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ABSTRACT:

Acoustic context influences speech perception, but contextual variability restricts this influence. Assgari and Stilp [J.
Acoust. Soc. Am. 138, 3023-3032 (2015)] demonstrated that when categorizing vowels, variability in who spoke the
preceding context sentence on each trial but not the sentence contents diminished the resulting spectral contrast
effects (perceptual shifts in categorization stemming from spectral differences between sounds). Yet, how such
contextual variability affects temporal contrast effects (TCEs) (also known as speaking rate normalization;
categorization shifts stemming from temporal differences) is unknown. Here, stimuli were the same context
sentences and conditions (one talker saying one sentence, one talker saying 200 sentences, 200 talkers saying 200
sentences) used in Assgari and Stilp [J. Acoust. Soc. Am. 138, 3023-3032 (2015)], but set to fast or slow speaking
rates to encourage perception of target words as “tier” or “deer,” respectively. In Experiment 1, sentence variability
and talker variability each diminished TCE magnitudes; talker variability also produced shallower psychometric
function slopes. In Experiment 2, when speaking rates were matched across the 200-sentences conditions, neither
TCE magnitudes nor slopes differed across conditions. In Experiment 3, matching slow and fast rates across all con-
ditions failed to produce equal TCEs and slopes everywhere. Results suggest a complex interplay between acoustic,

talker, and sentence variability in shaping TCEs in speech perception. © 2024 Acoustical Society of America.
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I. INTRODUCTION

In auditory perception, the surrounding acoustic context
influences what sounds are perceived. Acoustic differences
between surrounding acoustic context and target sounds are
perceptually magnified, resulting in contrast effects where
larger changes are perceived than are physically present.
These contrast effects exist across multiple domains. First,
spectral contrast effects (SCEs) arise due to differences in
the spectral contents of two sounds. In a classic demonstra-
tion, Ladefoged and Broadbent (1957) found that shifting
the spectrum of a context sentence influenced the perception
of the following target word. When higher first formant (F;)
frequencies were emphasized in the context sentence, partic-
ipants perceived the target sound to be lower-F; “bit.”
Likewise, when lower F'; frequencies were emphasized, par-
ticipants judged the same target sound to be higher-F; “bet.”
These SCEs can be calculated through the change in a par-
ticular response following different spectral contexts (e.g.,
percent changes in “bet” responses following the low-F
versus high-F| context sentence; n. b., other calculations are
possible, such as the shift in category boundaries/50% points
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on psychometric functions for responses to targets following
different contexts). Similar examples have been reported for
perception of F, (Mitterer, 2006), 3 (Holt, 2005), and spec-
tral shape (Watkins, 1991).

A second type of auditory contrast effect results from
differences in temporal properties between two sounds.
These are known as temporal contrast effects (TCEs) (or
speaking rate normalization). When a context sentence is
spoken at a fast rate, the subsequent target is perceived as
having slower or longer temporal characteristics, such as a
longer duration (Reinisch and Sjerps, 2013), longer voice
onset time (VOT) (Summerfield, 1981), longer formant tran-
sitions (Minifie et al., 1977), or longer rise time (Repp et al.,
1978); conversely, a context sentence spoken at a slow rate
results in the perception of shorter-duration stimulus proper-
ties. As above, these TCEs can be calculated through the
change in a particular response following different temporal
contexts (e.g., percent changes in “deer” responses follow-
ing the slow versus fast context sentence). Listeners form
expectations based on speaking rate, which in turn affects
the perception of words and the boundaries between them
(Dilley and Pitt, 2010). Both spectral and temporal contrast
effects affect how listeners perceive speech (see Stilp,
2020a, for review).

While both SCEs and TCEs produce a contrastive out-
come by shifting perception away from acoustic properties of
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surrounding sounds, these contrasts appear to be subserved
by distinct neural mechanisms. SCEs are proposed to be
produced by neural adaptation, primarily (but not exclu-
sively) in the auditory periphery (Stilp, 2020a,b).
Adaptation to , prominent frequencies in the preceding
acoustic context results in neural contrast when those fre-
quencies change upon introduction of the target sound, pro-
ducing a neural (and ultimately perceptual) shift. The neural
mechanisms underlying TCEs are less clear, but two candi-
dates have been suggested: cortical entrainment to modula-
tions in the amplitude envelope (Bosker and Ghitza, 2018)
or evoked responses to rapid increases in speech amplitude,
particularly at modulation onset (“acoustic edges”)
(Oganian and Chang, 2019; Oganian et al., 2023). When
the rate of modulations or their onsets change across context
and target stimuli, this similarly produces a contrastive shift
where a larger change in rate is perceived, resulting in
the TCE.

Many investigations of SCEs and TCEs share the com-
mon practice of taking one context stimulus (here, for sim-
plicity, a sentence) and generating two renditions of it for use
in the experiment. For SCEs, this includes a sentence with
lower frequencies emphasized (to promote perception of
higher frequencies in the target) and that same sentence but
with higher frequencies emphasized (to promote perception
of lower frequencies in the target). For TCEs, this includes a
sentence resynthesized at a slower speaking rate (to promote
perception of shorter durations / faster rate in the target) and
that same sentence but resynthesized at a faster speaking rate
(to promote perception of longer durations / slower rate in the
target). This approach affords great experimental control by
holding all variables constant except the one of primary inter-
est, but at the same time, such control might be a departure
from the extreme acoustic variability in everyday listening.
Measuring the resiliency of acoustic context effects to differ-
ent types of stimulus variability is an important step toward
understanding the degrees to which they contribute to every-
day speech perception. Here, we review the consequences of
two types of stimulus variability on acoustic context effects
in speech perception: the context sentences themselves and
the talkers who spoke them.

The influence of context sentence variability on acous-
tic context effects in speech perception has not received
much attention. Some studies have reported context effects
following a wide variety of context sentences (e.g., Bosker
et al., 2020a,b), but without a comparison condition where
one talker speaks only one sentence, the consequences of
this variability were not clear. Assgari and Stilp (2015)
tested the influence of context sentence variability on SCEs
directly. In that study, on each trial, listeners were presented
with a context sentence followed by a target vowel that lis-
teners categorized as either /1/ or /¢/. The context sentence
was processed by one of two filters: the first spanned
100-400 Hz to emphasize lower F; frequencies (to encour-
age perception of /¢/), or the second spanned 550-850 Hz to
emphasize higher F; frequencies (to encourage perception
of /1/). SCEs in vowel identification were measured
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following filtered renditions of a single context sentence
(One Talker/One Sentence condition) or filtered renditions
of a new sentence on each trial, all spoken by the same
talker (One Talker/200 Sentences condition). SCEs in these
conditions were equivalent. The explanation for this finding
likely links back to the underlying mechanism of neural
adaptation. While the long-term average spectrum for each
sentence was clearly not identical from trial to trial, it was
sufficiently similar in terms of the relevant frequencies
being present and thus amplified to create spectral peaks
(particularly in the last 500-1000 ms of the context sen-
tence) (Stilp and Assgari, 2019, 2021; Shorey and Stilp,
2023). These spectral peaks promoted neural adaptation,
producing the SCE.

Effects of sentence variability on TCEs have not previ-
ously been studied. The consequences of this variability are
expected to be far more significant for TCEs than the null
effects reported for SCEs. Whether TCEs are driven by ampli-
tude modulations in a sentence or the modulation onsets, these
differ substantially from one sentence to the next, even when
sentences are spoken by the same talker. This is particularly
true near sentence offset, which bears substantially greater
influence on the resulting TCE than does earlier in the context
sentence (e.g., Summerfield, 1981; Kidd, 1989; Reinisch et al.,
2011; Heffner et al., 2013). Thus, context sentence variability
would be predicted to result in diminished TCEs relative to a
one-sentence baseline.

Talker variability is widely documented to challenge
speech perception. When compared to listening to a single
talker, speech perception is slower and/or less accurate
when multiple talkers are presented across trials within a
testing block (e.g., Magnuson and Nusbaum, 2007;
Mullennix et al., 1989; Sommers et al., 1994). The relation-
ship between SCEs and talker variability has been examined
previously, but mostly in limited cases. Watkins (1991) pre-
sented context sentences spoken by one talker and target
words spoken by another talker. The context sentences were
filtered by the difference in spectral envelopes of /1/ minus
/el or its inverse, while target words perceptually varied
along an /1tf/ to /etf/ continuum. Lotto and Kluender (1998)
also used different talkers across context (/al/ or /ar/) and
target (/da/ or /ga/). In each of these studies, SCEs were
observed despite listeners hearing different talkers across
context and target. Laing et al. (2012) mimicked the context
sentences used by Ladefoged and Broadbent (1957), but
manipulated F'; and F3 of a single male talker to create four
different “talkers.” Results indicated that talker information
itself did not induce SCEs. Importantly, the approach by
Laing et al. (2012) differed from Watkins (1991) and Lotto
and Kluender (1998) as talker variability was not manipu-
lated because listeners heard the same talker on each trial.
Subsequently, Assgari and Stilp (2015) provided the first
full test of how talker variability affected SCEs. In addition
to the One Talker/One Sentence and One Talker/200
Sentences conditions detailed above, listeners also com-
pleted the vowel categorization task when a different con-
text sentence was spoken by a different talker on each trial
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(200 Talkers/200 Sentences condition). Compared with the
One-Talker conditions, SCE magnitudes were diminished
amidst concurrent talker and sentence variability.
Continuing this line of research, Assgari et al. (2019) con-
cluded that this result was driven by variability in different
talkers’ fundamental frequencies (f0s). When mean fOs were
highly variable across context sentences, SCEs were signifi-
cantly smaller compared to when context sentences had low
variability in their mean fOs. Variability in talker fO has been
suggested to impact the harmonic resolution of spectral
peaks added to context sentences, making neural adaptation
to them less efficacious at producing SCEs relative to more
consistent talker f0s (Mills ez al., 2022).

Effects of talker variability have been considered only
narrowly for TCEs. Similar to the approaches of Watkins
(1991) and Lotto and Kluender (1998) when investigating
SCEs, changes in talker identity during the trial still yielded
TCEs (Sawusch and Newman, 2000; Newman and
Sawusch, 2009; Kawahara et al., 2022; but see Diehl et al.,
1980). These were restricted cases, testing only two talkers
reading the same sentence. Testing the resiliency of TCEs to
talker variability also raises the question of perceptual sensi-
tivity to variability in speaking rate. The speaking rates of a
wide variety of talkers will vary considerably more than the
rates of two talkers. This variability in rate would be
expected to decrease the consistency and efficacy with
which amplitude modulations/modulation onsets produce
TCEs. Again, using the experimental conditions of Assgari
and Stilp (2015) as a framework, speaking rate would not
vary at all for a single talker speaking one sentence (a single
slow rate and a single fast rate) and would vary somewhat
for a single talker speaking 200 sentences (a narrow distri-
bution of slow speaking rates, a narrow distribution of fast
speaking rates). However, speaking rate would vary far
more for 200 talkers speaking 200 sentences (a wider distri-
bution of slow speaking rates, a wider distribution of fast
speaking rates). In that condition, not only would the sen-
tence variability be predicted to diminish TCE magnitudes
as described above, but this talker (and concomitant rate)
variability would be predicted to have a compounding effect
that diminishes TCE magnitudes even further. Taken
together, SCEs and TCEs are predicted to differ in their
resiliency to stimulus variability in context sentences, with
the latter particularly susceptible to compounding effects.

Finally, although TCE magnitudes indicate the size of
the shift in perception, they do not necessarily reflect task
difficulty. In the psychoacoustic tradition, psychometric
function slopes are used as an indicator of task difficulty:
steeper slopes indicate an easier task, and shallower slopes
are indicative of greater difficulty. In speech categorization
tasks, these slopes have been interpreted as reflecting the
efficiency with which listeners use acoustic cues to catego-
rize target stimuli (e.g., Winn et al., 2016) and/or the uncer-
tainty with which listeners make their categorization
judgments (e.g., Clayards et al., 2008). In acoustic context
effects experiments, Assgari et al. (2019) assessed the roles
of multiple sources of contextual variability on both SCE
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magnitudes and psychometric function slopes. Their second
experiment assessed mixed talkers (men and women) while
mean f variability was either low or high. They found sig-
nificantly shallower slopes in the high variability condition
relative to the low variability conditions (negative target-by-
variability interaction). This indicated that listeners were
more definitive in their categorization of the target sounds in
the low variability condition. However, it should be noted
that slopes were not significantly different in their first
experiment, which was of similar design, but talker gender
was blocked for each variability condition. As such, psycho-
metric function slopes provide valuable information regard-
ing task performance beyond the shift in perception due to
the acoustic contrast effect.

The present study directly tests the roles of talker, sen-
tence, and acoustic variability on TCEs in speech categori-
zation. Across all experiments, the same context sentences
and conditions (One Talker/One Sentence, One Talker/ 200
Sentences, and 200 Talkers/ 200 Sentences) from Assgari
and Stilp (2015) were used, but speaking rates were manipu-
lated to create fast and slow sentences. On each trial, partici-
pants heard one context sentence (either fast or slow)
followed by one of ten targets that perceptually varied from
“deer” to “tier.” Participants then responded by categorizing
the target word as either “deer” or “tier.”

The overarching goal was to study the effects of contex-
tual variability on TCEs, using the framework set forth by
Assgari and Stilp (2015). In Experiment 1, sentences were set
to either 50% or 150% of their original duration to create fast
and slow speaking rates, respectively. Variability in slow rates
differed considerably across conditions; the same was true for
fast rates. Further restriction of extraneous variability was the
goal of Experiment 2. Here, speaking rates were matched for
fast and slow sentences across the One Talker/200 Sentences
and 200 Talkers/200 Sentences conditions. Finally, speaking
rate variability was extremely limited in Experiment 3; all
three conditions used the same speaking rate for all fast senten-
ces and a single speaking rate for all slow sentences.

For Experiment 1, relative to a One Talker/One
Sentence baseline, TCE magnitudes were predicted to
decrease upon the introduction of sentence variability (One
Talker/200 Sentences condition), and decrease further when
sentence variability is combined with talker variability (200
Talkers/200 Sentences condition). Due to the increased vari-
ability in both the number of talkers and number of senten-
ces, psychometric function slopes are predicted to be
shallower in 200 Talkers/200 Sentences condition relative to
other conditions.

Il. EXPERIMENT 1
A. Methods
1. Participants

Twenty undergraduate students participated in
exchange for course credit. All self-reported being native
English speakers with normal hearing.
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2. Stimuli

Context Sentences. One Talker/One Sentence. This
stimulus was a recording of an adult man (C.E.S.) reading
the sentence, “This time, I want you to click on the word”
(duration =2293 ms, rate =4.36 syllables/s). This stimulus
was chosen as it produced TCEs in the categorization of the
target used in a previous experiment (Stilp, 2019).

One Talker/200 Sentences. These stimuli were record-
ings of an adult man reading 200 different sentences (mean
duration = 1739 ms, mean rate =4.13 syllables/s) selected
from the Hearing in Noise Test corpus (Nilsson et al.,
1994). This was a different adult man from the One Talker/
One Sentence condition. Further, these are the same stimuli
used in the One Talker/200 Sentences condition of Assgari
and Stilp (2015).

200 Talkers/200 Sentences. These stimuli were record-
ings from 138 men and 62 women speaking 200 different
sentences (mean duration = 2248 ms, mean rate =4.98 syl-
lables/s) selected from the Texas Instruments/Massachusetts
Institute of Technology corpus (TIMIT) (Garofolo et al.,
1990). These are the same stimuli used in the 200 Talkers/
200 Sentences condition of Assgari and Stilp (2015).

The speaking rates for all contexts were manipulated in
Praat (Boersma and Weenink, 2021) using the time-domain
pitch synchronous overlap and add (TD-PSOLA) algorithm
(Moulines and Charpentier, 1990). In all three conditions, dura-
tion was manipulated to create fast sentences (at 50% of the
original duration) and slow sentences (at 150% of the original
duration), which consequently altered speaking rate (Fig. 1). In
the One Talker/One Sentence condition, a fast and a slow ver-
sion were created. For the One Talker/200 Sentences and 200
Talkers/200 Sentences conditions, half were made fast and half
were made slow. Sentences were assigned to experimental
conditions in the following ways. For the sentences that
received low-F; amplification in Assgari and Stilp (2015),
those same sentences (without any low-F; amplification) were
set to slow speaking rates here. For the sentences that received
high-F; amplification in Assgari and Stilp (2015), those same
sentences (without any high-F; amplification) were set to fast
speaking rates here. This avoids the potential confound of sen-
tences being grouped together differently across studies, which
would impede interpretations of patterns of results across stud-
ies (e.g., TCEs exhibiting different sensitivity to sentence and/
or talker variability than SCEs).

One Talker / One Sentence | |One Talker / 200 Sentences| (200 Talkers / 200 Sentences
= 100 1 1 100
5 30 30
£ 201 20 [l Fes
0]
S 10 ' L 10 Slow
L
0 T T T T T T 4 ‘I—I"ﬂhh"r' 0
0 5 10 15 0 5 15 0 5 10 15
2 One Talker / One Sentence | |One Talker / 200 Sentences| |200 Talkers / 200 Sentences!
N 00 1 - 100
s 2 30 30
y“—
E©S 20+ 0 [ e
[30)
%_g 10 L 10 . Slow
L
2 0+ T T T -0
0 5 10 15 0 5 15 0 5 10 15
One Talker / One Sentence | |One Talker / 200 Sentences| (200 Talkers / 200 Sentences
52 1004 1 1 1 100
% 30 30
£ 20 - 20 . Fast
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L%— 10 1 F10
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Speaking Rate (Syllables / Second)

FIG. 1. (Color online) Histograms of the distribution of speaking rates for both slow (light colors) and fast (dark colors) sentences in all three conditions
across experiments. All y axes include a break from 30 to 100 to aid readability. The left column shows the One Talker/One Sentence condition, the center
column shows the One Talker/200 Sentences condition, and the right column shows the 200 Talkers/200 Sentences condition. The top row shows
Experiment 1, the middle row shows Experiment 2, and the bottom row shows Experiment 3.
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3. Targets

While Assgari and Stilp (2015) used vowels for target
sounds, this study instead used two words that differed by
their initial consonant sound, specifically in VOT. The same
adult man from the One Talker/One Sentence condition was
recorded saying the word “deer.” Using synthesis methods
outlined by Winn (2020), a ten-step series of target words
was created in Praat (Boersma and Weenink, 2021). This
series perceptually varied from “deer” to “tier” by linearly
increasing VOT from 21 ms at the “deer” endpoint to 82 ms
at the “tier” endpoint. Secondary acoustic variations across
the continuum included total duration (an overall lengthen-
ing from 488 to 512 ms across the continuum from “deer”
endpoint to “tier” endpoint) and overall intensity (an overall
decrease in intensity of 1.4 dB across the continuum as the
initial stop consonant transitioned from being voiced to
voiceless). Perception of these stimuli was confirmed to be
influenced by TCEs in a previous study (Kahloon et al.,
2023). Experimental trials were created by concatenating a
target word to either a slow-rate context sentence or a fast-
rate context sentence, separated by a silent 50 ms interstimu-
lus interval.

4. Procedure

After providing informed consent, the participant was
seated in a sound-attenuating booth (Acoustic Systems, Inc.,
Austin, TX). Stimuli were D/A converted by RME HDSPe
AlIO sound cards (Audio AG, Haimhausen, Germany) on
personal computers and passed through a programmable
attenuator (TDT PA4, Tucker-Davis Technologies, Alachua,
FL) and a headphone buffer (TDT HB6). Stimuli were pre-
sented over circumaural headphones (Beyerdynamic DT-
150, Beyerdynamic Inc. USA, Farmingdale, NY) at a mean
presentation level of 70 dB sound pressure level. A custom
script in MATLAB (Mathworks, Natick, MA) led the listener
through the experiment, which was self-paced.

Participants first completed a practice block of 20 trials.
Each trial presented a context sentence at its native speaking
rate, followed by one of the two endpoints words of the
“deer”-“tier” continuum. Sentences were taken from the
AzBio corpus (Spahr et al., 2012). At the end of each trial, a
response window appeared with buttons labeled “deer” (top
button) and “tier” (bottom button). Participants used the
mouse to click the button corresponding to their response in
two-alternative forced choice format. A performance crite-
rion of > 80% correct was required to continue; if partici-
pants did not meet this criterion, they were able to repeat the
practice block up to two more times. All participants met
this performance criterion.

The main experiment consisted of three blocks (One
Talker/One Sentence, One Talker/200 Sentences, and 200
Talkers/200 Sentences), each with 200 trials. The One
Talker/One Sentence block included 100 presentations of
the fast and slow versions of the single context sentence,
respectively. Each of the 200 Sentences conditions included
100 fast context sentences and 100 slow context sentences.
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Stimuli were presented in random order, and the blocks
were tested in counterbalanced orders. Participants were
able to take a small break between each block if they chose.
The entire experiment took approximately 50 min.

B. Results

Data were analyzed via generalized linear mixed-
effects modeling in R using the Ime4 package (Bates et al.,
2014). The dependent variable was participants’ responses
(0="deer,” 1 =“tier”). Responses were predicted based on
the following predictors: target, condition, and speaking
rate. The ten different target sounds on the “deer” to “tier”
continuum were coded as 1-10, then mean centered.
Condition refers to the three experimental blocks: One
Talker/One Sentence, One Talker/200 Sentences, and 200
Talkers/200 Sentences. This was dummy coded with One
Talker/One Sentence as the default level. Finally, speaking
rate refers to the slow and fast context sentences presented
to listeners. This was sum coded so that slow was —0.5 and
fast was +0.5.

The model building process began by creating a base
mixed-effect model, which included random intercepts for
participants along with fixed main effects for target, condi-
tion, speaking rate, and the interactions between each. Using
this model as a starting point, additional models were cre-
ated that added one random slope at a time for each of the
predictor variables. This new model would then be tested
against the previous model using a chi-squared goodness of
fit test. If the added term resulted in a significantly improved
model fit, this new model was retained. This process was
repeated until reaching the maximal random effects struc-
ture that also allowed the model to converge. The final
model included fixed effects for target, condition, and
speaking rate as well as their interactions, as well as random
slopes for target and condition and random intercepts for

participants.
Results are presented in Fig. 2 and listed in Table 1.
Responses showed a significant negative intercept

(z=-5.58, p < 0.001), indicating that in the default condi-
tion (One Talker/One Sentence), participants responded
“tier” less often (44.2% of the time) than they responded
“deer.” As expected, participants responded “tier” more
often as the target moved along the continuum from ‘“deer”
to “tier” ([3 =2.48 reflecting the increase in log-odds of
responding “tier” with each step along the target continuum
toward the “tier” endpoint; z=18.22, p < 0.001). Also, as
expected, “tier” responses increased as the context sentence
speaking rate was changed from slow to fast, consistent with
the predicted direction of TCEs (a mean shift of 9.5% “tier”
responses; z=11.21, p < 0.001). Relative to the One
Talker/One Sentence condition, participants responded
“tier” significantly more often in the One Talker/200 condi-
tion (47.6% of responses; z=23.06, p < 0.01), as well as in
the 200 Talkers/200 Sentences condition (50.7%; z=7.16, p
< 0.001). Interactions between target and condition high-
light the differences in psychometric function slopes across

Kingetal. 2103


https://doi.org/10.1121/10.0025292

One Talker / One Sentence

v

Experiment 1

One Talker / 200 Sentences

7

'}

200 Talkers / 200 Sentences

=0
@ Fast
Slow
\_)_\/_'V/

12345678910 1

One Talker / One Sentence

Experiment 2
Proportion "tier" Responses
o
[

o

0.251

2345678910

One Talker / 200 Sentences

Vi

123456782910

200 Talkers / 200 Sentences

@ Fast
@ Slow

12345678 910

One Talker / One Sentence

2345678910

One Talker / 200 Sentences

123456782910

200 Talkers / 200 Sentences

Experiment 3

/.

0.00 1 O=lo=

YO0

@ Fast
Slow

7

Y/

o

12345678910 1

2345678910

123456782910

Consonant Target

0.201
0.154

0.101 X X

.

.

ooe

[

L X2
0.05 8
)
0.00 1

-0.051

-0.10 1

oo
o0
§

TCE Magnitude (ppt. "tier" shift)
L ]

One Talker / Cl)ne Sentence

One Talker / 2IOO Sentences

200 Talkers / 2IOO Sentences

Condition

FIG. 2. (Color online) Rows one through three display results from the generalized linear mixed-effects model analysis of responses from each experiment
(Experiment 1 =red colors in row 1, Experiment 2 = green colors in row 2, Experiment 3 =blue colors in row 3). The y axis represents the proportion of
“tier” responses provided by participants. The x axis shows the continuum of target words, anchored by “deer” at 1 and “tier” at 10. Functions are shown for
slow sentences (light) and fast sentences (dark). Each dot represents the mean number of “tier” responses for each target word. Error bars display standard
error. TCE magnitudes are represented by the gap between the functions. The bottom row displays individual TCEs across each condition (by column) and
experiment (by color). Means (diamonds) and standard error are presented to the right of each condition.

conditions. Compared to the default condition (One Talker/
One Sentence), psychometric function slopes were signifi-
cantly shallower in the 200 Talkers/200 Sentences condition
([3 =2.00, z=-4.21, p < 0.001) but were comparable in the
One Talker/200 Sentences condition (B =2.61, z=0.88,
p =0.38). Most importantly, the significant rate by condition
interactions indicate that TCE magnitudes decreased from
the One Talker/One Sentence condition to the One Talker/
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200 Sentences condition (mean shift of “tier” responses
=52%; z=-4.10, p < 0.001) and also from the One
Talker/One Sentence condition to the 200 Talkers/200
Sentences condition (mean shift of “tier” responses = 2.5%;
z=-7.53,p < 0.001).

By setting One Talker/One Sentence as the default level
of condition, the model did not make paired comparisons
between the other two conditions (One Talker/200
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TABLE I. Results from the generalized linear mixed-effects model analysis
of responses in Experiment 1. As described in the text, target was coded
1-10 then mean centered. Condition was dummy coded with the One
Talker/One Sentence condition as the default level. Speaking rate was sum
coded with slow as —0.5 and fast as +0.5.

p SE VA p

Intercept —1.430 0.256 —5.583 < 0.001
Target 2482 0.136 18.221 < 0.001
Rate (Slow) 2.379 0212 11.211 < 0.001
One Talker/200 Sentences 0.828 0.270 3.061 0.002
200 Talkers/200 Sentences 1.595 0.223 7.164 < 0.001
Target x Rate —0.163 0.170 —0.961 0.337
Target x One Talker/200 Sentences 0.124 0.141 0.878 0.380
Target x 200 Talkers/200 Sentences —0.485 0.115 —4.211 < 0.001
Rate x One Talker/200 Sentences —1.117 0273 —4.098 < 0.001
Rate x 200 Talkers/200 Sentences —1.904 0.253 -7.532 < 0.001
Target x Rate x One Talker/ 0.414 0.258 1.607 0.108
200 Sentences

Target x Rate x 200 Talkers/ 0.164 0.206 0.797 0.425

200 Sentences

Sentences and 200 Talkers/200 Sentences). To make these
comparisons, the model was run again with the One Talker/
200 Sentences condition as the default level. Results are
provided in Supplementary Table I. Relative to the One
Talker/200 Sentences condition, psychometric function
slopes became significantly shallower in the 200 Talkers/
200 Sentences condition (z=-4.95, p < 0.001) and TCE
magnitudes significantly decreased between these two con-
ditions as well (z=-3.58, p < 0.001).

C. Discussion

Experiment 1 used fast and slow context sentences to
assess target word perception amid different levels of talker
and sentence variability. TCE magnitudes decreased when a
different sentence was heard on each trial (One Talker/One
Sentence vs One Talker/200 Sentences) and decreased again
when a different talker spoke a different sentence on each
trial (One Talker/200 Sentences vs 200 Talkers/200
Sentences). This pattern of results is similar but not identical
to those of Assgari and Stilp (2015) when the same context
sentences were used. In that study, SCE magnitudes were
comparable when a different sentence was heard on each
trial (that is, One Talker/One Sentence vs One Talker/200
Sentences) but did significantly decrease when a different
talker said a different sentence on each trial (One Talker/
200 Sentences vs 200 Talkers/200 Sentences). Further com-
parisons between this study and Assgari and Stilp (2015) are
provided in the General Discussion.

Interestingly, psychometric function slopes in each con-
dition did not follow the same pattern of results as TCE
magnitudes. The slopes of psychometric functions were
comparable in both conditions featuring one talker (One
Talker/One Sentence and One Talker/200 Sentences). Trial-
by-trial variability in context sentences did not appear to
make the task more difficult (i.e., produce shallower slopes)
but did result in smaller TCEs. This differs from the pattern
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of results in multiple-talker conditions, in which psychomet-
ric slopes and TCEs changed together. Slopes were signifi-
cantly shallower and TCEs were significantly smaller in the
200 Talkers/200 Sentences condition. As such, task diffi-
culty does not appear to be clearly intertwined with TCE
magnitudes.

Of note, the conditions in this experiment were con-
structed to vary in the number of talkers and the number of
sentences spoken. However, there was also variation in the
speaking rates of both fast [Brown—Forsythe test: F(1,
198) =26.60, p < 0.001] and slow [Brown-Forsythe test:
F(1,198)=33.70, p < 0.001] context sentences across con-
ditions (see Fig. 1). That is, the distribution of speaking rates
(in syllables per second) for the One Talker/200 Sentences
condition is much narrower than that of the 200 Talkers/200
Sentences condition. While this might be expected, given a
much wider range of speakers, it precludes attributing
smaller TCE magnitudes in the 200 Talkers/200 Sentences
condition to only talker and/or sentence variability. Because
the distribution of speaking rates varied between conditions,
these conditions meaningfully differed from the outset. As
such, making these experimental conditions more similar to
each other provides the opportunity to study effects of talker
variability when rate variability is matched. Thus, more
accurate assessments of how talker and/or sentence variabil-
ity affect TCE magnitudes can be made. Experiment 2
addressed this matter by changing the speaking rates in the
200 Talkers/200 Sentences condition to match the speaking
rates in One Talker/200 Sentences. Both TCE magnitudes
and psychometric function slopes were predicted to be equal
across these conditions.

lll. EXPERIMENT 2
A. Methods
1. Participants

Twenty-two undergraduate students participated in
exchange for course credit. All self-reported being native
English speakers with normal hearing. None participated in
Experiment 1.

2. Stimuli

Context Sentences. The same original context sentences
from Experiment 1 were used again in Experiment 2.
However, while the same sentences were used across experi-
ments, Experiment 2 included an additional manipulation.
As shown in Fig. 1, the distributions of speaking rates were
markedly narrower in the One Talker/200 Sentences condi-
tion than in the 200 Talkers/200 Sentences condition in
Experiment 1. To address this, the speaking rates of the con-
text sentences in the 200 Talkers/200 Sentences condition of
Experiment 2 were altered to match those of the One
Talker/200 Sentences condition (see Fig. 1).

All sentences were first organized from slowest to fast-
est speaking rates. As an example, consider the leftmost sen-
tence in the slow-rate One Talker/200 Sentences condition
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from Experiment 1 (top center panel of Fig. 1). This sen-
tence has the slowest speaking rate among all context sen-
tences in the slow-rate One Talker/200 Sentences condition.
This was used as a reference point for the leftmost sentence
in the slow-rate 200 Talkers/200 Sentences condition (top
right panel of Fig. 1) — the sentence with the slowest speak-
ing rate among all context sentences in the slow-rate 200
Talkers/200 Sentences condition from Experiment 1. These
sentences were paired together. The speaking rate for the
sentence from 200 Talkers/200 Sentences was divided by
the speaking rate for the sentence from One Talker/200
Sentences. Then, using the TD-PSOLA algorithm in Praat,
duration of the sentence from the 200 Talkers/200 Sentences
condition was multiplied by that value. This provided a new
duration for that sentence, which now matched the speaking
rate of its partner sentence from the One Talker/200
Sentences condition. This process continued with each sen-
tence for the slow-rate context sentences, then repeated for
each fast-rate context sentence. As such, all speaking rates
of the context sentences were matched across these two con-
ditions. The distributions of speaking rates in the One
Talker/200 Sentences conditions were the same across
Experiments 1 and 2 (center column of Fig. 1). However,
the distributions of speaking rates in the 200 Talkers/200
Sentences conditions changed across Experiments 1 and 2
(right column of Fig. 1).

Targets. The same “deer” to “tier” target continuum
from Experiment 1 was used in Experiment 2.

3. Procedure

The same procedure from Experiment 1 was used in
Experiment 2. All 22 participants met the criteria for inclu-
sion. All findings hold when using the full sample of 22 par-
ticipants as well as the first 20 participants (matching the
sample size of Experiment 1).

B. Results

The generalized linear mixed-effects model building
process as described in Experiment 1 was used. The final
model included fixed effects for target, condition, and
speaking rate as well as their interactions (coded in the same
manner as described for Experiment 1), as well as random
slopes for target, condition, and speaking rate, and random
intercepts for participants.

Results are illustrated in Fig. 2 and listed in Table II.
Participants responded with “tier” less often in the default
condition (45.4% of the time in the One Talker/One
Sentence), as indicated by the significant negative intercept
(z=-5.60, p < 0.001). As expected, participants responded
“tier” more often as the target moved from “deer” to “tier”
([3 =2.55 reflecting the increase in log-odds of responding
“tier” with each step along the target continuum toward the
“tier” endpoint; z=14.38, p < 0.001). Likewise, “tier”
responses also increased with changes in rate from slow to
fast, which matched the predicted direction of TCEs (mean
shift of 8.50% “tier” responses; z = 10.06, p < 0.001). When
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TABLE II. Results from the generalized linear mixed-effects model analy-
sis of responses in Experiment 2. As described in the text, target was coded
1-10 then mean centered. Condition was dummy coded with the One
Talker/One Sentence condition as the default level. Speaking rate was sum
coded with slow as —0.5 and fast as 4-0.5.

b SE z P

Intercept —1.213 0.216 —5.601 < 0.001
Target 2.554 0.178 14380 < 0.001
Rate (Slow) 2.083 0.207 10.056 < 0.001
One Talker/200 Sentences 0.840 0.151 5.570 < 0.001
200 Talkers/200 Sentences 0.718 0.189 3.791 < 0.001
Target x Rate 0.019 0.160 0.121 0.903
Target x One Talker/200 Sentences 0.022  0.120 0.188 0.851
Target x 200 Talkers/200 Sentences 0.008 0.119 0.068 0.946
Rate x One Talker/200 Sentences —0.746 0.235 —3.182 0.001
Rate x 200 Talkers/200 Sentences —1.075 0.232 —4.639 <0.001
Target x Rate x One Talker/ —0.154 0.224 —0.687 0.492
200 Sentences

Target x Rate x 200 Talkers/ —-0.072 0.215 -0.337 0.736

200 Sentences

compared to the default condition of One Talker/One
Sentence, participants responded “tier” significantly more
often in the One Talker/200 Sentences (48.8% of responses;
z=5.57, p < 0.01), as well as in the 200 Talkers/200
Sentences condition (48.5%; z=3.79, p < 0.01). Unlike
Experiment 1, no differences in psychometric function
slopes were found across conditions (iﬂ =2.56 — 2.58; target
by condition interactions: z < 0.19, p > 0.85). However, sig-
nificant rate by condition interactions were found, indicating
that TCE magnitudes decreased from the One Talker/One
Sentence condition to the One Talker/200 Sentence condi-
tion (mean shift of 5.18% “tier” responses; z=-3.18,
p < 0.01), and also from the One Talker/One Sentence con-
dition to the 200 Talker/200 Sentence condition (mean shift
of 3.86% “tier” responses; z =—4.64, p < 0.001).

As in Experiment 1, the One Talker/One Sentence con-
dition was set as the default, so this model was not able to
make paired comparisons between One Talker/200
Sentences and 200 Talkers/200 Sentences. To do so, the
model was run again with the One Talker/200 Sentences
condition set as the default level. Results are presented in
Supplementary Table II. Neither TCE magnitudes
(z=-1.53, p=0.13) nor psychometric slopes (z=-0.12,
p=0.90) were significantly different between these two
conditions.

1. Across-experiment analyses

Generalized linear mixed-effects modeling was
employed to examine whether and how responses differed
across experiments. The same model building process was
once again utilized. In addition to the same fixed effects as
before, Experiment (sum coded with Experiment 1 as —0.5
and Experiment 2 as +0.5) was also included. The final
model included fixed effects for target, condition, speaking
rate, and experiment as well as their interactions, random
slopes for target, condition, and speaking rate, and random
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intercepts for participants. The full results of these analyses
are available in Supplementary Tables III-V; here, changes
in psychometric function slopes and TCE magnitudes across
experiments are of primary interest.

By restricting the variability in speaking rates in the
200 Talkers/200 Sentences condition, TCE magnitudes mar-
ginally increased in Experiment 2 (Supplementary Table V,
Rate x Experiment: z=1.86, p =0.063); TCE magnitudes
in the other conditions did not change across experiments
(Supplementary Tables IIT and IV, Rate x Experiment: z >
—1.01, p > 0.315). When comparing TCE magnitudes in the
One Talker/200 Sentences and 200 Talkers/200 Sentences
conditions, despite significantly differing from each other in
Experiment 1 and not differing from each other in
Experiment 2, these patterns of changes in TCEs did not sig-
nificantly differ across experiments (Supplementary Table
V, Rate x One Talker/200 Sentences x Experiment:
z=-1.44, p=0.150). On the other hand, the sharp decrease
in TCE magnitudes across the One Talker/One Sentence and
200 Talkers/200 Sentences conditions in Experiment 1 was
lessened in Experiment 2 (Supplementary Table V, Rate x
One Talker/One Sentence X Experiment: z=-2.18,
p=0.030).

By restricting the variability in speaking rates in the 200
Talkers/200 Sentences condition, psychometric slopes in the
200 Talker/200 Sentences condition became steeper in
Experiment 2 (Supplementary Table V, Target x Experiment:
z=2.25, p=0.025); slopes in the other conditions did not
change across experiments (Supplementary Tables III and IV,
Target x Experiment: z > —0.358, p > 0.720). Psychometric
function slopes in Experiment 1 were shallower in the 200
Talkers/200 Sentences condition than in other conditions but
were equal across all conditions in Experiment 2. These pat-
terns of slopes significantly differed across experiments
(Supplementary Table V: Target x One Talker/200 Sentences
x Experiment: z=-3.32, p=0.001; Target x One Talker/
One Sentence x Experiment: z=-2.54, p=0.011).

C. Discussion

Experiment 2 was designed to more tightly control for
contextual variability compared to Experiment 1, in which
conditions with 200 talkers contained fundamentally differ-
ent speaking rates (compare the top row of Fig. 1 to the cen-
ter row of Fig. 1). After adjusting speaking rates in the 200
Talkers/200 Sentences condition to match those in the One
Talker/200 Sentences condition, TCEs across these condi-
tions did not significantly differ. That is, presenting multiple
talkers in a block did not significantly influence TCE magni-
tudes when speaking rate was better controlled. This differs
from Experiment 1, where TCE magnitudes decreased with
added sentence variability and again with added talker vari-
ability. Differences in TCE magnitudes across experiments
were not significant but trended toward differing in the pre-
dicted direction. Larger TCE magnitudes in the 200 Talkers/
200 Sentences condition were found in Experiment 2, but
not to a statistically significant degree.
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Furthermore, psychometric slopes did not differ across
the conditions of interest (One Talker/200 Sentences and
200 Talkers/200 Sentences) in Experiment 2. Again, this
differs from Experiment 1, where slopes were steeper in the
One Talker/200 Sentences condition. While task difficulty
might not directly be tied to TCE magnitudes, accounting
for differences in speaking rate might mitigate some of this
difference. Psychometric slopes in the 200 Talkers/200
Sentences condition were steeper in Experiment 2 than in
Experiment 1. Again, in Experiment 2, there were no differ-
ences in psychometric slopes across One Talker/200
Sentences and 200 Talkers/200 Sentences. Part of the vari-
ability in adapting to multiple talkers was removed (or at
least mitigated) in Experiment 2. Furthermore, the range of
speaking rates in the 200 Talkers/200 Sentences condition
was much greater in Experiment 1 compared to Experiment
2. By creating a matched and more compact distribution,
participants were more decisive in their categorizations.
This impacted results such that switching between 200 talk-
ers was equal to that of one talker saying 200 sentences.

Results from Experiment 2 underscore that talker vari-
ability alone is not the driving force behind TCEs.
Matching speaking rates across conditions in which multi-
ple sentences were spoken resulted in no difference in TCE
magnitude. Thus, acoustic variability (the distributions of
speaking rates heard) influences perception separately from
talker and/or sentence variability. These results follow
work from Drown and Theodore (2020), which used a
speeded word identification task to measure word recogni-
tion time amidst talker variability (hearing a single versus
mixed talkers in a given block) and token variability (the
mixed talkers being consistent/exhibiting low acoustic var-
iability versus inconsistent/exhibiting high acoustic vari-
ability within a block). Their results indicated that both
talker variability and token variability incur processing
costs (i.e., slower response times). Importantly, confound-
ing the two leads to additional costs beyond either source
of variability alone. When stimuli are more highly struc-
tured, and thus less variable across multiple dimensions,
processing costs were lessened. As such, when manipulat-
ing stimulus variability, lower-level acoustic variability
must be considered as well (for similar results, see Kapadia
et al., 2023). Here, imparting more structure across the
multiple-talker conditions resulted in fewer processing
costs (i.e., steeper psychometric function slopes).

In Experiment 2, acoustic variability was matched
across multiple conditions, nullifying differences in TCE
magnitudes that were observed in Experiment 1. However,
TCEs in the One Talker/One Sentence condition were again
larger than those in other conditions. Furthermore, psycho-
metric slopes were equal across conditions in Experiment 2.
This raises the question of whether further restrictions in
context sentence acoustic variability could eliminate all dif-
ferences (in both TCEs and slopes) across conditions. To
test this, Experiment 3 further decreased acoustic variability
by setting one fast rate and one slow rate across all three
conditions. Both TCE magnitudes and psychometric
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function slopes were predicted to be equal across all three
conditions.

IV. EXPERIMENT 3
A. Methods
1. Participants

Twenty-four undergraduate students participated in
exchange for course credit. All self-reported being native
English speakers with normal hearing. None participated in
Experiment 1 nor Experiment 2.

2. Stimuli

Context Sentences. The same context sentences from
Experiments 1 and 2 were used in Experiment 3. Like
Experiment 2, these sentences were manipulated to match
speaking rates across conditions (see Fig. 1). All fast senten-
ces were set to 8.0 syllables/s in all three conditions; simi-
larly, all slow sentences were set to 2.67 syllables/s in all
three conditions. These rates are similar to the speaking
rates in the One Talker/One Sentence conditions from
Experiments 1 and 2 (fast=28.72 syllables/s, slow =2.91
syllables/s), and firmly within the range of the speaking
rates tested in other conditions of Experiment 2 (fast
median = 8.16 syllables/s, slow median =2.76 syllables/s).
Speaking rates were manipulated using the TD-PSOLA
algorithm using the process detailed in Experiment 2.

Targets. The same “deer” to “tier” target continuum
from Experiments 1 and 2 was used in Experiment 3.

3. Procedure

The same procedure from Experiments 1 and 2 was
used in Experiment 3. All 24 participants met the criteria for
inclusion. All findings hold when using the full sample of 24
participants as well as the first 20 participants (matching the
sample size of Experiment 1).

B. Results

The generalized linear mixed-effects model building
process as described in Experiment 1 and 2 was used. The
final model included fixed effects for target, condition
(coded with One Talker/One Sentence as the default), and
speaking rate (sum coded with slow as —0.5 and fast as
+0.5) as well as their interactions, random slopes for target
and speaking rate, and random intercepts for participants.
Results are illustrated in Fig. 2 and listed in Table III.

The negative intercept in the One Talker/One Sentence
condition (z=-7.80, p < 0.001), indicated that participants
responded with “tier” less often (42.7% of the time), while
the significant main effect of target indicates participants
responded “tier” more often as the target moved from “deer”
to “tier” (B =2.21 reflecting the increase in log-odds of
responding “tier” with each step along the target continuum
toward the “tier” endpoint; z=18.41, p < 0.001). Similarly,
as rate changed from slow to fast, “tier” responses also
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TABLE III. Results from the generalized linear mixed-effects model analy-
sis of responses in Experiment 3. As described in the text, target was coded
1-10, then mean centered. Condition was dummy coded with the One
Talker/One Sentence condition as the default level. Speaking rate was sum
coded with slow as —0.5 and fast as +-0.5.

p SE zZ p

Intercept —1.632 0.209 -7.798 < 0.001
Target 2213 0.120 18.412 < 0.001
Rate (Slow) 1.386  0.205 6.774 < 0.001
One Talker/200 Sentences 0.753 0.114 6.633 < 0.001
200 Talkers/200 Sentences 1.128 0.106 10.631 < 0.001
Target x Rate 0.020 0.132 0.153 0.878
Target x One Talker/200 Sentences 0.277 0.102 2.725 0.006
Target x 200 Talkers/200 Sentences —0.073 0.088 —0.829 0.407
Rate x One Talker/200 Sentences 0.145 0.227 0.641 0.522
Rate x 200 Talkers/200 Sentences —-0.725 0212 -3.424 0.001
Target x Rate x One Talker/ 0.114 0.203 0.561 0.575
200 Sentences

Target x Rate x 200 Talkers/ —0.015 0.175 —0.084 0.933

200 Sentences

increased, matching the predicted direction of TCEs (mean
shift of 6.33% “tier” responses; z=6.77, p < 0.001).
Compared to the One Talker/One Sentence condition, “tier”
responses were provided more often in both the One Talker/
200 Sentences condition (46.6% of responses; z=6.63,
p < 0.01) and the 200 Talkers/200 Sentences condition
(48.0% of responses; z=10.63, p < 0.01). Psychometric
slopes differed between the One Talker/One Sentence con-
dition and One Talker/200 Sentences condition, such that
slopes became unexpectedly steeper with increased sentence
variability (B =2.49; z=2.73, p < 0.01), but no difference
was observed between slopes in the One Talker/One
Sentence and 200 Talkers/200 Sentences conditions
(,5’:2.14; z=-0.83, p=0.41). Finally, compared to the
default condition of One Talker/One Sentence, TCEs were
comparable in the One Talker/200 Sentences condition
(mean shift of 6.33% “tier” responses; z=0.64, p=0.52)
and decreased in the 200 Talkers/200 Sentences condition
(mean shift of 2.92% “tier” responses; z=-3.42, p < 0.01).

To make comparisons across One Talker/200 Sentences
and 200 Talkers/200 Sentences, the model was run again
with the One Talker/200 Sentences condition set as the
default level. Results are presented in Supplementary Table
VI. Compared to the One Talker/200 Sentences condition,
slopes were shallower (z=-3.55, p < 0.01) and TCE mag-
nitudes were significantly smaller in the 200 Talkers/200
Sentences condition (z=-4.29, p < 0.01).

1. Across-experiment analyses

Results across Experiments 2 and 3 were examined
with generalized linear mixed-effects modeling used to pre-
dict “tier” responses. The model building process mirrored
that as described previously. The final model included fixed
effects for target, condition, speaking rate (sum coded with
slow as —0.5 and fast as +0.5), and experiment (sum coded
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with Experiment 2 as —0.5 and Experiment 3 as +0.5) as
well as their interactions, along with random slopes for tar-
get, condition, and speaking rate, with random intercepts for
participants. Full results of this analysis are available in
Supplementary Tables VII-IX. Once again, changes in TCE
magnitudes and psychometric function slopes across experi-
ments are of primary interest.

A significant rate by experiment interaction was found
only when One Talker/One Sentence was used as the default
condition (z=-2.15, p=0.03), indicating smaller TCEs in
this condition in Experiment 3. There was an increase in the
difference in TCE magnitudes between One Talker/One
Sentence and One Talker/200 Sentences across experiments
(z=2.58, p < 0.01). That is, TCE magnitudes decreased
with additional sentence variability in Experiment 2, but not
in Experiment 3. Across the One Talker/200 Sentences and
200 Talkers/200 Sentences, patterns of TCE magnitudes
trended toward significance (z=1.76, p =0.078). This sug-
gests that the difference in TCE magnitudes across One
Talker/200 Sentences and 200 Talkers/200 Sentences grew
slightly when moving from Experiment 2 to Experiment 3.
Finally, patterns of TCE magnitudes between One Talker/
One Sentence and 200 Talkers/200 Sentences were not sig-
nificant (z=-1.02, p=0.31), indicating no difference in
patterns across experiments.

No significant target by experiment interactions were
found. The only pattern of psychometric slopes that trended
toward significance was that between One Talker/200
Sentences and 200 Talkers/200 Sentences (z=1.91,
p=0.056), suggesting a marginally larger difference in
slopes across these conditions in Experiment 3 than in
Experiment 2 (where they did not significantly differ).

C. Discussion

Relative to previous experiments, Experiment 3 contin-
ued this process of limiting acoustic variability in context
sentences, using a single fast speaking rate and a single slow
speaking rate for all three conditions. TCE magnitudes and
psychometric function slopes were predicted to be equal
across all three conditions. Contrary to this prediction, TCE
magnitudes were smaller in the 200 Talkers/200 Sentences
condition than in other conditions. Even though fast and
slow speaking rates were the same across conditions, TCE
magnitudes were smaller when talkers changed across each
trial. Also, contrary to the prediction, psychometric function
slopes were unexpectedly significantly steeper in the One
Talker/200 Sentences condition. Although speaking rates
were matched across all three conditions, there still appears
to be one or more additional sources of variability that are
playing an important role in listeners’ responses. This is dis-
cussed further in the General Discussion.

The TCE magnitude in the One Talker/One Sentence
condition being smaller in Experiment 3 than in Experiment
2 is not wholly unexpected. Although the fast and slow rates
were not the same across experiments, they were very simi-
lar. Fast sentences were spoken at a rate of 8.72 syllables/s
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in Experiments 1 and 2; this was set to 8.0 syllables/s in
Experiment 3. Slow sentences were spoken at a rate of 2.91
syllables/s in Experiments 1 and 2; this was set to 2.67 sylla-
bles/s in Experiment 3. Thus, the range in rates across slow
and fast sentences was smaller in Experiment 3 (5.33 sylla-
bles/s) than in Experiment 2 (5.81 syllables/s). TCE magni-
tudes change monotonically as a function of the differences
between speaking rates (Pickett and Decker, 1960;
Summerfield, 1981). Therefore, the smaller range between
fast and slow speaking rates in Experiment 3 likely accounts
for the decrease in TCE magnitudes in the One Talker/One
Sentence condition.

V. GENERAL DISCUSSION

Speech perception is influenced by the surrounding
acoustic context. Previous research has assessed how vari-
ability in preceding acoustic context affects SCEs. Yet, the
effect of contextual variability on TCEs was unknown. The
present study assessed the relationships between multiple
sources of contextual variability—talker, sentence, and
acoustic—and TCEs by varying the speaking rates, the num-
ber of talkers, and number of sentences across conditions.

In Experiment 1, listeners heard context sentences spo-
ken at fast (50% of original duration) and slow (150% of
original duration) rates, followed by one of ten target words
that perceptually varied from “deer” to “tier.” Both sentence
and talker variability decreased TCE magnitudes, while
only talker variability resulted in shallower slopes.
Experiment 2 used the same context sentences, but further
manipulated speaking rates in order to match rate distribu-
tions across One Talker/200 Sentences and 200 Talkers/200
Sentences. No difference in TCE magnitude was found
between these conditions, and slopes were equal in all con-
ditions. Finally, in Experiment 3, context sentences were set
to the same fast rate and the same slow rate in all three con-
ditions. Talker variability, but not sentence variability,
decreased TCE magnitudes; slopes were steeper in the One
Talker/200 Sentences condition relative to other conditions.
Results highlight the intricate relationship that multiple
sources of variability (acoustic, talker, and sentence, and
potentially others, discussed below) have on TCEs in speech
perception.

There is a long-standing practice of using highly con-
trolled stimulus materials when studying acoustic context
effects (i.e., two renditions of a single context sentence,
either amplified in different frequency regions to elicit a
SCE or resynthesized at different speaking rates to elicit a
TCE). However, this high experimental control does not
necessarily reflect the extreme acoustic variability inherent
to everyday listening conditions. Studying the resiliency of
acoustic context effects to different types of stimulus vari-
ability may inform the degrees to which these processes con-
tribute to everyday perception. In Assgari and Stilp (2015),
SCEs were resilient to variability in the contents of context
sentences but not to variability in who spoke them. In the pre-
sent study, TCEs were susceptible to both sentence variability
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and talker variability. From these results, one might be
tempted to conclude that SCEs are more resilient to the perva-
sive variability in everyday listening conditions than TCEs are,
but a degree of caution is warranted. Only two types of stimu-
lus variability were explored here and in Assgari and Stilp
(2015), and only for two speech sound contrasts (/1/-/¢/, /d/-/t/).
Extending the present focus on stimulus variability to other
stimuli and to more naturalistic experimental paradigms
(where context sentences already have the desired acoustic
properties; e.g., Reinisch, 2016; Stilp and Assgari, 2019,
2021) will shed further light on how these acoustic context
effects shape everyday speech perception.

Despite using the same context sentences to study
acoustic contrast effects in speech perception, results pat-
terned differently from Assgari and Stilp (2015). There are
several reasons for this. First and foremost, it bears remind-
ing that different types of contrast effects were measured
across studies: Assgari and Stilp (2015) analyzed SCEs and
the present study analyzed TCEs. Second, each effect is pro-
posed to be subserved by different neural mechanisms:
SCEs by neural adaptation (Stilp, 2020a,b) and TCEs by
either entrainment to modulations in the amplitude envelope
of speech (Bosker and Ghitza, 2018) or evoked responses to
rapid increases in speech amplitude (Oganian and Chang,
2019; Oganian et al., 2023). Third, while studies used the
same context sentences, the target stimuli differed. Assgari
and Stilp (2015) presented isolated target vowels /1/-/e/
whereas here, the target stimuli were initial consonants in
the words “deer” and “tier.” Finally, SCEs are highly sensi-
tive to variability in the mean f0 of context sentences: talk-
ers with low variability in their mean fOs from trial to trial
produced larger SCEs than talkers with high variability in
mean f0 from trial to trial (Assgari et al., 2019). The same
source of stimulus variability is unlikely to explain the pre-
sent results. While the One Talker/One Sentence condition
had zero variability in mean f0 from trial to trial (because it
was the same token spoken at different rates), there was
minimal variability in mean fO for the One Talker/200
Sentences condition, yet TCEs were significantly smaller in
this condition in Experiments 1 and 2. This is suggestive of
a different type of stimulus variability being responsible for
diminishing TCE magnitudes across conditions, most likely
one tied to the proposed neural mechanisms underlying
TCEs. By presenting a different sentence on each trial, there
was variability in the amplitude envelope of each sentence
(as suggested by Bosker and Ghitza, 2018, to underlie
TCEs) as well as the timing and frequency of rapid increases
of signal amplitude (as suggested by Oganian et al., 2023, to
underlie TCEs). Targeted experimentation (akin to the
experiments reported by Assgari et al., 2019) is needed to
identify the specific cause of variation in TCE magnitudes
in the present results.

While talker variability, sentence variability, and acous-
tic variability all meaningfully shape perception, not all
sources of variability are equally consequential. For exam-
ple, in assessing acoustic context effects in vowel categori-
zation tasks, variability in mean f0 for context sentences
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alters SCEs (Assgari et al., 2019), but variability in mean F,
or mean F3 does not (Mills et al., 2022). Furthermore,
speaking rate variability impedes word recognition perfor-
mance, but amplitude variation does not (Sommers et al.,
1994). Here, speaking rates were matched across conditions
in two experiments: One Talker/200 Sentences matched
with 200 Talkers/200 Sentences in Experiment 2, and all
three conditions matched in Experiment 3. However, these
sentences still differed in other (potentially perceptually
salient) properties. Notably, duration and the number of syl-
lables were not equal across sentences. Even in Experiment
3, where all fast and all slow speaking rates were set to a
single rate, duration varied freely. That is, even though sen-
tences had the same number of syllables per second for each
speaking rate, there were not the same number of syllables
in each sentence. Given the proposed neural mechanisms
underlying TCEs, consistency in sentence duration and/or
the number of syllables might be expected to facilitate neu-
ral entrainment or evoked responses to modulation onsets,
thus contributing to larger TCEs. Conversely, more variable
sentence durations/number of syllables might impede this
processing and diminish TCE magnitudes. To explore these
possibilities, the mixed-effects models reported above were
rerun with three additional fixed effects: a main effect of
context sentence duration (mean-centered), the interaction
between context sentence duration and speaking rate con-
dition, and the three-way interaction between sentence
duration, speaking rate condition, and experimental condi-
tion. Context sentence duration did not have a systematic
effect on TCE magnitudes in any experiment (see Data
Availability for analyses). Parallel analyses were con-
ducted by assessing the fixed effects of the number of syl-
lables per sentence (mean-centered), their interaction with
speaking rate condition, and their interaction with speaking
rate condition and experimental condition. Again, no sys-
tematic influence of the number of syllables in context sen-
tences and TCEs was observed. Yet, it must be noted that
these factors were not controlled in the present materials,
which does not decisively rule out their contributions to
TCE magnitude at large. Other sources of variability, such
as lexical content or syntax, may also be important
considerations.

Aside from these sentence-wide factors, there exist
more local factors whose variability might also constrain
TCE magnitudes. Here, we consider possibilities in the tem-
poral order in which they would be encountered during the
context sentence—target word trial structure. First, while
entire sentences and their speaking rates were manipulated
here, it has been repeatedly demonstrated that temporal con-
text immediately preceding the target item exerts a greater
influence on perception than context that is more temporally
removed (Summerfield, 1981; Reinisch et al., 2011; Heffner
et al., 2013; Reinisch, 2016). While Fig. 1 illustrates mean
speaking rates calculated across the entire duration of con-
text sentences, variability in rate information immediately
preceding the target words might offer its own constraint on
TCE magnitudes. Speaking rates (and their variability) near
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sentence offset were not controlled in the present experiments
but merit further consideration in future research. Second, the
temporal gap between items on a trial contributes materially to
their perceptual grouping (e.g., Samuel and Pitt, 2003).
Variability in the duration of the silent interval between context
and target items can affect TCEs (Kim and Cho, 2013). This
variability would particularly challenge neural entrainment that
is proposed to code the speaking rate information that underlies
TCEs (Bosker and Ghitza, 2018). Finally, while the critical
speech sound distinction occurred in the initial position of tar-
get words here, subsequent context informs word recognition
generally (Szostak and Pitt, 2013) and influences TCEs specifi-
cally (e.g., Miller and Liberman, 1979; Summerfield, 1981;
Newman and Sawusch, 1996; Sawusch and Newman, 2000).
Future research may compare how variability in these different
temporal positions on a trial compare to the influence of vari-
ability in sentence contents and talkers on TCEs reported here.

Acoustic context effects have typically been investi-
gated by measuring one context effect per listener sample.
This approach cannot address the consistency with which
listeners display these effects. Here, each listener sample
completed three conditions in their respective experiment.
This raises the question of how consistently listeners’ TCE
magnitudes changed when confronted with different degrees
of (talker, sentence, speaking rate) variability. To examine
this possibility, individual differences analyses were con-
ducted on each experiment. TCE magnitudes were calcu-
lated as the difference in percent “tier” responses following
slow-rate and fast-rate context sentences (as depicted at the
bottom of Fig. 1; n. b., all following patterns of results are
the same if TCEs are calculated as the number of stimulus
steps separating category boundaries/50% points on psycho-
metric functions). Within a given experiment, Pearson cor-
relations were conducted on TCEs between pairs of
conditions. All correlations failed to achieve statistical sig-
nificance when correcting for multiple comparisons
(x=0.017, or 0.05/3 comparisons within an experiment);
only one comparison reached statistical significance with a
more liberal o-level (without correcting for multiple com-
parisons; TCEs in the One Talker/200 Sentences and 200
Talkers/200 Sentences conditions in Experiment 3: r =0.42,
p=0.04). Next, principal components analyses were con-
ducted on TCE magnitudes for each experiment to assess
potential consistency in context effects beyond the level of
pairwise comparisons. If context effect magnitudes for a lis-
tener sample exhibit global coherence (beyond what could
be seen via pairwise comparisons), the vast majority of
covariance among TCE magnitudes would load onto the first
(principal) component, with little covariance captured by
additional components. Analyses were conducted in R using
the prcomp function, which calculates the singular value
decomposition directly on the data matrix of TCE magni-
tudes (n. b., equivalent results are observed by calculating
eigenvalues on the covariance matrix of the data). No cen-
tering or rotation was performed. Across experiments, the
amount of covariance loading onto the first component
ranged from 53%—58%, with appreciable covariance loading
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onto the second component (24%—37%). Thus, neither local
nor global analyses revealed clear patterns of individual dif-
ferences that explained variation in TCE magnitudes in a
given experiment. One possible contributing factor is the
high degree of acoustic (as well as linguistic) variability in
the sentence materials. Previous work by Heffner and Myers
(2019) indicated that stimulus variability may limit the test/
retest reliability of speaking rate normalization effects.
Subsequent research on individual differences in temporal
context effects would be well served by titrating this vari-
ability to find the point at which stimulus variability first
becomes damaging to the consistency with which listeners
complete these tasks.

As previously discussed and demonstrated here, there
are important differences in how contextual variability
affects SCEs and TCE:s in speech perception. While research
has examined the effect of contextual variability on both
SCEs and TCE:s, different target stimuli have been used to
study each. This obscures whether the different patterns of
results for SCEs and TCEs are primarily due to the acoustic
domain under investigation or the specific target stimuli
(vowel contrast differing in F';, consonant contrast differing
in VOT) being presented. As an alternative, for the Dutch /
a/—/a:/ vowel contrast, listeners rely heavily on both spectral
and temporal information to categorize these sounds.
Previous work from Reinisch and Sjerps (2013) has exam-
ined both SCEs and TCEs for this pair of vowels. Context
sentences were manipulated both spectrally (high and low
F>) and temporally (fast and slow speaking rates), and lis-
teners categorized minimal word pairs, which differed due
to the /a/—/al/ contrast. Results indicated that identification
of these vowels was influenced by both SCEs and TCEs. As
such, testing the relationships between contextual variabil-
ity, SCEs, and TCEs in the same target stimuli for Dutch-
speaking listeners would provide the clearest test of these
questions across acoustic domains.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional results
from generalized linear mixed-effects model of responses in
Experiment 1, Experiment 2, Experiment 3, across
Experiments 1 and 2, and across Experiments 2 and 3.
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