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Previous studies have shown that at moderate levels of spectral degradation, semantic 

predictability facilitates language comprehension. It is argued that when speech is degraded, 

listeners have narrowed expectations about the sentence endings; i.e., semantic prediction 

may be limited to only most highly predictable sentence completions. The main objectives 

of this study were to (i) examine whether listeners form narrowed expectations or whether 

they form predictions across a wide range of probable sentence endings,  

(ii) assess whether the facilitatory effect of semantic predictability is modulated by perceptual 

adaptation to degraded speech, and (iii) use and establish a sensitive metric for the 

measurement of language comprehension. For this, we created 360 German Subject-

Verb-Object sentences that varied in semantic predictability of a sentence-�nal target word 

in a graded manner (high, medium, and low) and levels of spectral degradation (1, 4, 6, 

and 8 channels noise-vocoding). These sentences were presented auditorily to two groups: 

One group (n = 48) performed a listening task in an unpredictable channel context in which 

the degraded speech levels were randomized, while the other group (n = 50) performed 

the task in a predictable channel context in which the degraded speech levels were blocked. 

The results showed that at 4 channels noise-vocoding, response accuracy was higher in 

high-predictability sentences than in the medium-predictability sentences, which in turn 

was higher than in the low-predictability sentences. This suggests that, in contrast to the 

narrowed expectations view, comprehension of moderately degraded speech, ranging 

from low- to high- including medium-predictability sentences, is facilitated in a graded 

manner; listeners probabilistically preactivate upcoming words from a wide range of 

semantic space, not limiting only to highly probable sentence endings. Additionally, in both 

channel contexts, we did not observe learning effects; i.e., response accuracy did not 

increase over the course of experiment, and response accuracy was higher in the predictable 

than in the unpredictable channel context. We speculate from these observations that 

when there is no trial-by-trial variation of the levels of speech degradation, listeners adapt 

to speech quality at a long timescale; however, when there is a trial-by-trial variation of the 

high-level semantic feature (e.g., sentence predictability), listeners do not adapt to low-level 

perceptual property (e.g., speech quality) at a short timescale.

Keywords: speech perception, language comprehension, bottom-up processing, top-down prediction, semantic 

prediction, probabilistic prediction, perceptual adaptation, noise-vocoded speech
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INTRODUCTION

Understanding speech is highly automatized and seemingly 
easy when conditions are optimal. However, in our day-to-day 
communication, conditions are o�en far from being optimal. 
Intelligibility and comprehension of speech can be compromised 
at the source (speaker), at the receiver (listener), and at the 
transmission of the speech signal (environmental factor; Shannon, 
1948). Ambient noise is an environmental factor that distorts 
the speech signal and renders it di�cult to understand. For 
example, the noise coming from people talking in the background 
might make it di�cult for you  to understand what your friend 
is saying, while you are chatting in a café. Similarly, a conversation 
with a friend over the phone can be  corrupted by a poor 
transmission of the speech signal which in turn hampers 
language comprehension. Interestingly, although the speech 
signal is sometimes bad or the environment is noisy, listeners 
do not always fail to understand what a friend is saying in 
the café or over the phone. Instead, listeners are successful 
in understanding distorted speech by utilizing context information 
which contains information in a given situation about a topic 
of conversation, semantic and syntactic information of a sentence 
structure, world knowledge, visual information, etc. (Kaiser 
and Trueswell, 2004; Knoeferle et  al., 2005; Altmann and 
Kamide, 2007; Xiang and Kuperberg, 2015; for reviews, Stilp, 
2020). �e goals of the present study were threefold: First, to 
examine the interplay between perceptual and cognitive 
processing during language comprehension to answer the 
question whether the predictability of the sentence context 
facilitates language comprehension in a graded manner primarily 
when the speech signal is distorted, second, to assess whether 
perceptual adaptation in�uences the interplay between perceptual 
and language processing, and third, to establish a sensitive 
metric that takes into account the use of context in 
language comprehension.

Language Comprehension and Sentence 
Context (Predictability)
Research from various domains of cognitive (neuro)science, 
like emotion, vision, odor, and proprioception, has shown that 
predicting upcoming events in�uences human perception and 
cognition (Stadler et al., 2012; Clark, 2013; Seth, 2013; Marques 
et  al., 2018). �ere is also a large body of evidence from 
psycholinguistics and cognitive neuroscience of language, 
suggesting that human language comprehension is predictive 
in nature (Lupyan and Clark, 2015; Pickering and Gambi, 2018; 
see also Huettig and Mani, 2016). Empirical evidence from a 
number of studies suggests that readers or listeners predict 
upcoming words in a sentence when the words are predictable 
from the preceding context (for reviews, Staub, 2015; Kuperberg 
and Jaeger, 2016). For instance, words that are highly predictable 
from the preceding context are read faster and are skipped 
compared to the less predictable ones (Ehrlich and Rayner, 
1981; Frisson et  al., 2005; Staub, 2011). Applying the visual 
world paradigm, several studies have demonstrated that 
participants show anticipatory eye movements toward the picture 

of the word predictable from the sentence context (Altmann 
and Kamide, 1999; Kamide et al., 2003; Jachmann et al., 2019). 
�e sentence-�nal word in a highly predictable sentence context 
(e.g., “She dribbles a ball.”) elicits a smaller N400, a negative 
going EEG component that peaks around 400 ms post-stimulus 
and is considered as a neural marker of context-based expectation, 
than that in a less predictable sentence context (e.g., “She buys 
a ball.”; Kutas and Hillyard, 1984; Federmeier et  al., 2007; for 
reviews, see Kutas and Federmeier, 2011; see also Brouwer 
and Crocker, 2017). Similarly, event-related words (e.g., “luggage”) 
elicited reduced N400 compared to event-unrelated words (e.g., 
“vegetables”) which were not predictable from the context (e.g., 
in a “travel” scenario; Metusalem et  al., 2012). In sum, as the 
sentence context builds up, listeners make predictions about 
upcoming words in the sentence, and these in turn facilitate 
language comprehension. Here, we  will investigate whether 
individuals make use of the predictability of the sentence 
context when perceptual processing is hampered due to a bad 
quality of the speech signal.

Language Comprehension Under Reduced 
Quality of the Speech Signal
�e detrimental e�ect of distortion of speech signal in language 
comprehension and speech intelligibility has been investigated 
for several types of arti�cial distortions, like multi-talker babble 
noise, reverberation, time compression, and noise-vocoding. 
For instance, it has been shown that speech intelligibility and 
comprehension decreases (a) with a decrease in signal-to-noise 
ratio under multi-talker babble noise conditions (e.g., Fontan 
et  al., 2015), (b) faster rate of speech (e.g., Wing�eld et  al., 
2006), and (c) longer reverberation time (e.g., Xia et al., 2018).

Similarly, noise-vocoding also impedes speech intelligibility. 
Noise-vocoding is an e�ective method to parametrically vary 
and control the intelligibility of speech in a graded manner. 
Noise-vocoding distorts speech by dividing a speech signal 
into speci�c frequency bands corresponding to the number 
of vocoder channels. �e frequency bands are analogous to 
the electrodes of cochlear implant (Shannon et al., 1995, 1998). 
�e amplitude envelope within each band is extracted and is 
used to modulate noise of the same bandwidth. �is renders 
vocoded speech harder to understand by replacing the �ne 
structure of the speech signal with noise while preserving the 
temporal characteristics and periodicity of perceptual cues. 
With the increase in number of channels, more frequency-
speci�c information becomes available, spectral resolution of 
the speech signal increases, and hence, speech becomes more 
intelligible; for example, speech processed through 8 channels 
noise-vocoding is more intelligible than the one processed 
through 4 channels noise-vocoding (Loizou et al., 1999; Shannon 
et  al., 2004). �e level of degradation, i.e., the number of 
channels used for noise-vocoding, required for the same level 
of task accuracy can vary from 3 to 30 or more depending 
on the method implemented for noise-vocoding (e.g., Ueda 
et al., 2018), participant variables (age and language experience), 
test materials (words, sentences, and accented speech), and 
listening conditions (speech in quiet and speech with background 
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noise; Shannon et  al., 2004). Here, we  will systematically vary 
the level of speech degradation by noise-vocoding of unaccented 
speech to determine whether listeners bene�t from the sentence 
context for language comprehension when the signal quality 
is not too bad or too good, hence at moderate levels of 
speech degradation.

Predictive Processing and Language 
Comprehension Under Degraded Speech
Top-down predictive and bottom-up perceptual processes interact 
dynamically in language comprehension. In a noisy environment, 
when the bottom-up perceptual input is less reliable, it has 
been shown that participants rely more on top-down predictions 
by narrowing down the predictions to smaller sets of semantic 
categories or words (e.g., Strauß et  al., 2013; see also Corps 
and Rabagliati, 2020). Obleser and colleagues (Obleser et  al., 
2007; Obleser and Kotz, 2010, 2011), for instance, used sentences 
of two levels of semantic predictability (high and low) and 
systematically degraded the speech signal by passing it through 
various numbers of noise-vocoding channels ranging from 1 
to 32  in a series of behavioral and neuroimaging studies. �ey 
found that semantic predictability facilitated language 
comprehension at a moderate level of speech degradation. �at 
is, participants relied more on the sentence context when the 
speech signal was degraded but intelligible enough than when 
it was not degraded or was highly degraded. At such moderate 
levels of speech degradation, accuracy of word recognition 
was found to be  higher for highly predictable target words 
than for less expected target words (Obleser and Kotz, 2010). 
For the extremes, i.e., when the speech signal was highly 
degraded or when it was clearly intelligible, the word recognition 
accuracy was similar across both levels of sentence predictability, 
meaning that predictability did not facilitate language 
comprehension. �e conclusion of these �ndings is that at 
moderate levels of degradation, participants rely more on the 
top-down prediction generated by the sentence context and 
less on the bottom-up processing of unclear, less reliable, and 
degraded speech signal (Obleser, 2014). Reliance on prediction 
results in higher word recognition accuracy for target words 
with high-cloze probability than for the target words with 
low-cloze probability. In the case of a heavily degraded speech 
signal, participants may not be able to understand the sentence 
context and, therefore, be  unable to form predictions of the 
target word, or their cognitive resources may already be occupied 
by decoding the signal, leaving little room for making predictions. 
�us, there is no di�erential e�ect of levels of sentence 
predictability. On the other extreme, when the speech is clear 
and intelligible (at the behavioral level, i.e., when the participants 
respond what the target word of the sentence is), participants 
recognize the intelligible target word across all levels of sentence 
predictability. Hence, no di�erential e�ect of levels of 
predictability of target word can be  expected.

�ese �ndings of Obleser and colleagues (Obleser and Kotz, 
2011) were replicated and extended by Strauß et  al. (2013; 
see Obleser, 2014). In a modi�ed experimental design, they 
varied the target word predictability by manipulating its 

expectancy (i.e., how expected the target word is given the 
verb) and typicality (i.e., co-occurrence of target word and 
the preceding verb). �ey reported that at a moderate level 
of spectral degradation, N400 responses at strong-context, 
low-typical words and weak-context, low-typical words were 
largest. N400 responses at the latter two were not statistically 
di�erent from each other. However, the N400 response was 
smallest at highly predictable (strong-context and high-typical) 
words. �e authors interpreted these �ndings as a facilitatory 
e�ect of sentence predictability which might be  limited to 
only highly predictable sentence endings at a moderate level 
of spectral degradation. In their “expectancy searchlight model,” 
they suggested that listeners form “narrowed expectations” from 
a restricted semantic space when the sentence endings are 
highly predictable. When the sentence endings are less predictable, 
listeners cannot preactivate those less predictable sentence 
endings in an adverse listening condition. �is is contrary to 
the view that readers and listeners form a probabilistic prediction 
of upcoming word in a sentence. For example, Nieuwland 
et al. (2018) showed in a large-scale replication study of DeLong 
et  al. (2005) that the N400 amplitude at the sentence-�nal 
noun is directly proportional to its cloze probability across a 
range of high- and low-cloze words (see also, Kochari and 
Flecken, 2019; Nicenboim et  al., 2020). Heilbron et  al. (2020) 
also showed that a probabilistic prediction model outperforms 
a constrained guessing model, suggesting that linguistic prediction 
is not limited to highly predictable sentence endings, but it 
operates broadly in a wide range of probable sentence endings. 
However, a di�erence is that these studies were conducted in 
conditions without noise.

�e probabilistic nature of prediction in comprehension of 
degraded speech has focused on a comparison of listeners’ 
response to high-cloze target words and low-cloze target words 
(Obleser et  al., 2007; Obleser and Kotz, 2011; see also, Strauß 
et  al., 2013; Amichetti et  al., 2018). In the present study, 
we  included sentences with medium-cloze target words (see 
Supplementary Material). If the listeners form a narrowed 
prediction only for high-cloze target words, then the facilitatory 
e�ect of semantic prediction will be  observed only at these 
highly predictable sentence endings. Listeners’ response to medium-
cloze target words and low-cloze target words would be expected 
to be  quite similar as these two will fall out of the range of 
narrowed prediction. However, if the listeners’ predictions are 
not restricted to highly predictable target words, then they form 
predictions across a wide range of semantic context proportional 
to the probability of occurrence of the target word. In addition 
to highly predictable sentence endings, listeners will also form 
predictions for less predictable sentence endings. Such predictions, 
however, will depend on the probability of occurrence of the 
target words. In other words, listeners form predictions also for 
less expected sentence endings; and the semantic space of 
prediction depends on the probability of occurrence of those 
sentence endings. �e addition of sentences with medium-cloze 
target words in the present study thus allows us to di�erentiate 
whether listeners form all-or-none prediction restricted to high-
cloze target words, or a probabilistic prediction for words across 
a wide range of cloze probability.
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Adaptation to Degraded Speech
Listeners quickly adapt to novel speech with arti�cial acoustic 
distortions (e.g., Dupoux and Green, 1997). Repeated exposure 
to degraded speech leads to improved comprehension over 
time (for reviews, Samuel and Kraljic, 2009; Guediche et  al., 
2014). When the noise condition is constant throughout the 
experiment, listeners adapt to it and the performance (e.g., 
word recognition) improves with as little as 20 min of exposure 
(Rosen et  al., 1999). For example, Davis et  al. (2005, 
Experiment 1) presented listeners with sentences with 6 channels 
of noise-vocoding and found an increase in the proportion 
of correctly reported words over the course of experiment. 
Similarly, Erb et al. (2013) presented participants with sentences 
passed through 4 channels of noise-vocoding and reached a 
similar conclusion. In these experiments, only a single spectrally 
degraded speech signal (passed through 6 or 4 channels) was 
presented in one block. �erefore, it was predictable from the 
point of view of the participant which level of spectral degradation 
will appear in any trial within the block. Additionally, target 
word predictability was not varied.

When multiple types or levels of degraded speech signals 
are presented in a (pseudo-)randomized order within a block, 
then a listener is uncertain about any upcoming trials’ signal 
quality; if such multiple levels of degradation are due to the 
presentation of multiple channels of noise-vocoded speech, 
then the global channel context is unpredictable or uncertain. 
�is can in�uence perceptual adaptation. For instance, Mattys 
et al. (2012) note the possibility for a total absence of perceptual 
adaptation, when the characteristics of auditory signal change 
throughout an experiment. We also know from Sommers et al. 
(1994) that trial-by-trial variability in the characteristics of 
distorted speech impairs word recognition (see also, Dahan 
and Magnuson, 2006). We  thus speculated that if the noise-
vocoded speech varies from one trial to the next, then the 
adaptation to noise in this scenario might be  di�erent from 
the earlier case in which spectral degradation is constant 
throughout the experiment. Perceptual adaptation, however, is 
not limited to trial-by-trial variability of stimulus property. 
Listeners can adapt to auditory signal at di�erent time courses 
and time scales (Atienza et  al., 2002; see also, Whitmire and 
Stanley, 2016). In addition to di�erences in intrinsic trial-by-
trial variability and resulting short timescale trial-by-trial 
adaptation in two channel contexts, the global di�erences in 
the presentation of vocoded speech can result in a di�erence 
in the general adaptation at a longer timescale between predictable 
and unpredictable channel contexts.

�ere is a limited number of studies that has looked at 
how next-trial noise-uncertainty and global context of speech 
property in�uence adaptation. For example, words were presented 
at +3 dB SNR and +10 dB SNR in a word-recognition task in 
a pseudorandom order (Vaden et al., 2013). �e authors wanted 
to minimize the certainty about the noise conditions in the 
block. �e same group of authors (Vaden et  al., 2015, 2016; 
Eckert et  al., 2016) proposed that an adaptive control system 
(cingulo-opercular circuit) might be  involved to optimize task 
performance when listeners are uncertain about the upcoming 
trial. However, we  cannot make a �rm conclusion about 

perceptual adaptation per se from their studies as they do not 
report the change in performance over the course of experiment. 
Similarly, Obleser and colleagues (Obleser et  al., 2007; Obleser 
and Kotz, 2011; Hartwigsen et al., 2015) also presented listeners 
with noise-vocoded sentences (ranging from 2 to 32 channels 
of noise-vocoding) in a pseudo-randomized order but did not 
report the presence or absence of perceptual adaptation to 
noise-vocoded speech. In the above-mentioned studies, the 
authors did not compare participants’ task performance in 
blocked design against the presentation in a pseudorandomized 
block of di�erent noise conditions to make an inference about 
general adaptation to degraded speech at a longer timescale. 
To examine the in�uence of uncertainty about next-trial speech 
features and the global context of speech features on perceptual 
adaptation, we will therefore compare language comprehension 
with a trial-by-trial variation of sentence predictability and 
speech degradation either in blocks in which the noise-vocoded 
channels are blocked, or in a randomized order.

Measurement of Language 
Comprehension
Another issue we would like to discuss is how to best measure 
language comprehension. �e measurement of comprehension 
performance is inconsistent across studies. For instance, Erb 
et  al. (2013) and Hakonen et  al. (2017) measured participants’ 
performance as proportion of correctly reported words per 
sentence (“report scores”; Peelle et  al., 2013). On the other 
hand, Sheldon et  al. (2008) asked participants to only report 
the �nal word of the sentence and then calculated the proportion 
of correctly reported words. One disadvantage of these approaches 
is that they do not consider whether participants correctly 
identi�ed the sentence context or not. A crude word recognition 
score and the proportion of correct responses do not re�ect 
an accurate picture of facilitation (or lack thereof) of language 
comprehension. �erefore, in the present study, we  consider 
only those responses in which participants correctly identify 
the sentence context.

Goals of This Study
In sum, the goals of the study were threefold. Our �rst goal 
was to replicate and extend the behavioral results of Obleser 
and colleagues (Obleser et  al., 2007; Obleser and Kotz, 2011), 
namely that the e�ect of semantic predictability will be observed 
only at a moderate level of speech degradation – as participants 
can realize the sentence context at the moderate level, their 
prediction will be  narrowed down and the reliance on the 
bottom-up processing of the sentence �nal word will be  over-
ridden by top-down prediction. In contrast, when the sentence 
is clearly intelligible, even if the prediction is narrowed down 
and regardless of whether the clearly intelligible �nal word 
con�rms or discon�rms those predictions, they respond based 
on what they hear, i.e., they rely mostly on acoustic-phonetic 
rather than lexical cues. Our study will provide new insights 
to the �eld by examining whether listeners indeed form narrowed 
expectations such that the facilitatory e�ect of predictability 
will be  observed only for high-cloze target words and not at 
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medium- or low-cloze probability. To examine this, we  created 
360 German sentences at di�erent levels of target word  
probability – low-cloze probability = 0.022 ± 0.027, medium-cloze 
probability = 0.1 ± 0.55, and high-cloze probability = 0.56 ± 1.0 
– and varied the levels of spectral degradation by noise-vocoding 
through 1, 4, 6 and 8 channels.

Our second goal was to investigate the role of an uncertainty 
about the next-trial speech features on perceptual adaptation 
by varying the global channel context on the comprehension 
of degraded speech. To study this, we  presented sentences of 
di�erent levels of predictability blocked by each channel 
conditions (predictable channel context) and pseudo-randomized 
across all channels (unpredictable channel context). Based on 
previous �ndings, we expected that in the unpredictable channel 
context (i.e., when sentences are presented in a random order 
of spectral degradation) participants’ word recognition 
performance will be  worse than in the predictable channel 
context (i.e., when the sentences are blocked by noise-vocoding; 
Sommers et  al., 1994; Garrido et  al., 2011; Vaden et  al., 2013). 
Moreover, to further examine perceptual adaptation, we  also 
considered the e�ect of trial number in the analyses of data.

Our third goal was to establish a sensitive metric of 
measurement of language comprehension which considers the 
use of context by listeners. We note the caveat in the measurement 
of language comprehension in above-mentioned studies (e.g., 
Sheldon et  al., 2008; Erb et  al., 2013; Hakonen et  al., 2017) 
and extend it further with a metric that we  consider is a 
better measure of language comprehension (Amichetti et  al., 
2018) in the write-down paradigm (Samar and Metz, 1988).

MATERIALS AND METHODS

Participants
We recruited two groups of participants via Proli�c Academic 
and assigned them to one of the two groups: “unpredictable 
channel context” (n  = 48; x ̅ ± SD = 24.44 ± 3.5 years; age 
range = 18–31 years; 16 females) and “predictable channel context” 
(n  = 50; x̅ ± SD = 23.66 ± 3.2 years; age range = 18–30 years; 14 
females). All participants were native speakers of German 
residing in Germany. Exclusion criteria for participating in 
this study were self-reported hearing disorder, speech-language 
disorder, or any neurological disorder. All participants received 
monetary compensation for their participation. �e study was 
approved by the Deutsche Gesellscha� für Sprachwissenscha� 
(DGfS) Ethics Committee, and the participants provided consent 
in accordance with the Declaration of Helsinki.

Stimuli
�e stimuli were digital recordings of 360 German sentences 
spoken by a female native speaker of German in a normal 
rate of speech. All sentences were in present tense consisting 
of pronoun, verb, determiner, and object (noun) in the Subject-
Verb-Object form. We  used 120 unique nouns to create three 
sentences that di�ered in cloze probability of target words. 
�is resulted into sentences with low-, medium-, and high-
cloze target word (for examples, see Figure  1).

We collected cloze probability ratings for each of these 
sentences in separate groups of younger participants (n  = 60) 
of the same age range (18–30 years) prior to this study, while 
not all participants received the full set of 360 sentences. Mean 
cloze probabilities were 0.022 (SD = 0.027; range = 0.00–0.09) 
for sentences with low-cloze target word (low-predictability 
sentences), 0.274 (SD = 0.134; range = 0.1–0.55) for sentences 
with medium-cloze target word (medium-predictability 
sentences), and 0.752 (SD = 0.123; range = 0.56–1.00) for sentences 
with high-cloze target word (high-predictability sentences). �e 
distribution of cloze probability across low-, medium-, and 
high-predictability sentences is shown in Figure  1.

�e sentences were recorded and digitized at 44.1 kHz 
with 32-bit linear encoding. �e spectral degradation conditions 
of 1, 4, 6, and 8 channels were achieved for each of the 
360 recorded sentences using a customized noise-vocoding 
script originally written by Darwin (2005) in Praat. �e 
speech signal was divided into 1, 4, 6, and 8 frequency 
bands between 70 and 9,000 Hz. �e frequency boundaries 
were determined by cochlear-frequency position functions, 
and the boundary frequencies were approximately 
logarithmically spaced (Greenwood, 1990; Erb, 2014). �e 
amplitude envelope of each band was extracted and applied 
to band-pass �ltered white noise in the same frequency 
ranges; the upper and lower bounds for band extraction are 
speci�ed in Table  1. Each of the modulated noises was then 
combined to produce distorted sentence. Scaling was performed 
to equate the root-mean-square value of the original undistorted 
sentence and the �nal distorted sentences. �is resulted into 
four channel conditions: 1 channel, 4 channels, 6 channels, 
and 8 channels. �e 1-channel noise-vocoding provides a 
baseline condition as speech encoded with only one frequency 
band is least to non-intelligible. However, speech vocoded 
through four or more channels has been shown to be  well 
intelligible – Ueda and Nakajima (2017) derived from the 
factor analysis of spectral �uctuations in eight languages, 
including German, that four channels are su�cient, and they 
also identi�ed the optimal boundary frequencies for 4 channels 
vocoding. �ese are similar, although not identical, to the 
cochlear-frequency position function-based boundary 
frequencies chosen in the current study.

In the unpredictable channel context, each participant was 
presented with 120 unique sentences: 40 high-predictability, 
40 medium-predictability, and 40 low-predictability sentences. 
Channel condition was also balanced across each sentence 
type; i.e., in each of high-, medium-, and low-predictability 
sentences, 10 sentences passed through each noise-vocoding 
channels – 1, 4, 6, and 8 – were presented. �is resulted 
into 12 experimental lists. �e sentences in each list were 
pseudo-randomized, that is, not more than three sentences 
of same channel condition, or same predictability condition 
appeared consecutively. �is randomization ascertained 
uncertainty of next-trial speech quality/degradation in the 
global context of the experiment.

�e same set of stimuli and experimental lists were used 
in the predictable channel context. Each participant was presented 
with 120 unique sentences blocked by channel conditions. �ere 
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were four blocks of stimuli. �irty sentences were presented 
in each of the four blocks. In the �rst block, all sentences 
were of 8 channels, followed by blocks of 6 channels, 4 channels, 
and 1 channel speech, consecutively (Sheldon et  al., 2008). 
Within each block, 10 high-predictability, 10 medium-
predictability, and 10 low-predictability sentences were presented. 
All the sentences were pseudo-randomized so that not more 
than three sentences of the same predictability condition appeared 
consecutively in each block.

Procedure
Participants were asked to use headphones or earphones. A 
prompt to adjust loudness was displayed at the beginning of 
the experiment: A noise-vocoded sound not used in the main 
experiment was presented, and participants were asked to adjust 
the loudness at their level of comfort. One spoken sentence 
was presented in each trial. Eight practice trials were presented 
before presenting 120 experimental trials. �ey were asked to 
enter what they had heard (i.e., to type in the entire sentence) 
via keyboard. Guessing was encouraged. At the end of each 
trial, they were asked to judge their con�dence in their response 
on a scale of 1 to 4, 1 being “just guessing” to 4 being “highly 
con�dent.” �e response was not timed. �e experiment was 
about 40 min long.

Analyses
In the sentences used in our experiment, verbs evoke predictability 
of the sentence-�nal noun. �erefore, the e�ect of predictability 
(evoked by the verb) on language comprehension can be rightfully 
measured if we consider only those trials in which participants 
identify the verbs correctly. Verb-correct trials were considered 
as the sentence in which participants correctly understood the 
context (independent of whether they correctly understood 
the �nal target noun). Morphological in�ections and typos 
were considered as correct. We  �rst �ltered out those trials 
in which context was not identi�ed correctly, i.e., trials with 
incorrect verbs.1 �erefore, we  excluded 2,469 out of 5,760 
trials in unpredictable channel context and 2,374 out of 6,000 
trials in predictable channel context from the analyses. �e 
condition with 1-channel noise-vocoding was dropped from 
the analyses as there were no correct responses in any of the 
trials in this condition. �e number of trials excluded per 
condition in each group is shown in Table  2.

Data preprocessing and analyses were performed in R-Studio 
(Version 3.6.1; R Core Team, 2019). Accuracy was analyzed 

1 We also performed a complementary analysis with only noun-correct trials, 

which was suggested by a reviewer, to test whether there was a backward 

e�ect of guessing the verb a�er �rst recognizing the noun in a sentence. �e 

results of the analysis are presented in the Supplementary Material.

FIGURE 1 | The distribution of cloze probability values for low-, medium-, and high-cloze target nouns. Example sentences with their English translations are 

shown on each plot.

TABLE 1 | Boundary frequencies (in Hz) for 1, 4, 6, and 8 channels noise-vocoding conditions.

Number of channels Boundary frequencies

1 70 9,000

4 70 423 1,304 3,504 9,000

6 70 268 633 1,304 2,539 4,813 9,000

8 70 207 423 764 1,304 2,156 3,504 5,634 9,000
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with Generalized Linear Mixed Models with lmerTest (Kuznetsova 
et  al., 2017) and lme4 (Bates et  al., 2015b) packages which 
operate on log-odds scale. Binary responses (correct responses 
coded as 1 and incorrect responses coded as 0) for all participants 
in both groups (predictable global noise context and unpredictable 
global noise context) were �t with a binomial mixed-e�ects 
model; i.e., response accuracy was a categorical-dependent 
variable in the model (Jaeger, 2006, 2008). Channel condition 
(categorical; 4 channels, 6 channels, and 8 channels), target 
word predictability (categorical; high, medium, and low 
predictability), global channel context (categorical; predictable 
channel context and unpredictable channel context), and the 
interaction of channel condition and target word predictability, 
and the main e�ect of global channel context were included 
in the �xed e�ects.

We �rst �tted a model with maximal random e�ects structure 
that included random intercepts for each participant and item 
(Barr et  al., 2013). Both by-participant and by-item random 
slopes were included for channel condition, target word 
predictability, and their interaction. To �nd the optimal model 
for the data, non-signi�cant higher-order interactions were 
excluded from the �xed-e�ects structure (and from the random-
e�ects structure) in a stepwise manner. Model selection was 
based on Akaike Information Criterion (Grueber et  al., 2011; 
Richards et  al., 2011) unless otherwise stated. Random e�ects 
not supported by the data that explained zero variance according 
to singular value decomposition were excluded to prevent 
overparameterization. �is gave a more parsimonious model 

(Bates et al., 2015a). Such a model was then extended separately 
with: (i) item-related correlation parameters, (ii) participant-
related correlation parameter, and (iii) both item- and participant-
related correlation parameters. �e best �tting model among 
the parsimonious and extended models was then selected as 
the optimal model for our data. Note that the parsimonious 
model shows qualitatively the same e�ects as the maximal model.

We applied treatment contrast for channel condition  
(8 channels as the baseline; factor levels: 8 channels, 4 channels, 
and 6 channels) and sliding di�erence contrast for target word 
predictability (factor levels: medium predictability, low 
predictability, and high predictability) and global channel context 
(factor levels: unpredictable and predictable). We  report the 
results from the optimal model (see Table  3).

RESULTS

We primarily wanted to test (i) whether predictability facilitates 
language comprehension only at a moderate level of spectral 
degradation and (ii) whether adaptation to degraded speech 
in�uences language comprehension. We observed that the mean 
response accuracy increased with an increase in number of 
noise-vocoding channels from 4 to 6 to 8, and with an increase 
in target word predictability from low to medium to high, as 
can be  seen in Figure  2. �is trend is consistent across both 
predictable channel context (blocked design) and unpredictable 
channel context (randomized design; see also Tables 4 and 5).

TABLE 3 | Estimated effects of the best �tting generalized (binomial logistic) mixed-effects model accounting for the correct word recognition.

Fixed effects Estimate Standard error Value of z Value of p

Intercept 5.09 0.24 21.38 <0.001

Channel condition (4 channels) −2.87 0.22 −13.10 <0.001

Channel condition (6 channels) −0.66 0.19 −3.42 0.001

Target word predictability (Low-Medium) −0.52 0.27 −1.97 0.049

Target word predictability (High-Low) 2.18 0.30 7.21 <0.001

Channel condition × Target word predictability −0.71 0.29 −2.44 0.015

Global channel context (Unpredictable - Predictable) −0.27 0.14 −2.02 0.043

Optimal model:  

glmer(response ~ 1 + 4ch + 6ch + Low-Medium + High-Low + 4ch: Low-Medium + ChannelContext + 

(1 + 4ch + High-Low | subject) +  

(1 + 4ch + 6ch + Low-Medium + High-Low + 4ch: Low-Medium || item).

NB: The minus sign is only a symbolic representation of the difference, between two factors, from the sliding difference contrasts; see Supplementary Material for the details 

about the model description.

“ch” is an abbreviation for “channels.”

TABLE 2 | Number of trials excluded per condition.

Channel context Channel condition Predictability Total trials presented

Low Medium High

Predictable (blocked design) 4 channels 208 181 215 1,500

6 channels 62 60 49 1,500

8 channels 32 29 38 1,500

Unpredictable (randomized design) 4 channels 251 236 241 1,440

6 channels 61 63 55 1,440

8 channels 49 31 42 1,440
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FIGURE 2 | Mean response accuracy for the blocked design (left) and the randomized design (right). Error bars represent standard error of the means.

�e results of statistical analysis con�rmed these observations. 
It showed that there was a main e�ect of channel condition 
indicating that the response accuracy was higher in the 8 
channels than in the 4 channels [β  = −2.87, SE = 0.22, z 
(6917) = −13.10, p < 0.001] and 6 channels [β = −0.66, SE = 0.19, 
z (6917) = −3.42, p  < 0.001]. �ere was a main e�ect of target 
word predictability, suggesting that response accuracy was lower 
at low predictability than both high-predictability [β  = 2.18, 
SE = 0.30, z (6917) = 7.21, p  < 0.001] and medium-predictability 
sentences [β  = −0.52, SE = 0.27, z (6917) = −1.97, p  = 0.049]. 
�ere was also an interaction between channel condition and 

target word predictability [β = −0.71, SE = 0.29, z (6917) = −2.44, 
p = 0.015]. See Figure 2 for the corresponding mean accuracies.

Subsequent subgroup analyses were performed following the 
same procedure as described above. �e results are shown in 
Table  6. �ey revealed that the interaction was driven by the 
e�ect of predictability at 4 channels: �e accuracy at high-
predictability sentences was higher than medium-predictability 
sentences [β = 1.14, SE = 0.37, z (1608) = 3.10, p = 0.002], which 
in turn was also higher than low-predictability sentences 
[β  = 1.01, SE = 0.24, z (1608) = 4.20, p  < 0.001]. �ere was no 
signi�cant di�erence in response accuracy between low- and 
medium-predictability sentences at both 6 [β  = 0.33, SE = 0.32, 
z (2590) = 1.04, p  = 0.3] and 8 channels [β  = −0.01, SE = 0.32, 
z (2719) = −0.04, p  = 0.965]. However, response accuracy was 
higher in high-predictability than in medium-predictability 
sentences at both 6 channels [β = 1.83, SE = 0.65, z (2590) = 2.83, 
p  < 0.005] and 8 channels [β  = 1.54, SE = 0.61, z (2719) = 2.54, 
p  = 0.011].

We also found a main e�ect of global channel context 
showing that response accuracy was higher in predictable than 
in unpredictable channel context [β  = −0.27, SE = 0.14, z 
(6917) = −2.02, p  = 0.043].

To further test the e�ect of practice in the adaptation to 
noise, we added trial number as a �xed e�ect in the maximal 
model. Note that there were 30 trials in each block in the 
blocked design (predictable channel context). For comparability, 
we divided randomized design (unpredictable channel context) 
into four blocks; there were 30 consecutive trials in each 
block. �en, following the same procedure as above, an 
optimal model was obtained. �e results showed that response 
accuracy did not change throughout the experiment 
[β = −0.0001, SE = 0.01, z (6917) = −0.02, p = 0.985]. It remained 
constant within each block in predictable channel context 
[β  = −0.02, SE = 0.01, z (3626) = −1.43, p  = 0.152] as well as 
in unpredictable channel context [β  = 0.01, SE = 0.01, z 
(3291) = 1.05, p  = 0.292].

TABLE 5 | Mean response accuracy in unpredictable channel context.

Noise-vocoding Predictability Accuracy SE

4 channels

Low 72.16 2.93

Medium 85.61 2.47

High 92.94 1.96

6 channels

Low 93.88 1.04

Medium 94.86 1.24

High 99.81 0.62

8 channels

Low 96.14 1.02

Medium 96.59 0.97

High 99.55 0.64

TABLE 4 | Mean response accuracy in predictable channel context.

Noise-vocoding Predictability Accuracy SE

4 channels

Low 71.59 2.74

Medium 86.53 1.99

High 94.53 1.42

6 channels

Low 93.73 1.33

Medium 96.21 1.08

High 98.75 1.02

8 channels

Low 97.84 0.8

Medium 97.52 1.04

High 99.38 0.59

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Bhandari et al. Graded Effect of Prediction

Frontiers in Psychology | www.frontiersin.org 9 September 2021 | Volume 12 | Article 714485

DISCUSSION

�e present study had three goals: (i) to examine whether 

previously reported facilitatory e�ect of semantic predictability 

is restricted to only highly predictable sentence endings; (ii) 

to assess the role of perceptual adaptation on the facilitation 

of language comprehension by sentence predictability; and (iii) 

to use and establish a sensitive metric to measure language 

comprehension that takes into account whether listeners bene�ted 

from the semantic context of the sentence they have listened to.

Results of our study showed the expected interaction between 

predictability and degraded speech; that is, language comprehension 

was better for high-cloze than for low-cloze target words when 

the speech signal was moderately degraded by noise-vocoding 

through 4 channels, while the e�ect of predictability was absent 

when speech was not intelligible (noise-vocoding through 1 channel). 

�ese results are fully in line with Obleser and Kotz (2010); 

we  partly included identical sentences from their study in the 

present study (see Supplementary Material). Importantly, in contrast 

to their study, we  had also created sentences with medium-cloze 

target words (which were intermediate between high-cloze and 

low-cloze target words) and found that the e�ect of predictability 

was also signi�cant when comparing sentences with medium-cloze 

target words against sentences with low-cloze target words at 4 

channels noise-vocoding condition. Recognition of a target word 

was dependent on its level of predictability (measured by cloze 

probability), and correct recognition was not just limited to high-

cloze target words. �ese signi�cant di�erences in response accuracy 

between medium-cloze and low-cloze target words, and between 

medium-cloze and high-cloze target words at noise-vocoding through 

4 channels show that the sentence-�nal word recognition is facilitated 

by semantic predictability in a graded manner. �is is in line with 

the �ndings from the ERP literature where it has been observed 

that semantic predictability, in terms of cloze probability of target 

word of a sentence, modulates semantic processing, indexed by 

N400, in a graded manner (DeLong et  al., 2005; Wlotko and 

Federmeier, 2012; Nieuwland et  al., 2018).

�e interpretation of the observed graded e�ect of semantic 

predictability at the moderate level of spectral degradation (i.e., 

at noise-vocoding through 4 channels) provides a novel insight 

into how listeners form prediction when the bottom-up input 

is compromised. �at is, in an adverse listening condition, 

listeners rely more on top-down semantic prediction than on 

bottom-up acoustic-phonetic cues. However, such a reliance 

on top-down prediction is not an all-or-none phenomenon; 

instead, listeners form a probabilistic prediction of the target 

word. �e e�ect of target word predictability on comprehension 

is not sharply focused solely on high-cloze target words like 

a “searchlight.” But rather it is spread across a wide range, 

including low-cloze and medium-cloze target words. As the 

cloze probability of the target words decreases from high to 

low, the focus of the searchlight becomes less precise.

Obleser et  al. (2007) and Strauß et  al. (2013) reported an 

e�ect of predictability on language comprehension at noise-

vocoding through 8 channels. On the other hand, we and Obleser 

and Kotz (2010) �nd a similar e�ect in 4 channels. �is can 

be  explained by the relative complexity of the stimuli used in 

this latter study. Obleser et  al. (2007) took the sentences from 

G-SPIN (German version of Speech in Noise) test. �ose sentences 

are longer and do not have uniform form and structure, while 

the sentences in Obleser and Kotz (2010) and the current study 

are shorter and have a uniform form and structure (Subject-

Verb-Object). Owing to this fact, noise-vocoding through 4 

channels was not intelligible enough for the G-SPIN test sentences, 

and the e�ect of predictability could be  observed only at a 

higher number of vocoding channels (8 channels). �is di�erence 

in number of channels (4 vs. 8) required for the e�ect of 

predictability to emerge is, therefore, due to the di�erence in 

stimuli complexity; the moderate-level spectral degradation could 

either be 8 channels or 4 channels depending on stimuli complexity. 

In the present study, moderate level of spectral degradation 

could be  observed at noise-vocoding through 4 channels.

Previously reported facilitatory e�ect of semantic predictability 

comes from studies conducted in laboratory setups. �e current 

experiment was conducted online. �ere is a possibility that 

di�erent participants used di�erent hearing devices. Such 

variability in hearing devices could not be  controlled for in 

our experiment although the participants were restricted to 

using only desktop/laptop computers. However, we  have no 

reason to believe that these variance sources are systematically 

correlated with our between-group manipulation (global channel 

context) and the e�ects are constant within subjects. Moreover, 

the main �nding of this study, i.e., the graded e�ect of semantic 

predictability, is observed in both the groups.

TABLE 6 | Estimated effects of the generalized (binomial logistic) mixed-effects model accounting for the correct word recognition at 4 channels condition.

Fixed effects Estimate Standard error Value of z Value of p

Intercept 2.17 0.20 10.95 <0.001

Target word predictability (Medium-Low) 1.01 0.24 4.20 <0.001

Target word predictability (High-Medium) 1.14 0.37 3.10 0.002

Global channel context (Unpredictable - Predictable) −0.27 0.18 −1.53 0.127

Optimal model:  

glmer(response ~ 1 + 4ch + 6ch + Low-Medium + High-Low + 4ch: Low-Medium + ChannelContext +  

(1 + 4ch + High-Low | subject) +  

(1 + 4ch + 6ch + Low-Medium + High-Low + 4ch: Low-Medium || item)

NB: The minus sign is only a symbolic representation of the difference, between two factors, from the sliding difference contrasts; see Supplementary Material for the details 

about the model description.

“ch” is an abbreviation for “channels.”
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We highlight the importance of considering participants’ 
context use in experiments that attempt to answer the questions 
pertaining to the use of top-down predictive cues. Unless it is 
established that participants correctly understood the context, 
the �ndings are likely to be  confounded by the trials in which 
the predictability condition is not controlled as participants did 
not understand the context correctly, and the target word is 
not predictable based on the misunderstood context. In those 
cases, correctly recognizing the target word does not necessarily 
mean that listeners made use of the context and it was top-down 
prediction that facilitated the comprehension. Similarly, in cases 
where the target word was wrong, and the context was also 
not understood, it does not mean that participants did not 
form prediction based on what they understood. Also, instructions 
can a�ect how participants direct their attention during the 
task – they might shi� attention strategically only to the target 
word, if this is all that is required for the task; hence, task 
instructions can also be  a confounding factor (Sanders and 
Astheimer, 2008; Astheimer and Sanders, 2009; Li et  al., 2014).

An alternative explanation of our �ndings could be  that the 
listeners “guessed” the verb a�er �rst correctly identifying the noun 
in a sentence, which a reviewer pointed out. We therefore conducted 
an additional analysis where we  compared forward predictability 
e�ects (from verb to noun) to the size of backward predictability 
e�ects (correct identi�cation of the noun based on the �nal verb). 
If the observed e�ect is simply a cloze guessing e�ect, then we would 
expect that both forward and backward predictability e�ects are 
similar in size. If, on the other hand, understanding the verb 
really helps to shape predictions of the upcoming noun, and this 
helps intelligibility, then the forward prediction e�ect should 
be  larger. �e results of this complementary analysis (see the 
Supplementary Material) support the �ndings of the main analysis 
reported in the Results. In the backward predictability analysis, 
there was no graded e�ect of predictability, and the backward 
e�ect of “guessing” the verb jongliert a�er recognizing the noun 
Baelle, if present at all, was smaller than the forward e�ect of 
predicting the noun a�er recognizing the verb in the sentence 
Sie jongliert die Baelle. �is corroborates our argument that listeners 
in fact made use of the verb-evoked context to form predictions 
about upcoming noun, and not the other way around, in a graded 
manner when the speech was moderately degraded.

�e results of the analyses of trial number on the e�ect 
of channel context to capture trial-by-trial perceptual adaptation 
showed that the response accuracy did not increase over the 
course of experiment. �is suggests that listeners’ performance 
remained constant over the course of experiment regardless 
of the predictability of next-trial spectral degradation. Perceptual 
adaptation occurs when the perceptual system of a listener 
retunes itself to the sensory properties of the auditory signal 
which can be  facilitated by higher-level lexical information or 
feedback (Goldstone, 1998; Mattys et  al., 2012). We  speculate 
that the trial-by-trial variability in the spectral resolution of 
the speech signal in the unpredictable channel context prevented 
perceptual adaptation. Although there was certainty about the 
quality of speech signal within a block in the predictable 
channel context, we  did not observe trial-by-trial perceptual 
adaptation in this condition either. �is is contrary to previous 

studies showing that listeners adapt to degraded speech when 
the global context of speech quality is predictable (e.g., Davis 
et  al., 2005; Erb et  al., 2013). However, the crucial di�erence 
between those studies and our study is the manipulation of 
target word predictability. For example, Erb et  al. (2013) 
presented sentences with only low-predictability target words 
from the G-SPIN test. We, on the other hand, parametrically 
varied target word predictability from low to medium and 
high. Note that we  presented target words in a randomized 
order in both channel contexts. �is alone introduces trial-
by-trial uncertainty in the predictable channel context and 
possibly hinders trial-by-trial perceptual adaptation. As Goldstone 
(1998, p.  588) notes – “one way in which perception becomes 
adapted to tasks and environments is by increasing the attention 
paid to perceptual dimensions and features that are important, 
and/or by decreasing attention to irrelevant [perceptual] 
dimensions and features” (see also, Gold and Watanabe, 2010). 
In our study, listeners probably paid more attention to semantic 
properties of the sentences (i.e., contextual cues and target 
word predictability) than to the perceptual properties (i.e., 
spectral resolution or speech quality) as we  had instructed. 
We  speculate this might have resulted in the absence of trial-
by-trial perceptual adaptation to degraded speech, even when 
next-trial channel condition was predictable. However, one 
noteworthy �nding is the higher accuracy in the predictable 
channel context than in the unpredictable channel context. 
We  interpret the di�erences in task performance in these two 
channel contexts in terms of general adaptation at a longer 
timescale. Adaptation to trial-by-trial variability of stimuli 
property re�ects adaptation at a shorter timescale; at a longer 
timescale, however, listeners adapt to the experimental condition 
in which stimuli properties change slowly (Atienza et al., 2002; 
for neurobiological account, see Whitmire and Stanley, 2016; 
Zhang and Chacron, 2016; Weber et al., 2019). In both predictable 
and unpredictable channel contexts, adaptation in the short 
timescale was hindered by trial-by-trial variation of either one 
(target word predictability) or both properties (target word 
predictability and channel condition) of the speech stimuli. 
However, listeners adapted to the vocoded speech in the longer 
timescale when there was a certainty of channel condition (in 
predictable channel context) at the level of global channel context.

CONCLUSION

In conclusion, this study provides novel insights into predictive 
language processing when bottom-up signal quality is compromised 
and uncertain: We show that while processing moderately degraded 
speech, listeners form top-down predictions across a wide range 
of semantic space that is not restricted within highly predictable 
sentence endings. In contrast to the narrowed expectation view, 
comprehension of words ranging from low- to high-cloze 
probability, including medium-cloze probability, is facilitated in 
a graded manner while listening to a moderately degraded 
speech. We  also found better speech comprehension when 
individuals were likely to have adapted to the noise condition 
in the blocked design compared to the randomized design. 
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We  did not �nd learning e�ects at the trial-to-trial level of 

perceptual adaption – it may be that the adaptation was hampered 

by variation in higher-level semantic features (i.e., target word 

predictability). We also argue that for the examination of semantic 

predictability e�ects during language comprehension, the analyses 

of response accuracy should be  based on the trials in which 

context evoking words are correctly identi�ed in the �rst place 

to make sure that listeners make use of the contextual cues 

instead of analyzing general word recognition scores.

DATA AVAILABILITY STATEMENT

�e raw data supporting the conclusions of this article will 

be made available by the authors, without undue reservation.

ETHICS STATEMENT

�e studies involving human participants were reviewed and 

approved by the Deutsche Gesellscha� für Sprachwissenscha� 

(DGfS) Ethics Committee. �e patients/participants provided 

their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

PB, VD, and JK were involved in planning and designing of 

the study. PB analyzed the data and wrote all parts of the 

manuscript. VD and JK made the suggestions to the framing, 

structuring, and presentation of �ndings as well as on the 

interpretation of �ndings. All authors contributed to the article 

and approved the submitted version.

FUNDING

�is study was funded by the Deutsche Forschungsgemeinscha� 

(DFG, German Research Foundation) – Project-ID 232722074 

– SFB 1102.

ACKNOWLEDGMENTS

We would like to thank Melanie Hiltz, Sarah Memeche, Katharina 

Stein, and Amélie Leibrock for their help in constructing the 

stimuli and assistance with the phonetic transcriptions, and 

Katja Häuser, Yoana Vergilova, and Marjolein van Os for helpful 

discussion. We also thank Jonas Obleser for sharing the stimuli 

used in their study.

SUPPLEMENTARY MATERIAL

�e Supplementary Material for this article can be found online 

at: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.714485 

/full#supplementary-material

 

REFERENCES

Altmann, G. T. M., and Kamide, Y. (1999). Incremental interpretation at verbs: 

restricting the domain of subsequent reference. Cognition 73, 247–264. doi: 

10.1016/S0010-0277(99)00059-1

Altmann, G. T. M., and Kamide, Y. (2007). �e real-time mediation of visual 

attention by language and world knowledge: linking anticipatory (and other) 

eye movements to linguistic processing. J. Mem. Lang. 57, 502–518. doi: 

10.1016/j.jml.2006.12.004

Amichetti, N. M., Atagi, E., Kong, Y. Y., and Wing�eld, A. (2018). Linguistic context 

versus semantic competition in word recognition by younger and older adults 

with cochlear implants. Ear Hear. 39, 101–109. doi: 10.1097/AUD.0000000000000469

Astheimer, L. B., and Sanders, L. D. (2009). Listeners modulate temporally 

selective attention during natural speech processing. Biol. Psychol. 80, 23–34. 

doi: 10.1016/j.biopsycho.2008.01.015

Atienza, M., Cantero, J. L., and Dominguez-Marin, E. (2002). �e time course 

of neural changes underlying auditory perceptual learning. Learn. Mem. 9, 

138–150. doi: 10.1101/lm.46502

Barr, D. J., Levy, R., Scheepers, C., and Tily, H. J. (2013). Random e�ects 

structure for con�rmatory hypothesis testing: Keep it maximal. J. Mem. 

Lang. 68, 255–278. doi: 10.1016/j.jml.2012.11.001

Bates, D., Kliegl, R., Vasishth, S., and Baayen, H. (2015a). Parsimonious mixed 

models. [Preprint]. Available at: http://arxiv.org/abs/1506.04967 (Accessed 

September 22, 2019).

Bates, D., Mächler, M., Bolker, B. M., and Walker, S. C. (2015b). Fitting linear mixed-

e�ects models using lme4. J. Stat. So�w. 67, 1–48. doi: 10.18637/jss.v067.i01

Brouwer, H., and Crocker, M. W. (2017). On the proper treatment of the 

N400 and P600  in language comprehension. Front. Psychol. 8:1327. doi: 

10.3389/fpsyg.2017.01327

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and the future 

of cognitive science. Behav. Brain Sci. 36, 181–204. doi: 10.1017/S0140525X12000477

Corps, R. E., and Rabagliati, H. (2020). How top-down processing enhances 

comprehension of noise-vocoded speech: predictions about meaning are 

more important than predictions about form. J. Mem. Lang. 113, 104–114. 

doi: 10.1016/j.jml.2020.104114

Dahan, D., and Magnuson, J. S. (2006). “Spoken word recognition,” in Handbook 

of psycholinguistics. Vol. 2. eds. M. J. Traxler and M. A. Gernsbacher 

(Amsterdam: Academic Press), 249–283.

Darwin, C. (2005). Praat scripts for producing Shannon AM speech [Computer 

so�ware]. Available at: http://www.lifesci.sussex.ac.uk/home/Chris_Darwin/

Praatscripts/ (Accessed March 08, 2021).

Davis, M. H., Johnsrude, I. S., Hervais-Adelman, A., Taylor, K., and McGettigan, C. 

(2005). Lexical information drives perceptual learning of distorted speech: 

evidence from the comprehension of noise-vocoded sentences. J. Exp. Psychol. 

Gen. 134, 222–241. doi: 10.1037/0096-3445.134.2.222

DeLong, K. A., Urbach, T. P., and Kutas, M. (2005). Probabilistic word pre-

activation during language comprehension inferred from electrical brain 

activity. Nat. Neurosci. 8, 1117–1121. doi: 10.1038/nn1504

Dupoux, E., and Green, K. (1997). Perceptual adjustment to highly compressed 

speech: e�ects of talker and rate changes. J. Exp. Psychol. Hum. Percept. 

Perform. 23, 914–927. doi: 10.1037//0096-1523.23.3.914

Eckert, M. A., Teubner-Rhodes, S., and Vaden, K. I. (2016). Is listening in noise 

worth it? �e neurobiology of speech recognition in challenging listening conditions. 

Ear Hear. 37, 101S–110S. doi: 10.1097/AUD.0000000000000300

Ehrlich, S. F., and Rayner, K. (1981). Contextual e�ects on word perception 

and eye movements during reading. J. Verbal Learn. Verbal Behav. 20, 

641–655. doi: 10.1016/S0022-5371(81)90220-6

Erb, J. (2014). �e neural dynamics of perceptual adaptation to degraded speech. 

doctoral dissertation. Leipzig: Max Planck Institute for Human Cognitive 

and Brain Sciences.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.714485/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.714485/full#supplementary-material
https://doi.org/10.1016/S0010-0277(99)00059-1
https://doi.org/10.1016/j.jml.2006.12.004
https://doi.org/10.1097/AUD.0000000000000469
https://doi.org/10.1016/j.biopsycho.2008.01.015
https://doi.org/10.1101/lm.46502
https://doi.org/10.1016/j.jml.2012.11.001
http://arxiv.org/abs/1506.04967
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3389/fpsyg.2017.01327
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.1016/j.jml.2020.104114
http://www.lifesci.sussex.ac.uk/home/Chris_Darwin/Praatscripts/
http://www.lifesci.sussex.ac.uk/home/Chris_Darwin/Praatscripts/
https://doi.org/10.1037/0096-3445.134.2.222
https://doi.org/10.1038/nn1504
https://doi.org/10.1037//0096-1523.23.3.914
https://doi.org/10.1097/AUD.0000000000000300
https://doi.org/10.1016/S0022-5371(81)90220-6


Bhandari et al. Graded Effect of Prediction

Frontiers in Psychology | www.frontiersin.org 12 September 2021 | Volume 12 | Article 714485

Erb, J., Henry, M. J., Eisner, F., and Obleser, J. (2013). �e brain dynamics of 

rapid perceptual adaptation to adverse listening conditions. J. Neurosci. 33, 

10688–10697. doi: 10.1523/JNEUROSCI.4596-12.2013

Federmeier, K. D., Wlotko, E. W., de Ochoa-Dewald, E., and Kutas, M. (2007). 

Multiple e�ects of sentential constraint on word processing. Brain Res. 1146, 

75–84. doi: 10.1016/j.brainres.2006.06.101

Fontan, L., Tardieu, J., Gaillard, P., Woisard, V., and Ruiz, R. (2015). 

Relationship between speech intelligibility and speech comprehension in 

babble noise. J. Speech Lang. Hear. Res. 58, 977–986. doi: 10.1044/2015_

JSLHR-H-13-0335

Frisson, S., Rayner, K., and Pickering, M. J. (2005). E�ects of contextual 

predictability and transitional probability on eye movements during reading. 

J. Exp. Psychol. Learn. Mem. Cogn. 31, 862–877. doi: 10.1037/0278-7393.31.5.862

Garrido, M. I., Dolan, R. J., and Sahani, M. (2011). Surprise leads to noisier 

perceptual decisions. Iperception 2, 112–120. doi: 10.1068/i0411

Gold, J. I., and Watanabe, T. (2010). Perceptual learning. Curr. Biol. 20, R46–

R48. doi: 10.1016/j.cub.2009.10.066

Goldstone, R. L. (1998). Perceptual learning. Annu. Rev. Psychol. 49, 585–612. 

doi: 10.1146/annurev.psych.49.1.585

Greenwood, D. D. (1990). A cochlear frequency-position function for several 

species – 29 years later. J. Acoust. Soc. Am. 87, 2592–2605. doi: 10.1121/1.399052

Grueber, C. E., Nakagawa, S., Laws, R. J., and Jamieson, I. G. (2011). Multimodel 

inference in ecology and evolution: challenges and solutions. J. Evol. Biol. 

24, 699–711. doi: 10.1111/j.1420-9101.2010.02210.x

Guediche, S., Blumstein, S. E., Fiez, J. A., and Holt, L. L. (2014). Speech perception 

under adverse conditions: insights from behavioral, computational, and neuroscience 

research. Front. Syst. Neurosci. 7:126. doi: 10.3389/fnsys.2013.00126

Hakonen, M., May, P. J. C., Jääskeläinen, I. P., Jokinen, E., Sams, M., and 

Tiitinen, H. (2017). Predictive processing increases intelligibility of acoustically 

distorted speech: Behavioral and neural correlates. Brain Behav. 7:e00789. 

doi: 10.1002/brb3.789

Hartwigsen, G., Golombek, T., and Obleser, J. (2015). Repetitive transcranial magnetic 

stimulation over le� angular gyrus modulates the predictability gain in degraded 

speech comprehension. Cortex 68, 100–110. doi: 10.1016/j.cortex.2014.08.027

Heilbron, M., Armeni, K., Scho�elen, J. M., Hagoort, P., and de Lange, F. P. 

(2020). A hierarchy of linguistic predictions during natural language 

comprehension. [Preprint]. doi:10.1101/2020.12.03.410399.

Huettig, F., and Mani, N. (2016). Is prediction necessary to understand language? 

Probably not. Lang. Cognit. Neurosci. 31, 19–31. doi: 10.1080/23273798.2015.1072223

Jachmann, T. K., Drenhaus, H., Staudte, M., and Crocker, M. W. (2019). In�uence 

of speakers’ gaze on situated language comprehension: evidence from Event-

Related Potentials. Brain Cogn. 135:103571. doi: 10.1016/j.bandc.2019.05.009

Jaeger, T. F. (2006). Redundancy and syntactic reduction in spontaneous speech. 

doctoral dissertation. Stanford University.

Jaeger, T. F. (2008). Categorical data analysis: away from ANOVAs (transformation 

or not) and towards logit mixed models. J. Mem. Lang. 59, 434–446. doi: 

10.1016/j.jml.2007.11.007

Kaiser, E., and Trueswell, J. C. (2004). �e role of discourse context in the 

processing of a �exible word-order language. Cognition 94, 113–147. doi: 

10.1016/j.cognition.2004.01.002

Kamide, Y., Altmann, G. T. M., and Haywood, S. L. (2003). �e time-course of 

prediction in incremental sentence processing: evidence from anticipatory eye 

movements. J. Mem. Lang. 49, 133–156. doi: 10.1016/S0749-596X(03)00023-8

Knoeferle, P., Crocker, M. W., Scheepers, C., and Pickering, M. J. (2005). �e 

in�uence of the immediate visual context on incremental thematic role-

assignment: Evidence from eye-movements in depicted events. Cognition 

95, 95–127. doi: 10.1016/j.cognition.2004.03.002

Kochari, A. R., and Flecken, M. (2019). Lexical prediction in language 

comprehension: a replication study of grammatical gender e�ects in Dutch. 

Lang. Cognit. Neurosci. 34, 239–253. doi: 10.1080/23273798.2018.1524500

Kuperberg, G. R., and Jaeger, T. F. (2016). What do we mean by prediction 

in language comprehension? Lang. Cogn. Neurosci. 31, 32–59. doi: 

10.1080/23273798.2015.1102299

Kutas, M., and Federmeier, K. D. (2011). �irty years and counting: �nding 

meaning in the N400 component of the event-related brain potential (ERP). 

Annu. Rev. Psychol. 62, 621–647. doi: 10.1146/annurev.psych.093008.131123

Kutas, M., and Hillyard, S. A. (1984). Brain potentials during reading re�ect 

word expectancy and semantic association. Nature 307, 161–163. doi: 

10.1038/307161a0

Kuznetsova, A., Brockho�, P. B., and Christensen, R. H. B. (2017). lmerTest 

package: tests in linear mixed-e�ects models. J. Stat. So�w. 82, 1–26. doi: 

10.18637/jss.v082.i13

Li, X., Lu, Y., and Zhao, H. (2014). How and when predictability interacts 

with accentuation in temporally selective attention during speech 

comprehension. Neuropsychologia 64, 71–84. doi: 10.1016/j.

neuropsychologia.2014.09.020

Loizou, P. C., Dorman, M., and Tu, Z. (1999). On the number of channels 

needed to understand speech. J. Acoust. Soc. Am. 106, 2097–2103. doi: 

10.1121/1.427954

Lupyan, G., and Clark, A. (2015). Words and the world: predictive coding 

and the language-perception-cognition interface. Curr. Dir. Psychol. Sci. 24, 

279–284. doi: 10.1177/0963721415570732

Marques, T., Nguyen, J., Fioreze, G., and Petreanu, L. (2018). �e functional 

organization of cortical feedback inputs to primary visual cortex. Nat. 

Neurosci. 21, 757–764. doi: 10.1038/s41593-018-0135-z

Mattys, S. L., Davis, M. H., Bradlow, A. R., and Scott, S. K. (2012). Speech 

recognition in adverse conditions: a review. Lang. Cognit. Processes 27, 

953–978. doi: 10.1080/01690965.2012.705006

Metusalem, R., Kutas, M., Urbach, T. P., Hare, M., McRae, K., and Elman, J. L. 

(2012). Generalized event knowledge activation during online sentence 

comprehension. J. Mem. Lang. 66, 545–567. doi: 10.1016/j.jml.2012.01.001

Nicenboim, B., Vasishth, S., and Rösler, F. (2020). Are words pre-activated 

probabilistically during sentence comprehension? Evidence from new data 

and a Bayesian random-e�ects meta-analysis using publicly available data. 

Neuropsychologia 142:107427. doi: 10.1016/j.neuropsychologia.2020.107427

Nieuwland, M. S., Politzer-Ahles, S., Heyselaar, E., Segaert, K., Darley, E., 

Kazanina, N., et al. (2018). Large-scale replication study reveals a limit on 

probabilistic prediction in language comprehension. eLife 7:e33468. doi: 

10.7554/eLife.33468

Obleser, J. (2014). Putting the listening brain in context. Lang. Ling. Compass 

8, 646–658. doi: 10.1111/lnc3.12098

Obleser, J., and Kotz, S. A. (2010). Expectancy constraints in degraded speech 

modulate the language comprehension network. Cereb. Cortex 20, 633–640. 

doi: 10.1093/cercor/bhp128

Obleser, J., and Kotz, S. A. (2011). Multiple brain signatures of integration in 

the comprehension of degraded speech. NeuroImage 55, 713–723. doi: 

10.1016/j.neuroimage.2010.12.020

Obleser, J., Wise, R. J. S., Alex Dresner, M., and Scott, S. K. (2007). Functional 

integration across brain regions improves speech perception under adverse 

listening conditions. J. Neurosci. 27, 2283–2289. doi: 10.1523/

JNEUROSCI.4663-06.2007

Peelle, J. E., Gross, J., and Davis, M. H. (2013). Phase-locked responses to 

speech in human auditory cortex are enhanced during comprehension. Cereb. 

Cortex 23, 1378–1387. doi: 10.1093/cercor/bhs118

Pickering, M., and Gambi, C. (2018). Predicting while comprehending language: 

A theory and review. Psychol. Bull. 144, 1002–1044. doi: 10.1037/bul0000158

R Core Team (2019). R: A Language and Environment for Statistical Computing. 

R Foundation for Statistical Computing. Vienna, Austria. Available at: https://

www.R-project.org

Richards, S. A., Whittingham, M. J., and Stephens, P. A. (2011). Model 

selection and model averaging in behavioural ecology: the utility of the 

IT-AIC framework. Behav. Ecol. Sociobiol. 65, 77–89. doi: 10.1007/

s00265-010-1035-8

Rosen, S., Faulkner, A., and Wilkinson, L. (1999). Adaptation by normal listeners 

to upward spectral shi�s of speech: implications for cochlear implants. J. 

Acoust. Soc. Am. 106, 3629–3636. doi: 10.1121/1.428215

Samar, V. J., and Metz, D. E. (1988). Criterion validity of speech intelligibility 

rating-scale procedures for the hearing-impaired population. J. Speech Hear. 

Res. 31, 307–316. doi: 10.1044/jshr.3103.307

Samuel, A. G., and Kraljic, T. (2009). Perceptual learning for speech. Atten. 

Percept. Psychophys. 71, 1207–1218. doi: 10.3758/APP.71.6.1207

Sanders, L. D., and Astheimer, L. B. (2008). Temporally selective attention 

modulates early perceptual processing: event-related potential evidence. 

Percept. Psychophys. 70, 732–742. doi: 10.3758/PP.70.4.732

Seth, A. K. (2013). Interoceptive inference, emotion, and the embodied self. 

Trends Cogn. Sci. 17, 565–573. doi: 10.1016/j.tics.2013.09.007

Shannon, C. E. (1948). A mathematical theory of communication. Bell Syst. 

Tech. J. 27, 379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1523/JNEUROSCI.4596-12.2013
https://doi.org/10.1016/j.brainres.2006.06.101
https://doi.org/10.1044/2015_JSLHR-H-13-0335
https://doi.org/10.1044/2015_JSLHR-H-13-0335
https://doi.org/10.1037/0278-7393.31.5.862
https://doi.org/10.1068/i0411
https://doi.org/10.1016/j.cub.2009.10.066
https://doi.org/10.1146/annurev.psych.49.1.585
https://doi.org/10.1121/1.399052
https://doi.org/10.1111/j.1420-9101.2010.02210.x
https://doi.org/10.3389/fnsys.2013.00126
https://doi.org/10.1002/brb3.789
https://doi.org/10.1016/j.cortex.2014.08.027
https://doi.org/10.1101/2020.12.03.410399
https://doi.org/10.1080/23273798.2015.1072223
https://doi.org/10.1016/j.bandc.2019.05.009
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1016/j.cognition.2004.01.002
https://doi.org/10.1016/S0749-596X(03)00023-8
https://doi.org/10.1016/j.cognition.2004.03.002
https://doi.org/10.1080/23273798.2018.1524500
https://doi.org/10.1080/23273798.2015.1102299
https://doi.org/10.1146/annurev.psych.093008.131123
https://doi.org/10.1038/307161a0
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.neuropsychologia.2014.09.020
https://doi.org/10.1016/j.neuropsychologia.2014.09.020
https://doi.org/10.1121/1.427954
https://doi.org/10.1177/0963721415570732
https://doi.org/10.1038/s41593-018-0135-z
https://doi.org/10.1080/01690965.2012.705006
https://doi.org/10.1016/j.jml.2012.01.001
https://doi.org/10.1016/j.neuropsychologia.2020.107427
https://doi.org/10.7554/eLife.33468
https://doi.org/10.1111/lnc3.12098
https://doi.org/10.1093/cercor/bhp128
https://doi.org/10.1016/j.neuroimage.2010.12.020
https://doi.org/10.1523/JNEUROSCI.4663-06.2007
https://doi.org/10.1523/JNEUROSCI.4663-06.2007
https://doi.org/10.1093/cercor/bhs118
https://doi.org/10.1037/bul0000158
https://www.R- project.org
https://www.R- project.org
https://doi.org/10.1007/s00265-010-1035-8
https://doi.org/10.1007/s00265-010-1035-8
https://doi.org/10.1121/1.428215
https://doi.org/10.1044/jshr.3103.307
https://doi.org/10.3758/APP.71.6.1207
https://doi.org/10.3758/PP.70.4.732
https://doi.org/10.1016/j.tics.2013.09.007
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x


Bhandari et al. Graded Effect of Prediction

Frontiers in Psychology | www.frontiersin.org 13 September 2021 | Volume 12 | Article 714485

Shannon, R., Fu, Q.-J., and Galvin Iii, J. (2004). �e number of spectral channels 

required for speech recognition depends on the di�culty of the listening 

situation. Acta Otolaryngol. Suppl. 124, 50–54. doi: 10.1080/03655230410017562

Shannon, R. v., Zeng, F.-G., Kamath, V., Wygonski, J., and Ekelid, M. (1995). 

Speech recognition with primarily temporal cues. Science 270, 303–304. doi: 

10.1126/science.270.5234.303

Shannon, R. v., Zeng, F.-G., and Wygonski, J. (1998). Speech recognition with 

altered spectral distribution of envelope cues. J. Acoust. Soc. Am. 104, 

2467–2476. doi: 10.1121/1.423774

Sheldon, S., Pichora-Fuller, M. K., and Schneider, B. A. (2008). Priming and 

sentence context support listening to noise-vocoded speech by younger and 

older adults. J. Acoust. Soc. Am. 123, 489–499. doi: 10.1121/1.2783762

Sommers, M. S., Nygaard, L. C., and Pisoni, D. B. (1994). Stimulus variability 

and spoken word recognition. I. E�ects of variability in speaking rate and 

overall amplitude. J. Acoust. Soc. Am. 96, 1314–1324. doi: 10.1121/1.411453

Stadler, W., Ott, D. V. M., Springer, A., Schubotz, R. I., Schütz-Bosbach, S., 

and Prinz, W. (2012). Repetitive TMS suggests a role of the human dorsal 

premotor cortex in action prediction. Front. Hum. Neurosci. 6:20. doi: 10.3389/

fnhum.2012.00020

Staub, A. (2011). �e e�ect of lexical predictability on distributions of eye 

�xation durations. Psychon. Bull. Rev. 18, 371–376. doi: 10.3758/

s13423-010-0046-9

Staub, A. (2015). �e e�ect of lexical predictability on eye movements in 

reading: critical review and theoretical interpretation. Lang. Ling. Compass 

9, 311–327. doi: 10.1111/lnc3.12151

Stilp, C. (2020). Acoustic context e�ects in speech perception. Wiley Interdiscip. 

Rev. Cogn. Sci. 11:e1517. doi: 10.1002/wcs.1517

Strauß, A., Kotz, S. A., and Obleser, J. (2013). Narrowed expectancies under 

degraded speech: revisiting the N400. J. Cogn. Neurosci. 25, 1383–1395. 

doi: 10.1162/jocn_a_00389

Ueda, K., Araki, T., and Nakajima, Y. (2018). Frequency speci�city of amplitude 

envelope patterns in noise-vocoded speech. Hear. Res. 367, 169–181. doi: 

10.1016/j.heares.2018.06.005

Ueda, K., and Nakajima, Y. (2017). An acoustic key to eight languages/dialects: 

Factor analyses of critical-band-�ltered speech. Sci. Rep. 7:42468. doi: 10.1038/

srep42468

 Vaden, K. I. Jr., Kuchinsky, S. E., Ahlstrom, J. B., Teubner-Rhodes, S., Dunbo, J. R., 

and Eckert, M. A. (2016). Cingulo-opercular function during word recognition 

in noise for older adults with hearing loss. Exp. Aging Res. 42, 67–82. doi: 

10.1080/0361073X.2016.1108784

Vaden, K. I., Kuchinsky, S. E., Ahlstrom, J. B., Dubno, J. R., and Eckert, M. A. 

(2015). Cortical activity predicts which older adults recognize speech in noise 

and when. J. Neurosci. 35, 3929–3937. doi: 10.1523/JNEUROSCI.2908-14.2015

Vaden, K. I., Kuchinsky, S. E., Cute, S. L., Ahlstrom, J. B., Dubno, J. R., and 

Eckert, M. A. (2013). �e cingulo-opercular network provides word-recognition 

bene�t. J. Neurosci. 33, 18979–18986. doi: 10.1523/JNEUROSCI.1417-13.2013

Weber, A. I., Krishnamurthy, K., and Fairhall, A. L. (2019). Coding principles 

in adaptation. Annu. Rev. Vision Sci. 5, 427–449. doi: 10.1146/annurev-

vision-091718-014818

Whitmire, C. J., and Stanley, G. B. (2016). Rapid sensory adaptation redux: a 

circuit perspective. Neuron 92, 298–315. doi: 10.1016/j.neuron.2016.09.046

Wing�eld, A., McCoy, S. L., Peelle, J. E., Tun, P. A., and Cox, L. C. (2006). 

E�ects and adult aging and hearing loss on comprehension of rapid speech 

varying in syntactic complexity. J. Am. Acad. Audiol. 17, 487–497. doi: 

10.3766/jaaa.17.7.4

Wlotko, E. W., and Federmeier, K. D. (2012). Age-related changes in the impact 

of contextual strength on multiple aspects of sentence comprehension. 

Psychophysiology 49, 770–785. doi: 10.1111/j.1469-8986.2012.01366.x

Xia, J., Xu, B., Pentony, S., Xu, J., and Swaminathan, J. (2018). E�ects of 

reverberation and noise on speech intelligibility in normal-hearing and aided 

hearing-impaired listeners. J. Acoust. Soc. Am. 143, 1523–1533. doi: 

10.1121/1.5026788

Xiang, M., and Kuperberg, G. (2015). Reversing expectations during discourse 

comprehension. Lang. Cognit. Neurosci. 30, 648–672. doi: 

10.1080/23273798.2014.995679

Zhang, Z. D., and Chacron, M. J. (2016). Adaptation to second order stimulus 

features by electrosensory neurons causes ambiguity. Sci. Rep. 6:28716. doi: 

10.1038/srep28716

Con�ict of Interest: �e authors declare that the research was conducted in 

the absence of any commercial or �nancial relationships that could be  construed 

as a potential con�ict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their a�liated organizations, 

or those of the publisher, the editors and the reviewers. Any product that may 

be evaluated in this article, or claim that may be made by its manufacturer, is 

not guaranteed or endorsed by the publisher.

Copyright © 2021 Bhandari, Demberg and Kray. �is is an open-access article 

distributed under the terms of the Creative Commons Attribution License (CC BY). 

�e use, distribution or reproduction in other forums is permitted, provided the 

original author(s) and the copyright owner(s) are credited and that the original 

publication in this journal is cited, in accordance with accepted academic practice. 

No use, distribution or reproduction is permitted which does not comply with 

these terms.

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1080/03655230410017562
https://doi.org/10.1126/science.270.5234.303
https://doi.org/10.1121/1.423774
https://doi.org/10.1121/1.2783762
https://doi.org/10.1121/1.411453
https://doi.org/10.3389/fnhum.2012.00020
https://doi.org/10.3389/fnhum.2012.00020
https://doi.org/10.3758/s13423-010-0046-9
https://doi.org/10.3758/s13423-010-0046-9
https://doi.org/10.1111/lnc3.12151
https://doi.org/10.1002/wcs.1517
https://doi.org/10.1162/jocn_a_00389
https://doi.org/10.1016/j.heares.2018.06.005
https://doi.org/10.1038/srep42468
https://doi.org/10.1038/srep42468
https://doi.org/10.1080/0361073X.2016.1108784
https://doi.org/10.1523/JNEUROSCI.2908-14.2015
https://doi.org/10.1523/JNEUROSCI.1417-13.2013
https://doi.org/10.1146/annurev-vision-091718-014818
https://doi.org/10.1146/annurev-vision-091718-014818
https://doi.org/10.1016/j.neuron.2016.09.046
https://doi.org/10.3766/jaaa.17.7.4
https://doi.org/10.1111/j.1469-8986.2012.01366.x
https://doi.org/10.1121/1.5026788
https://doi.org/10.1080/23273798.2014.995679
https://doi.org/10.1038/srep28716
http://creativecommons.org/licenses/by/4.0/

	Semantic Predictability Facilitates Comprehension of Degraded Speech in a Graded Manner
	Introduction
	Language Comprehension and Sentence Context (Predictability)
	Language Comprehension Under Reduced Quality of the Speech Signal
	Predictive Processing and Language Comprehension Under Degraded Speech
	Adaptation to Degraded Speech
	Measurement of Language Comprehension
	Goals of This Study

	Materials and Methods
	Participants
	Stimuli
	Procedure
	Analyses

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

