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Calibration of Consonant Perception
to Room Reverberation
Eleni Vlahou,a,b,c Kanako Ueno,d Barbara G. Shinn-Cunningham,e and Norbert Kopčob,c
Purpose: We examined how consonant perception is
affected by a preceding speech carrier simulated in the
same or a different room, for different classes of consonants.
Carrier room, carrier length, and carrier length/target room
uncertainty were manipulated. A phonetic feature analysis
tested which phonetic categories are influenced by the
manipulations in the acoustic context of the carrier.
Method: Two experiments were performed, each with
nine participants. Targets consisted of 10 or 16 vowel–
consonant (VC) syllables presented in one of two strongly
reverberant rooms, preceded by a multiple-VC carrier
presented in either the same room, a different reverberant
room, or an anechoic room. In Experiment 1, the carrier
length and the target room randomly varied from trial to trial,
whereas in Experiment 2, they were fixed within a block
of trials.
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Results: Overall, a consistent carrier provided an advantage
for consonant perception compared to inconsistent carriers,
whether in anechoic or differently reverberant rooms. Phonetic
analysis showed that carrier inconsistency significantly
degraded identification of the manner of articulation, especially
for stop consonants and, in one of the rooms, also of voicing.
Carrier length and carrier/target uncertainty did not affect
adaptation to reverberation for individual phonetic features.
The detrimental effects of anechoic and different reverberant
carriers on target perception were similar.
Conclusions: The strength of calibration varies across
different phonetic features, as well as across rooms with
different levels of reverberation. Even though place of
articulation is the feature that is affected by reverberation
the most, it is the manner of articulation and, partially, voicing
for which room adaptation is observed.
Reverberation is ubiquitous in everyday settings. It
has a pervasive influence on the acoustic signals
reaching a listener, affecting their temporal

structure, spectral content, and interaural differences (Shinn-
Cunningham, 2003). Numerous studies show that reverbera-
tion can impair spatial hearing and speech perception. For
example, it negatively affects sound localization in the hori-
zontal plane (Hartmann, 1983), selective auditory attention
to a speech source in the presence of competing sources
(Ruggles & Shinn-Cunningham, 2011), and speech intelligibility,
particularly for children and older adults, nonnative listeners,
and hearing-impaired individuals (Assmann & Summerfield,
2004; Lecumberri et al., 2010; Nábĕlek & Donahue, 1984;
Takata & Nábĕlek, 1990). On the other hand, there is strong
evidence that adult listeners can quickly adapt to and take
advantage of reverberation in many situations (Helfer,
1994; Shinn-Cunningham, 2003). For instance, listeners
are sensitive to the statistical regularities that are present
in everyday reverberation and exploit these regularities to
separate the contributions of sound sources and environmental
filters (Traer & McDermott, 2016). Reverberation can
facilitate distance perception (e.g., Zahorik et al., 2005).
Furthermore, exposure to different rooms during phonetic
training can enhance implicit phonetic learning (Vlahou
et al., 2019). Collectively, these results demonstrate that
reverberation can both disrupt and enhance auditory per-
ception and that listeners use various adaptation mechanisms
to mitigate the negative impacts of reverberation and to
improve auditory and speech perception.

Different researchers have postulated monaural and
binaural adaptation mechanisms that use information from
the preceding context to modify and improve speech per-
ception in reverberation (Beeston et al., 2014; Brandewie &
Zahorik, 2010; Srinivasan & Zahorik, 2013; Watkins, 2005).
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While the specific underlying mechanisms are not fully un-
derstood, two primary mechanisms that have been hypothe-
sized include sensitivity to temporal envelope information and
to stable spectrotemporal properties in the environment
(Srinivasan & Zahorik, 2014; Stilp et al., 2016; Watkins et al.,
2011; Zahorik & Anderson, 2013). Several studies sug-
gest that listeners have high sensitivity to distortions to the
signal amplitude envelope that are caused by room rever-
beration (Zahorik & Anderson, 2013) that appears to be
specific to the reverberant envelope, but not reverberant-fine
structure signal (Srinivasan & Zahorik, 2014; Watkins et al.,
2011). Related but distinct work has explored listeners’ per-
ceptual adjustment to stable spectrotemporal patterns in the
acoustic environment (Stilp et al., 2016). Although this type
of perceptual compensation is not due to reverberation or
speech per se, it appears to help listeners to handle rever-
beration by decreasing perceptual weight for nonvarying
spectral cues and assigning larger perceptual weights for
changing and, thus, more informative, spectral cues.

Regardless of the exact contributions and comple-
mentarity of the underlying mechanisms, recent behavioral
research has elucidated how adaptation to reverberation
affects speech processing. In a seminal study, Watkins (2005)
exposed listeners to different levels of reverberation using
monaural speech tokens from the continuum from “sir” to
“stir.” He showed that, for the same amount of reverbera-
tion imposed on the same speech token, listeners shifted their
responses toward “sir” or “stir” depending on the level of re-
verberation in the preceding carrier phrase. Later studies
replicated this finding with other speech sounds (Beeston
et al., 2014) and nonspeech contexts (Watkins & Makin,
2007). Zahorik and colleagues used binaural tasks with
speech stimuli presented in reverberation and noise. They
demonstrated that prior exposure to a consistent room sig-
nificantly improved performance for stimuli taken from the
coordinate response measure corpus (Bolia et al., 2000; used
in Brandewie & Zahorik, 2010) and for sentences with rich
phonetic and lexical content taken from the TIMIT database
(Garofolo et al., 1993; used in Srinivasan & Zahorik, 2013).
These results not only provide robust evidence that exposure
to consistent rooms improves subsequent speech processing
but also raise important new questions.

First, it is not clear whether adaptation to reverbera-
tion generalizes across speech sounds and phonetic features
with different acoustic properties. Adaptation does generalize
across stimuli with diverse lexical content and, thus, is ecologi-
cally beneficial for real-world listening (Srinivasan & Zahorik,
2013). However, the use of lexical items does not enable a
precise examination of adaptation processes at the segmen-
tal phoneme level, factoring out the contribution of higher
order linguistic cues. A previously mentioned early study
showed that monaural compensation mechanisms affect per-
ception of the “sir”–“stir” contrast (Watkins, 2005). A later
study showed that adaptation extends to other stops differing
in place of articulation, especially /p/ and /b/ (Beeston et al.,
2014). Stop consonants are popular candidates for studies
investigating speech under adverse conditions, as they are
particularly susceptible to masking by noise and temporal
smearing by reverberation (e.g., Assmann & Summerfield,
2004). Less is known about whether consistent room exposure
improves the perception of other features that are also sus-
ceptible to room distortions (e.g., nonsibilant fricatives, place
contrasts; Gelfand & Silman, 1979). A more detailed in-
vestigation of adaptation patterns across different speech sounds
in different rooms can better inform theories and models
of speech intelligibility in everyday listening environments.

While there is strong evidence that speech perception
can be dramatically improved after exposure to consistent
reverberation, less is known about how different incon-
sistent environments affect performance. Brandewie and
Zahorik (2018; Experiment 1) replicated the finding of
improved speech-in-noise perception after exposure to a
consistent room compared to a baseline condition where
no prior room context was given. Examining the effects of
inconsistent carriers, they found that when there was a switch
from one reverberant room to a room with different re-
verberation, performance was significantly worse than in
the consistent condition, and that the amount of degradation
depended on the relative strength of reverberation in the car-
rier versus target rooms. Specifically, the disruption was larger
when the switch was from a more reverberant carrier room
to a less reverberant target room compared to when the
carrier room was less reverberant than the target room.
The authors suggested that this might occur because some
of the adaptation to the less-reverberant carrier transferred
to the new room, improving performance and reducing the
difference from the consistent condition. These results moti-
vate further examination of how the acoustic properties of
a preceding and new environment interact, especially when
the speech is not masked by noise and the system has an
opportunity to estimate the room characteristics from the
unmasked signals.

Another important issue is the duration of the pre-
ceding acoustic context needed for the perceptual system
to calibrate. For spatial hearing, there is evidence that
localization performance in a weakly reverberant room
can continue to improve after hours of exposure (Shinn-
Cunningham, 2000). For speech perception, evidence from
recent studies suggests more rapid adaptation timescales.
For instance, monaural compensation occurs in under a
second, with exposure to a consistent previous context pro-
ducing adaptation that builds up over at least up to 500 ms
of exposure (Beeston et al., 2014). On the other hand, bin-
aural compensation can result in improvement over tens of
seconds: Adaptation to a room continues to improve with
exposure to as many as 10 sentences in the room (Longworth-
Reed et al., 2009). Yet, other studies found no increase in
adaptation across multiple sentences (Srinivasan & Zahorik,
2014) and no evidence for long-term improvements over
many trials (Brandewie & Zahorik, 2010). The exposure
duration at which intelligibility improvement asymptotes
was also observed to increase with signal-to-noise (SNR),
from 850 ms for lower SNRs to 2.7 s for higher SNRs
(Brandewie & Zahorik, 2013). These results suggest that the
buildup of adaptation to reverberation for speech perception
occurs on a timescale that ranges widely across conditions.
Vlahou et al.: Consonant Perception in Reverberation 2957
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Here, we examine whether longer exposure to a preceding
consistent-versus-inconsistent environment is more beneficial
for individual phonetic features of vowel–consonant (VC)
syllables in challenging listening environments without noise
masking distorting the acoustic properties of the room.

Finally, while past work explored effects of the acous-
tic properties and the duration of the carrier, less emphasis
has been given to nonacoustic factors such as the ability to
direct selective attention to the target speech. For example,
knowing when target speech will appear might affect the
ability either to benefit from a preceding consistent carrier or
to overcome the disruption caused by an inconsistent carrier.
Research on speech perception in complex auditory scenes
suggests that prior knowledge of the spatial position and
voice of a target speech can reduce attentional load and im-
prove selective auditory attention and speech intelligibility
in reverberation (e.g., Best et al., 2008; Shinn-Cunningham
& Best, 2008). The importance of various aspects of cog-
nitive function (including attention, working memory, speech
of processing, etc.) on speech perception in adverse listening
environments (e.g., with noise or multiple talkers) has been
documented in numerous studies (see Dryden et al., 2017,
for a review). However, more research is needed to deter-
mine whether these top–down factors can also enhance ad-
aptation to reverberation.

Here, we performed two behavioral experiments that
studied adaptation to room reverberation for consonant
perception. In both experiments, listeners were exposed
to VC syllables from a carrier phrase, followed by a target
VC syllable simulated as being presented in one of two
rooms (i.e., R1 or R2). The task was to identify the con-
sonant in the final target syllable. The carrier room was
R1, R2, or anechoic space. The length of the carrier varied,
containing either two or four VC syllables. Finally, the
carrier/target uncertainty varied across the experiments. In
Experiment 1, both the carrier length and the target room
randomly varied from trial to trial; that is, participants could
not predict when and from which simulated room the target
would appear. In Experiment 2, the carrier length and the
target room were fixed; that is, participants knew in advance
when and from which simulated room they would hear the
target.

The two reverberant rooms simulated in this study,
R1 and R2, had broadband T60s of approximately 2.5 and
3 s, respectively, and differed both in room volume and in
the distance from source to listener. This strong reverbera-
tion was chosen to avoid performance ceiling effects that
would preclude us from observing any benefits of adaptation.
Previous studies have tackled the ceiling issue by using noise
maskers (e.g., Zahorik & Brandewie, 2016) or by low-pass
filtering the stimuli (Beeston et al., 2014). Although adding
noise makes the task more difficult, the unique effects of
reverberation and the listeners’ compensation mechanisms
might differ in multiple ways between masked and unmasked
conditions. First, if masking noise of levels comparable to the
speech is continuously present, then the masking energy
always dominates at least over a part of the speech sound’s
reverberant tail, particularly after the word offset. Thus, the
2958 Journal of Speech, Language, and Hearing Research • Vol. 64 •
noise may mask the reverberant tail, preventing the auditory
system from, for example, directly estimating frequency-
dependent values of T60 for which the system might otherwise
compensate. Second, the noise has intrinsic, random tempo-
ral modulations that are independent of the target speech
sound (whereas, in contrast, the reverberant tail of a sound
is deterministically related to the direct sound via the binaural
room impulse response [BRIR]). These independent modula-
tions are likely to interfere with the system’s ability to es-
timate the temporal modulations like dips in the target
stimulus envelope critical for distinguishing certain con-
sonants (e.g., for the “sir–stir” contrast; Beeston et al., 2014;
Watkins, 2005). Third, the constant noise energy is likely to
dominate the overall signal energy, particularly at the tem-
poral dips of the target signal. Since such dips have differ-
ent depths depending on the consonant (e.g., for the “sir–
stir” contrast) and on the room, if the dips are filled in by the
same amount of noise energy, the resulting modulation
depth becomes more similar across the rooms and conso-
nants, making it difficult to distinguish the consonants or
to compensate for/tune to the distinct reverberation effects
of each room. Fourth, the target’s reverberant tail is bin-
aurally decorrelated, especially in its later portions, as de-
termined by the BRIR. On the other hand, the constantly
present masking noise has an approximately constant, rel-
atively high, interaural correlation. Also finally, since the
target and masker were at different locations in the studies
using noise, the mechanisms of spatial release from masking
(SRM) are likely to have contributed to target speech identi-
fication (Bronkhorst, 2000), possibly interacting with any re-
verberation compensation mechanism. Specifically, since the
amount of SRM decreases with reverberation (Leclère et al.,
2015), SRM can differentially influence the observed effects
in different rooms in the noise-masking studies. We there-
fore expected differences in performance between the cur-
rent and previous studies, which typically used less reverberant
rooms and additive noise maskers. Also, the two rooms
used here differed in multiple acoustic characteristics, sum-
marized in Figure 1, and in the speaker/listener locations.
Since adaptation to reverberation drops significantly at
high levels of reverberation (Zahorik & Brandewie, 2016),
we expected differences in performance between the two
rooms, especially when comparing the effect of inconsistent
reverberant carrier and the anechoic carrier.

We tested these hypotheses in a series of analyses. First,
to assure overall comparability of the current and previous
studies, we examined the effects of a consistent carrier rela-
tive to the inconsistent carrier and to the baseline no-carrier
(NC) condition of Experiment 1 using the overall percent
correct consonant identification as the performance measure.
Based on the study of Brandewie and Zahorik (2018), we
expected performance to be better for the same carrier,
compared to both the NC and inconsistent carriers. Subse-
quently, all comparisons were across different types of carrier;
therefore, Experiment 2 did not include NC trials.

A central goal of this study was to examine how con-
sistent and inconsistent carriers affect performance across
speech sounds with diverse spectrotemporal properties. To
2956–2976 • August 2021
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Figure 1. Acoustic properties of the binaural room impulse responses
used in the experiments. Blue and orange symbols are used for
rooms R1 and R2, respectively. (a) Time-domain impulse responses
from the left ear. (b) Reverberation time (T60) and (c) Clarity Index
(C50) as a function of frequency.
this end, in the next part of the analysis, the consonants were
grouped based on their distinctive features of manner of
articulation, place of articulation, and voicing. Previously,
Beeston et al. (2014) focused on the place of articulation
feature and found reverberation adaptation effects when
only three stop consonants were considered. Here, we
used a broader set of consonants and used information
theory to examine which of the features were affected the
most by adaptation to reverberation.

In this analysis, we contrasted performance across
the two experiments to examine in detail how carrier length
and target room uncertainty affects speech intelligibility
across the different classes of speech sounds. Specifically,
both the target’s temporal position and room were chosen
randomly on each trial in Experiment 1 while they were
fixed within a block in Experiment 2. Knowing the temporal
configuration of the carrier and target syllables as well as the
target room in advance might allow listeners to ignore the
carrier, reducing attentional load and improving selective
auditory attention to the target syllable. On the other hand,
it is possible that if participants know when the target oc-
curs, they may simply ignore the carrier, reducing any ad-
aptation to the carrier’s reverberation characteristics. This
in turn is likely to reduce the effect of both consistent and
inconsistent carriers. Such effects of temporal and contex-
tual expectation across the two experiments are expected to
interact with carrier room and to be greater for the longer
carrier length.

Note that Experiment 1 was performed using a larger
set of 16 consonants as stimuli. Since performance was at
ceiling for six of those consonants, Experiment 2 presented
only the remaining 10 consonants, although the participants
could still use all 16 consonants when responding.
Method
Participants

Nine young male and female listeners participated in
Experiment 1 (21–35 years old); nine different male and
female listeners, in Experiment 2 (21–35 years old). Four
participants (two in Experiment 1) had previous experi-
ence with psychophysics procedures. All participants had
normal hearing, as confirmed by an audiometric screening
(set at 20 dB HL for frequencies ≤ 8 kHz for both ears), and
spoke English as their first language. All procedures were
approved by the Boston University Institutional Review
Board.
Speech Material
Sixteen consonants (k, t, p, f, g, d, b, v, ð, m, n, ŋ, z,

θ, s, and ʃ) were used, each preceded by the vowel /a/. We
used VC, rather than consonant–vowel (CV) syllables, as
preliminary listening indicated that reverberation effects
were greatest for final consonants (see also Gelfand &
Silman, 1979). Stimuli were produced by three speakers,
with one male recording taken from City University of New
York nonsense syllable test corpus (Resnick et al., 1975)
and one male and one female recording from the corpus de-
scribed by Yund and Buckles (1995). For each VC, three
tokens were spoken by each of three talkers. This resulted
in a total of 144 unique speech tokens (16 VCs × 3 talkers ×
3 tokens). Overall level differences across talkers were re-
moved by equalizing the root-mean-square (RMS) energy
levels of all tokens.

In Experiment 1, participants performed at ceiling
for six of the consonants (k, t, n, z, s, and ∫), with correct
identification responses exceeding 90% in all tested conditions.
Trials containing these consonants as target stimuli were
removed from the analyses in Experiment 1, and these
consonants were not included as targets in Experiment 2.
However, in both experiments, these stimuli were included
in the carrier syllables and participants could still respond
that they heard one of these consonants as targets. Analyses
Vlahou et al.: Consonant Perception in Reverberation 2959
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including these consonants as targets in Experiment 1 are
presented in Appendix D.

For the feature-based analysis, the consonants were
grouped by their manner of articulation, place of articula-
tion, and voicing. Table 1 shows the feature classification
used in this study.
Room Simulation
To simulate the presentation of stimuli in different

rooms, the VC tokens were convolved with BRIRs. The
BRIRs were recorded using a setup consisting of an omni-
directional (up to 2 kHz) dodecahedral loudspeaker system
and a manikin head (Head Acoustics, HMM2) that faced
the speaker system. The choice of omnidirectional loudspeaker
system was made, even though this type of loudspeaker
system has different directional characteristics than a human
talker, as the results obtained with an omnidirectional loud-
speaker can be thought of as approximating the average of
different speaker orientations. BRIRs from two different
large rooms were used, denoted as R1 and R2. The R1 re-
sponse was measured in a large concert hall (room volume =
22,776 m3, 2020 seats) with the manikin located on the sec-
ond balcony, 33 m from the speaker system located on the
stage. The R2 response was measured in an elliptical church
(room volume = 13.333 m3) with the manikin relatively close
(12 m) to the sound source, which was located beside the al-
tar. The impulse responses were measured using the swept-
sine method (Suzuki et al., 1995), for a time-stretched pulse
of 1.35-s duration and with synchronous averaging (Satoh
et al., 2004). An anechoic BRIR (AN) was derived from the
R2 BRIR by time-windowing the first 5 ms of the response
using a rectangular window to remove most of the reverber-
ant energy. The resulting three BRIRs (R1, R2, and AN)
were equalized for overall RMS energy. This equalization
made the direct sound energy of R1, R2, and anechoic rooms
quite different. However, the perceived loudness of speech
stimuli convolved with the three BRIRs was comparable,
as confirmed by informal listening.

Figure 1 shows the acoustic properties of the BRIRs.
Early time-domain portions of the responses in one ear are
shown in Figure 1a. R2 has a large echo around 50 ms after
Table 1. Phonetic feature classification.

Feature Consonants

Manner of articulation Stop k, t, p, g, d, b
Fricative f, v, ð, z, θ, s, ʃ
Nasal m, n, ŋ

Place of articulation Labial p, b, m, v, f
Coronal d, ð, θ, t, n, s, z
Dorsal k, g, ŋ, ʃ (post-alveolar)

Voicing Voiced g, d, b, v, ð, m, n, ŋ, z
Unvoiced k, t, p, f, θ, s, ʃ

Note. Consonants not used as target stimuli are underlined
and in bold. All consonants were available as responses in both
experiments.

2960 Journal of Speech, Language, and Hearing Research • Vol. 64 •
the direct sound, likely due to its elliptic room shape. Figure 1b
shows reverberation times (T60) as a function of frequency.
R2 has a larger T60 than R1 at all frequencies. Figure 1c
shows the Clarity Index C50, that is, the ratio of the early
energy (0–50 ms) to the late energy (beyond 50 ms) in the
impulse response as a function of frequency. C50 is lower
in R2 than in R1, especially in the midfrequency bands
(250–1000 Hz). This analysis suggests that R2 should be
more disruptive to speech perception than R1, whereas AN
can be considered an ideal environment for speech per-
ception, without any acoustic distortion.

The stimuli consisted of sequences of zero, two, or
four carrier VCs convolved with one BRIR followed by a
target VC convolved with the same or a different BRIR.
The stimulus onset asynchrony between individual VCs in
sequences was always 0.8 s. Due to the long reverberation
times of the BRIRs, the reverberant carrier tails overlapped
with the target signals in the current stimuli. This might
have caused energetic masking and interaural decorrelation
of the target stimuli by the carrier energy, affecting their
intelligibility. Appendix A contains acoustic analysis that
shows that these effects were relatively small, especially
compared to the intrinsic masking by the vowel in the target
VC (Beeston et al., 2014) and especially toward the end of
the direct portion of the target stimulus containing the
consonant that the listeners need to identify.
Setup
The experiments were performed in an experimental

laboratory in the Boston University Hearing Research Center.
In both experiments, participants were seated in front of an
experimental computer inside a double-walled sound-proof
booth. The experiments were implemented in MATLAB
software (MathWorks Inc.). Stimuli were presented through
a digital-to-analog converter (TDT RP2) and headphone
amplifier (TDT HB7) driving insert headphones (Etymotic
Research, ER1) at a comfortable listening level (adjusted by
the experimenter). Participants responded using a graphical
user interface (GUI) with 16 graphical buttons labeled with
the 16 VCs (“ok,” “ot,” “op,” “of,” “og,” “od,” “ob,” “ov,”
“odh ð,” “om,” “on,” “ong,” “oz,” “oth θ,” “os,” and “osh”),
clicking with a computer mouse the button corresponding to
the perceived target VC.
Procedure
Prior to each experiment, a short training session

was conducted to familiarize participants with the connec-
tion between the response GUI and the corresponding VC
sounds. Participants were instructed to click on graphical
buttons to produce the corresponding sounds, in a self-paced
manner, until they felt confident about the relationship
between sound and response. Upon clicking one of the
buttons, a VC spoken by one male talker in an anechoic
room was presented. There were no time constraints in this
practice session, which typically took several minutes.
2956–2976 • August 2021
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Figure 2. Across-participant average consonant identification
accuracy (%) for (a) Experiment 1 and (b) Experiment 2, plotted as a
function of carrier room. Data are averaged across carrier length.
Color represents target room. Error bars show standard errors of
the mean. AN = anechoic BRIR; NC = no-carrier; Diff = different.
Next, there was a short warm-up phase in which par-
ticipants completed a session of 10 sample trials, identical
to the test sessions described below. Participants were
instructed to listen to the sounds and report the conso-
nant in the final syllable. No feedback was provided. In
Experiment 2, this warm-up phase was conducted each
time the carrier length changed (described below).

The warm-up was followed by the experimental runs.
On each experimental trial, participants heard an initial
carrier, consisting of two or four VC syllables, followed by
a target VC syllable. On each trial, each of the carrier syl-
lables was randomly selected. In Experiment 1, there was
an additional control condition in which participants only
heard the target VC without a preceding carrier. The task
was to report the consonant in the final target VC by mouse-
clicking on the corresponding button in the GUI. The rever-
beration of the syllables in the carrier was randomly selected
on each trial to be either R1, R2, or AN. With the exception
of the NC trials in Experiment 1, the reverberation of the
target syllable was R1 on half the trials and R2 on the
other half (in Experiment 1 NC trials, R1, R2, and AN trials
were presented with equal probability). The length of the pre-
ceding carrier (zero, two, or four VCs) varied randomly
from trial to trial in Experiment 1, whereas it was blocked
(two or four VCs) in Experiment 2. Similarly, the target
room varied randomly in Experiment 1 and was blocked in
Experiment 2. A random voice was selected for each trial
and was consistent for all VC syllables within the trial. All
three voices and three tokens per target VC were presented
an equal number of times.

Each of the two experiments contained 720 trials in
total. In Experiment 1, the trials were distributed across
three sessions of 240 trials each. Each session contained
(a) each of the 16 consonants in the target VC for each
carrier length (two and four VCs), carrier room (AN, R1,
and R2), and target reverberation (R1 and R2) and (b) 48
control trials without a preceding carrier (NC), with each
of the 16 consonants as targets, for each room (R1, R2,
and AN). In Experiment 2, trials were distributed across two
daily sessions of 360 trials. Each session contained two repeti-
tions of each of the 10 consonants in the target VC for each
of the three talkers and carrier reverberation (AN, R1, and
R2), in separate blocks for each carrier length (two and four
VCs). In each session, the target reverberation was fixed (R1 or
R2), with the order counterbalanced across participants.

Statistical Analyses
For overall consonant identification, participants’

percent correct scores were logit transformed and entered
into analysis of variance (ANOVA) tests. All figures show
untransformed values, and all error bars in the figures indi-
cate standard error of the means. To quantify phonetic fea-
ture identification, we used the information transfer rate (ITR)
score, an information theory–derived measure (Shannon, 1948)
commonly used for phonetic feature perception analyses
(e.g., Beeston et al., 2014; Miller & Nicely, 1955; Sagi &
Svirsky, 2008). The ITR is obtained by normalizing the
mutual information between the speech stimuli and the
participants’ responses by the stimulus entropy. A score of
1 indicates no confusions, whereas a score of 0 indicates
random guessing. Unlike percent correct scores, this measure
takes into account unbalanced categories and response
biases (Sagi & Svirsky, 2008).
Results
The results presentation is divided into two main

parts. First, we present the across-consonant average per-
cent correct identification data from Experiments 1 and 2
to confirm that the overall pattern of buildup and break-
down of adaptation is similar to the previous studies. Then,
the main analysis focuses on the phonetic feature identifica-
tion performance from both experiments to examine the
effects of carrier/target uncertainty, carrier room, and carrier
length on consonant identification in the two target rooms.
Finally, we present a brief analysis of confusion matrices
showing the error patterns for individual consonants. Ad-
ditionally, Appendix B contains an analysis of the overall
performance for the three talkers used in this study, showing
that intelligibility was above chance for all three, without
reaching ceiling levels.

Across-Consonant Average
Identification Performance

Three analyses were performed on the across-consonant
average percent correct identification data, mainly to confirm
that, overall, identification of final consonants in VCs
improves with consistent-room carriers while it is made
worse with inconsistent ones. Figure 2 plots the across-
participant averaged percent correct responses for different
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target rooms as a function of the carrier room for both
experiments.

Experiment 1: NC Baseline Performance
First, we examined the participants’ baseline perfor-

mance for targets not preceded by any carrier. The goals
were to confirm that the reverberant rooms used in this
study can degrade speech intelligibility significantly and to
establish baseline performance against which we could di-
rectly evaluate the effect of preceding carriers on consonant
identification accuracy.

Results. The leftmost data points in Figure 2a, corre-
sponding to the NC baseline condition of Experiment 1,
show the mean identification accuracy for target stimuli
simulated from all three rooms used in this study. The pres-
ence of reverberation had a dramatic effect on consonant
intelligibility. While identification accuracy in the anechoic
room reached 88% (SE = 3.2), in the two reverberant rooms,
it fell by about 30%. Furthermore, the results show that
intelligibility was higher for target room R1 (62%, SE =
4.5) than R2 (56%, SE = 5). Confirming these observations,
a one-way repeated-measures ANOVA with target room
(R1, R2, and anechoic) as the within-participant factor
showed a significant effect, F(2, 16) = 65.44, p < .0001.

Discussion. The comparison of NC intelligibility in
the anechoic room versus the strongly reverberant rooms
shows that the reverberation associated with the utterance
of a vowel in a VC pair distorts perception of the subsequent
consonant signal, interfering with identification (also see
Appendix A). Note that performance degradation due to
reverberation is likely to be much smaller for initial conso-
nants (i.e., if the stimuli were CVs instead of VCs), as these
consonants would not be affected by the vowel-related re-
verberation as much (e.g., Gelfand & Silman, 1979); spe-
cifically, the additional energy due to reverberation from
a vowel will overlap the energy of a subsequent consonant
but not a preceding consonant, as used, for example, in
Beeston et al. (2014). Informal piloting prior to the current
study supported this prediction. It is also important to note
that, as described in the introduction section, the masking
effect of strong reverberation might be different from the
masking effect of noise, which was used to limit the baseline
performance in several previous studies performed in less
reverberant rooms (e.g., Brandewie & Zahorik, 2018). Finally,
the detrimental effect of reverberation was larger in room R2
than R1 in this study. This is consistent with acoustic analysis
showing a higher T60 and a lower C50 for this environment
(see Figures 1b–1c).

Experiment 1: Effect of a Preceding Carrier Relative
to the NC Baseline Performance

Next, we examined the effect of a preceding carrier
relative to the NC baseline. Specifically, we tested whether
an inconsistent carrier (different reverberation or anechoic
room) degrades performance relative to baseline and/or whether
a consistent carrier causes an improvement. Note that, in
order to compare the different carrier rooms with the NC
condition, data were averaged across carrier length.
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Results. Figure 2a shows the across-participant aver-
age consonant identification accuracy (%) for Experiment 1
as a function of carrier room and target room. A repeated-
measures ANOVA with the factors of target room (R1 and
R2) and carrier room (NC, same, different, and anechoic)
showed a main effect of target room, F(1, 8) = 10.81, p =
.0111, ηp

2 = .57, owing to improved overall performance
for the less reverberant target room R1. There was also a
main effect of carrier room, F(3, 24) = 3.08, p = .046, ηp

2

= .28, and no interaction, F(3, 24) = 1.96, p = .148, ηp
2 =

.196. Following the significant effect of carrier room, we
performed post hoc pairwise comparisons, corrected by the
Holm–Bonferroni method. To minimize the number of com-
parisons, the two inconsistent rooms (anechoic and differ-
ent) were pooled [0.5 × (anechoic + different)] and treated
as one contrast. First, we performed a directional pairwise
comparison between the NC and same carrier, based on
our hypothesis that performance would be improved after
exposure to a consistent carrier compared to the NC (buildup;
Brandewie & Zahorik, 2018). However, there was no sig-
nificant difference between the two conditions, t(17) =
−0.93, p = .18. On the other hand, performance was sig-
nificantly worse in the inconsistent carriers compared to
the same carrier, t(17) = 2.40, df = 17, p = .014. Finally,
performance did not differ between the NC and the in-
consistent carriers, t(17) = 1.21, p = .121.

Discussion.Contrary to previous reports (e.g., Brandewie
& Zahorik, 2018), we did not find a significant improvement
in performance after exposure to a consistent carrier, relative
to an NC baseline. Several important differences between
the two studies can account for this discrepancy, including
the use of different rooms, speech materials, and tasks, as
well as the absence of noise masking. On the other hand,
compared to the consistent carrier, performance was sig-
nificantly worse when the target was preceded by an in-
consistent carrier. These results suggest that, in strongly
reverberant environments, listeners are less able to benefit
from a consistent preceding context, compared to an NC
baseline condition, while at the same time, tuning speech
perception to the acoustics of an inconsistent (reverberant
or anechoic) room can be detrimental. Specifically, the
improvement in consonant identification in consistent
versus inconsistent rooms was, on average, 5% in target room
R1 and only 1% in target room R2.

Experiment 2: Effect of Consistent Versus
Inconsistent Carriers

In Experiment 2, the NC baseline condition was not
included. The analysis of consonant identification perfor-
mance therefore focused on establishing that the improve-
ment in performance is observed for the consistent-versus-
inconsistent carrier conditions, similar to the results of
Experiment 1 and of previous studies. In this analysis, data
were again averaged across carrier length.

Results. Figure 2b shows the across-participant average
consonant identification accuracy (%) for Experiment 2
as a function of carrier room and target room. A repeated-
measures ANOVA with the factors of target room (R1 and
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R2) and carrier room (same, different, and anechoic) showed
a main effect of carrier room, F(2, 16) = 8.84, p = .006, ηp

2 =
.52, and a Carrier × Target Room interaction, F(2, 16) =
9.077, p = .009, ηp

2 = .53. One-sided post hoc pairwise com-
parisons showed that performance was significantly worse
in the inconsistent carriers compared to the same carrier for
target room R1, t(8) = 5.59, p = .0003, whereas no signifi-
cant differences were observed for target room R2, t(8) =
1.59, p = .08.

Discussion.The pattern of results for the same, different,
and anechoic conditions is similar to that of Experiment 1,
whereas the overall performance in Experiment 2 is better,
presumably due to lower carrier length/target room uncer-
tainty. Specifically, contrary to Experiment 1, in Experiment 2,
carrier length and target room were fixed within a block, and
thus, participants knew in advance when and from which
room the target syllable would appear. This might have helped
participants to ignore the carrier and focus attention to the
target speech, thus reducing attentional load and improving
overall identification performance. Again, compared to
the consistent carrier, performance was significantly worse
with inconsistent carriers. This time, the effect was observed
for target room R1 but not for R2. However, the results are
very similar to Experiment 1, with the consistent-versus-
inconsistent performance difference of 7% in target room
R1 and 2% in R2.

Effects of Carrier Room, Carrier Length, and
Carrier/Target Uncertainty on Phonetic Features

A central goal of this study was to investigate the ef-
fects of different carrier and target characteristics on major
classes of speech sounds. To this end, in the next part of the
analysis, the consonants were grouped into phonetic features
based on manner of articulation, place of articulation, and
voicing. Specifically, consonants were grouped into dif-
ferent categories according to their features (see Table 1
and Figure 5, which shows confusion matrices for individ-
ual consonants discussed below, and which also shows the
category labels along the x-axis and y-axis). Then, confusion
matrices were derived, separately for place, manner, and
voicing. In these confusion matrices, the stimulus–response
pairs were only considered at the feature level, that is, iden-
tifying the voiced labial stop of /b/ as an unvoiced labial
stop of /p/ would increase the number of voiced–unvoiced
(i.e., incorrect) responses in the voicing feature category,
labial–labial (i.e., correct) responses in the place category,
and stop–stop (i.e., correct) responses in the manner category.
Based on these new matrices, we computed for each indi-
vidual participant the ITR for each feature across the dif-
ferent combinations of carrier and target rooms. We expected
that the benefits of consistent carrier would differ across the
phonetic features as different features are affected differently
by reverberation. Specifically, place of articulation has been
shown to be particularly sensitive to reverberation (Gelfand
& Silman, 1979). Therefore, it is possible that this feature
will benefit the most from a consistent carrier, for example,
if tuning to the carrier allows the system to overcome some
of the negative effects of reverberation (as observed for
initial consonants in Beeston et al., 2014). On the other
hand, if the reverberation distorts the place of articulation
cues such that they cannot be recovered, no adaptation to
this feature is expected.

Three characteristics of the carriers and targets were
systematically manipulated across the two experiments: the
carrier room (same, different, and anechoic), the carrier
length (two or four VCs), and the carrier/target uncertainty
(in Experiment 1, the carrier length and the target room
varied randomly from trial to trial, and thus, listeners could
not predict the target onset or its room; in Experiment 2,
these parameters were fixed within a block; however, note
that there were other differences between Experiments 1
and 2 as well). The main prediction regarding the carrier
room was that performance would be better after expo-
sure to a consistent carrier compared to either of the in-
consistent carriers. Considering the two inconsistent carriers,
Brandewie and Zahorik (2018) observed that a carrier with re-
verberation larger than the target was more disruptive than
vice versa. Thus, a potential outcome was that the disrup-
tive effect of the anechoic carrier would be smaller than that
of either of the reverberant-room carriers. Alternatively, the
anechoic carrier might be the most disruptive as the anechoic
room was very dissimilar from both of the reverberant rooms,
whereas the two reverberant rooms were relatively similar to
each other. These effects of the carrier room were predicted to
grow with carrier length, as it was expected that the tuning to
each carrier room would get stronger over time, resulting
in a larger improvement for the longer consistent carrier and
a larger degradation for the longer inconsistent carriers. Re-
garding carrier/target uncertainty, it was expected that know-
ing when and from which room to expect the target might
allow listeners to ignore the carrier altogether and focus
attention exclusively on the target. This, in turn, would result
in reduced interference from inconsistent carriers. Finally,
while the two target rooms were both similar in that they were
strongly reverberant, it was expected that the effects of carrier
would be more visible in the less reverberant target room R1
than in R2, consistent with Zahorik and Brandewie (2016).

Results. To preface our results, we did not find evidence
that carrier length or uncertainty affect adaptation to rever-
beration for any feature (no interaction involving these fac-
tors with carrier room; see statistical analyses below). Thus,
Figure 3 shows the across-participant average ITR score, as
a function of carrier room, separately for each phonetic fea-
ture (separate panels) and each target reverberation (different
colors within each panel), with results pooled across carrier
length and experiment.

Consistent with our average consonant identifica-
tion results, overall performance tended to be higher for
target room R1 (blue) and for the same carrier condition.
For both rooms, manner of articulation was the feature
with the highest transmission (ITRs ranging between about
0.7 and 0.8), followed by voicing (ITRs ranging from 0.6
to 0.75) and place of articulation (ITRs from about 0.4
to 0.5). The particularly low performance for place is
consistent with previous work on phonetic confusions in
noise and reverberation, showing that place is negatively
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Figure 3. Across-participant average information transfer rate as a function of carrier room for manner or articulation, place of articulation, and
voicing, separately for target rooms R1 and R2. Asterisks denote significance of difference between same and different and same and anechoic
carrier rooms (*p < .05; **p < .01, one-sided t test). Diff = different; Anech = anechoic; avg = average.
affected, especially for consonants in the final position
(e.g., Gelfand & Silman, 1979; Miller & Nicely, 1955).

For each class of features (manner of articulation,
voicing, and place of articulation), a mixed ANOVA was
performed on participants’ ITR values, with carrier/target
uncertainty (experiment) as a between-participants factor
and with carrier room (same, different, anechoic), carrier
length (two vs. four VCs), and target room (R1 and R2)
as within-participant factors.

For manner of articulation, the mixed ANOVA yielded
a significant main effect of carrier room, F(2, 32) = 4.71, p =
.023, ηp

2 = .23, whereas experiment, target room, and car-
rier length were not significant either as main effects or as
interactions (experiment: F(1, 16) = 4.47, p = .051, ηp

2 = .22;
target room: F(1, 16) = 3.21, p = .092, ηp

2 = .17; carrier
length: F < 1, ns; all other ps > .16). Given this, the black
line in Figure 3 collapses across target room to better vi-
sualize the significant effects. Based on our directed hypothesis
that adaptation to reverberation would be stronger for the
same carrier, we performed one-sided post hoc comparisons
between same-versus-different and same-versus-anechoic car-
riers. The pairwise comparisons (adjusted with the Holm–

Bonferroni correction for multiple comparisons) showed a
significant difference between same and different, t(71) =
2.74, p = .026, and same and anechoic, t(71) = 2.69, p = .009.

For voicing, the ANOVA showed a significant inter-
action between carrier room and target room, F(2, 32) =
5.49, p = .01, ηp

2 = .26. No other main effect or interaction
came out as significant (carrier room: F(2, 32) = 3.19, p =
.054, ηp

2 = .17; Carrier Length × Carrier Room: F(2, 32) =
2.45, p = .102; Experiment × Carrier Length × Carrier Room:
F(2, 32) = 3.07, p = .073; Experiment × Target Room ×
Carrier Room: F(2, 32) = 2.71, p = .082; Experiment ×
Target Room × Carrier Length × Carrier Room: F(2, 32) =
2.95, p = .0718; all other ps > .10. Post hoc pairwise
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comparisons (adjusted with the Holm–Bonferroni correction)
found a significant difference for the same-versus-different
carrier, t(35) = 3.12, p = .0018, and same-versus-anechoic
carrier, t(35) = 3.17, p = .002, for room R1 but not for
room R2 (same vs. different: t(35) = 0.03, p = .49; same vs.
anechoic: t(35) = −1.79, p = .95).

For place, there was a significant main effect of tar-
get room, F(1, 16) = 14.98, p = .001, ηp

2 = .4836, owing to
better overall performance in target room R1 compared to
target room R2. There were no other main effects or inter-
actions (carrier type: F(2, 32) = 1.76, p = .188; all other
ps > .20). As the overall improved performance on the less
reverberant target room was expected and was not a main
interest of this study, we did not follow up on this result
further. Because considerable across-subject differences in
performance were observed, Appendix C provides informa-
tion about individual subject performance for the signifi-
cant effects found in the ANOVAs above.

To further examine the significant ITR improvements
with consistent versus inconsistent carriers, we attempted
to identify which individual phonetic features corresponding
to manner of articulation and voice drive the effects shown
in Figure 3. While ITR cannot be computed when a single
feature is considered in isolation, it is possible to compute
what proportion of the responses for an individual feature
was correct. In addition, while the measures of ITR and
percent correct are not equivalent (e.g., in the extreme, if
a subject consistently reverses the responses in a two-
alternative task, the ITR is 1 whereas the percent correct is
0), analysis of individual feature’s percent correct might
identify some factors that also influenced the effects in
terms of ITR. With that caveat in mind, Figure 4 plots
the percent correct identification of individual phonetic
features corresponding to manner of articulation (left-hand
panel, shown for both target rooms) and voice (right-hand
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Figure 4. Across-participant average percent correct feature
identification as a function of carrier room. Symbols denote the
individual phonetic features. Manner or articulation data (left-
hand panel) are plotted separately for target room R1 (blue) and
R2 (orange), and as an average across target rooms (avg, black).
Voicing data (right-hand panel) show performance for target room
R1. Error bars show standard error of the means. Asterisks denote
significance of difference between consistent and inconsistent
carrier rooms (**p < .01, one-sided t test). Diff = different; Anech =
anechoic; avg = average; fric = fricative; nas = nasal.
panel, only for target room R1). The left-hand panel shows
that the percent correct performance is only influenced by
carrier consistency for the stop consonants, suggesting that
some of the improvement in the ITR comes from better
identification of stop consonants. Similarly, the right-hand
panel shows that the percent correct performance is influ-
enced by carrier consistency more for the voiced than for
the unvoiced consonants, which might suggest that the ITR
improvement in Figure 3 was driven more by the voiced
consonants. Paired t tests performed on these percent correct
data showed significant improvements for stop consonants,
t(17) = 3.58, p = .0023, and voiced consonants, t(17) = 3.48,
p = .0029, whereas for the fricative, nasal, and unvoiced
consonants, the difference was not significant (p > .5).

Discussion. Manner of articulation (see the leftmost
panel in Figure 3) is the feature for which a consistent car-
rier yields the strongest benefit in terms of ITR compared
to a carrier from an inconsistent room. This improvement
might be partially explained by the observation that, in
both rooms, the percent correct identification of the stop
consonants has improved, whereas for fricatives and na-
sals, there was no evidence of improvement (see Figure 4,
left panel). On the other hand, the feature of voicing (see
center panel in Figure 4) showed a strong same-versus-
different carrier improvement in ITR for target room R1
but no such effect for R2. This improvement might be re-
lated to an improvement in the percent correct identification
of the voiced consonants (see Figure 4, right panel). The
room specificity of this effect suggests that tuning to the
voicing characteristics in the more reverberant R2 carrier
has a negative effect on consonant identification in the less
reverberant R1 target but not vice versa. Finally, there was
no ITR improvement for the same-versus-different carrier
for the place feature (see the right panel in Figure 3), even
though there was a trend for same-carrier improvement in
target room R1. Overall, these results show that stop conso-
nants are affected the most by adaptation to room reverber-
ation. Similarly, Beeston et al. (2014) observed adaptive effects
for stops preceding vowel and differing in their place of articu-
lation. Thus, it is possible that these adaptive effects have
different strengths depending on the position of the consonant
within the word. The current results also show that voiced
consonants can be affected by adaptation in certain rooms.

No effects of carrier length or carrier/target uncer-
tainty were observed in this analysis. This suggests that, at
least at the level of the phonetic features, the immediately
preceding carrier is the main driver of the adaptation changes
and that this adaptation is fast enough to build up across
two syllables of the short carrier used here.

Consonant Confusion Matrices for Individual Phonemes
Finally, we present an exploratory analysis of the

consonant confusions across the different carrier and target
rooms. This analysis is only exploratory because very few
measurements per consonant were done, although given
the results of the phonetic analysis (previous section), which
did not find any significant effect of carrier length and
uncertainty, the data were collapsed across these two fac-
tors, to partially alleviate this shortcoming. Figure 5 plots
the across-subject average confusion matrices for individ-
ual consonants separately for all combinations of carrier
and target rooms. Note that the matrices are not square as
more responses were allowed than the number of presented
consonants considered.

As shown in Figure 5, performance varied consider-
ably across phonemes. The two consonants most severely
affected by reverberation were /m/ and /θ/, with overall iden-
tification accuracy less than 45%. At the other extreme, /g/
and /d/ were perceived much more accurately, with average
performance exceeding 85% correct. A closer examination
of the participants’ errors reveals that, for each stimulus, con-
fusions clustered around one or two dominant responses that
tended to be consistent across carrier and target rooms.
Specifically, for eight out of the 10 target consonants, the
primary confusion was consistent across all, or almost all,
carrier and target rooms (6/6 conditions for five conso-
nants /v/➔/ð/, /m/➔/ŋ/, /ð/➔/d/, /f/➔/ð/, and /ð/➔/ f/, and
5/6 conditions for three consonants /g/➔/ŋ/, /ŋ/➔/n/,
and /p/➔/k/) and accounted, on average, for 52% of all
errors. Further examination of the participants’ errors re-
vealed that a few phonemes were mutually confusable, with
the clearest cases being /θ/−/f/ (for both target rooms) and
/d/−/ð/ (for the R1 target room). However, in most cases,
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Figure 5. Consonant confusion matrices. Across-participant average confusion matrices, pooled across the two experiments and carrier lengths.
Separate matrices are shown for the same (leftmost panel), different (middle), and anechoic (rightmost panel) carriers, and for each target room
(R2, top; R1, bottom). Columns show the actual speech stimuli that were presented, and rows show the response options. Each cell (i, j) shows
the percentage of times the consonant in column j was identified as the consonant in row i (empty cells denote 0 percentage). White and red
colors in the tiles represent lower and higher stimulus–response percentages, respectively. The legends shown along the vertical and horizontal
axes denote consonant classification according to voicing (bold letters for voiced and plain for unvoiced), manner of articulation, and place of
articulation. Blue frame highlights the cells that represent correct responses. AN = anechoic BRIR; fric = fricative.
the phonemes were not equally confusable with each other,
but rather showed a response bias. Specifically, certain na-
sals tended to be confused for specific other nasals; for ex-
ample, /m/ was systematically confused with /ŋ/, whereas for
/ŋ/, the primary confusion was /n/ (which remained a
response option even when not presented as a target conso-
nant) and /m/ was the secondary confusion. For /b/, the
primary confusion was /v/ (in 4/6 conditions), whereas /v/
was consistently confused with /ð/. In summary, these exam-
ples suggest that reverberation created a complex pattern
of consonant confusion groups that were mostly asymmetrical.

General Discussion
This study investigated how final-consonant per-

ception in a highly reverberant room is influenced by a
preceding carrier phrase simulated from either the same
2966 Journal of Speech, Language, and Hearing Research • Vol. 64 •
or a different room. The effects of various combinations
of carrier and target rooms were examined using natural
reverberation, without adding noise or introducing other
manipulations, such as abrupt cutoffs, that have been used
in previous work (e.g., Beeston et al., 2014; Brandewie &
Zahorik, 2018; Srinivasan & Zahorik, 2013; Zahorik &
Brandewie, 2016). Here, for two reverberant target rooms,
we examined different aspects of the preceding carrier and
target: the carrier room (i.e., the preceding carrier either
had the same room reverberation as the target, had a dif-
ferent room reverberation, or was anechoic), the carrier
length (either two or four VC syllables), and the carrier/target
uncertainty (the carrier length and target room were either
fixed or varied randomly from trial to trial). The main re-
sults were obtained after grouping consonants along three
phonetic features (manner of articulation, place of articulation,
and voicing), whereas the secondary analysis was performed
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on percent correct consonant identification data averaged
across the consonants.

Without a preceding carrier, the simulated reverberant
rooms degraded perception of some consonants while having
a negligible effect on others. Specifically, the target conso-
nants /z/, /n/, /t/, /s/, /k/, and /∫/ included in Experiment 1
were removed from further analysis because their perception
was largely unaffected by the room reverberation. The par-
ticipants’ ITR performance using the full set of consonants
is presented in Appendix D. As expected, including the six
consonants raises overall performance, whereas the magni-
tude of adaptation to reverberation remains very similar
across the two data sets. Not surprisingly, three of these six
consonants were sibilants, with strong energy at higher fre-
quencies, which have been shown to be resistant to both
noise and reverberation (e.g., Danhauer & Johnson, 1991;
Gelfand & Silman, 1979; Miller & Nicely, 1955). Performance
was also unaffected by the room acoustics for the unvoiced
stop consonants /t/ and /k/, whereas it dropped significantly
for the unvoiced stop /p/. While it is outside the scope of
this study to determine why reverberation affects some con-
sonants more than others, it is possible that the strong high-
and midfrequency bursts that are critical, respectively, for
the perception of /k/ and /t/ survived reverberation, in con-
trast to /p/, which is instead characterized by a soft wide-band
click that diminishes to a low-frequency burst (Li & Allen,
2011; Li et al., 2010), making it more susceptible to temporal
smearing by reverberation. Overall, in agreement with pre-
vious studies, our results show that there is considerable
variability in how reverberation affects different speech sounds,
ranging from negligible to moderate and to strong disruptions
in perception (e.g., Danhauer & Johnson, 1991; Gelfand &
Silman, 1979).

Averaged across the remaining 10 consonants, in
Experiment 1, we expected to find a significant improvement
in speech perception after exposure to a consistent carrier,
relative to an NC baseline condition (Beeston et al., 2014;
Brandewie & Zahorik, 2010; Srinivasan & Zahorik, 2013,
etc.). However, we only found a weak improvement in over-
all identification accuracy. On the other hand, the inconsis-
tent carriers, on average, impaired performance compared to
the NC baseline. Thus, overall, the negative effect of incon-
sistent carriers re. baseline was stronger than the positive
effect of consistent carriers, whereas in previous reports by
Brandewie and Zahorik (2018), an inconsistent carrier never
led to worse performance than the NC baseline. However,
the inconsistent-carrier performance was observed to fall
below the “silent” baseline in Experiment 2 of Beeston et al.
(2014), which did not use noise masking. These results sug-
gest that when the effect of carrier adaptation is measured
without noise masking, listeners are less able to take advan-
tage of a consistent preceding context to improve perception
while, at the same time, they are very susceptible to the dis-
ruptive effects of an inconsistent context. Overall, the effect
of consistent-versus-inconsistent carrier was fairly small in this
study. For targets in room R1, the benefit was, on average,
5%–7% in both Experiments 1 and 2, whereas for targets in
room R2, the effect was negligible, on the order of 1%–2%.
The remaining analyses considered data from both
experiments evaluated by considering information transmit-
ted for three classes of phonetic features. The major goal of
this analysis was to examine whether the relative benefit of
consistent-versus-inconsistent carrier phrases for consonant
perception was specific to certain phonetic features, for ex-
ample, stop consonants differing by their place of articulation
(Beeston et al., 2014), or whether it also affects other features
that are representative of the acoustic–phonetic diversity
of everyday listening.

Phonetic feature analysis showed that the highest in-
formation transmission was observed for manner of articu-
lation, followed by voicing and place of articulation. This
is consistent with previous work on phonetic confusions in
noise and reverberation (e.g., Gelfand & Silman, 1979; Miller
& Nicely, 1955). The larger number of place errors is also
consistent with previous reports (e.g., Benkí, 2003; Miller &
Nicely, 1955).

Manner was the feature that showed the most robust
improvement in performance for the same-room carrier. This
robust improvement was observed in both reverberant target
rooms but was restricted to the stop consonants. The strong
adaptation to room reverberation that we found for stop con-
sonants (see Figure 4, leftmost panel) is in line with previous
studies that report strong monaural compensation for stop
consonants (e.g., Beeston et al., 2014; Watkins, 2005). It
appears that, even though stops can be substantially degraded
by reverberation, they are the class of phonemes that can
benefit the most from prior exposure to a consistent room.

For voicing, there was a large consistent-versus-
inconsistent carrier difference for the R1 target room, but
no difference for the more reverberant R2 target room. This
asymmetry might help explain the above-mentioned asym-
metry in how much degradation was caused by the in-
consistent-room carrier for target room R1 versus R2 in the
across-consonant average data. Also, it might be the cause
of the previous report that there is a greater disruption in
speech identification caused by a more reverberant carrier
than by a less reverberant carrier (Brandewie & Zahorik,
2018). Specifically, the current results suggest that this asym-
metry is driven primarily by specific disruptions in the
identification of voicing, and specifically for the voiced
consonants, for which the detrimental effect was significant.

Finally, for place of articulation, there was only a
weak trend for an improved performance on the same
carrier in the R1 target room that did not reach significance.
Thus, the place of articulation seems to be the feature that
is the least affected by the specific characteristics of any
given reverberant room and/or the characteristic to which
the auditory system is tuning the least when adapting to a
specific reverberant room.

The two different types of inconsistent carriers used
in this study were expected to affect performance differently.
On the one hand, the anechoic carrier might be more dis-
ruptive than the different-room reverberant carrier, as it has
substantially different acoustic characteristics than both
reverberant target rooms. On the other hand, the anechoic
carrier does not distort the stimuli, giving the listeners a
Vlahou et al.: Consonant Perception in Reverberation 2967
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chance to have a good “look” at the “clean” version of
each phoneme. Such looks may be beneficial when identi-
fying target speech distorted by reverberant energy. Contrary
to our predictions, our results showed that there was a similar
drop in performance for the anechoic and different-room
reverberant carriers. This result might mean that the critical
parameter of the carrier and target rooms is whether they
are the same or different (as opposed to the specific amount
of reverberation by which they differ). Alternatively, it may
be that the two above-mentioned contradicting predictions
about the effects of the anechoic carrier tend to cancel.

Our results failed to show an effect of carrier/target
uncertainty on the across-phoneme averaged data. This is
in line with previous reports that uncertainty about the
temporal location of the target stimulus does not reduce
the magnitude of adaptation to reverberation (Beeston et al.,
2014). However, the current results preclude coming to a
definitive conclusion, as in addition to the uncertainty the
experimental design changed in other minor aspects be-
tween the two experiments reported here.

A consistent finding in our study was that the effect
of the different carrier rooms was much smaller for the tar-
gets in room R2. This is likely due to the larger broadband
T60 and C50 of R2, which resulted in a marked decrease in
performance in the NC condition. This strong reverberation
not only made the baseline R2 performance worse but also
made it more difficult for listeners to benefit from prior expo-
sure to this room for all the phonetic features. There was also
only a modest negative effect of inconsistent carriers on R2
targets, consistent with a previous report that the more re-
verberant inconsistent carriers have a more negative effect
on the less reverberant target than vice versa (Brandewie &
Zahorik, 2018). However, importantly, R2 also differed
from R1 in other aspects such as its elliptical shape and
prominent low-frequency resonances (see Figure 1a). In
future studies, it is important to examine whether such as-
pects are also important, for example, by controlling the level
of reverberation while using more rooms, with different wall
materials and layouts. Independent of the exact cause, our re-
sults suggest that the magnitude of facilitation or disruption
due to adaptation to reverberation can vary considerably
depending on the acoustic properties of the target room.

An important question not addressed directly in this
study is what mechanism supports adaptation to reverbera-
tion and to what reverberant characteristics of rooms listeners
can adapt. Previous studies have shown that the adaptation
operates both monaurally (e.g., Beeston et al., 2014) and bin-
aurally (e.g., Brandewie & Zahorik, 2010; Longworth-Reed
et al., 2009). Overall, the dominant effect of reverberation is
that it changes the amplitude modulation structure of the
signal by acting as a low-pass filter (Houtgast & Steeneken,
1973), smearing the spectral peaks and filling in spectral
dips. Stilp et al. (2016) suggested that the adaptation operates
by increasing cue weight of the cues, like spectral features,
that are robust to reverberation while disregarding the cues
that are rendered uninformative in a given context. This
mechanism could explain why we observed strong effects
for manner perception of stop consonants in both rooms,
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but less consistent effects for voicing. In terms of reverber-
ant characteristics to which the system might be tuned, it is
notable that some previous studies of adaptation to room
reverberation manipulated the source–listener distance while
keeping the room constant (Watkins, 2005, Beeston et al.,
2014), while others actually varied the rooms (Brandewie &
Zahorik, 2010). Likely, different adaptive processes need to
be activated to compensate for the effect of speaker–listener
distance within the same room and different ones for the
stable distance-independent characteristics of a room. For
example, when listening to a conversation of two speakers
at different distances within one room, the compensation
mechanism needs to adapt within seconds, or faster, as the
speakers take turns in a conversation. On the other hand,
in real environments, people do not switch rooms frequently;
thus, a room compensation mechanism can easily tune to
stable features of the room, like its T60, over tens of seconds
and minutes, as observed for speech perception in the study
of Longworth-Reed et al. (2009), or even on the scales of
hours or days for sound localization (Kopčo et al., 2004;
Shinn-Cunningham, 2000).

The current study has some limitations. First, the
number of participants was relatively small. Second, the
two rooms used here, while natural and realistic, have
higher levels of reverberation than environments in which
typical listeners spend the majority of their daily lives. This
choice was motivated by our goal of directly examining
the effects of reverberation on consonant perception by
testing difficult conditions without combining it with the
effect of noise masking. However, as has been shown by
previous research, the benefit of a consistent carrier is dimin-
ished in very strongly reverberant target rooms (Brandewie
& Zahorik, 2018). This was the case in our study, where
very little improvement in consistent-carrier performance
was observed even after removing six of the original conso-
nants that were unaffected by room reverberation. Addi-
tionally, the disruptive effects of inconsistent carriers were
also very small in this study when overall percent correct
performance is considered. Therefore, it should be noted
that our results are likely to generalize to challenging envi-
ronments such as churches, large lecture halls or concerts
halls, but may not explain effects in modestly reverberant
environments. Further, although we tested a number of
phonetic units and we examined three carrier rooms, we
included only two target rooms, with particular acoustic
characteristics. Future studies should include additional
strongly reverberant environments with different geometry
and reverberation time. Similarly, this study only analyzed
10 consonants preceded by a single vowel. While beyond
the scope of this study, we believe that these different sources
of variability need to be addressed in future studies in order
to obtain more generalizable findings for adaptation of
speech perception to reverberation. Finally, the reverberant
tails of the carrier stimuli in this study extended to the target
VCs in this study. Thus, theoretically, the reverberant
carrier VCs might have energetically affected the target
VCs. Previous studies artificially removed a portion of the
carrier reverberant tail to avoid any artifacts caused by the
2956–2976 • August 2021
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overlap of reverberation from a preceding VC during tar-
get VC presentation. Here, no such modifications were
made, as the signal during the presentation of the consonant
in the target VC was dominated by the intrinsic masking
immediately preceding vowel and its reverberation, not by
the preceding VC’s tail, and thus, the energetic and binaural
decorrelation effects of the carrier VC tails were minimal
(see Appendix A). An indirect confirmation of this argu-
ment is that the detrimental effects of different reverberant
and anechoic carriers are similar in this study, even though
the reverberant tail was only present in the former case.

In summary, the current results partially confirm the
results of previous work while, at the same time, pointing
to a more complicated picture for the noninitial consonant
perception in reverberation (Beeston et al., 2014; Helfer,
1994). We found that, for final consonants presented in
particularly challenging rooms without masking noise, the
effects of a preceding acoustic context on speech perception
manifest as a disruption by inconsistent carriers that is as
large or larger than an improvement by a consistent carrier.
The effects of the preceding carrier affect certain phonemes
and phonetic features more than others. Performance for
manner of articulation and, partially, for voicing is im-
proved after exposure to a consistent relative to an incon-
sistent carrier, while place of articulation is not affected.
Although previous research has revealed important insights
about adaptation to reverberation for speech perception, to
our knowledge, this study is the first to show the patterns
of improvement and disruption for high level of real-room
reverberation without masking while examining a large
set of consonants that represent much of a language’s pho-
netic repertoire. When considering phonetic features, this
study did not find any effect of carrier duration or carrier/target
uncertainty on the adaptive processes studied here. More
research is needed to determine how listeners are able to
overcome the disruptive effects of inconsistent carriers to
understand speech in very challenging listening environ-
ments and when moving from one environment to an-
other. Such understanding might also be useful for the
development of prosthetic devices for the hearing impaired
(Mason & Kokkinakis, 2014; Reinhart et al., 2015).
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Appendix A

Acoustic Analysis of Reverberant Stimuli
The convolution of the consonant–vowel tokens with the long binaural room impulse responses resulted in stimuli in
which the reverberant tails of the carriers overlapped with the targets. This is illustrated in Figure A1, Panel A of which shows
an example 0.6-s segment of a stimulus including a target (blue, starting at time 0 s), the reverberant tail of a preceding carrier
(green), and the combined carrier + target stimulus (red, identical with the green carrier for time smaller than 0 s and identical
with or slightly larger than the blue target for time larger than 0 s). The vertical dotted lines in Figure A1 indicate the onset
and offset of the direct portion of the target stimulus. Two measures were computed to illustrate the effect of the carrier’s
reverberant tails on the target. First, Panel B shows the root-mean-square power computed in a 10-ms running window for
each of the stimuli to assess how much energetic masking form the carrier reverberation might influence the target signal.
Second, Panel C shows the height of the peak of normalized interaural cross-correlation to assess whether binaural properties
of the target signal were influenced by the carrier reverberation. The effect of carrier reverberation can be seen by comparing
the blue and red lines in Panels B and C. It is expected that the carrier reverberant energy would increase the overall level of
the signal in Panel B, and that it would decrease the correlation in Panel C. In addition, these effects are likely to be particularly
important for the later portions of the target, which contain the consonants of the vowel–consonant (VC) syllables. Panel B
shows that the energetic masking effect was very small for the current stimuli, as the red and blue lines never differ by more
than 1 dB, with the exception of the first couple of milliseconds after the onset of the target, which only contain the vowel
portion of the VC. Similarly, Panel C shows a relatively small effect of carrier reverberation on the target interaural correlation.
First, the blue line shows that the reverberation related to the target itself causes decorrelation, as the correlation in the
second half of the stimulus is approximately 0.05 lower than in the first half, where it is equal to nearly 1. The red line is lower
than the blue line particularly in the first half of the target presentation. In the second half, which contains the consonant, the
decrease is much smaller, less than 0.02, that is, smaller than the decrease due to intrinsic target-related reverberation.
Figure A1. Illustration of acoustic overlap of the carrier and target stimuli in simulated reverberation. Target syllable “ak” presented in room
R2 was preceded by a carrier from room R1. (A) Time-domain snippet of a left-ear stimulus showing separately a part of the target (blue) and
a reverberant tail of the preceding carrier (green). Also, the combined carrier + target stimulus (red) is shown. The direct-sound portion of the
target in this example was presented from time 0 to 0.06 s, indicated by the vertical dotted lines. (B) Short-term stimulus level in running
10-ms time windows focused on the target stimulus. (C) Interaural cross-correlation peak values focused on the target.
Vlahou et al.: Consonant Perception in Reverberation 2971



Complimentary Author PDF: Not for Broad Dissemination
Appendix B

Talker Effects
Prior to running our main analysis, we examined performance across the different talkers to ensure that there were no
idiosyncratic voice characteristics that would substantially affect speech intelligibility (i.e., making the task too easy or too
difficult).

Figure B1 shows across-participant averaged percent correct responses as a function of the different talkers, collapsed
across the two experiments, carrier lengths, and the different carrier and target rooms. Overall, performance varied from
approximately 60% (SE = 2.86) for the most difficult-to-understand talker to 66% (SE = 3.5) for the easiest-to-understand
one. Intelligibility was well above chance for all three talkers (p < .001 in all cases), without reaching ceiling levels. A one-way
repeated-measures analysis of variance showed a significant talker effect, F(2, 34) = 7.38, p = .002, ηp

2 = .30. Post hoc
pairwise tests, corrected for multiple comparisons, revealed that the third talker was significantly easier to understand than the
second talker, t(17) = −4.63, p = .0002. Since the three talkers were evenly distributed across all the examined factors (carrier
length, carrier room, target room, and experiment), thus minimizing any potential bias, in the analyses in the main text, the
data are collapsed across the different talkers.
Figure B1. Across-participant average consonant identification accuracy (%), plotted as a function of the three different talkers used in the
experiments reported below. Data are averaged across carrier length, carrier and target rooms, and experiments. Error bars show standard
error of the mean. Asterisks denote significance of difference. *** p < .001, two-sided t test.
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Appendix C

Across-Subject Variability in Information Transfer Rate Performance
Following our main analysis on participants’ information transfer rate (ITR) scores across manner of articulation, place of
articulation, and voicing (see section “Effects of Carrier Room, Carrier Length, and Carrier/Target Uncertainty on Phonetic
Features”), here, we examine individual variability in performance for the two conditions where significant effects were
observed. Figure C1 shows individual participants’ performance for (a) manner of articulation (averaged across target rooms
R1 and R2) and (b) voicing for target room R2. In agreement with previous studies (e.g., Brandewie & Zahorik, 2010, 2018),
we found substantial individual differences in participants’ performance. Overall, many (but not all) participants benefit from
exposure to a consistent carrier compared to the two inconsistent carriers. Also, while both inconsistent carriers appear to
degrade performance for most participants, there is significant variability in how different participants are affected and there
is no clear pattern of differential effects across the different and anechoic carriers.
Figure C1. Individual participant (left) and across-participant averaged (right) ITR scores for the significant results shown in Figure 3. Data for
manner of articulation are averaged across target rooms R1 and R2. Data for voice include the R1 target room. Carrier rooms and features
are shown by different shapes and colors, respectively. Diff = different; AN = anechoic BRIR; Avg = average.
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Information Transfer Rate Performance With All 16 Consonants Included in Experiment 1
Here, we present the participants’ information transfer rate (ITR) performance when all consonants used as target in
Experiment 1 are considered. That is, the six consonants (k, t, n, z, s, and ∫) for which performance was above 90% across all
Experiment 1 tested conditions are included here, whereas they were left out in the section “Effects of Carrier Room, Carrier
Length, and Carrier/Target Uncertainty on Phonetic Features” (see “Speech Material” in “Method” section and Table 1). Note
that, in Experiment 2, only 10 consonants were presented while the participants still could respond that they heard any of the
16 consonants of the full set.

Table D1 shows the across-participant average ITR values obtained with the two data sets (16 consonants or 10 consonants)
for each class of features (manner of articulation, place of articulation, and voicing) as a function of carrier room (same, different,
and anechoic carriers).
Table D1. Across-participant average information transfer rate obtained with data collapsed across the two experiments (upper section) and
separately for Experiment 1 (lower section) if all 16 consonants were considered in Experiment 1 versus if only 10 consonants were considered in
Experiment 1 (the same 10 consonants were always considered in Experiment 2).

Experiments 1 & 2 Experiment 1

Feature Carrier room 16 consonants in Exp. 1
(M ± SE)

10 consonants in Exp. 1
(M ± SE)

16 consonants
(M ± SE)

10 consonants
(M ± SE)

Manner of articulation Same 0.79 ± 0.08 0.76 ± 0.10 0.79 ± 0.07 0.72 ± 0.08
Diff 0.77 ± 0.07 0.73 ± 0.10 0.77 ± 0.08 0.69 ± 0.11
Anech 0.76 ± 0.08 0.72 ± 0.10 0.77 ± 0.09 0.69 ± 0.11

Place of articulation Same 0.51 ± 0.13 0.44 ± 0.14 0.55 ± 0.13 0.42 ± 0.15
Diff 0.48 ± 0.12 0.42 ± 0.10 0.55 ± 0.11 0.42 ± 0.10
Anech 0.48 ± 0.11 0.42 ± 0.11 0.52 ± 0.10 0.39 ± 0.10

Voicing Same 0.71 ± 0.19 0.65 ± 0.25 0.68 ± 0.22 0.57 ± 0.29
Diff 0.66 ± 0.17 0.60 ± 0.22 0.65 ± 0.20 0.53 ± 0.25
Anech 0.69 ± 0.18 0.63 ± 0.23 0.67 ± 0.20 0.56 ± 0.26

Note. Diff = different; Anech = anechoic.
In both analyses, performance for the same carrier tended to be higher than that for the two inconsistent carriers (on
average, ITR improved by 0.03 for Experiments 1 and 2 and by 0.02 for Experiment 1). These results show that, as expected,
including the six consonants in Experiment 1 raises the ITR values (by 0.04 for manner, 0.06 for place, and 0.06 for voicing).

To examine whether the magnitude of adaptation to reverberation (improvement in the same carrier compared to the two
inconsistent carriers) is affected, we ran a mixed analysis of variance (ANOVA) on participants’ ITR values, with carrier/target
uncertainty (experiment) as a between-participants factor and with carrier room (same, different, and anechoic), carrier length
(two vs. four VCs), and target room (R1 and R2) as within-participant factors, separately for each feature (manner of articulation,
and place of articulation, voicing; see section “Effects of Carrier Room, Carrier Length, and Carrier/Target Uncertainty on
Phonetic Features”).

For manner of articulation (see Figure D1, left-hand panel), consistent with our previous analysis, we found a significant
main effect of carrier room, F(2, 32) = 5.05, p = .018, ηp

2 = .23, whereas experiment, target room, and carrier length were
not significant either as main effects or as interactions (all ps > .10). One-sided post hoc comparisons (adjusted with the
Holm–Bonferroni correction) between same-versus-different and same-versus-anechoic carriers showed a significant difference
between same and different, t(71) = 1.97, p = .027, and same and anechoic, t(71) = 2.78, p = .003.
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Information Transfer Rate Performance With All 16 Consonants Included in Experiment 1

Figure D1. Across-participant average information transfer rate (ITR) for manner of articulation (left) and place of articulation (right) as a function
of carrier room, separately for target rooms R1 and R2, averaged across carrier length and experiment. Error bars show standard error of the
mean. Experiment 1 data are based on 16 consonants; Experiment 2 data, on 10 consonants. Asterisks denote significance of difference between
same and different and same and anechoic carriers (*p < .05 and **p < .01, one-sided t test). Diff = different; Anech = anechoic; avg= average.
For place (see Figure D1, right-hand panel), there was a significant main effect of experiment, F(1, 16) = 6.22, p = .024,
ηp

2 = .28, owing to improved performance in Experiment 1. There was also a main effect of target room, F(1, 16) = 17.86, p < .001,
ηp

2 = .498, owing to better overall performance in target room R1 compared to target room R2. There were no other main effects
or interactions (carrier type: F(2, 32) = 3.13, p = .057; all other ps > .19). The overall improved performance on Experiment 1 (which
included the six consonants with high identification performance) and on the less reverberant target room was expected and was
not a main interest of this study; thus, we did not follow up on this result.

For voicing (see Figure D2), the results were somewhat less consistent with those reported in the main text. The ANOVA
showed a significant four-way interaction including all factors, F(2, 32) = 4.67, p = .0166, ηp

2 = .23. Partial ANOVAs showed no
significant main effects or interactions for target room R2 (carrier length: F(1, 16) = 3.97, p = .064; all other ps > .19), in agreement
with our previous results. For target room R1, there was a significant main effect of carrier room, F(2, 32) = 6.85, p = .0071,
ηp

2 = .30, and a significant Carrier Length × Experiment × Carrier Room interaction, F(2, 32) = 9.01, p = .0011, ηp
2 = .36. To

examine this more closely, we ran post hoc pairwise comparisons (adjusted with the Holm–Bonferroni correction) for each
experiment and carrier length. To keep the number of comparisons low, we compared performance on the same carrier with
performance on the inconsistent carriers (0.5 × [Anechoic + Different]). t tests showed a significant difference for the short
carrier length in Experiment 1, t(8) = 3.77, p = .003 (top left panel in Figure D2) and for the long carrier length in Experiment 2,
t(8) = 4.62, p = .0009 (bottom right panel in Figure D2).
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Information Transfer Rate Performance With All 16 Consonants Included in Experiment 1

Figure D2. Across-participant average information transfer rate (ITR) for voicing, as a function of carrier room, separately for target rooms R1
and R2, for each carrier length and experiment. Experiment 1 data are based on 16 consonants; Experiment 2 data, on 10 consonants. Error bars
show standard error of the mean. Asterisks denote significance of difference between same and inconsistent (different and anechoic) carriers
(**p < .01, one-sided t test). Diff = different; Anech = anechoic.
Overall, the results for manner of articulation and place of articulation are very similar across the two data sets (compare
Figure D1 with Figure 3 in main text). For voicing, however, contrary to our previous results, the benefit of the same carrier in
target room R1 was not consistent across the different carrier lengths and experiments. However, due to the small number
of participants for the complex study design, the significant higher order interactions reported here should be examined with
caution, especially given that they might be driven by the different number of consonants based used for the phonetic feature
estimation in the two experiments.
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