responding ‘‘old’’ (i.e., from the exposure set) or ‘‘new’’ to each

item. We predicted that conditions in which perceptual effort is

reduced, whether through acoustic-phonetic enhancements asso-

ciated with clear speech or through the presence of semantic

contextual information, would enhance recognition memory.

Thus, the overall aim of these experiments was to investigate the

extent to which within-talker variation in intelligibility affects the

encoding of speech signals in memory. Our results indicate that

indeed, such speaking style adjustments improve sentence intelli-

gibility in noise (Experiment 1), and in turn, enhance their

encoding in memory (Experiment 2). Thus, similar to the talker

voice advantage, within-talker intelligibility modifications lead to

better sentence recall.

Methods and Results

Ethics statement
All research protocols presented in this manuscript were

approved by the Institutional Review Board at the University of

Texas at Austin (approval #2010-11-0142).

Experiment 1: Intelligibility of clear and conversational
sentences

Participants. 18 participants between the ages of 18 and 25

took part as listeners in Experiment 1. All participants were

students at the University of Texas who were recruited via word of

mouth or flyers posted on campus. All participants reported

normal speech and hearing and were native, monolingual speakers

of American English (i.e., they were born and raised in

monolingual English households and local communities in which

English is the primary language spoken, as reported in detailed

background questionnaires). Potential participants who had

significant exposure to another language before age 12 were not

included. Participants provided written informed consent and

were either paid or received course credit for their participation.

Stimuli. A 26-year-old female speaker of American English

was recorded producing two sets of sentences: 1) the semantically

anomalous sentences from the Syntactically Normal Sentence Test

(SNST) [53] (e.g., The wrong shot led the farm.) and 2) semantically

normal, i.e., meaningful, sentences generated by modifying

sentences from the Basic English Lexicon (BEL) sentence materials

[54] in order to closely match the SNST sentences in terms of

syntax, length, and amount of keyword repetition within the set

(e.g., The grey mouse ate the cheese). All sentences were produced in

both clear and conversational speaking styles and contained four

keywords each for intelligibility scoring. Recording took place in a

sound-attenuated booth where sentences were presented to the

speaker one at a time on a computer monitor. Following previous

research [32], the two speaking styles were elicited with the

following instructions: for conversational recordings, the speaker

was asked to speak in a normal, conversational style, as if she was

talking to someone familiar with her voice and speech patterns; for

Speech Clarity and Recognition Memory
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the clear speech recordings, the speaker was prompted to speak as

though the listener was having a hard time understanding her,

whether due to hearing difficulty or because the listener was a non-

native speaker of English. Recordings were made using a Shure

SM10A head-mounted microphone and a Marantz solid-state

recorder (PMD670). Individual sentences were segmented from

the long recording and equalized for RMS amplitude using Praat

[55]. In order to verify that speaking style changes were

implemented by the talker, the following acoustic measures were

performed on all sentences that were used in the listening tests:

duration, F0 range, mean F0, and average energy in the 1–3 kHz

region.

40 sentences in each speaking style from each set were presented

to listeners for assessment of intelligibility. Speech-shaped noise

(SSN) was created for each sentence set (anomalous sentences in

conversational speech; anomalous sentences in clear speech;

meaningful sentences in conversational speech; meaningful sen-

tences in clear speech) by filtering white noise to the long-term

average spectrum of the full set of sentences. This approach was

used to take into account any spectral differences across the

sentence types and ensure that masking was consistent across the

types.

Procedure. Participants first completed questionnaires about

their language background. They were then seated in a sound-

attenuated booth where they wore Sennheiser HD570 or Sony

MDR-CD780 headphones. Instructions and stimuli were present-

ed with EPrime [56]. In order to assess the relative intelligibility of

clear and conversational speech produced by the speaker, each

sentence was mixed with speech-shaped noise at a signal-to-noise

ratio of 0 dB and then played to the participants, who were asked

to transcribe as much of each sentence as they were able to

understand. Each sentence was scored by the number of keywords

correctly identified (4 per sentence) for a total of 160 keywords per

sentence type. In order to be considered correct, no morphemes

could be added to or deleted from the keywords, but homophones

were accepted as a correct response. Listeners (nine per condition)

heard a fully randomized set of either 80 semantically anomalous

sentences (40 per speaking style) or 80 meaningful sentences (40

per speaking style). All stimuli were presented only once.

Results. Samples of both sentence types and speaking styles

are shown in Figure 1, and average acoustic measures for each

sentence set are given in Table 1. Paired t-tests confirmed that, for

both sentence sets (anomalous and meaningful), clearly produced

sentences had significantly longer durations than conversational

speech. Clear sentences also had higher mean F0s (p,0.001 for

both sentence sets) and larger F0 ranges (p,0.001 for both

sentence sets). In the meaningful sentences, furthermore, clear

speech was characterized by significantly greater energy in the 1–

3 kHz range (p = .002). This trend was present but not significant

for the anomalous sentences (p = .17). The analyses thus confirmed

that the conversational and clear speech sentences differed in their

acoustic-articulatory characteristics along the dimensions that are

typically found in listener-oriented speaking style adaptations.

The results of the intelligibility test are shown in Figure 2. For

semantically anomalous sentences, listeners identified 69% of the

keywords in conversational speech and 84% of the keywords in

clear speech. For meaningful sentences, they identified 79% of the

keywords in conversational speech and 95% of the keywords in

clear speech. The intelligibility data were analyzed with a linear

mixed effects logistic regression where keyword identification (i.e.

correct or incorrect) was the dichotomous dependent variable.

Subjects and Items were included in the model as random factors

and Speaking Style, Semantic Content, and their interaction as

fixed effects. Style was contrast coded (2.5, .5) such that negative

beta values are associated with clear speech and positive beta

values are associated with conversational speech. Similarly,

Content was contrast coded (2.5, .5) such that negative beta

values are associated with semantically anomalous sentences and

positive values are associated with meaningful sentences. Analysis

was performed using R [57]. The results of the regression are

presented in Table 2.

The results show that the overall probability of correct keyword

identification is significantly higher for meaningful versus anom-

alous sentences (p,0.001) and for clear versus conversational

speech (p,0.001). Furthermore, there was a significant interaction

between Speaking style and Semantic content (p = 0.001). The

nature of this interaction was examined by performing mixed-

effects logistic regressions on the Meaningful and Anomalous

conditions separately. The results of these regressions are shown in

Table 3 and Table 4. These regressions revealed that, while the

effect of speaking style was a highly significant predictor of correct

keyword identification for both types of sentences, the effect of

style was greater (further from 0) for the meaningful sentences

(banom = 2.99; bmeaningful = 21.86).

These results replicate previous studies that show that listener-

oriented conversational-to-clear speech modifications enhance

sentence intelligibility (see [33] for a review of the clear speech

literature). Furthermore, the presence of semantic context

significantly improved intelligibility overall, though listeners

received a greater clear speech benefit for meaningful sentences

than anomalous sentences. With these differences in intelligibility

confirmed, Experiment 2 addresses the effects of such differences

on sentence recognition memory.

Experiment 2: Recognition memory for clear and
conversational speech

Participants. 33 young adults between the ages of 18 and 31

took part in Experiment 2: recognition memory for semantically

anomalous sentences (n = 18, ages 18–31) or meaningful sentences

Figure 1. Waveforms and spectrograms of one meaningful
sentence (top panels) and one anomalous sentences (bottom
panels), each produced in both conversational (left panels) and
clear (right panels) speaking styles. Each panel display represents
2.5 seconds.
doi:10.1371/journal.pone.0043753.g001
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(n = 15, ages 18–23). All participants were students at the

University of Texas who were recruited via word of mouth or

flyers posted on campus. No participant reported a history of

speech, language, or hearing problems. All participants were

native, monolingual speakers of American English (see criteria in

Experiment 1) and none of them had participated in Experiment

1. All participants passed a hearing-screening test (1000, 2000, and

4000 Hz at 25 dB). They provided written informed consent and

were either paid for their participation or received course credit.

Stimuli. The stimuli included a total of 160 semantically

anomalous sentences or 160 meaningful sentences. The sentences

were presented without noise. In order to confirm that the subsets

of sentences used as old and new for recognition memory did not

vary systematically in their intelligibility, the intelligibility data

from Experiment 1 was further analyzed. Unpaired, 2-tailed t-tests

were conducted to compare the intelligibility of the sentences that

were to be used as new and old in the recognition memory

experiments. These tests showed no significant difference between

the intelligibility of old and new sentences.

Procedure. Participants first completed language background

questionnaires. They were then seated in a sound-attenuated

booth facing a computer monitor and wearing headphones.

Instructions and stimuli were presented with EPrime [56], and

listener responses were collected using a button box. During the

exposure phase, listeners heard 40 unique sentences in random

order and were instructed to try to commit them to memory. 20 of

the sentences were presented in conversational speech, and 20 in

clear speech. Listeners heard each sentence only one time, and

Table 1. Acoustic measures of sentence materials by speaking style and material type.

Mean (SD)
Clear speech:
Anomalous

Conversational Speech:
Anomalous Clear speech: Meaningful

Conversational Speech:
Meaningful

Duration (s) 2.87 (.44) 1.42 (.12) 3.21 (.35) 1.55 (.14)

Average F0 (Hz) 170.85 (7.91) 160.92 (8.68) 167.42 (7.90) 161.24 (8.85)

F0 range (Hz) 157.90 (91.02) 124.02 (100.97) 215.63 (122.69) 136.79 (108.25)

Energy: 1–3 kHz 23.22 (2.20) 23.10 (2.19) 22.17 (2.63) 22.61 (2.52)

doi:10.1371/journal.pone.0043753.t001

Figure 2. Average proportion of keywords identified from semantically anomalous and meaningful sentences produced in clear
and conversational speaking styles. Error bars represent standard error.
doi:10.1371/journal.pone.0043753.g002

Speech Clarity and Recognition Memory

PLOS ONE | www.plosone.org 4 September 2012 | Volume 7 | Issue 9 | e43753



sentences were separated by 500 ms of silence. At the end of the

exposure phase, listeners were instructed that they would listen to

another set of sentences. This time, they were instructed to

indicate, using the button box, whether each sentence was new or

old (from the exposure phase). All 40 of the exposure sentences

were included, along with 40 new items (also half conversational

and half clear). These 80 items were fully randomized for each

participant, and they heard each one only once. At the end of the

test phase, listeners were given the opportunity to take a break.

They then completed the entire task a second time with 80 new

sentences. This second block was included to ensure consistent

performance across different sets of items.

Results. The recognition memory data was analyzed within a

signal detection framework. To this end, d9 and C scores were

computed for each participant to assess discrimination sensitivity

and bias. d9 is calculated by subtracting the normalized probability

of false alarms (identifying a new item as old) from the normalized

probability of hits (identifying an old item as old). Those

probabilities were then corrected to accommodate values of 0

and 1 in the d9 calculation [58]. Table 5 displays all uncorrected

hit rates and false alarm rates as well as the calculated d9 and C

scores. The average C scores across all conditions are positive,

meaning participants were generally biased to respond ‘‘new’’

more often than ‘‘old.’’ This bias was stronger for speech produced

in a clear style. The overall results of Experiment 2, presented as

D9 scores, are shown in Figure 3.

D9 scores were submitted to a repeated measures ANOVA with

Speaking Style (conversational or clear) and Block (1st or 2nd) as

within-subjects factors and Semantic Content (anomalous vs.

meaningful) as a between-subjects factor. This analysis revealed

main effects of Speaking style (F(1,31) = 8.975, p = .005) and

Semantic content (F(1,31) = 13.489, p = .001), with better perfor-

mance on semantically meaningful sentences and on sentences

produced in a clear style. There was no significant effect of Block

(first vs. second), and no significant interactions between Speaking

style, Semantic content, and/or Block.

Discussion

We examined the extent to which speaking style modifications

facilitate recognition memory for spoken sentences. Experiment 1

evaluated the intelligibility of meaningful and semantically

anomalous sentences spoken in clear and conversational styles.

Experiment 2 examined listeners’ recognition memory for these

sentences. As predicted, acoustic-phonetic and semantic contex-

tual enhancements resulted in better intelligibility, as evidenced by

improved sentence recognition in noise (Experiment 1). Further,

the intelligibility enhancement for clear speech was greater for

meaningful sentences than for anomalous sentences. Importantly,

the results demonstrated that clear speech sentences and

meaningful sentences significantly improved recognition memory

compared to conversational and semantically anomalous sentences

(Experiment 2).

The results of Experiment 1 are consistent with previous studies

showing that clear speech enhances intelligibility for listeners (see

reviews in [33,59]) and that semantic contextual information

enhances the intelligibility of speech in noise [60,61,62,63].

Furthermore, the enhancing effect of clear speech was significantly

greater for meaningful sentences than for anomalous sentences,

which indicates that these two factors independently improve

intelligibility and mutually enhance the contributions of one

another. Semantic contextual information and a clear speaking

style thus benefit intelligibility in a cumulative manner through the

speech processing system (cf. [60]).

Most importantly, this study showed that, in addition to being

more intelligible than conversational speech, clear speech also led

to better performance on a recognition memory task. The

observed differences in recognition memory cannot be attributed

to differences in whether the sentences were recognized correctly,

because all sentences in the memory experiment were presented in

quiet, rendering them intelligible to listeners. Rather, speaking

style changes that enhanced intelligibility (as shown in Experiment

1) contributed to enhanced recognition memory (Experiment 2). It

is worth noting that the enhanced recognition memory for clear

speech was manifested largely in a lower rate of false alarm

responses (see Table 4). This pattern of results has been shown in

other studies of recognition memory (e.g., [64,65,66]) and has

been interpreted as evidence for differences in the availability of

distinctive features in memory for different types of stimuli [64]. In

the present case, a greater number of distinctive features may be

available to listeners in memory for clear speech versus conver-

sational speech. In particular, we suggest that the exaggerated

acoustic-phonetic cues in clear speech enhance memory traces for

sentences produced in that style.

To understand how these enhanced memory traces might result

in lowered false alarm rates, imagine (for simplicity’s sake) that a

participant has a single distinctive feature in memory for a given

conversational sentence (CO1) and five distinctive features in

memory for a given clear sentence (CL1). If either sentence is

Table 2. Results of the linear mixed effects logistic regression
on intelligibility data for all sentences.

Fixed effects: Estimate Std. Error z value Pr(.|z|)

(Intercept) 3.3184 0.4619 7.184 6.75e-13 ***

Semantics 3.9740 0.9123 4.356 1.33e-05 ***

Style 21.4941 0.1758 28.496 ,2e-16 ***

Semantics:Style 21.0556 0.3284 23.214 0.00131 **

doi:10.1371/journal.pone.0043753.t002

Table 3. Results of the linear mixed effects logistic regression
on intelligibility data for anomalous sentences.

Anomalous
Sentences Fixed
effects: Estimate Std. Error z value Pr(.|z|)

(Intercept) 1.3805 0.1364 10.122 ,2e-16 ***

Style 20.9903 0.2259 24.383 1.17e-05 ***

doi:10.1371/journal.pone.0043753.t003

Table 4. Results of the linear mixed effects logistic regression
on intelligibility data for meaningful sentences.

Meaningful
Sentences
Fixed effects: Estimate Std. Error z value Pr(.|z|)

(Intercept) 8.0046 1.7574 4.555 5.24e-06 ***

Style 21.8616 0.3759 24.952 7.34e-07 ***

doi:10.1371/journal.pone.0043753.t004
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presented as a target (old) item during the recognition task, the

person has a good chance of recognizing it as old, since people can

identify items as old with very few distinctive features. If another

conversational sentence (CO2) is presented as a distractor (new),

however, and it happens to have a feature that is very similar to

the feature in memory for CO1, then the person is likely to

produce a false alarm since s/he has no other features in memory

on which to base a rejection. In contrast, if another clear sentence

(CL2) is presented as a distractor, it may have a feature very

similar to one of the features in memory, but the person has four

other features on which to base a correct rejection. (See Lamont et

al. (2005) for a similar discussion.) In this way, the false alarm rate

can be higher for conversational sentences while the hit rates are

similar across sentence types. The present data do not allow us to

speculate whether this memory enhancement occurs at the

segmental, suprasegmental, lexical, or semantic level (or, most

likely, through interactions at various levels).

The current results thus show that the beneficial effects of clear

speech go beyond facilitating word identification and can also

provide advantages in downstream processes such as encoding in

memory. It remains to be determined what particular features of

clear speech may underlie the observed improvements in

recognition memory and whether these are the same features that

contribute to enhancements in intelligibility. The acoustic analysis

Figure 3. Average d9 scores in both testing blocks for semantically anomalous and meaningful sentences produced in clear and
conversational speaking styles. Error bars represent standard error.
doi:10.1371/journal.pone.0043753.g003

Table 5. Calculated hit rates, false alarm rates, d9, and C values for the recognition memory test.

Conversational Speech Clear speech

Hit Rate
False Alarm
Rate d9 C Hit Rate

False Alarm
Rate d9 C

Anomalous Block 1 0.67 0.31 0.96 0.02 0.64 0.21 1.19 0.23

Anomalous Block 2 0.63 0.34 0.95 0.04 0.56 0.22 1.24 0.27

Meaningful Block 1 0.69 0.25 1.16 0.08 0.70 0.15 1.56 0.26

Meaningful Block 2 0.73 0.25 1.39 0.04 0.64 0.13 1.56 0.39

doi:10.1371/journal.pone.0043753.t005
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of the clear and conversational speech produced for this study

showed several typical differences between conversational and

clear speech: clear speech had longer duration, higher average F0

(corresponding to pitch), and greater energy in the 1–3 kHz range.

It is important to note, however, that the exact articulatory-

acoustic cues that contribute to the clear speech advantage remain

rather elusive [67,68,69]. Research focus, thus, remains on finding

the relevant acoustic-phonetic clear speech features and establish-

ing their impact on intelligibility and recognition memory.

In addition to providing new evidence for the beneficial effects

of clear speech on speech processing, this study extends previous

work on the effects of speech signal variability on recognition

memory. Specifically, where previous studies have shown that

across-talker variability has significant effects on recognition

memory for speech [18,22], the present study shows that within-

talker speaking style changes also significantly affect recognition

memory. Since both the clear and conversationally produced

sentences were fully intelligible to listeners in the memory

experiment (no noise distortion), this result is generally compatible

with accounts of speech processing that emphasize episodic

encoding in memory.

The finding that clear speech led to better recognition memory

than conversational speech is also in keeping with the effortfulness

hypothesis [43,70], which suggests that, by reducing the cognitive

effort associated with perceptual speech processing, more process-

ing resources will be available for encoding speech content in

memory. Our results provide novel support for the hypothesis in

that more easily recognized clear speech (as indicated by improved

word recognition) was also encoded better in memory. The results

suggest that, because clear speech requires less ‘‘effort’’ on the part

of the listener, more processing resources could be recruited for

retaining more information about the spoken sentences in

memory.

The finding that the presence of semantic context significantly

enhanced recognition memory is also in line with the effortfulness

hypothesis. Previous studies have shown that processing meaning-

ful stimuli leads to improvement in ‘chunking’ and recall [71,72].

Presumably, semantically congruous sentences can be chunked

into smaller memory units. This chunking reduces processing

demands, leaving more resources available for memory encoding.

In contrast, encoding semantically incongruous information as in

the anomalous sentences likely requires more processing resources,

which may lead to poorer memory encoding.

The current results additionally provide new evidence of the

cumulative benefit of acoustic-phonetic and semantic contextual

enhancements in naturally produced speech on memory encoding.

That is, both sources of intelligibility variability significantly affect

available processing resources and memory encoding. The results

further suggest that both intelligibility and sentence recognition

memory are shaped by the interplay of peripheral-auditory (clarity

of the speech signal) and central-cognitive (semantic) factors.

Future research needs to address the exact mechanism that

underlies how processing resources are allocated in different tasks

(e.g., word recognition vs. recognition memory) for speech of

varying intelligibility.

There are several practical implications of these results. First,

the results reported here suggest that the encoding of speech

signals in memory may be affected by other common sources of

variability in speech intelligibility, such as foreign accent, speech

production impairment, and the presence of noise in the

communicative environment – all cases where speech processing

will require additional cognitive effort. Second, there are a number

of listener populations for whom extra effort must regularly be

expended in order to achieve perceptual success in the course of

everyday speech communication. These groups include individuals

with hearing impairment, auditory processing deficits, and

cochlear implants, as well as older adults. Furthermore, noisy

environments increase the level of perceptual effort required for

individuals of all hearing abilities – a fact which may be

particularly relevant for children learning in noisy classrooms.

Our results suggest that perceptual success in these situations may

come at the cost of processing resources that would otherwise be

available for encoding the speech content in memory. It is

important, therefore, that those who communicate regularly with

these populations (e.g., hearing professionals, caretakers, teachers,

etc.) be aware that apparent memory problems may, in fact, be

rooted in perceptual difficulties, and further, that simply speaking

clearly for such listeners can enhance not only the intelligibility of

speech, but also a person’s ability to encode it in memory.

Acknowledgments

We would like to thank Lauren Ayres, Natalie Czimskey and Rachael

Gilbert for their assistance with experiment design and data collection. We

would also like to thank Joanna Boardman, Lauren Burleson, and Lauren

Franklin for their assistance with data collection.

Author Contributions

Conceived and designed the experiments: KJV BC RS. Performed the

experiments: KJV. Analyzed the data: KJV. Wrote the paper: KJV BC RS.

References

1. Abercrombie D (1967) Elements of general phonetics. Chicago: Aldine

Publishing Company.
2. Clopper C, Pisoni DB (2005) Perception of dialect variation. In: Pisoni DB,

Remez RE, editors. The Handbook of Speech Perception. Malden, MA:

Blackwell Publishing. pp 313–337.
3. Kreiman J (1997) Listening to voices: Theory and practice in voice perception

research. In: Johnson K, Mullenix JW, editors. Talker Variability in Speech
Processing. New York: Academic Press. pp 85–105.

4. Laver (1968) Voice quality and indexical information. Int J Lang Commun

Disord 3: 43–54.
5. Laver J (1989) Cognitive science and speech: A framework for research. In:

Schnelle H, Bernson NO, editors. Logic and linguistics: Research directions in
cognitive science European perspective. Hillsdale, NJ: Lawrence Erlbaum. pp

37–70.
6. Laver J, Trudgill P (1979) Phonetic and linguistic markers in speech. In: Scherer

KR, Giles H, editors. Social Markers in Speech. Cambridge: Cambridge

University Press. pp 1–32.
7. Van Lancker D, Kreiman J, Emmorey K (1985) Familiar voice recognition:

Patterns and parameters: Part 1. Recognition of backward voices. J Phon 13: 19–
38.

8. Ladefoged P, Broadbent DE (1957) Information conveyed by vowels. J Acoust

Soc Am 29: 98–104.

9. Remez RE, Fellowes JM, Rubin PE (1997) Talker identification based on

phonetic information. J Exp Psychol Hum Percept Perform 23: 651–666.

10. Glisky EL, Polster MR, Routhieaux BC (1995) Double dissociation between item

and source memory. Neuropsychology 9: 229–235.

11. Kreiman J, Van Lancker D (1988) Hemispheric specialization for voice

recognition: Evidence from dichotic listening. Brain Lang 34: 246–252.

12. Landis T, Buttet J, Assal G, Graves R (1982) Dissociation of ear preference in

monaural word and voice recognition. Neuropsychologia 20: 501–504.

13. Nakamura K, Kawashima R, Sugiura M, Kato T, Nakamura A, et al. (2001)

Neural substrates for recognition of familiar voices: a PET study. Neuropsycho-

logia 39: 1047-1010-1054.

14. Shah NJ, Marshall JC, Zafiris O, Schwab A, Zilles K, et al. (2001) The neural

correlates of person familiarity: A functional magnetic resonance imaging study

with clinical implications. Brain 124: 804–815.

15. Stevens AA (2004) Dissociating the cortical basis of memory for voices, words

and tones. Brain Res Cogn Brain Res 18: 162–171.

16. Bradlow AR, Nygaard LC, Pisoni DB (1999) Effects of talker, rate and amplitude

variation on recognition memory for spoken words. Percept Psychophys 61:

206–219.

17. Chandrasekaran B, Chan AHD, Wong PCM (2011) Neural processing of what

and who information in speech. J Cogn Neurosci 23: 2690–2700.

Speech Clarity and Recognition Memory

PLOS ONE | www.plosone.org 7 September 2012 | Volume 7 | Issue 9 | e43753



18. Goldinger SD (1996) Words and voices: Episodic traces in spoken word

identification and recognition memory. J Exp Psychol Learn Mem Cogn 22:
1166–1183.

19. Goldinger SD, Pisoni DB, Logan JS (1991) On the nature of talker variability

effects on recall of spoken word lists. J Exp Psychol Learn Mem Cogn 17: 152–
162.

20. Mullenix J, Pisoni DB (1990) Stimulus variability and processing dependencies in
speech perception. Percept Psychophys 47: 379–390.

21. Nygaard LC, Sommers MS, Pisoni DB (1994) Speech perception as a talker

contingent process. Psychol Sci 5: 42–46.
22. Palmeri TJ, Goldinger SD, Pisoni DB (1993) Episodic encoding of voice

attributes and recognition memory for spoken words. J Exp Psychol Learn Mem
Cogn 19: 309–328.

23. Schacter DL, Church BA (1992) Auditory priming: Implicit and explicit memory
for words and voices. J Exp Psychol Learn Mem Cogn 18: 915–930.

24. Bradlow AR, Kraus N, Hayes E (2003) Speaking Clearly for Children with

Learning Disabilities: Sentence perception in noise. J Speech Lang Hear Res 46:
80–97.

25. Ferguson SH, Kewley-Port D (2002) Vowel intelligibility in clear and
conversational speech for normal-hearing and hearing-impaired listeners.

J Acoust Soc Am 112: 259–271.

26. Krause JC, Braida LD (2004) Acoustic properties of naturally produced clear
speech at normal speaking rates. J Acoust Soc Am 115: 362–378.

27. Liu S, Del Rio E, Bradlow AR, Zeng FG (2004) Clear speech perception in
acoustic and electrical hearing. J Acoust Soc Am 116: 2374–2383.

28. Matthies M, Perrier P, Perkell JS, Zandipour M (2001) Variation in anticipatory
coarticulation with changes in clarity and rate. J Speech Lang Hear Res 44: 340–

353.

29. Perkell JS, Zandipour M, Matthies ML, Lane H (2002) Economy of effort in
different speaking conditions. I. A preliminary study of intersubject differences

and modeling issues. J Acoust Soc Am 112: 1627–1641.
30. Picheny MA, Durlach NI, Braida LD (1986) Speaking clearly for the hard of

hearing: II. Acoustic characteristics of clear and conversational speech. Journal

of Speech and Hearing Research 29: 434–446.
31. Picheny MA, Durlach NI, Braida LD (1989) Speaking clearly for the hard of

hearing III: an attempt to determine the contribution of speaking rate to
differences in intelligibility between clear and conversational speech. J Speech

Hear Res 29: 600–603.
32. Smiljanic R, Bradlow AR (2005) Production and perception of clear speech in

Croatian and English. J Acoust Soc Am118: 1677–1688.

33. Smiljanic R, Bradlow AR (2009) Speaking and hearing clearly: Talker and
listener factors in speaking style changes. Lang Linguist Compass 3: 236–264.

34. Smiljanic R, Bradlow AR (2008) Temporal organization of English clear and
conversational speech. J Acoust Soc Am 125: 3171–3182.

35. Bradlow AR, Bent T (2002) The clear speech effect for non-native listeners.

J Acoust Soc Am 112: 272–284.
36. Smiljanic R, Bradlow AR (2008) Stability of temporal contrasts across speaking

styles in English and Croatian. J Phon 36: 91–113.
37. Maniwa K, Jongman A, Wade T (2009) Acoustic characteristics of clearly

spoken English fricatives. J Acoust Soc Am 125: 3962–3973.
38. Kang K-H, Guion SG (2008) Clear speech production of Korean stops:

Changing phonetics targets and enhancement strategies. J Acoust Soc Am 124:

3909–3917.
39. Krause JC, Braida LD (2002) Investigating alternative forms of clear speech:

The effects of speaking rate and speaking mode on intelligibility. J Acoust Soc
Am 112: 2165–2172.

40. Payton KL, Uchanski RM, Braida LD (1994) Intelligibility of conversational and

clear speech in noise and reverberation for listeners with normal and impaired
hearing. J Acoust Soc Am 95: 1581–1592.

41. Ferguson SH (2012) Talker differences in clear and conversational speech: vowel
intelligibility for older adults with hearing loss. J Speech Lang Hear Res 55: 779–

790.

42. Schum DJ (1996) Intelligibility of clear and conversational speech of young and
elderly talkers. J Am Acad Audiol 7: 212–218.

43. McCoy SL, Tun PA, Cod LC, Colangelo M, Stewart RA, et al. (2005) Hearing
loss and perceptual effort: Downstream effects on older adults’ memory for

speech. The Quarterly Journal of Experimental Psychology 58A: 22–33.

44. Rabbitt PMA (1991) Mild hearing loss can cause apparent memory failures

which increase with age and reduce with IQ. Acta Otolaryngolica Supplue-
mentum 476: 167–176.

45. Rabbitt PMA (1968) Channel capacity, intelligibility and immediate memory.

Q J Exp Psychol 20: 241–248.
46. Murphy DR, Craik FIM, Li KZH, Schneider BA (2000) Comparing the effects

of aging and background noise on short-term memory performance. Psychol
Aging 15: 49–61.

47. Pichora-Fuller MK, Souza PE (2003) Effects of aging on auditory processing of

speech. Int J Audiol 42: 2S11–12S16.
48. Wingfield A, Tun PA, McCoy SL (2005) Hearing loss in older adulthood: what it

is and how it interacts with cognitive performance. Curr Dir Psychol Sci 14:
144–148.

49. Surprenant AM (1999) The effect of noise on memory for spoken syllables.
Int J Psychol 34: 328–333.

50. Surprenant AM (2007) Effects of noise on identification and serial recall of

nonsense syllables in older and younger adults. Aging Neuropsychol Cogn 14:
126–143.

51. van Boxtel MPJ, van Beijsterveldt PJ, Houx LJC, Anteunis JFM, Metsemakers,
et al. (2000) Mild hearing impairment can reduce verbal memory performance

in a healthy adult population. J Clin Exp Neuropsychol 22: 147–154.

52. Pichora-Fuller MK, Schneider BA, Daneman M (1995) How young and old
adults listen to and remember speech in noise. J Acoust Soc Am 97: 593–608.

53. Nye PW, Gaitenby JH (1974) The intelligibility of synthetic monosyllabic words
in short, syntactically normal sentences. Status Report on Speech Research SR-

37/38: Haskins Laboratory.
54. Calandruccio L, Smiljanic R (2012) New Sentence Recognition Materials

Developed Using a Basic Non-native English Lexicon. J Speech Lang Hear Res.

55. Boersma P, Weenink D (2009) Praat: doing phonetics by computer. 5.1 ed.
56. Schneider W, Eschman A, Zuccolotto A (2002) E-Prime User’s Guide.

Pittsburgh, Pennsylvania: Psychology Software Tools, Inc.
57. R Development Core Team (2005) R: A language and environment for

statistical computing. Vienna: R Foundation for Statistical Computing.

58. Snodgrass JG, Corwin J (1988) Pragmatics of measuring recognition memory:
applications to dementia and amnesia. J Exp Psychol Gen 117: 34–50.

59. Uchanski RM (2005) Clear Speech. In: Pisoni DB, Remez RE, editors. The
Handbook of Speech Perception. Malden, MA: Blackwell Publishing.

60. Bradlow AR, Alexander JA (2007) Semantic and phonetic enhancements for
speech-in-noise recognition by native and non-native listeners. J Acoust Soc Am

121: 2339–2349.

61. Boothroyd A, Nittrouer S (1988) Mathematical treatment of context effects in
phoneme and word recognition. J Acoust Soc Am 84: 101–114.

62. Kalikow DN, Stevens KN, Elliott LL (1977) Development of a test of speech
intelligibility in noise using sentence materials with controlled word predictabil-

ity. J Acoust Soc Am 61: 1337–1351.

63. Miller GA, Isard S (1963) Some perceptual consequences of linguistic rules.
Journal of Verbal Learning and Verbal Behavior 2: 217–228.

64. Lamont AC, Stewart-Williams S, Podd J (2005) Face recognition and aging:
effects of target age and memory load. Mem Cognit 33: 1017–1024.

65. Podd J (1990) The effects of memory load and delay on face recognition. Applied
Cogn Psychol 4: 47–60.

66. Davies GM, Shepherd JW, Ellis HD (1979) Similarity effects in facial

recognition. American Journal of Psychology 92: 507–523.
67. Ferguson SH (2004) Talker differences in clear and conversational speech:

Vowel intelligibility for normal-hearing listeners. J Acoust Soc Am116: 2365–
2373.

68. Liu S, Zeng F-G (2006) Temporal properties in clear speech perception. J Acoust

Soc Am 120: 424–432.
69. Hazan V, Markham D (2004) Acoustic-phonetic correlates of talker intelligibility

for adults and children. J Acoust Soc Am116: 3108–3118.
70. Tun PA, McCoy SL, Wingfield A (2009) Aging, hearing acuity, and the

attentional costs of effortful listening. Psychol Aging 24: 761–766.

71. Tulving E, Patkau JE (1962) Concurrent effects of contextual constraint and
word frequency on immediate recall and learning of verbal material.

Can J Psychol 16: 83–95.
72. Glanzer M, Razel M (1974) The size of the unit in short-term storage. Journal of

Verbal Learning and Verbal Behavior 13: 114–131.

Speech Clarity and Recognition Memory

PLOS ONE | www.plosone.org 8 September 2012 | Volume 7 | Issue 9 | e43753


