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Abstract 

 

Listeners vary in the perception and interpretation of speech prosody (the variations in 

intonation, loudness, and rhythm of spoken language). The source of this variability is 

unknown. We investigated whether the ability to recognise and classify prosodic structure is 

related to working memory (WM) capacity. This hypothesis stems from the tight connection 

between prosodic and syntactic (grammatical) structure, while processing syntax is known 

to relate to WN capacity. Healthy adult speakers of Dutch judged prosodic structures in a 

gating paradigm. The phrases contained early and late intonational cues that signalled 

whether the phrases contained an internal grouping or not. Listeners also took part in WM 

(digit span) and processing speed (letter comparison) tasks. There was an interaction 

between performance in the prosody judgement and WM tasks: high-WM listeners were 

better at classifying prosodic structure and required less prosodic information to detect the 

correct structure. There was no interaction between prosody processing and processing 

speed, suggesting that the interaction between prosodic judgement and WM capacity was 

not due to motivational or attentional differences. The results demonstrate a close 

relationship between prosody processing and WM abilities, implying that WM is an 

important component of prosody processing.  

 

Keywords 

Interindividual variability; prosody; intonation; working memory; processing speed 

 

Public significance statement 

The melody of a spoken sentence conveys important information about its grammatical 

structure and intended meaning. The melody can, for instance, determine the interpretation 

of sentences such as “She will visit Berlin – or Rome and Vienna” or “She will visit Berlin or 

Rome – and Vienna”. Adult listeners differ in their ability to hear and understand differences 

in speech melody, but it is unclear what causes these differences. We demonstrate that 

listeners who have better working memory are also better at perceiving speech melody. 

This means that the linguistic skill of perceiving speech melody and the broader skill of 

holding information in working memory are tightly linked. Our results are important for 
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theories about the organisation of the human mind and for understanding impairments of 

memory and speech.  

 

1. Introduction 

Small changes in intonation, rhythm, and intensity of speech (together: prosody) convey 

important information during sentence processing (Cole, 2015; Cutler et al., 1997; Wagner 

& Watson, 2010). The interface between prosody and syntactic processing is particularly 

well described: prosodic and syntactic structure largely correspond to one another (Nespor 

& Vogel, 1983), meaning that syntactic and prosodic breaks often, but not always, align 

(Calhoun, 2007; Degano et al., 2024) . As such, prosodic cues can disambiguate structures 

that are syntactically ambiguous, such as I read about the repayment with interest, where 

with interest can refer to read or repayment. One prosodic phenomenon signalling the 

correct parsing of such sentences is the intonational phrase boundary, which consists of 

three acoustic cues: a pause as well as lengthening and a pitch rise on the syllable preceding 

the pause (Selkirk, 1984). Importantly, prosody processing requires the integration of low-

level acoustic information into a sentence representation. For this integration to be 

successful, it is necessary to hold both the segmental and suprasegmental (i.e., prosodic) 

information in working memory until a sentence interpretation is formed. 

As in many linguistic domains, there is considerable between-listener variability in 

prosody perception and interpretation (Baumann & Winter, 2018; Roy et al., 2017; 

van der Burght et al., 2021; van der Burght & Meyer, 2024). Recently, Hansen et al. (2022) 

showed that listeners differ in how early during sentence processing they can exploit 

prosodic cues to perceive the sentence structure. The source of such variability has so far 

remained unexplored. Here, we aimed to investigate whether part of this variability may be 

attributed to variability in working memory capacity. There are multiple lines of research 

that suggest this might be the case. First, prosodic phenomena are known to have an effect 

on memorisation. For example, words that are prosodically marked as prominent are 

remembered better (Fraundorf et al., 2010, 2012; Zhou et al., 2024) and rhythmic 

structuring of sequences is known to benefit later recall (Reeves et al., 2000; Sturges & 

Martin, 1974). Second, a relationship between prosody processing and working memory 

capacity has previously been found in production studies. For instance, speakers with higher 

working memory capacity tend to produce longer prosodic phrases (Bishop, 2020) and 
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speakers with low working memory capacity have been shown to have more difficulties with 

the imitation of prosodic structures (Petrone et al., 2021).  

But there is another reason why a link between prosodic and memory skills is 

plausible. As discussed above, prosody and syntactic processing often align, and syntactic 

processing, in turn, is known to be modulated by working memory capacity. Specifically, 

there is evidence that working memory is related to attachment preferences. In a study by 

Swets et al. (2007), listeners with low working memory capacity tended to create shorter 

syntactic phrases, preferring high attachment of an ambiguous relative clause. For instance, 

in The maid of the princess who scratched herself in public was terribly embarrassed, 

attachment to the first noun was preferred by the low-working memory group. In other 

studies, the opposite pattern was found, meaning that listeners in the low-working memory 

group preferred attachment to the second noun instead (Felser et al., 2003; Traxler, 2007). 

Note that in yet other work, the interaction between parsing syntactic structure and 

working memory capacity was absent (Traxler, 2009). Together, these studies point towards 

some form of constraint of working memory capacity on syntactic processing. Considering 

that prosodic cues can be used to modulate attachment preferences (e.g., Carlson et al., 

2001, Schafer et al., 2000, Speer et al., 1996), this begs the question whether the memory-

syntax connection also manifests itself in a relationship between memory and prosodic 

boundary perception. So far, no study has investigated whether there is a relationship 

between the sensitivity to prosodic cues and working memory capacity. 

The main goal of the current study was therefore to determine whether individual 

differences in working memory span predict early sensitivity to prosodic cues. Participants 

(N=64) took part in a boundary perception task (developed by Hansen et al., 2022), followed 

by a task tapping working memory capacity (digit span task, forward and backward) and a 

task tapping processing speed (letter comparison task). The boundary perception task 

consisted of a gating paradigm in which listeners indicated whether a sequence of three 

names was either organised as a group of two and a single person (Joni en Annie # en Frida) 

or as three people grouped together (Joni en Annie en Frida). The German name sequences 

of  the original study were converted into Dutch and recorded by four native speakers (two 

female, two male). The speakers were instructed to indicate the grouping structure (with or 

without bracket) intuitively with a normal speaking voice. The resulting three-name 

sequences were cut into seven gates. Each gate corresponded to a syllable, so that the first 



   
 

  5 
 

gate contained the least and the final gate the most information. The gates were presented 

one after the other in increasing length, and participants indicated by button press whether 

they perceived the structure with or without bracket (presented as line drawings on a 

computer screen. The study ran online. 

Considering the close links between parsing strategies and working memory capacity 

on the one hand, and between syntactic and prosodic structure on the other, we 

hypothesised that individual differences in classifying prosodic structure are related to 

working memory capacity. We were agnostic on the directionality of a possible effect. 

Listeners with low working memory capacity tend to break up sentences into shorter clauses 

(Swets et al., 2007) and might therefore be particularly sensitive to prosodic cues because 

they enable them to close a syntactic phrase. Alternatively, listeners with high working 

memory capacity, who are in no hurry to close the phrase, might be more sensitive (or 

attentive) to prosodic information in the signal: these listeners might be able to afford an 

attitude of ‘wait and see’ during sentence processing, holding several interpretations in 

working memory (MacDonald et al., 1992), and relying on information in the signal for a 

prosody-driven completion of the syntactic phrase.  

We are not aware of theories that would predict that working memory should not be 

involved at all in our task, as every cognitive task of some complexity requires at least some 

working memory capacity. Our question was therefore whether we would observe, within a 

sample of healthy adult native speakers, that variations in WM capacity would impact 

performance in the prosody task. As mentioned before, earlier work on prosody production 

(Bishop, 2020) and imitation (Petrone et al., 2021) has indicated that WM plays a role in 

these tasks. Furthermore, WM has been implied to be involved in perceptual learning of 

intonation contours (Kapatsinski et al., 2017). However, these tasks were invariably 

complex, probing learning abilities or both comprehension and subsequent imitation (i.e., 

the retention and transform of phonological representations from comprehension to 

production). Our task was much simpler and required neither learning nor memorisation as 

such. Importantly, the syntactic parsing involved was trivial. Thus, our task specifically 

tapped into the mapping of acoustic-phonetic cues onto prosodic templates. Since this 

process occurs continuously during everyday speech perception (McQueen & Cutler, 2010), 

it might be a highly overlearned process, requiring little to no processing capacity (see 

Hartsuiker & Moors (2017) for a discussion). This would predict that, in a sample of healthy 



   
 

  6 
 

adult speakers, variations in WM would not impact on the classification of prosodic 

structure. Our work therefore contributes to a better understanding of a fundamental issue 

of current psycholinguistics, which is the engagement of domain-general executive 

processes in linguistic tasks. Here, we centre this question on prosody processing, a core 

component of spoken language comprehension.  
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2. Methods 

The study consisted of three tasks: a prosodic structure classification task, a working 

memory task, and a processing speed task.  

 

2.1. Participants 

64 native speakers of Dutch took part in all three tasks of the study (49 female, 15 male; 

mean age: 23.4 years; range 18-31 years). All participants entered the final analysis. The 

sample size was chosen to be in line with previous work and to be a multiple of eight to 

counterbalance the stimulus lists and response buttons. Participants reported no hearing or 

language disorders. They were recruited from the Max Planck Institute for Psycholinguistics 

participant database, were paid €15,00 for participation, and gave informed consent prior to 

the experiment. The study was approved by the Ethics Committee Faculty of Social Sciences, 

Radboud university, Netherlands. 

 The sample size was chosen to be in line with previous work and to be a multiple of 

eight to counterbalance the stimulus lists and response buttons. To determine the minimal 

effect size that can be detected with our sample (N=64), we performed an effect size 

sensitivity analysis (Giner-Sorolla et al., 2024) using the simr package (Green & MacLeod, 

2016) in R. Specifically, we ran a power simulation on the Generalised Linear Mixed Model 

from our main analysis. In an a priori power analysis (or sample size determination analysis), 

sample sizes are varied while effect sizes are kept constant. In this effect size sensitivity 

analysis, we instead estimated power for a range of effect sizes while keeping sample size 

fixed at 64. To this end, we adapted the model estimate of one of our main interaction 

terms of interest (the interaction between prosodic classification at gates 5-4 and working 

memory performance). This demonstrated that the smallest possible effect size at 80% 

power is 1.19 (expressed as log odds). This suggests that small effect sizes were still 

detectable with the current sample size at a power of 80%. The script and output of this 

effect size sensitivity analysis can be found on OSF. 

 

2.2. Materials and procedure 

The study ran online in summer 2024, and participants accessed the experiment as a web 

application developed by the technical group at the Max Planck Institute for 

Psycholinguistics (‘Frinex’, FRramework for INteractive EXperiments). Participants were 
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encouraged to use headphones. After giving informed consent, the boundary perception 

task started. 

 

2.2.1. Prosodic structure classification task 

The prosodic structure classification task was adapted from the study by Hansen and 

colleagues (2022), following the original study design as closely as possible. All deviations 

from the original study are explicitly stated. In this task, participants listened to three-name 

sequences and judged whether the names contained an internal grouping (grouped as two 

names followed by one) or not (three names grouped together).  

 

2.2.1.1. Materials 

The stimulus sequences were adapted from their German counterparts (developed in 

Holzgrefe-Lang et al., 2016 and Huttenlauch et al., 2021) and consisted of three Dutch 

proper nouns separated by conjunctions (e.g., Joni en Annie en Frida). The three names can 

be interpreted to either form a group of two people with the final person grouped 

separately (Figure 1A) or a group of three people (Figure 1B). The distinction between these 

two grouping structures can be marked prosodically: the sequence can be formed as two 

intonation phrases, in which case the two phrases are separated by an IPB (Selkirk, 1984). 

Alternatively, the sequence is formed as one intonation phrase, without separation by an 

IPB. 

 

Figure 1: Schematic representations (adapted from Huttenlauch et al., 2021) of the bracket (a) and 
no bracket (b) conditions. This illustration functioned as response prompt during the experiment. 
 

All proper nouns were Dutch disyllabic names with word-initial stress. A total of 24 name 

sequences were constructed, consisting of six names that could occur in the first two 

positions (Annie, Jannie, Joni, Laurie, Lorie, Tobi) and three names that could occur in the 

final position (Frida, Maru, Mira). All names consisted of sonorant speech sounds to 

facilitate tracking of the fundamental frequency (F0), the acoustic correlate of pitch. The 

a b
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stimuli were divided over four native speakers of Dutch (two female, two male), the same 

number of speakers as in Hansen et al. (2022). They were instructed to realise each stimulus 

sentence in two alternative groupings (once with and once without bracket). Each speaker 

therefore recorded a total of twelve utterances. The recordings were made in a sound-proof 

recording booth and the digitised speech samples (sampling frequency: 44100 Hz) were 

further manipulated and analysed in Praat (Boersma & Weenink, 2022). To evaluate 

whether the stimuli conveyed the grouping structures as intended, three native Dutch 

speakers who did not participate in the study categorised each version of the 24 name 

sequences as including or not including a bracket (accuracy >90%). For the gating paradigm, 

the stimuli were cut into seven gates, each gate corresponding to a syllable separated at the 

segmental boundaries (Turk et al., 2006). As each subsequent gate included an additional 

syllable, the first gate contained the least and the final gate the most information (note that 

the final gate contained the final two syllables; Figure 2).  

 To analyse the pitch cues each speaker used to prosodically realise the two grouping 

structures, time-normalised pitch contours were created per speaker (Figure 3). First, 

vocalisations were manually inspected to remove pitch points inadvertently marked by 

Praat as vocalisations (Cangemi, 2015). F0 contours were then smoothed using ProsodyPro 

(Xu, 2013) in Praat (Boersma & Weenink, 2022) using a smoothing window of 70 ms. Time-

normalised contours were created at 10 samples per gate, yielding 70 F0 points per 

utterance. Finally, mean F0 contours were obtained per condition per speaker. These 

analyses indicate that each speaker used intonational cues distinguishing the two grouping 

structures.  
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Figure 2: Spectrograms and pitch contours for the sentence conditions without boundary (a) and 
with boundary (b). The lower tier indicates the gate number. Note the pause in the with-boundary 
condition at the end of gate 5. 

 
Figure 3: Time-normalised pitch contours per speaker and boundary condition.  
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2.2.1.2. Procedure 

The task started with two demonstration trials that aimed to convey how the two grouping 

structures sounded and were represented visually. In these trials, two sequences (one of 

each grouping condition) were played in full, accompanied by the corresponding visual 

grouping structure. The demonstration trials consisted of two unique name sequences using 

the same names as in the actual experiment but recorded by a new speaker. Subsequently, 

a practice phase started. This followed the gating paradigm as was used in the main 

experiment. Here, two novel name sequences were played as individual gates. The gates 

were presented one after another in succession, and after each gate participants pressed 

the left or right arrow key to convey whether they had perceived the structure with or 

without bracket (presented as line drawings on the left or right side of the computer screen, 

Figure 1). Following the two practice sentences, the main experiment started. The task 

included 48 experimental sentences, each presented in seven gates, amounting to 338 

trials, and ran for approximately 25 minutes. The allocation of the grouping conditions to 

the response buttons was counterbalanced across participants1. 

 

2.2.1.3. Trial structure 

Each trial started with a fixation cross presented on the centre of the screen. After 300 ms, 

the auditory stimulus was played. As soon as the audio ended, the fixation cross was 

replaced by the two visual grouping illustrations (Figure 1). Participants were instructed that 

they could already give their response before the end of the stimulus. Upon giving their 

response, participants were given feedback that their response had been collected by 

displaying a frame around the visual grouping that matched their response. After a 700 ms 

interval, the next trial started. At the end of the boundary perception task, participants 

continued with the working memory task. 

 

2.2.2. Working memory task 

The working memory task was taken from a publicly available test battery for language skills 

(Hintz et al., 2024), a computerised version of the digit span test. In this task, participants 

heard a sequence of digits and were asked to type in the digits either in the order of 

presentation (forward version) or in reversed order (backward version). The first two trials 
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of each version (considered practice trials) contained two-digit sequences. Then sequences 

of increasing length were played. When at least one of two consecutive trials was correct, 

the sequence was extended by one digit. The task ended either when two consecutive trials 

for a given sequence length were recalled incorrectly or when the maximum sequence 

length was reached (nine for the forward, eight for the backward version). The trial 

structure of the tasks consisted of a 2000 ms fixation cross presented in the centre of the 

screen. Subsequently, the sequence of spoken digits was played while the fixation cross 

remained on screen. The interval between the digits was approximately 500 ms. After the 

complete sequence was played, a response field at the bottom of the screen appeared, 

prompting participants to enter their response. The dependent measure used in the current 

study was a score that combined both task versions (the sum of correct responses per 

version). At the end of the working memory task, participants continued with the letter 

comparison task. 

 

2.2.3. Letter comparison task 

This task was taken from the same test battery as the working memory task (Hintz et al., 

2024). It had previously been adapted by Huettig and Janse (2015) from earlier work and 

has been shown to measure processing speed (Salthouse, 1996). In this task, participants 

were presented with pairs of letter strings and decided whether or not the two strings were 

identical. In the first block, pairs of three-letter strings (e.g., BRT) were shown, and in the 

second block six-letter strings (e.g., BTYWUT). The letter strings were presented in a 

monospaced font (Courier New) with font size 70 underneath each other, 300 pixels apart. 

Participants were instructed to indicate whether the two letter strings were the same or 

different by button press (using the left-hand button for different and right-hand button for 

same), as quickly and accurately as possible. The task started with six three-letter practice 

trials, followed by two blocks containing 24 trials each. The proportion of same and different 

trials was 50:50. Trials started with a fixation cross shown for 600 ms, followed by the two 

letter strings until a response was made. After a pause of 1000 ms the next trial started. The 

dependent measure used in the current study was response speed, averaged over all correct 

responses. 

 

2.3. Data analysis 
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Statistical analysis was performed with logistic generalised linear mixed models (GLMM; 

Baayen et al., 2008) using the lme4 package (Bates et al., 2015) in R, version 4.4.1 

(R Core Team, 2024). Accuracy in the prosody task, determined as the proportion of correct 

bracket/no bracket responses, was modelled as a function of gate to test whether 

increasing amounts of available prosodic information improved classification performance. 

To test for an effect of working memory capacity on performance in the prosody task, we 

ran an additional model which included gate and digit span high score as well as their 

interaction as fixed effects. To test for an effect of processing speed on performance in the 

prosodic task, this model also contained mean response time in the letter comparison task 

as fixed effect as well as the interaction between mean response time and gate. Finally, to 

explore prosodic structure classification per speaker, separate models with gate as main 

effect were run on parts of the data that included stimuli from each of the four speakers 

only. In all models, the predictor gate was contrast coded using a sliding difference contrast, 

so that each level of the factor was compared to its preceding level (gate 2 vs. gate 1, gate 3 

vs. gate 2, etc.) Predictors for the working memory task (high score across the backward and 

forward versions) and letter comparison task (mean response time over correct trials) were 

centred and scaled before they were included in the GLMM. We aimed for maximal random 

effects structures (Barr et al., 2013) which, due to convergence issues, were simplified by 

removing first the interaction terms followed by the main effects from the random effects 

structure. This resulted in the inclusion of by-item and by-participant random intercepts in 

all models. The intercept-only models, too, led to convergence warnings. To assess whether 

these convergence issues impacted the validity of our inferences, we ran each model with 

all optimisers available in the lme4 package. Because the different optimisers yielded highly 

similar estimates, the convergence warnings were considered false positives (Bates et al., 

2015). Finally, to assess a possible correlation between working memory and processing 

speed tasks, we ran a Pearson’s correlation between the two performance indices per 

participant. For each fitted model, generalised variance inflation factors (VIFs) were checked 

using the car package (Fox & Weisberg, 2019). All generalised VIFs were lower than 3, 

confirming that there were no multicollinearity problems.  

 To distinguish between situations where there is evidence for a null effect vs. a lack 

of evidence, we ran a Bayesian mixed effects model with a logit link function using the brms 

package (Bürkner, 2017). The model structure of this model was identical to the frequentist 
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GLMM. Priors were centred at 0 because we were agnostic on the direction of the 

interaction effects. To verify that the results were not influenced by the priors for our 

model, we fit models with a narrower prior (SD = .1) and a wider prior (SD .5). We set the 

same priors for the interactions between tasks as well as for the by-participant and by-item 

random intercepts. 

In all analyses, p-values smaller than .05 were considered significant. Data visualisation 

was done using ggplot (Wickham, 2016) and ggeffects (Lüdecke, 2018). To visualize possible 

effects of each task on the prosodic task, predicted values were plotted at each gate. To 

illustrate between-participant differences, the ggeffects package plots predicted values for 

representative values of low, mid, and high performers. These representative values 

corresponded to the predictor’s lower quartile, median, and upper quartile, respectively.  

 

2.4. Transparency and openness  

We report how we determined our sample size, all data exclusions (if any), all 

manipulations, and all measures in the study, and we follow the journal article reporting 

standards by Appelbaum et al. (2018). Raw data and analysis scripts for the study are 

available on OSF (https://osf.io/ygbvm/?view_only=c6849b75e1a542d8a13008c80f8fbfda). 

All software and packages employed are reported throughout the Methods section. The 

design and analysis of this study were not pre-registered. 

 

 

3. Results 

In the prosodic structure classification task, there was a significant effect of gate on 

accuracy. This effect became significant from the 3rd gate onward (gate 3-4: ß = 0.241, SE = 

0.072, t = 3.354, p = 0.001; gate 4-5: ß = 0.424, SE = 0.073, t = 5.772, p < .001; gate 5-6: ß = 

0.634, SE = 0.078, t = 8.114, p < .001; gate 6-7: ß = 0.487, SE = 0.086, t = 5.645, p < .001; see 

Table 1). The effect sizes at each gate, expressed as odds ratios, were 1.14 (gate 1-2), 1.10 

(gate 2-3), 1.27 (gate 3-4), 1.53 (gate 4-5), 1.89 (gate5-6), and 1.63 (gate 6-7). This suggests 

that from gate 3 onward, classification accuracy improved with each subsequent gate. If we 

compare performance in the prosody judgement task to the pitch cues that were available 

in the intonational contours of each speaker (Figure 3), the 2nd and 3rd gates already 

showed a different intonational pattern according to the prosodic grouping condition. This 
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apparently helped listeners to improve on their prosodic judgements from the 3rd gate 

onward. 

In the analysis of a possible relationship between prosodic structure classification 

and working memory, there was a significant interaction between working memory capacity 

and gate from the 4th gate onward (gate 4-5: ß = 0.183, SE = 0.06, t = 3.04, p < .001; gate 5-

6: ß = 0.237, SE = 0.07, t = 3.363, p = 0.001; gate 6-7: ß = 0.238, SE = 0.088, t = 2.71, p = 

0.007; see Table 2). The effect sizes for the interaction terms at each gate, expressed as 

odds ratios, were 1.01 (gate 1-2), 1.03 (gate 2-3), 1.04 (gate 3-4), 1.20 (gate 4-5), 1.27 (gate 

5-6), and 1.27 (gate 6-7). As the first interaction to be significant is between digit span 

performance and gates 4-5, this indicates that differences in working memory had an effect 

from gate 5 onward. Specifically, participants with a higher working memory span showed a 

steeper increase in prosodic structure classification with each subsequent gate (Figure 4). 

This result indicates that listeners with higher working memory capacity were overall better 

at classifying the prosodic structure. In addition, this shows that listeners with high working 

memory capacity required less information from the prosodic signal to reach above-chance 

accuracy in detecting the correct structure. Note that significant above-chance level 

performance in this experiment corresponded to accuracy levels above 65%. Put differently, 

participants with high working memory capacity identified the correct prosodic structure 

earlier (at gate 5) than the low working memory participants (at gate 6). Up until gate 4, the 

interactions between gate and working memory capacity were not significant (all p-values > 

.05). 

In the analysis of a possible relationship between prosodic boundary perception and 

processing speed, there were no significant interactions between prosodic boundary 

perception and letter comparison performance (all p-values > .05; see Table 2). The effect 

sizes for the interaction terms at each gate, expressed as odds ratios, were 1.01 (gate 1-2), 

0.97 (gate 2-3), 0.98 (gate3-4), 1.05 (gate 4-5), 1.10 (gate 5-6), and 1.05 (gate 6-7). This 

suggests that, unlike working memory capacity, processing speed was not associated with 

the classification of prosodic structure (Figure 5). A Bayesian analysis provided evidence for 

this null effect, since the credible intervals for the interactions between prosodic 

classification performance and processing speed crossed 0 (gate 5-4: ß = 0.05 [-0.06, 0.16]; 

gate 6-5: ß = 0.09 [-0.03, 0.22]; gate 7-6: ß = 0.04 [-0.10, 0.19]). In contrast, the credible 

intervals for the interactions between prosodic classification and working memory 
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performance excluded 0 (gate 5-4: ß = 0.18 [0.07, 0.30]; gate 6-5: ß = 0.24 [0.10, 0.37]; gate 

7-6: ß = 0.23 [0.05, 0.40]). We report results from the model with wider priors, but the 

results from the model with narrower priors were qualitatively the same. The model output 

from the Bayesian mixed models can be found on OSF. Finally, there was a significant 

correlation between performance in the working memory and processing speed tasks (r(62) 

= -0.365; p = 0.003), indicating that participants with faster response times in the letter 

comparison task tended to have higher working memory scores. 

To investigate possible across-speaker differences in performance in the prosodic 

structure task, we ran separate models per speaker (Figures A1-4). Following visual 

inspection, there seemed to be no obvious effects of different speakers on prosodic 

structure classification.  

 

Figure 4: The relationship between performance in the prosodic structure classification and 
working memory (WM) tasks presented across gates. Dots represent predicted probabilities 
and error bars standard deviations. Note that the statistical analysis included memory 
performance as continuous predictor and that the predicted values for high, mid, and low 
performers is for illustrative purposes only (see Methods for details). Asterisks mark 
statistically significant interactions. 
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Figure 5: The relationship between performance in the prosodic structure classification and 
processing speed tasks presented across gates. Dots represent predicted probabilities and 
error bars standard deviations. Note that the statistical analysis included letter comparison 
performance as continuous predictor and that the predicted values for high, mid, and low 
performers is for illustrative purposes only (see Methods for details). 
 
Table 1: Output of GLMM with gate as predictors of accuracy in the prosodic structure 
classification task. The random effects structure included random intercepts by item and 
participant. 
 

term estimate std. error t-value p-value 
intercept 0.720 0.058 12.412 <0.001 
gate2-1 0.128 0.071 1.791 0.073 
gate3-2 0.095 0.071 1.334 0.182 
gate4-3 0.241 0.072 3.354 0.001 
gate5-4 0.424 0.073 5.772 <0.001 
gate6-5 0.634 0.078 8.114 <0.001 
gate7-6 0.487 0.086 5.645 <0.001 
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Table 2: Output of GLMM with gate, digit span, and letter comparison scores as predictors 
of accuracy in the prosodic structure classification task. The random effects structure 
included random intercepts by item and participant. 
 

term estimate std. error t-value p-value 
intercept 0.752 0.054 13.827 <0.001 
gate2-1 0.127 0.072 1.769 0.077 
gate3-2 0.095 0.072 1.322 0.186 
gate4-3 0.241 0.072 3.327 0.001 
gate5-4 0.435 0.074 5.858 <0.001 
gate6-5 0.685 0.081 8.508 <0.001 
gate7-6 0.585 0.093 6.260 <0.001 
digit span 0.262 0.057 4.587 <0.001 
letter comparison 0.058 0.057 1.017 0.309 
gate2-1 * digit span 0.011 0.057 0.189 0.850 
gate3-2 * digit span 0.026 0.057 0.463 0.643 
gate4-3 * digit span 0.040 0.057 0.691 0.489 
gate5-4 * digit span 0.183 0.060 3.040 0.002 
gate6-5 * digit span 0.237 0.070 3.363 0.001 
gate7-6 * digit span 0.238 0.088 2.710 0.007 
gate2-1 * letter comparison 0.014 0.056 0.249 0.803 
gate3-2 * letter comparison -0.033 0.056 -0.591 0.555 
gate4-3 * letter comparison -0.021 0.057 -0.373 0.709 
gate5-4 * letter comparison 0.050 0.059 0.861 0.389 
gate6-5 * letter comparison 0.094 0.064 1.452 0.147 
gate7-6 * letter comparison 0.046 0.074 0.629 0.530 

 

 

4. Discussion 

This study investigated whether working memory capacity can explain between-listener 

differences in prosody processing. Participants took part in a gating experiment that tested 

the ability to perceive and categorise prosodic structure: they judged the internal grouping 

of three-name sequences, presented in gates, and had to rely on the prosodic cues available 

to make their judgement. Subsequently, they performed a working memory test (digit span, 

forward and backward) and a processing speed test (letter comparison) that functioned as 

control task. The results showed that listeners with higher working memory capacity 

performed better in the prosodic structure classification task, detecting the correct prosodic 

structure earlier (requiring less information from the speech signal) as well as showing 

overall better performance. Importantly, individual differences in processing speed had no 
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effect on performance in the prosodic task, suggesting that the interaction with working 

memory cannot be explained by mere between-listener differences in processing speed, 

attention, or motivation. The current study thus shows that variability in the detection of 

prosodic structure (Hansen et al., 2022) can in part be explained by variability in working 

memory capacity. The result is in line with recent developmental research reporting that 

children with higher working memory capacity are better at discriminating prosodic 

structures in a language unknown to them (Stepanov et al., 2020). This implies that listeners 

with higher working memory capacity are either more sensitive to prosodic cues or better at 

matching the sensory input to a syntactic or prosodic structural representation. While 

previous work has highlighted working memory constraints on sentence processing (Felser 

et al., 2003; Swets et al., 2007; Traxler, 2007) and on prosody production (Bishop, 2020), this 

is the first study to demonstrate a link between working memory and prosody perception in 

adult listeners. 

The current results have implications for models of spoken sentence processing as 

well as those of prosody processing. Relevant for sentence processing models, the results 

suggest that the cues listeners rely on during sentence processing are in part shaped by 

working memory capacity. Listeners with lower working memory capacity, who were less 

accurate at classifying prosodic structure, might rely more on cues other than prosodic ones 

when disambiguating sentence structure (e.g., semantic or morphosyntactic cues). Such 

cue-weighting differences between listeners have been found previously in the preferences 

for prosodic as compared to syntactic or semantic information (Baumann & Winter, 2018). 

The implication for theories of prosodic processing is that prosodic skills are likely not only 

determined by factors such as low-level acoustic abilities but depend on working memory 

capacity as well. Recent theories of prosody processing indeed posit that memory plays a 

prominent role, for example when listeners establish talker-dependent exemplars of 

prosodic categories based on episodic memory traces (Kurumada & Roettger, 2022). The 

current study demonstrates that any processing model of prosody perception should 

accommodate working memory. Working memory refers to the ability to hold information 

online, but it also involves the capacity to manipulate and combine representations 

(Baddeley, 2003b). To categorise intonational patterns, pitch contours must be held in 

working memory before being mapped onto an intonation template, e.g., of the prosodic 

structure with or without internal grouping. This might explain why in the current study 
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limits on working memory capacity also limited the capacity to perceive and identify 

prosodic structure. However, as responses in the prosodic task could be given immediately 

upon perceiving each gate, the memory load from holding the contours in working memory 

was probably limited. More likely, the necessity to map contours onto intonation templates 

explains the prosody-working memory relationship. 

Considering the tight link between syntax and working memory discussed in the 

Introduction, one might argue that the relationship between prosody processing and 

working memory found here was in fact a syntax-working memory relationship in disguise. 

However, in the current task syntactic processing was trivial, with participants judging 

repeatedly whether or not a three-name sequence had an internal grouping structure. In 

this sense, the current task was a prosodic template-matching task rather than one involving 

much prosody-syntax mapping. In any case, the syntactic demands involved in this task were 

altogether limited. We therefore propose that the relationship between the prosodic and 

working memory tasks represents the fact that during prosody processing, intonational, 

rhythmic, and intensity cues must be perceived and held in working memory before they 

can be mapped onto abstract prosodic templates with or without intonational boundary. 

Listeners with strong prosodic abilities may detect intonational cues earlier and may 

be better at using these cues to guide the parser. These listeners may also be inclined to 

break up sequences of auditory stimuli into chunks and to retain these chunks, having good 

working memory abilities as a consequence. Indeed, the application of an (implicit) prosodic 

structure may have been useful in the digit span task. In the digit span task, an auditory 

sequence of digits needs to be remembered and entered on a keyboard. In the forward 

version of the task the sequence must be reproduced as is, while in the backward version 

the sequence must be reproduced in reverse order. In both versions, the digits are held in 

and retrieved from auditory working memory, with an additional manipulation required in 

the backward version. While the test is assumed to engage core processes of verbal working 

memory (Baddeley, 2003a), implicit prosodic structuring might help structuring the 

sequence in a verbal memory buffer. Indeed, there is some evidence that rhythmic grouping 

of digits aids the recall of digits, in particular those immediately preceding or following a 

pause (Reeves et al., 2000). Similarly, recognition and immediate recall of (non-linguistic) 

tone sequences were better for rhythmic patterns than non-rhythmic patterns, as shown in 

a same-different judgement task and in written recall (Sturges & Martin, 1974). In addition 
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to rhythmical chunking, serial recall of digit strings has been argued to be aided by 

intonation as well (Savino et al., 2020). It may therefore be that applying an implicit 

prosodic structure was beneficial for performance in the digit span task. Provided that 

listeners’ implicit and explicit prosodic abilities are related (Bishop, 2020), an implicit 

prosodic prosody strategy during the working memory task could thus have contributed to 

the relationship between prosodic structure identification and digit span tasks performance.  

Above we discussed the role working memory might play in prosody perception as 

well as a possible advantage of (implicit) prosodic abilities for the working memory task. In 

addition, it may have been the case that higher working memory capacity was advantageous 

to performing the prosodic task as such: apart from the importance of working memory for 

prosody perception as a process, there might be task-specific aspects driving the effect. 

However, as discussed above, we consider it unlikely that much working memory capacity 

was required for the prosodic structure classification task. This is because participants could 

give their response immediately following the presentation of each gate, therefore limiting 

the necessity to hold prosodic cues in working memory. We therefore argue that the 

relationship between prosodic and working memory abilities reflects the working memory 

aspects of processing prosodic contours (as described earlier in the Discussion), rather than 

task-specific working memory computations involved in this particular paradigm. 

Since the prosodic structure classification task closely mirrored the study by Hansen 

and colleagues (2022), the results invite a crosslinguistic comparison in prosodic boundary 

processing. In the original study, German listeners were able to detect and classify the 

appropriate structure at gate 3, whereas in the current study Dutch listeners only showed 

above-chance performance from gate 5 onwards. This may indicate that the prosodic cues 

were less salient in the Dutch stimuli than in the German stimuli, that the samples tested in 

the two studies happened to differ in their prosodic skills, or that, more generally, Dutch 

listeners rely less on early prosodic cues than the German listeners. Based on the present 

data, we cannot decide between these options. Concerning possible differences between 

the stimulus materials, we showed that at least three out of the four speakers providing 

stimuli for our study distinguished between the two prosodic structures using intonational 

differences during the early gates. As a result, early categorisation of the structures should 

have been possible. Concerning skill differences in the samples, we note that overall 

performance in the Dutch listeners was lower than in their German counterparts, with 
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performance at gate 7, when the full sentence was available, reaching 88% and 97%, 

respectively. This may mean that the Dutch listeners tested in our study were generally less 

good at performing the task than the sample tested by Hansen and colleagues. 

More interestingly, it is possible that German and Dutch listeners generally differ in 

their reliance on early prosodic cues. Indeed, recent event-related potential (ERP) evidence 

suggests that Dutch listeners are particularly sensitive to the pause when processing 

structures such as the ones used in the current study (Ganga et al., 2024). In contrast, 

studies using the same ERP measure have shown that in German listeners the pause is a 

non-essential cue to perceive intonational boundaries (Holzgrefe-Lang et al., 2016). These 

results suggest that German listeners make more use of intonational and lengthening cues 

than Dutch listeners. This would explain why listeners in the study in German (Hansen et al., 

2022) were able to identify the correct prosodic structure at earlier gates, since the pause 

cue only occurs towards the end of the three-name sequence.  

 

Conclusion 

This study showed that between-listener variability in the perception and classification of 

prosody can in part be explained by between-listener variability in working memory 

capacity: Listeners with larger working memory spans were better at detecting whether 

three-name sequences contained an intonational boundary or not. Between-listener 

differences in performance in the prosody task could not be explained by differences in 

processing speed, ruling out general effects of motivation and attention. We tested adult 

native speakers of Dutch, in line with the target language of this study. Future work should 

therefore address whether our results generalise to other languages as well as to other 

prosodic functions, such as prominence marking or question/statement intonation. 

Regardless, the current results suggest that working memory plays an important role in 

processing prosody, probably because prosody perception requires the mapping of 

intonational contours to intonation templates. On a more general note, our results suggest 

that a domain-general capacity such as WM constrains prosody perception, even though it is 

a highly over-learned component of sentence comprehension.  
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Appendix  
 

 
Figure A1: Performance in the prosodic structure classification task for stimuli from speaker 1. Dots 
represent predicted probabilities and error bars standard deviations. 

 

 
Figure A2: Performance in the prosodic structure classification task for stimuli from speaker 2. Dots 
represent predicted probabilities and error bars standard deviations.  
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Figure A3: Performance in the prosodic structure classification task for stimuli from speaker 3. Dots 
represent predicted probabilities and error bars standard deviations.  

 

 
Figure A4: Performance in the prosodic structure classification task for stimuli from speaker 4. Dots 
represent predicted probabilities and error bars standard deviations.  
 

 
1 The results for these two subgroups did not qualitatively differ.   
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