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ABSTRACT 19 

The ability to segregate sounds from different sound sources is thought to depend on the 20 

perceptual salience of differences between the sounds, such as differences in frequency or 21 

fundamental frequency (F0). F0 discrimination of complex tones is better for tones with low 22 

harmonics than for tones that only contain high harmonics, suggesting greater pitch salience 23 

for the former. This leads to the expectation that the sequential stream segregation (streaming) 24 

of complex tones should be better for tones with low harmonics than for tones with only high 25 

harmonics. However, the results of previous studies are conflicting about whether this is the 26 

case. The goals of this study were to determine the effect of harmonic rank on streaming and 27 

to establish whether streaming is related to F0 discrimination. Thirteen young normal-hearing 28 

participants were tested. Streaming was assessed for pure tones and complex tones containing 29 

harmonics with various ranks using sequences of ABA triplets, where A and B differed in 30 

frequency or in F0. The participants were asked to try to hear two streams and to indicate 31 

when they heard one and when they heard two streams. F0 discrimination was measured for 32 

the same tones that were used as A tones in the streaming experiment. Both streaming and F0 33 

discrimination worsened significantly with increasing harmonic rank. There was a significant 34 

relationship between streaming and F0 discrimination, indicating that good F0 discrimination 35 

is associated with good streaming. This supports the idea that the extent of stream segregation 36 

depends on the salience of the perceptual difference between successive sounds.   37 

 38 

Keywords: stream segregation, pitch, fundamental frequency discrimination, perceptual 39 

differences  40 
41 
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1 Introduction 42 

 The ability to segregate sounds from different sound sources is thought to depend on the 43 

perceptual salience of differences between the sounds, such as differences in frequency or 44 

fundamental frequency (F0) (Moore and Gockel, 2002; Paredes-Gallardo et al., 2018). It is 45 

therefore easier to understand speech produced by a female speaker in the presence of one or 46 

more male speakers than when in the presence of other female speakers (Brungart et al., 47 

2001). The ability to segregate sounds into different auditory objects is used constantly in 48 

daily life and is essential for understanding speech in the presence of background sounds. The 49 

ability also makes it possible to hear out individual instruments or voices in music.   50 

Speech and music are complex signals and sound segregation is often investigated 51 

using simpler, more controlled, stimuli such as sequences of interleaved A and B sounds 52 

where A and B differ in some way (e.g., Bregman, 1990; van Noorden, 1975). These 53 

sequences can be heard either as one stream (integrated) or as two streams (segregated). The 54 

perceptual construction of two streams is called sequential stream segregation or streaming. 55 

Several studies have used such sequences to explore the effect of differences between the A 56 

and B sounds in frequency (pure tones) or in F0 (complex tones) and have shown that the 57 

ability to segregate increases with increasing frequency or F0 difference (e.g., Grimault et al., 58 

2000; Grimault et al., 2001; Rose and Moore, 1997; van Noorden, 1975; Vliegen and 59 

Oxenham, 1999; Vliegen et al., 1999).  60 

Studies of F0 discrimination have shown that F0 difference limens (F0DLs) are 61 

relatively small when the tones contain low harmonics (with harmonic numbers, also called 62 

ranks, up to about 8), but increase when the rank of the lowest harmonic increases above 63 

about 8, indicating that pitch salience decreases when only high-rank harmonics are present 64 

(e.g., Bernstein and Oxenham, 2006a; Hoekstra and Ritsma, 1977; Houtsma and Smurzynski, 65 

1990; Shackleton and Carlyon, 1994). The increase in F0DLs with increasing harmonic rank 66 
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might be explained by better resolution of lower than of higher harmonics (Bernstein and 67 

Oxenham, 2006b; Shackleton and Carlyon, 1994). However, some lines of evidence suggest 68 

that resolution of harmonics is not the key factor. Firstly, for very low F0s, the harmonics that 69 

dominate the pitch percept are not the lowest resolved harmonics (Jackson and Moore, 2013). 70 

Secondly, Bernstein and Oxenham (2003) compared F0DLs for tones with all harmonics 71 

presented to both ears (diotic) and tones with odd harmonics presented to one ear and even 72 

harmonics to the opposite ear (dichotic). If F0 discrimination were governed by the degree of 73 

resolution of the harmonics, performance should have been better for the dichotic condition, 74 

since the frequency separation of harmonics within each ear was twice as large as for the 75 

diotic condition. In fact, F0DLs were similar for the diotic and dichotic conditions. The 76 

results suggest that harmonic rank per se is important. The effect of harmonic rank has been 77 

explained by ‘place dependence’, i.e. for each place in the cochlea (corresponding to a 78 

specific auditory filter with a certain center frequency) there is a limited range of periodicities 79 

that can be analyzed, and this range is closely tied to the center frequency of that filter 80 

(Bernstein and Oxenham, 2005; Moore, 2003). 81 

If stream segregation depends on the salience of the perceptual differences between 82 

successive sounds (Hartmann and Johnson, 1991; Moore and Gockel, 2002; Paredes-Gallardo 83 

et al., 2018), one might expect that the ease with which a sequence of complex tones (tones A 84 

and B, differing in F0) can be segregated into streams would be affected by pitch salience 85 

(strength). If so, then for a fixed difference in F0 between successive tones, stream 86 

segregation should be more likely to occur for tones containing low harmonics than for tones 87 

containing only high harmonics. A few studies have investigated the effect of harmonic rank 88 

on streaming, but with differing results. Vliegen and Oxenham (1999) measured sequential 89 

stream segregation for pure tones, complex tones with low harmonics, and complex tones 90 

with only high harmonics. For each of these, the F0 of the B tone was between one and 11 91 
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semitones higher than the F0 of the fixed A tone. The listeners were instructed to try to hear 92 

the sequence as segregated and to indicate whether they heard each sequence as one or two 93 

streams. The proportion of trials that were perceived as segregated was similar for all 94 

conditions, indicating no effect of harmonic rank. Grimault et al. (2000) measured streaming 95 

for complex tones with fixed F0s for the A and B tones. The tones were filtered into three 96 

regions (low, mid, and high) to vary the ranks of the harmonics in the tones. They found that 97 

the percentage of segregation decreased with increasing harmonic rank and argued that this 98 

was an effect of the resolvability of the harmonics in the tones. They did not instruct the 99 

listeners to try to hear the streams as segregated or integrated, as in the study of Vliegen and 100 

Oxenham (1999). The instruction to try to segregate used by Vliegen and Oxenham might 101 

have increased the proportion of segregation, especially for the difficult conditions with only 102 

high harmonics, and Grimault et al. (2000) suggested that the difference in instructions might 103 

explain the difference between studies. Also, they proposed that the difference across studies 104 

might be explained by their conditions being more extreme in terms of resolvability than the 105 

ones used by Vliegen and Oxenham (1999). If so, this would indicate that large differences in 106 

harmonic rank are required to reveal differences in stream segregation.  107 

 The aims of the present study were: (1) to determine the effect of harmonic rank when the 108 

listeners were instructed to try to hear the sequence as segregated; 2) to establish whether 109 

there is a relationship between F0DLs and streaming. Sequential stream segregation was 110 

investigated for pure tones and complex tones with harmonic ranks ranging from low (with 111 

well resolved harmonics) to high (with all harmonics clearly unresolved),  i.e. representing 112 

conditions with harmonic rank less than 8 or larger than 14, respectively (Moore and Gockel, 113 

2011).  Preliminary data from this study was previously presented in a conference paper 114 

(Madsen et al., 2015). 115 

 116 
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2 General method 117 

2.1 Listeners 118 

Thirteen normal-hearing listeners (audiometric thresholds ≤20 dB HL at octave 119 

frequencies between 250 and 8000 Hz; five females, eight males) between 21 and 27 years of 120 

age (mean = 23.6 years, SD = 1.6 years) were tested. The listeners had no musical training. 121 

All experiments were approved by the Science-Ethics Committee for the Capital Region of 122 

Denmark. 123 

 124 

2.2 Stimulus generation and presentation   125 

The stimuli were generated in MATLAB at a sampling rate of 44100 and presented via a 126 

Fireface UCX sound card (RME, Haimhausen Germany) and Sennheiser HD 650 headphones 127 

(Sennheiser, Wedemark, Germany). All stimuli were presented monaurally at a sound 128 

pressure level (SPL) of 80 dB to the ear with the lowest audiometric threshold averaged 129 

across the frequencies 2, 3, and 4 kHz. This level was chosen since this study was meant to be 130 

the first in a series of experiments in which hearing-impaired listeners would also be tested. 131 

This allows the comparison of results for normal-hearing and hearing-impaired listeners at the 132 

same sound pressure level. All measurements were made in an acoustically shielded booth. 133 

 134 

3 Experiment 1: Sequential stream segregation 135 

3.1 Rationale 136 

 The goal of this experiment was to determine whether subjective sequential stream 137 

segregation is affected by harmonic rank. F0 discrimination is better for tones with low 138 

harmonic rank and it was therefore hypothesized that the presence of low harmonics would 139 

facilitate the segregation of sequences of complex tones.  140 

 141 

3.2 Method 142 
 143 

[Insert Fig. 1 approximately here] 144 
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 145 
3.2.1 Stimuli 146 

 The stimuli consisted of sequences of ABA-ABA tones where A and B are different tones 147 

and “-” represents a brief pause. This type of stimulus has been used in many experiments on 148 

stream segregation (e.g.,  Bregman, 1990; van Noorden, 1975). As illustrated in Fig. 1A, such 149 

a sequence can be perceived as one stream (upper panel; integration) that is heard as having a 150 

galloping rhythm or as two separate streams, one twice as fast as the other (lower panel; 151 

segregation). As in the study of Vliegen and Oxenham (1999), each tone had a duration of 90 152 

ms including 20-ms raised-cosine ramps. The time interval between tones within each triplet 153 

was 10 ms and consecutive triplets were separated by 110 ms. Each tone sequence consisted 154 

of 19 triplets and had a duration of approximately 8 s.  155 

Both the A and B tones were either complex tones or pure tones. As illustrated in Fig. 156 

1B, the complex tones were initially generated to contain all harmonics with equal amplitude, 157 

added in sine phase. The tones were then bandpass filtered between 2 and 4 kHz (3-dB down 158 

points), using a filter slope of 30 dB/octave for the first 100 Hz on each side of the flat 159 

passband and 50 dB/octave beyond that range. The edge frequencies of the passband were 160 

2125 and 3798 Hz. The filter slope was chosen to avoid abrupt changes in level of individual 161 

harmonics as they passed into and out of the passband when the F0 was changed. The 162 

harmonic rank was varied by varying the F0; the higher the F0 the lower was the harmonic 163 

rank. For the pure-tone stimuli, the frequency of the A tone was 2000 Hz. For the complex 164 

tones, the A-tone F0 was 80, 100, 150, 250, or 500 Hz. Hence, the rank of the lowest 165 

harmonic in the passband varied from 27 (F0 = 80 Hz) to 5 (F0 = 500 Hz). The B-tone 166 

frequency or F0 was always higher than that of the A tone. The frequency or F0 difference 167 

between the A and B tones (∆F0) was 1, 3, 4, 5, 7, or 11 semitones (ST), resulting in 36 168 

conditions. The frequencies or the F0s of the A and B tones were fixed within each trial.  169 

A threshold-equalizing noise (TEN) (Moore et al., 2000) was used to mask combination 170 

tones and to limit the audibility of stimulus components falling on the filter skirts. According 171 

to Oxenham et al. (2009)  the 2f1-f2 combination tone produced by interaction of the two 172 

lowest components in the passband may just be audible when the component level is 15 dB 173 
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higher than the TEN level, expressed as dB SPL/ERBN, where ERBN is the average value of 174 

the equivalent rectangular bandwidth of the auditory filter for listeners with normal hearing 175 

(Glasberg and Moore, 1990). The component level needs to be about 30 dB higher than the 176 

TEN level for the next lower combination tone to be audible. The present study used a TEN 177 

level of 55 dB SPL/ERBN, which meant that the level of each component in the complex 178 

tones was 20-24 dB higher than the level/ERBN of the TEN. Hence, the 2f1-f2 combination 179 

tone may have been just audible, but no lower combination tones were audible. This does not 180 

create a problem in the interpretation of the results presented here, since the only consequence 181 

of the 2f1-f2 combination tone being audible would be to lower the harmonic rank by one. 182 

This would not affect whether the tones in the different conditions were resolved or 183 

unresolved. 184 

 185 

3.2.2 Procedure 186 

The aim was to assess the proportion of time that two streams were perceived when 187 

listeners were actively trying to segregate the sequence. The listeners were therefore asked to 188 

try to hear the sequence as segregated and to press one key when they heard one stream and a 189 

different key when they heard two streams. They could switch between the two keys during 190 

presentation of a sequence if the percept appeared to change. The listeners were trained for at 191 

least two hours and tested in four 2-hour sessions. Each condition was tested 36 times for 192 

each listener in blocks that each contained one presentation of each condition. The conditions 193 

were randomized such that the order of conditions within a block was always different across 194 

blocks for each listener. The order was different for each listener. Nine blocks were tested in 195 

each session.  196 

To ensure that the listeners had been sufficiently trained, the standard deviation of the 197 

streaming scores (percentage of time that two streams were reported) for each condition was 198 

calculated across each set of three successive blocks and then averaged across conditions. If 199 

the mean standard deviation was larger than or equal to 20% for at least one of the three sets 200 

of three blocks tested in the first test session, these blocks were considered as training and 201 

they were repeated in the following session.  202 
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 203 

3.2.3 Statistical analysis 204 

 Due to large deviations from normality, the data were transformed using the aligned rank 205 

transform (Wobbrock et al., 2011) and then analyzed with a linear mixed-effects model with 206 

harmonic rank and ∆F0 as fixed factors and listener as a random factor, using the ARTool 207 

library (Wobbrock et al., 2011) in R. Post-hoc analysis was performed using the 208 

lsmeans library (Lenth, 2016) and Tukey corrections were used to correct for multiple 209 

comparisons.  210 

 211 

3.3 Results 212 

 Subjective sequential stream segregation was assessed as the proportion of time that the 213 

listeners indicated hearing two streams (no galloping rhythm), assessed over the whole 214 

duration of the sequence. Figure 2 shows the individual data and Fig. 3 shows the mean data. 215 

Results for the complex tones are plotted on the left as a function of F0 and results for the 216 

pure tones are plotted on the right. While there were large individual differences, the 217 

streaming scores generally increased with increasing ∆F0 or ∆F (pure tones) and with 218 

increasing F0, i.e. decreasing harmonic rank. All conditions, including the pure tone 219 

conditions, were included in the analysis. Both main effects were significant (∆F0: F(5, 420) 220 

= 142.77, p <0.001; harmonic rank: F(5, 420) = 205.34, p <0.001) and the interaction was 221 

also significant (F(25, 420) = 9.96, p <0.001). Pairwise comparison of conditions with 222 

different F0 (harmonic rank) showed that the differences between all pairs were significant (p 223 

< 0.01) except between F0 = 500 and 250 Hz. Similarly, pairwise comparison of conditions 224 

with different ∆F0 showed that all differences were significant (p < 0.01) except between ∆F0 225 

= 4 and 5 ST. 226 

 227 

3.4 Discussion 228 

 It is possible that the listeners judged the perceptual difference between the A and B 229 

tones rather than judging stream segregation per se. To assess this possibility, it was 230 

determined whether a build up of “two-stream” responses occurred over time, since build up 231 
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is generally regarded as a key characteristic of stream segregation (e.g., Anstis and Saida, 232 

1985; Bregman, 1978b). This was done for a condition leading to an intermediate percentage 233 

of two-stream responses (∆F0 = 7 and F0 = 250 Hz) to avoid floor and ceiling effects. Figure 234 

4 shows the percentage of time where the two-stream key was pressed after every half second 235 

for each of the listeners. As expected, the proportion of two-stream responses increased with 236 

time for most listeners, confirming that judgements were based on stream segregation rather 237 

than on the perceptual difference between the A and B tones.  238 

 239 

[Please insert Fig. 4 approximately here] 240 

 241 

 The significant increase in segregation with increasing ∆F0 is consistent with the results of 242 

many other studies (e.g.,  Grimault et al., 2000; Grimault et al., 2001; Rose and Moore, 1997; 243 

van Noorden, 1975; Vliegen and Oxenham, 1999; Vliegen et al., 1999) and with the idea that 244 

the extent of stream segregation increases with increasing perceptual difference between 245 

successive sounds (Moore and Gockel, 2002). This idea is also supported by the decrease in 246 

stream segregation with increasing harmonic rank. The harmonic rank was varied by varying 247 

the F0. In theory, therefore, the observed effects could be a result of variations in F0 rather 248 

than variations in harmonic rank. However, this seems unlikely, since F0DLs for sounds with 249 

fixed harmonic content (e.g. harmonics 1-5 or 6-12) are similar (when expressed as Weber 250 

fractions) for F0s within the range tested in this study (e.g., Moore and Moore, 2003).  251 

The effect of harmonic rank found here differs from that reported by Vliegen and Oxenham 252 

(1999) but is consistent with the findings of Grimault et al. (2000). However, the results from 253 

the present study are not consistent with the suggestions made by Grimault et al. (2000) to 254 

explain the difference between their results and those of Vliegen and Oxenham (1999). 255 

Firstly, the present results showed an effect of harmonic rank when the listeners were 256 

instructed to try to segregate, as was done by Vliegen and Oxenham (1999) but not by 257 

Grimault et al. (2000). Secondly, streaming differed between conditions that did not differ 258 

greatly in terms of the resolvability of the harmonics in the complex tones. For example, the 259 

harmonics can be assumed to be mostly completely unresolved for the F0s of 80 and 100 Hz 260 
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(lowest harmonics in the passband were 27 and 22, respectively, for the A tones and 15 and 261 

12, respectively, for the B tones for ∆F0 = 11 ST), but streaming differed significantly for 262 

these two conditions.   263 

 One difference between the present study and that of Vliegen and Oxenham (1999) is that 264 

segregation here was quantified  as the percentage of time that the listeners indicated that they 265 

heard two streams, measured over the whole duration of the sequence, while Vliegen and 266 

Oxenham (1999) obtained a single response for each sequence, presumably made towards the 267 

end of the sequence or after the sequence was finished. Stream segregation tends to build up 268 

over time for stimuli with small perceptual differences between successive sounds (Anstis and 269 

Saida, 1985; Bregman, 1978a) but can occur very rapidly when there are large perceptual 270 

differences. Using the measure of segregation of the present study, this build-up effect might 271 

have had a greater influence for stimuli where the build up was slow (small perceptual 272 

differences) than for stimuli where the build up was rapid (large perceptual differences), thus 273 

increasing differences across conditions. In the study of Vliegen and Oxenham (1999), the 274 

build up was probably near-complete for all stimuli. This might have contributed to the 275 

difference across studies. 276 

 To assess this possibility, the percentage of trials for which the two-streams key was the 277 

last key pressed was determined, giving a measure similar to that of Vliegen and Oxenham 278 

(1999). Analysis with a logistic generalized mixed-effects model for binary data using the 279 

lme4 library in R (Bates et al., 2015) showed significant effects of harmonic rank (χ2(5)  = 280 

100.04, p <0.001) and of ∆F0 (χ2(5)  = 822.96, p <0.001) and a significant interaction (χ2(25)  281 

= 402.52, p <0.001). Thus, it does not seem that the measure used here to assess the amount 282 

of segregation can explain the difference in results across studies.  283 

 Another difference between the two studies is the sequence length. In this study, each 284 

sequence contained 19 triplets whereas Vliegen and Oxenham (1999) used 12 triplets per 285 

sequence. However, since segregation builds up slowly over time when perceptual differences 286 

are small (Anstis and Saida, 1985; Bregman, 1978a), it would have been less likely to occur 287 

for conditions with high harmonic rank in the study of Vliegen and Oxenham (1999) than in 288 
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the present study, so this factor also cannot explain the difference between the results of the 289 

two studies.  290 

 Another factor that might have influenced the results is combination tones. The present 291 

study used a TEN to mask combination tones while Vliegen and Oxenham (1999) did not use 292 

any noise in their main experiment. Vliegen and Oxenham (1999) presented a preliminary 293 

experiment showing a small deleterious effect of masking noise on the stream segregation of 294 

complex tones containing only high harmonics, but a similar effect occurred for pure tones. 295 

They argued that combination tones were unlikely to explain their results. The results of the 296 

preliminary experiment, did, however, generally show more segregation for pure tones than 297 

for the complex tones, which is similar to the findings of this study but different from the 298 

results of their main study. Vliegen and Oxenham (1999) argued that this difference “may 299 

simply illustrate the large inter-subject variability”. In the present study, the results also 300 

varied markedly across listeners, so it is possible that inter-listener variability can explain the 301 

difference between studies. However, the fact that all listeners in the present study showed 302 

some effect of harmonic rank and the fact that Grimault et al. (2000) also found a significant 303 

effect of harmonic rank indicate that stream segregation does worsen with increasing 304 

harmonic rank, at least for most listeners.  305 

The results of the present study are also consistent with studies that investigated F0 306 

discrimination for pairs of tones preceded and followed by complex tones with fixed F0 307 

(fringes) (Gockel et al., 1999; Micheyl and Carlyon, 1998). In these studies, it was proposed 308 

that the fringes interfere with F0 discrimination when the fringes and target tones are 309 

perceived as a single stream, but that interference is small when the fringes are perceived as 310 

being in a separate stream from the target tones. The results showed that when the mean F0 of 311 

the fringes differed from that of the target, there was more interference when both fringes and 312 

target tones contained unresolved harmonics than when they both contained resolved 313 

harmonics. This suggests that stream segregation of the fringes and target was more likely to 314 

occur when they both contained resolved harmonics, which is consistent with the results 315 

presented here.   316 
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The results from the present study confirm that stream segregation is possible for complex 317 

tones without resolved components. This is consistent with results from several studies 318 

showing that stream segregation can be induced using temporal cues alone, without any 319 

excitation-pattern cues (e.g.,  Dannenbring and Bregman, 1976; Grimault et al., 2002; Hong 320 

and Turner, 2009; Paredes-Gallardo et al., 2018; Roberts et al., 2002; Stainsby et al., 2004; 321 

Vliegen et al., 1999).  322 

The present study found that the percentage of segregation increased with decreasing 323 

harmonic rank (increasing F0; Fig. 2) except that there was no difference between F0s of 250 324 

and 500 Hz. The mean streaming scores were very similar for those two conditions. Most 325 

individual scores were also similar for these conditions, but a few listeners (L2, L6 and L11) 326 

showed consistent decreases in streaming when the F0 was increased from 250 to 500 Hz. 327 

These decreases may be explained by the relatively small number of harmonics in the 328 

conditions with the A-tone F0 = 500 Hz. Assuming that all harmonics with a level of 55 dB 329 

SPL or above (which was the level/ERBN of the TEN) were audible, the A tone had six 330 

audible harmonic components and the number of audible harmonics in the B tone decreased 331 

with increasing ∆F0. For the conditions with ∆F0 = 7 and 11 ST, the B tones had only four 332 

audible harmonics. Due to the limited number of well-resolved harmonics, a few listeners 333 

may have heard individual harmonics (spectral pitch) instead of the fundamental pitch of the 334 

tone complex (Schneider et al., 2005). They may have focused their attention on non-335 

corresponding harmonics in the A and B tones. For example, when ∆F0 = 11 ST they may 336 

have attended to the 4th harmonic of the A tone (2000 Hz) and the second harmonic of the B 337 

tone (1879 Hz), which might have led to reduced segregation, since these harmonics differ in 338 

frequency by only slightly more than 1 ST. 339 

 340 

4 Experiment 2: Relation between stream segregation and discrimination of pure 341 

tones and complex tones 342 

4.1 Rationale 343 

 F0DLs were measured to determine the relationship between streaming and the salience of 344 

the F0 differences between the A and B tones. Furthermore, F0DLs were measured for tones 345 
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whose harmonics were added in sine phase or in random phase, to provide an indirect 346 

measure of the resolvability of the harmonics. It is generally assumed that harmonic phase has 347 

an influence on F0DLs only when the harmonics interfere, and therefore are at least partly 348 

unresolved (Houtsma and Smurzynski, 1990; Moore, 1977; Wang et al., 2012). The outputs 349 

of auditory filters in response to tones with unresolved harmonics have a higher peak factor 350 

for sine-phase tones than for random-phase tones. This is expected to affect F0DLs based on 351 

the use of envelope cues. Therefore, F0DLs are expected to be smaller for sine-phase than for 352 

the random-phase tones when all harmonics are unresolved.  353 

 354 

4.2 Method 355 

4.2.1 Stimuli 356 

 F0DLs were measured for pure tones and complex tones similar to the ones used in 357 

experiment 1. The tones were bandpass filtered between 2 and 4 kHz and the nominal F0s of 358 

the reference tones were the same as the F0s of the A tones in experiment 1. Each tone had a 359 

duration of 500 ms including 10-ms raised-cosine onset and offset ramps. The interval 360 

between the three tones in each trial was 250 ms.  The stimuli were presented at the same 361 

level and in the same TEN as for experiment 1.  The TEN had the same purposes as for 362 

experiment 1. In addition, it was intended to promote synthetic rather than analytic listening 363 

(listening to the pitch corresponding to the missing F0 rather than to individual harmonics), 364 

since background noise promotes synthetic listening (Hall and Peters, 1981; Houtgast, 1976).  365 

 366 

4.2.2 Procedure 367 

 F0DLs were measured using a 3-alternative-forced-choice (AFC) weighted up-down 368 

paradigm (Kaernbach, 1991) to estimate the 75% point on the psychometric function. The 369 

listeners were asked to indicate which of the intervals contained the tone with the different 370 

pitch (the deviant). The F0 of this tone was always higher than the reference F0. The 371 

reference F0 was roved by ±5 % between trials using a uniform distribution around the 372 

nominal value. For each run, the initial F0 difference between the reference and the deviant 373 

(F0deviant − F0reference)/F0reference was 20%. In the following trials, the F0 difference was 374 
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decreased logarithmically by a step size that decreased after every second reversal. The F0DL 375 

was calculated as the geometric mean of the F0 difference at the last six out of 10 reversals. 376 

Each condition was tested twice during training and the final F0DLs were calculated from 377 

values obtained over five runs. To check whether the F0DLs had stabilized after training, a 378 

straight line was fitted to the five F0DLs for each condition and one more block for each 379 

condition was added if the slope of the line was significantly lower than 0 for more than two 380 

conditions.    381 

 382 

4.3 Results 383 

 As shown in Fig. 5, the F0DLs decreased (improved) with increasing F0 (decreasing 384 

harmonic rank) for conditions with both sine and with random phase and were larger for 385 

random than for sine phase for the conditions with high harmonic rank but similar across 386 

phases for the conditions with lower harmonic rank. Analysis using a mixed-effects model 387 

with F0 and phase as fixed factors and listener as a random factor confirmed that both main 388 

effects (F0: F(4, 628) = 223.9, p <0.001, phase: F(1, 628) = 32.77, p <0.001) and the 389 

interaction (F(4, 628) = 10.61, p <0.001) were significant. Comparisons of pairs of conditions 390 

with different phase but the same F0 (adjusted for multiple comparisons controlling the false 391 

discovery rate (Benjamini and Hochberg, 1995)) showed significant effects of phase for F0s 392 

of 80 Hz (t(628) = −6.25, p < 0.001), 100 Hz (t(628) = −5.46, p < 0.001) and 150 Hz (t(628) = 393 

−2.23, p = 0.031) but not for the higher F0s, consistent with the idea that an effect of 394 

component phase occurs when the harmonics are unresolved.  395 

Both stream segregation and F0 discrimination improved with increasing F0 (decreasing 396 

harmonic rank). The left panel of Fig. 6 illustrates this relationship. In this scatter plot, the 397 

mean percentage segregation for each A-tone F0 (averaged geometrically across ∆F0s and 398 

across listeners) is plotted against the mean F0DL (across listeners) obtained for the same F0. 399 

There was a strong negative Pearson correlation between the two measures (r = −0.95, p = 400 

0.002, one tailed, since a negative correlation was hypothesized), indicating that small F0DLs 401 

are associated with greater streaming. To investigate the relationship between stream 402 

segregation and F0DLs for the individual listeners, for each listener the mean segregation 403 
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score was plotted against the mean F0DL (right panel of Fig. 6). There was a general 404 

tendency for stream segregation to decrease with increasing F0DL indicating that good F0 405 

discrimination for an individual is associated with greater segregation for that individual. The 406 

Pearson correlation was moderate but significant (r = −0.54, p = 0.03, one tailed).  407 

 408 

4.4 Discussion 409 

 The increase in F0DLs with increasing harmonic rank and the effect of phase seen in Fig. 5 410 

are consistent with what has been found in earlier studies  (e.g., Bernstein and Oxenham, 411 

2006a; Bernstein and Oxenham, 2006b; Houtsma and Smurzynski, 1990; Wang et al., 2012). 412 

The better performance for sine than for random phase for tones containing only high 413 

harmonics is thought to reflect the use of envelope cues resulting from the interference of 414 

harmonics in the cochlea. No phase effects are expected when one or more resolved 415 

harmonics are present, since performance is then dominated by the resolved harmonic(s). The 416 

results therefore suggest that the complex tones with F0s of 80, 100 and 150 Hz did not 417 

contain any resolved harmonics whereas the tones with higher F0s did. However, the F0DLs 418 

for the random-phase tones did increase significantly as the F0 decreased from 150 to 80 Hz 419 

(t(628) = 5.25, p<0.001), suggesting that F0 discrimination worsens with increasing harmonic 420 

rank even when all harmonics are unresolved. This is consistent with the idea that the 421 

worsening of F0DLs with increasing harmonic rank reflects an effect of harmonic rank per se, 422 

rather than an effect of resolvability. 423 

Figure 6 shows a clear relationship between stream segregation and F0 discrimination, 424 

supporting the idea that the extent of stream segregation depends on the salience of the 425 

perceptual difference between successive sounds. This is consistent with result from two 426 

recent studies that both showed a relationship between pitch salience and sequential stream 427 

segregation performance (Paredes-Gallardo et al., 2018; Shearer et al., 2018).  428 

Some studies have shown a significant relationship between speech-in-speech perception 429 

and performance in a stream segregation task (Gaudrain et al., 2012; Hong and Turner, 2006; 430 

Mackersie et al., 2001). This raises the possibility that F0 discrimination might be related to 431 

speech-in-speech perception. Furthermore, musical training is associated with enhanced 432 
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frequency discrimination and F0 discrimination (e.g., Bianchi et al., 2016; Brown et al., 2017; 433 

Madsen et al., 2017; Micheyl et al., 2006; Ruggles et al., 2014), so it is possible that musical 434 

training would be associated with better stream segregation and better speech in speech 435 

perception. However, two recent studies have shown that musicians are not better than non-436 

musicians at using F0 differences between competing voices to understand speech (Deroche 437 

et al., 2017; Madsen et al., 2017) and the latter specifically found no relationship between 438 

F0DLs and speech-in-speech perception.  439 

 440 

5 Overall summary and conclusions 441 

 Experiment 1 investigated the effect of harmonic rank on the subjective sequential stream 442 

segregation of complex tones in a task where the listeners were instructed to try to segregate. 443 

Stream segregation scores were compared to F0DLs measured using similar stimuli in 444 

experiment 2.     445 

The results of experiment 1 showed that: (1) segregation increased with decreasing 446 

harmonic rank; (2) the effect of harmonic rank was continuous and progressive and even 447 

small differences in harmonic rank led to differences in segregation.  448 

In experiment 2, F0DLs were measured for pure tones and complex tones similar to the A-449 

tones used in experiment 1. F0DLs increased with increasing harmonic rank. Significant 450 

correlations were found between the mean percentage segregation for each A-tone F0 451 

(averaged across ∆F0s and across listeners) and the mean F0DL (across listeners) obtained for 452 

the same F0 and between the mean percentage segregation for each listener (averaged across 453 

all conditions) and the mean F0DL for that listener (averaged across all F0s). This supports 454 

the idea that the extent of stream segregation of successive sounds depends on the salience of 455 

the perceptual difference between those sounds. 456 
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Figure captions:  603 

Fig. 1. Schematic illustration of the stimuli. A) Illustration of the ABA-ABA sequences used. 604 

A and B tones with a small difference in F0 (∆F0) are likely to be perceived as one stream 605 

(integration; upper panel) whereas A and B tones with large ∆F0 are likely to be perceived as 606 

two streams (segregation; lower panel). B) Schematic spectra of complex tones. Tones were 607 

initially generated with many harmonics, and were bandpass filtered between 2 and 4 kHz. 608 

The harmonic rank was varied by varying the F0. Examples are shown of tones with low 609 

harmonics (F0 = 500 Hz, left) and high harmonics (F0 = 150 Hz, right).  610 

Fig. 2. Percentage of time the sequences were indicated as being perceived as two streams for 611 

each listener. The main boxes show the percentages for the complex tones, plotted as a 612 

function of the F0 of Tone A, with ∆F0 as parameter. The smaller panels to the right show 613 

results obtained with pure tones. Different symbols refer to different frequency differences or 614 

F0 differences between the A and B tones. Error bars indicate ±1 SE across trials.  615 

Fig. 3. As Fig. 2, but showing the mean across listeners. Error bars indicate ±1 standard error. 616 

Fig. 4. Percentage of trials indicated as being heard as two streams after a given number of 617 

seconds for the condition with ∆F0 = 7 and F0 = 250 Hz. Each line shows results for one 618 

listener. 619 

Fig. 5. Frequency difference limens for pure tones (right) and F0DLs for complex tones added 620 

in sine phase (filled diamonds) and in random phase (open circles) (left), plotted as a function 621 

of the reference F0. Error bars indicate ±1 SE. 622 

Fig. 6. Scatter plots showing the relation between stream segregation and F0DLs. Left panel: 623 

the mean percentage segregation for each A-tone F0 (averaged across ∆F0s and across 624 

listeners) is plotted against the mean F0DL (across listeners) obtained for the same F0. Right 625 

panel: the mean percentage segregation score for each listener (averaged across all conditions) 626 

is plotted against the mean F0DL for that listener (averaged across all F0s). 627 
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• Sequential stream segregation and fundamental frequency difference limens (F0DLs) were 

measured for pure tones and complex tones with varying harmonic rank 

• Segregation increased with decreasing harmonic ranks 

• The effect of harmonic rank was continuous and progressive and even small differences in 

harmonic rank led to differences in segregation. 

• Correlations were found between stream segregation and F0DLs supporting the idea that 

the extent of stream segregation depends on the salience of the perceptual difference 

between sounds 
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