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Abstract 7 

The ability of the auditory system to selectively recognize natural sound categories with a 8 

tolerance to variations within categories is thought to be crucial for vocal communication. 9 

Subtle variations, however, may have functional roles. To date, how the coding of the balance 10 

between tolerance and sensitivity to variations in acoustic signals is performed at the neuronal 11 

level requires further studies. We investigated whether neurons of a high-order auditory area 12 

in a songbird species, the zebra finch, are sensitive to natural variations in vocal signals by 13 

recording responses to repeated exposure to similar and variant sound sequences. We took 14 

advantage of the intensive repetition of the male songs which subtly vary from rendition to 15 

rendition. In both anesthetized and awake birds, responses based on firing rate during sequence 16 

presentation did not show any clear sensitivity to these variations, unlike the temporal 17 

reliability of responses based on a 10 milliseconds resolution that depended on whether variant 18 

or similar sequences were broadcasted and the context of presentation. Results therefore 19 

suggest that auditory processing operates on distinct timescales, a short one to detect variations 20 

in individual’s vocal signals, longer ones that allow tolerance in vocal signal structure and the 21 

encoding of the global context.  22 

 23 
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Introduction 26 

Vocal communication signals may provide rich information through both their acoustic 27 

structure and subtle variations in their acoustic features1,2. A given word spoken by various 28 

people convey information about its meaning through an invariant acoustic structure among 29 

uttered signals. It may also provide information about the gender, the emotional state and the 30 

individual identity of the emitter through fine variations in temporal and acoustic features of 31 

uttered signals across individuals. Vocal communication is therefore a computational 32 

challenge, requiring the auditory system to selectively extract invariant information with a 33 

tolerance to variations for categorization but with sensitivity to variations that potentially 34 

provide supplementary information3. Within this framework, how the balance between 35 

tolerance and sensitivity to subtle variations in acoustic signals is encoded at the neuronal level 36 

within the auditory system still require further investigations4–6. 37 

Songbirds offer a powerful model to explore neural coding principles underlying this 38 

balance. Birdsong is a complex multiple cues signal that is pertinent to species identity and 39 

exhibits subtle variations that may carry information such as group or individual identity, 40 

emotional or motivational state or physical conditions7,8. Among songbird species, the zebra 41 

finch is very well suited for investigating how subtle variations encompassed within highly 42 

similar communication sounds are encoded within the auditory system. The male zebra finch 43 

typically produces a single individual-specific stereotyped song motif that includes several 44 

distinctive sound elements, called syllables, that are always produced in the same order9. In 45 

spite of high stereotypy in their acoustic structure, motifs vary from rendition to rendition with 46 

a degree of variations carrying information about the social context, i.e. the presence or absence 47 

of females10. Also, a recent study provides evidence that subtle variations can be perceived by 48 

zebra finches11. Male zebra finches intensively repeat their song everyday while repetition of 49 

the same stimulus is well-known to elicit habituation in behavioral and neural responses raising 50 

the question whether variations could have an impact on these changes in responses. 51 

In songbirds, the processing of complex behaviorally relevant acoustic signals, 52 

including calls and songs, involves an auditory area analogous to secondary auditory cortex in 53 

mammals, the caudomedial nidopallium (NCM), that is a good candidate for investigating how 54 

the balance between tolerance and sensitivity to subtle variations in acoustic signals is 55 

encoded3. Neurons in this auditory area display a clear preference for natural over artificial 56 

sounds. Regarding conspecific vocal signals, they may exhibit invariant responses to call 57 
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categories12,13. In spite of this tolerance to variations in vocal signals, neurons in NCM also 58 

support recognition of familiar vocalizations that only differ in fine acoustic detail among their 59 

categories14–16. Neurons in NCM also display stimulus-specific adaptation during which the 60 

repeated exposure to a given auditory stimulus induces a decrease in responses and the 61 

exposure to a novel stimulus or to the same stimulus with a different order of the sound 62 

elements resets responses15,17–20. To date, this phenomenon, interpreted as reflecting memory 63 

formation, was reported only in experiments in which the exactly same sound stimuli were 64 

repeatedly presented. However, in the wild, individuals are never exposed to similar vocal 65 

signals as fine natural variations in acoustic features always occur across renditions, raising the 66 

question whether these variations might affect neuronal responses in NCM and their time 67 

course. Based on extracellular recordings in both anesthetized and awake zebra finches, we 68 

show a clear impact of these subtle variations on neuronal responses driven by sequences of 69 

song elements that either varied in acoustic details or remained the same across renditions. This 70 

impact was observed in spike timing and at a short temporal resolution reflecting a temporal 71 

integration of acoustic features across different time scales.   72 

 73 

Results 74 

To explore the neuronal sensitivity to subtle acoustic variations across renditions of vocal 75 

signals in a high-order auditory area, we performed extracellular recordings of NCM neurons 76 

in awake zebra finches (n=4 birds) while playing back sequences built from individual’s song 77 

syllables. These sequences were arranged in two different sound series, the ABAB-Same and 78 

the ABAB-Var series, both consisting of two song syllables, called A and B, repeated twice 79 

alternatively to form an ABAB sequence. The ABAB-Same series were built from 60 80 

repetitions of a single ABAB sequence while the ABAB-Var series from 60 natural variants of 81 

a given ABAB sequence (Fig. 1a-c). The similarity in fine acoustic structure of A or B syllables 82 

from one sequence variant to another was evaluated using the percent accuracy score in Sound 83 

Analysis Pro 201121. Renditions of A or B syllables from one variant to another in ABAB-Var 84 

sequences were, on average, 83.2% and 81.9% similar, respectively, while, in comparison A 85 

and B syllables within a given sequence were significantly less similar, on average 73.5% in 86 

ABAB-Same sequences and 68.8% in ABAB-Var sequences (t-tests, p < 0.001; Fig. 1c). 87 

 88 
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 89 

No effect of acoustic variations on response strength in awake birds 90 

To assess auditory responses to playbacks of ABAB-Same and ABAB-Var series in awake 91 

birds, we performed three (range: 2-5) recording sessions (3.6 electrodes per recording session, 92 

range 2-7) per bird, with 4.5 days (range 1-9) between two successive recording sessions. We 93 

analyzed the spiking activity of 56 recording sites, located from the dorsorostral portion 94 

(maximal depth 2000 µm) to the dorsocaudal portion20. They were driven by the playback of 95 

the ABAB-Same and ABAB-Var sequences, as illustrated by the example unit on Fig. 2a-b.  96 
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 97 

To examine whether the time course of auditory responses differed between the ABAB-Same 98 

and the ABAB-Var series, we performed a repeated-measures (RM) ANOVA on the response 99 

strength (RS), computed from firing rates averaged over the entire sequence duration, using a 100 

linear mixed-effect model with sequence type and block repetition as cofactors and units as a 101 

random factor (Fig. 2c). We used the term “block” because data were averaged over 10 trials, 102 

but all trials were delivered at the same frequency, one trial per second. Results indicated that 103 

response strength did not differ between ABAB-Same and ABAB-Var series (sequence type 104 
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factor; F1, 564 = 0.03, p = 0.85). Numerous studies have reported a stimulus-specific adaptation 105 

of auditory responses in NCM when the playbacks of conspecific vocalizations are 106 

repeated15,17,19,20,22. The RM ANOVA revealed an effect of block repetition factor on RS values 107 

(F5, 564 = 30.38, p < 0.0001) with a decrease in the strength of responses to both series (post-108 

hoc tests: ABAB-Same: block 1 vs. block 2 to 6 all p < 0.001; ABAB-Var: block 1 vs. block 3 109 

to 6, all p < 0.001). Statistical analysis also revealed a significant interaction between block 110 

repetition and series type factors (F5, 564 = 2.26, p = 0.047) suggesting that the time course of 111 

auditory responses over the 60 renditions of ABAB sequences depended on whether acoustic 112 

features of syllables varied or not. Responses changed dramatically over the first stimulus 113 

presentations22. Here, NCM neurons displayed a significant decrease in their activity from the 114 

first block to the second one when ABAB-Same series were played back, leading us to examine 115 

whether responses of NCM neurons adapted more rapidly to the ABAB-Same series than to 116 

the ABAB-Var ones. We computed the adaptation rate for both sequences by extracting the 117 

slope of the linear regression over the 10 first stimulus renditions for each unit, as in several 118 

previous studies17,23–25. Although the average adaptation rate was higher for ABAB-Same than 119 

ABAB-Var sequences (Fig. 2d), it did not significantly differ (t1, 55 = 1.18, p = 0.24). These 120 

results therefore indicate no clear effect of rendition-to-rendition acoustic variations in syllable 121 

features on the time course of neuronal responses. 122 

 123 

Impact of acoustic variations in spike-timing reliability in awake birds 124 

We analyzed the temporal pattern of auditory responses by computing the trial-to-trial 125 

reliability coefficient, the CorrCoef. High CorrCoef values indicate a high spike train reliability 126 

across trials while low CorrCoef values mean great variations in temporal patterns of spike 127 

trains. This coefficient was calculated using responses over 20 presentations, the ten 128 

presentations of sequence stimuli of the a given block and those of each of the 6 blocks. Results 129 

indicated that CorrCoef values varied between [-0.07 and 0.69] with an average of 0.13, which 130 

is in the range usually reported for cortical26–28 and NCM neurons20.  131 

Analyses of CorrCoef values revealed an impact of series type and block repetition (linear 132 

mixed effect model, RM ANOVA; series type factor; F1, 110 = 4.73, p = 0.032; block repetition 133 

factor, F5, 550 = 3.62, p = 0.003). The trial-to-trial spike-timing reliability was significantly 134 

lower when ABAB-Var series were played back (Fig 2e) suggesting greater variations in spike-135 

timing of responses when sequences consisted of ABAB variants than when the same sequence 136 
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was repeatedly played back. Post-hoc tests focused on comparisons between the first block and 137 

the other ones revealed that the trial-to-trial reliability of spike trains was modulated by the 138 

repetition of the same ABAB sequence, CorrCoef values significantly decreasing with 139 

sequence renditions (Fig 2f; block 1/block 1 vs. block1/block 6; p = 0.0027). In contrast, the 140 

trial-to-trial reliability of spike trains evoked by variants in ABAB-Var series remained lower 141 

and stable (p > 0.68; see heatmaps on Fig. 2e). The accuracy of spike timing continued to vary 142 

considerably throughout the exposure to the variants. 143 

 144 

Auditory responses to variant and similar sequences in anesthetized birds 145 

Extracellular recordings in NCM were also performed in seven isoflurane-anesthetized adult 146 

males. Only well-isolated responsive single units (n=82) were selected (example unit on Fig. 147 

3a-b). These single units were from the dorsorostral portion (maximal depth 2000 µm) to the 148 

dorsocaudal portion and they were driven by the playback of the ABAB-Same and the ABAB-149 

Var series.  150 

The RM ANOVA performed on RS values revealed that they differed between ABAB-Same 151 

and ABAB-Var series over the six blocks (series type factor: F1, 1055 = 12.87, p = 0.0003). 152 

However, auditory responses did not differ when comparisons were focused on each block 153 

(post-hoc tests; all p > 0.64). As in awake birds, neuronal responses showed the well-described 154 

adaptation across stimulus presentations (block repetition factor: F5, 1055 = 13.02, p < 0.0001). 155 

Both series induced a significant decrease over block repetitions (ABAB-Same series: block 1 156 

vs. block 3,4, 5 and 6, all p <0.01; ABAB-Var series: block 1 vs. block, p <0.0021, block 1 vs. 157 

block 3, 4, 5 and 6, p<0,01) with no difference in adaptation rate over the ten first trials (F1, 81 158 

= 0.74, p = 0.46). Therefore, subtle variations in acoustic features of syllables in ABAB-Var 159 

series had no clear impact on responses on the basis of firing rate measures.  160 

Two cell types can be distinguished in NCM3,20,29–31. Responsive NCM neurons were split into 161 

two populations according to the peak-to-peak width of their action potential: neurons with 162 

broad spikes (≥0.3 ms; n = 40, width = 0.49+/-0.10 ms) and neurons with narrow spikes (<0.3 163 

ms; n = 42, width = 0.27+/-0.07 ms). The RM ANOVA performed on RS values according to 164 

the block repetition revealed a significant decrease in response strength of both cell types 165 

(broad-spike cells, linear-mixed effect: F5,428 = 9.29, p < 0.0001; narrow-spikes cells, linear-166 

mixed effect: F5,448 = 5.01, p < 0.0003) and a significant series type effect for narrow-spikes 167 
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cells (broad-spike cells, series type factor: F1,428 = 3.10, p = 0.08; narrow-spikes cells, series 168 

type factor: F1, 448 = 7.72, p < 0.006), but no significant interaction between the two factors for 169 

both cell types (broad-spike cells, F5,428 = 0.53, p = 0.75; narrow-spikes cells, F5,448 = 0.55, p = 170 

0.73). When the analysis was focused on the first ten renditions of the first block, both cell 171 

types did not show any effect of natural variations on adaptation rate (broad-spike cells, paired 172 

t-test: t38 = 1.39, p = 0.17; narrow-spike cells, paired t-test: t40 = 0.26, p = 0.79; note that for 173 

both cell types, one unit was removed because it did not spike during the first trial).  174 

 175 

Impact of acoustic variations in spike-timing reliability in anesthetized birds 176 
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We also evaluated the spike timing reliability across blocks of sequence presentations by 177 

computing the CorrCoef. Most of the results are consistent with those obtained in awake birds. 178 

As illustrated by Fig. 3e-f, CorrCoef values were higher for ABAB-Same than for ABAB-Var 179 

series (series type, F1, 891 = 199.32, p < 0.0001; Fig. 3f) suggesting that spike trains were more 180 

reliable across the iterations of the same sequence than across the renditions of variants. 181 

Importantly, CorrCoef values of spike trains evoked by variants were significantly higher than 182 

CorrCoef values of spike trains in which inter-spike times were randomly distributed (RM 183 

ANOVA, series type: F2,1869 = 501.09, p < 0.0001; post-hoc test: ABAB-Same vs Random 184 

permutation, p < 0.0001; ABAB-Var vs Random permutation, p < 0.0001; yellow line in Fig. 185 

3f). This points out a certain degree of trial-to-trial reliability in spike trains evoked by variants. 186 

Spike train reliability gradually decreases reaching a significant decrease from the third block, 187 

when the same sequence within ABAB-Same series was repeatedly played back (block 188 

repetition factor: F5, 891 = 10.52, p < 0.001; block 1 vs block 2: p = 0.31; block 1 vs block 3: p 189 

= 0.024; block 1 vs block 4 to 6: multiple p < 0.001; Fig. 3d). Such decrease in CorrCoef values 190 

was not observed when ABAB-Var series were used as stimuli (multiple p > 0.13; Fig. 3f). 191 

Therefore, as in awake birds, the temporal reliability of spike trains remained stable, showing 192 

no clear effect of the repeated exposure to sequence variants.  193 

Here, CorrCoef were computed after applying a convolution on spike trains with a 10 ms 194 

Gaussian window width, a time resolution considered as optimal for discrimination of 195 

conspecific songs in auditory structures28,32,33. Using this 10 ms time resolution, CorrCoef 196 

results showed a sensitivity to natural variations in individual’s vocal signals that failed to show 197 

results based on firing rates averaged over the several hundreds of milliseconds of the whole 198 

sequence duration. To bridge the gap between the two timescales, 10 milliseconds vs. several 199 

hundreds of milliseconds, we computed CorrCoef varying the width of the Gaussian window 200 

from 1 to 200 milliseconds. Importantly, as the width of the Gaussian window increases, spike 201 

trains are more and more smoothed and so, the trial-to-trial reliability of spike trains becomes 202 

increasingly based on firing rate rather than on spike timing accuracy. Our aim was to 203 

determine the time resolution where CorrCoef values did no longer differ between the two 204 

series. As shown in Fig. 3g, while CorrCoef values reached a plateau with a Gaussian window 205 

width at about 10 ms when ABAB-Same series were played back (Fig. 3g), CorrCoef values 206 

remained lower up to 170 ms for spike trains evoked by variants, both CorrCoef values being 207 

always much higher that after a random permutation of the spike times. As the time scale was 208 

increasing, the difference in CorrCoef values between ABAB-Same and -Var was decreasing 209 
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with no significant difference when the width of the Gaussian window was higher than 98 ms 210 

(linear mixed-effect models at each time point). This suggests that sensitivity to natural subtle 211 

variations in acoustic features across variant renditions requires a short time scale (< 100 ms) 212 

that fits within the duration range of syllables [63.5 – 203.6 ms] used to form sequences in the 213 

present study. 214 

 215 

No relationships between responses and variations in auditory stimuli 216 

Variations in temporal and acoustic syllable features across variant renditions offered us the 217 

possibility to examine to what extent the trial-to-trial variability in spike train accuracy relied 218 

on the degree of variations in syllable features across renditions. To address this issue, we 219 

examined to what extent variations in syllable length contributed to the reliability of spike 220 

trains by performing a linear time warping that allows aligning all spike-trains evoked by 221 

individual A and B syllables of ABAB-Var series on a common time axis (see Methods). This 222 

method reduces variability in the alignment of syllables onset and offset. A paired t-test on 223 

CorrCoef values obtained after comparing spike trains between blocks revealed that time 224 

warping significantly changed CorrCoef values (t20 = -2.60, p =0.017). However, this change 225 

was small, CorrCoef values being marginally changed after time warping (before: 0.081 ± -226 

0.01 vs after: 0.083 ± 0.01, mean ± STD) and CorrCoef values remained significantly different 227 

between ABAB-Same and -Var series after time warping (mean ± STD = 0.16 ± -0.026; t20 = 228 

-17.6, p <0.0001). Variations in syllable length therefore explained only a small part of the 229 

lower reliability of spike trains evoked by ABAB-Var series. We then assessed whether the 230 

more two variants were acoustically different, the lower the reliability of spike trains evoked 231 

by these two variants. Similarity scores, entropy and pitch differences between the first 232 

sequence and the 59 subsequent ones in ABAB-Var series were computed using Sound 233 

Analysis Pro21. In parallel, we calculated CorrCoef values between the spike train evoked by 234 

the first sequence of the ABAB-Var series used as stimulus and those evoked by the 59 others. 235 

Similarity score that describes the acoustic similarity of a pair of sound stimuli based on several 236 

acoustic parameters confirmed the subtle variations in fine acoustic structure of syllables, this 237 

measure (mean ± SD: 96.32% ± 3.60, range: [54-100 %]). Linear regressions based on either 238 

similarity scores, entropy or pitch differences and CorrCoef values did not reveal any 239 

significant correlations (p > 0.15; Fig 4b-d). Thus, results did not show any relationships 240 

between trial-to trial reliability of spike trains and the degree of variability in acoustic features 241 
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across renditions. These results therefore provide additional support for a non-linear processing 242 

of acoustic features20,29,34–36.  243 

 244 

Effect of context on the repetition of the AB pair within sequences 245 

Neurons in NCM are sensitive to sequence ordering and context20,29. Sequence stimuli used in 246 

ABAB-Same and ABAB-Var series were all built from a given pair of AB syllables repeated 247 

twice. What differed between ABAB-Same and ABAB-Var series was the context in which 248 

ABAB sequences occurred: the same sequence vs. various versions of the sequence. We took 249 

advantage of the repetition of a given AB pair within sequences and the difference in context 250 

between the two series to assess whether the type of context affected responses to the second 251 

rendition of AB pair within ABAB sequences. In awake birds, analyses of RS values revealed 252 

a significant decrease in responses with AB pair repetition within sequences of both series 253 

(F1,172 = 5.90, p < 0.02; Fig. 5a) but with no difference between the two series (F1,172 = 0.32, p 254 

= 0.57) and no significant interaction between the two factors (F1,172 = 3.34, p = 0.07). Analyses 255 

of spike timing accuracy using CorrCoef values also pointed out an impact of AB pair repetition 256 

on responses (F1,172 = 24.42, p < 0.0001; Fig. 5b). Interestingly, the effect of AB pair repetition 257 

was observed when ABAB-Same as well as ABAB-Var series were played back (post-hoc 258 

tests, p < 0.01 and p < 0.001, respectively) indicating that, even if CorrCoef values for spike 259 

trains evoked by ABAB-Var series were low, they could reveal changes in spike train accuracy. 260 

The temporal pattern of discharges was, therefore, impacted by the AB pair repetition in both 261 

contexts. However, the trial-by-trial comparisons of spike trains evoked by each of the two AB 262 

pairs based on the Pearson correlation coefficient indicated a significant difference between 263 

ABAB-Same and -Var series (paired t-test, t55 = -2.07, p = 0.043; Fig. 5c) with a higher effect 264 

of the AB pair repetition on temporal pattern of spike trains in ABAB-Var series. These results 265 

therefore provide evidence of an impact of the context on auditory responses in NCM.  266 
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Discussion 270 

Across renditions, vocal signals acoustically vary, raising the question whether these variations 271 

are detected and play functional roles. Subtle natural variations in fine acoustic structure of 272 

song syllables can be behaviorally discriminated by adult zebra finches11. Our study provides 273 

evidence that these variations are encoded by neurons of a high-level auditory area, as indicated 274 

by spike train reliability that differ depending on whether acoustic details vary across iterations.  275 

With regard to the functional role, we aimed at investigating the impact of natural variations 276 

on the adaptation of neural responses to a repeated stimulus, that is considered as playing a role 277 

in auditory memory formation through the binding of auditory objects, a crucial processing of 278 

the auditory scene analysis37. Up to now, no repeated stimuli used in stimulus-specific 279 

adaptation paradigm exhibited any natural variations leaving unclear the outcome of the present 280 

study. Zebra finches intensively repeat their vocalizations with slight variations across 281 

renditions. One possible prediction was that natural variations prevented or slowed down 282 

changes in auditory responses with stimulus repetition because variants are encoded as distinct 283 

stimuli. In such a case, regarding the functional role of the adaptation, the change in adaptation 284 

rate could be viewed as maintaining the stimulus detection despite its repetition and beyond 285 

that, a focus on individual’s vocalizations. Another outcome would be no influence of 286 

variations in the time course of responses because the tolerance of NCM neurons allows them 287 

to encode a stimulus as an object regardless acoustic variation. Our results provide support to 288 

both predictions. Depending on the time scale, the impact of variations on both responses and 289 

the time course of the adaptation differed. This is consistent with studies reporting that cortical 290 

auditory neurons exhibiting stimulus-specific adaptation shows a sensitivity to auditory stimuli 291 

that operates at multiple time scales concurrently, spanning many orders of magnitude 38.  292 

When responses were calculated from firing rates averaged over the entire sequence duration, 293 

they showed no clear impact of slight variations in acoustic features of syllables. Responses 294 

showed a decrease with stimulus repetition, as described in high-level auditory areas in 295 

mammals39,40 or songbirds17,19,20,22,24,41,42. Importantly, this decrease did not depend on whether 296 

variants or same sequences were broadcasted. We reported a similar adaptation rate when 297 

greater changes in response magnitude occurred, i.e., during the first presentations of the 298 

auditory stimuli. This suggests that, at the sequence duration time scale, responsive neurons 299 

encode entire sequences as unique objects, independently of the natural acoustic variations of 300 

syllables. Consistently, a few studies have previously reported invariance in auditory responses 301 
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of NCM neurons13, even when song stimuli were played back in an environmental background 302 

noise29. From a temporal perspective, the tolerance of responses to natural acoustic variations 303 

does not imply that the length of the time window integrating acoustic information into a single 304 

object requires the entire sequence duration. Analysis of temporal patterns of spike trains by 305 

varying the Gaussian window width over which convolutions were performed indicated no 306 

difference in responses to playbacks of variants and same sequences when time scale exceeded 307 

~100 ms. Consistently, a peak invariance around 150 ms after onset of different call-types has 308 

been reported in the avian auditory cortex including the NCM13.  309 

Importantly, the present study also provides evidence that, at a short timescale, neuronal 310 

responses reflect an impact of the variability in acoustic features of syllables across renditions. 311 

Temporal reliability of spike trains was lower when the fine acoustic structure of syllables 312 

varied. Also, the time course of the spike train reliability across stimuli differed depending on 313 

whether variant or same sequences were played back. The CorrCoef values indeed decreased 314 

when the same sequence was used as recurring stimulus while they remained similar when 315 

sequences acoustically varied. These results cannot be explained by a lack of temporal 316 

organization within spike trains evoked by playbacks of variants that could not allow any 317 

decrease in spike timing reliability. Although CorrCoef values were low, they were higher than 318 

those for randomly organized spike trains. Also, from the first to the second AB pair within 319 

ABAB sequences, CorrCoef values decreased even when sequence variants were used as 320 

stimuli. An explanation based on differences in firing rates can also be excluded, the CorrCoef 321 

values being independent on the firing rate26. Moreover, the firing rate similarly decreased with 322 

stimulus repetition even when sequences acoustically varied across renditions. We rather 323 

propose that the temporal resolution of spike trains greatly differed depending on whether 324 

variants or same sequences were used as stimuli. To compute CorrCoef measures, we 325 

performed a convolution of each spike train with a Gaussian window width ranging from 1 to 326 

200 ms. Interestingly, CorrCoef values reached a plateau with a width of about 10 ms when the 327 

same sequence was used as repeated stimulus. This implies that the temporal precision of spike 328 

trains evoked by similar sequences occurred in a time scale of about 10 ms. In contrast, no clear 329 

plateau was reached for spike trains evoked by varying sequences up to 200 ms. 330 

One property of NCM neurons that makes their auditory responses complex is their non-linear 331 

integration of acoustic information. The adaptation of responses with stimulus repetition 332 

exemplifies this property20,29,43. Consistently, we did not find any significant correlation 333 

between the temporal patterns of the spike trains acoustic measures (i.e., pitch, entropy, 334 
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similarity score). The lack of a direct contribution of one or a combination of acoustic features 335 

in auditory responses of neurons in a high-order brain area may result from a sensitivity to the 336 

context in which sound stimuli occurs20,29,43. For example, manipulating the temporal order of 337 

syllables within songs affected neuronal responses to a given song syllable, neuronal activity 338 

depending on which syllable immediately preceded20. Here, the repetition of the same AB pair 339 

within ABAB sequences offered us the opportunity to examine the impact of global context, 340 

variants vs. same sequences. The difference observed in temporal patterns of spike trains 341 

between the first and the second pair according to the global context provided new support to 342 

the idea that neuronal responses in NCM reflect a long-term integration of auditory information 343 

that exceeds several hundreds of milliseconds, i.e., the time period between the AB pairs of 344 

two consecutive sequences. Therefore, NCM neurons were not only sensitive to the fine 345 

acoustic structure of syllables, but also to the global context in which syllables occurred. 346 

Consistently, such an interplay among multiple time scales in the integration of information 347 

was previously described in the auditory cortex of humans44  and non-human mammalian 348 

species38,45 as well as in visual areas47–49. Here, a temporal integration scale means the time 349 

window during which neurons are sensitive to auditory stimuli, which is different from the time 350 

window that can be used to best discriminate between auditory stimuli. 351 

Finally, NCM could provide neural mechanisms to extract critical perceptual information 352 

through different types of neural computations based on distinct temporal integration periods: 353 

one to provide precise temporal information, one to allow a category to be assigned to the sound 354 

stimulus and one to integrate the global context in which sounds occur. These can be related to 355 

the richness of behaviorally relevant information encoded in vocal signals, calls and songs11,46–356 

48 and to the richness of their temporal structure over multiple time scales49,50, as music and 357 

speech sounds51. A hypothesis based on multiple time integration periods has been proposed 358 

for speech and, beyond that, as a general mechanism for audition44,52,53. 359 

In summary, our study shows that neurons in a non-primary cortex-like auditory region 360 

exhibited sensitivity to fine natural acoustic variations in song elements as well as sensitivity 361 

to the context in which song elements occurred, here variants vs. similar sequences, suggesting 362 

a temporal integration of auditory information across short as well long distinct time scales.  363 

 364 

  365 
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Methods 366 

Subjects and housing conditions 367 

The subjects were eleven adult male zebra finches (Taeniopygia guttata), reared socially in the 368 

breeding colony of the Paris-Saclay University. Birds were kept under a 12:12 light-dark cycle, 369 

with food and water ad libitum, and an ambient temperature of 22-25°C. Experimental 370 

procedures were carried out in compliance with national (JO 887–848) and European 371 

(86/609/EEC) legislation on animal experimentation, and following the guidelines used by the 372 

animal facilities of Paris-Sud University (Orsay, France), approved by the national directorate 373 

of veterinary services (# D91-429). 374 

Auditory stimuli  375 

Zebra finch song syllables can be categorized into distinct syllable types. To build auditory 376 

stimuli, we first selected song syllable types from our collection of song bouts previously 377 

recorded (sampling rate: 32 kHz) from adult male zebra finches that had lived in the 378 

laboratory’s aviary for years before the experiment. Birds used in the present study had never 379 

been exposed to these songs prior to the electrophysiological investigation. A total of 81 380 

syllable types and 60 renditions of each of them were extracted from the bird’s repertoire of 381 

twelve male zebra finches. From this dataset, we chose two distinct syllable types, called ‘A’ 382 

and ‘B’, that could have been sung by a single or two individuals, to form ABAB sequence 383 

stimuli of 0.70 ± 0.30 s duration with 30-50 milliseconds as inter-syllable silence intervals, as 384 

typically found in zebra finch songs. Syllable duration ranged from 57 to 235 milliseconds 385 

(mean ± SD: 134.2 ± 39.6). Then, we built ABAB-Same series that each consisted of 60 386 

repetitions of a given ABAB sequence (see an example of a ABAB sequence stimulus, called 387 

A1B1A1B1, in Fig.1) and ABAB-Var series that each consisted of 60 variants of a given ABAB 388 

sequence. Variants were labelled as from A1B1A1B1 to A60B60A60B60 (Fig. 1). Seven ABAB-389 

Same series and eight ABAB-Var series were built. We used Sound Analysis Pro 2011 21 to 390 

compute the accuracy score (Fig 1c), which provides a fine-grained quantification of the 391 

acoustic similarity, between each renditions of the A and B syllables for each sequences of the 392 

ABAB-Same and ABAB-Var series, i.e. syllables A vs A, B vs B, A vs B. For the ABAB-Same 393 

series for which syllables A and B within a sequence were always the same, an ANOVA 394 

revealed a significant difference of the average accuracy scores of the syllables (F2,28 = 222.9, 395 

p < 0.001) and a post-hoc Tukey HSD multiple comparison analysis revealed that it was 396 

significantly lower for syllables A vs B (average accuracy score = 73.5%) than for syllables A 397 
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vs A (100%) and B vs B (100%). For the ABAB- Var series, for which there were 60 variants 398 

of the A and B syllables, an ANOVA revealed a significant difference of the average accuracy 399 

scores of the syllables (F2,25 = 13.93, p < 0.001) and a post-hoc Tukey HSD multiple 400 

comparison analysis revealed that it was significantly lower for syllables A vs B (average 401 

accuracy score = 69.2%) than for syllables A vs A (82.8%) and B vs B (82.4%). None of the 402 

ABAB sequences used to build ABAB-Same series were used in ABAB-Var series. All 403 

sequences in both series types started with the same introductory note. When a series was 404 

played back, sequence stimuli were delivered at a rate of one per second.  405 

Electrophysiological recordings 406 

Neuronal activity in NCM was recorded in awake (n=4) and in anesthetized (n=7) adult male 407 

zebra finches while presenting at least one ABAB-Same and one ABAB-Var series.  408 

Acute recordings 409 

Birds were anesthetized with isoflurane gas (in oxygen; induction: 3%, maintenance: 1.5%) 410 

that flowed through a small mask over the bird’s beak. The bird was immobilized in a custom-411 

made stereotaxic holder that allowed the head to be tilted at 45° and placed in a sound 412 

attenuation chamber. Lidocaine cream was applied to the skin. A window was opened in the 413 

inner skull layer and small incisions were made in the dura. A multi-electrode array of eight or 414 

16 tungsten electrodes (1-2 M impedance at 1 kHz; Alpha Omega Engineering, Nazareth, 415 

Israel) that consisted of two rows of four or eight electrodes separated by 100 m apart, with 416 

100 m between electrodes of the same row was lowered to record extracellular activity. The 417 

array was positioned 0.3–0.5 mm lateral and 0.7–0.9 mm rostral to the bifurcation of the sagittal 418 

sinus in either the left or the right hemisphere, with a micromanipulator, as in previous studies 419 

15,16,20,22. The probe was lowered very slowly until electrode tips reached 1200 m below the 420 

brain surface. From 1200 to 1900 m below the brain surface, auditory stimuli were delivered 421 

when the amplitude of action potential waveforms recorded with at least one of the eight 422 

electrodes was clearly distinct from background noise. Recording sites were at least 100 m 423 

apart to minimize the possibility that the neural activity recorded from two successive sites 424 

originated from the same single units. Electrode signals were amplified and filtered (gain 425 

10,000; bandpass: 0.3–10 kHz; AlphaLab SnR, AlphaOmega LTD) to extract multi-unit 426 

activity. During recordings, voltage traces and action potentials were monitored in real time 427 

using the AlphaLab SnR software. Auditory stimuli were concomitantly recorded and digitized 428 
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to precisely determine the onset of NCM responses with respect to the sound stimulus. While 429 

spiking activity was recorded, auditory stimuli were broadcasted through a loudspeaker 430 

situated 30 cm from the bird’s head. We played back one ABAB-Same and one ABAB-Var 431 

series. From one recording site to the following one, because of the habituation phenomenon 432 

in NCM, we changed the set of series used as auditory stimuli and the order of series. All 433 

stimuli had been normalized to achieve maximal amplitude of 70 dB (Audacity software) at 434 

the level of the bird’s head. Spike sorting of neuronal activity was done offline (see below).  435 

Chronic recordings 436 

Surgical procedures were similar as described above. To perform chronic recordings in awake 437 

birds, we used a custom build screw microdrive that allows a microelectrode array to be 438 

dorsally repositioned. We used arrays of eight electrodes (two rows of four electrodes separated 439 

by 100 m apart; with a ground silver wire and a reference wire; 1-2 M impedance at 1 kHz; 440 

Alpha Omega Engineering, Nazareth, Israel). Once the array was lowered into the brain to a 441 

depth of 1200 m, the reference wire was inserted between the outer and the inner skull layers. 442 

The microdrive was secured to the skull using dental cement. Subjects were allowed to recover 443 

for a few days. In the sound-attenuation chamber, the implanted microdrive was connected 444 

through a commercial tether and head stage (AlphaOmega) to a mercury commutator located 445 

on the roof of the cage (Dragonfly systems). An elastic thread built into the tether helped to 446 

support the weight of the implant. Subjects remained tethered during the experiment. The screw 447 

drive held the electrode array. Each full turn of the screw advanced the array by 200 microns. 448 

Before a recording session, we rotated the screw by ½ turn to advance the microelectrode array 449 

in step as 100 microns. Birds were not freely moving during the recording session. They were 450 

restrained with a jacket around their bodies. At least 24 hours separated two recording sessions. 451 

From one recording session to the following one, we changed the set of series used as auditory 452 

stimuli. 453 

Data processing and analysis 454 

In anesthetized birds, spike sorting was performed using the template-matching algorithm of 455 

the Spike2 software (version 8.0, Cambridge Electronic Design, CED, Cambridge, UK). NCM 456 

contains at least two populations of neurons that can be distinguished on the width of the spike 457 

waveform and the firing rate 20,29,30, so restricted our analyses to wall-isolated units. In awake 458 

birds, neural traces of multiunit activity were subjected to threshold spike detection. Responses 459 

to stimuli were quantified by calculating averaged firing rates during sequence presentation 460 
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and by computing the RS index 15, 22,54. The RS index was calculated by subtracting the 461 

spontaneous firing rate (BFR) from the evoked firing rate (EFR) and then by dividing this value 462 

by their sum:  463 

𝑅𝑆 =  
𝐸𝐹𝑅 −  𝐵𝐹𝑅

𝐸𝐹𝑅 + 𝐵𝐹𝑅
 464 

RS values fall between +1 and -1, where values >0 indicate an excitatory response and values 465 

<0 indicate an inhibitory response. The BFR was measured over the 200 ms period preceding 466 

the stimulus onset. We calculated RS values for the 60 renditions of sequence stimuli and per 467 

block of 10 presentations, giving us 6 values per series (one per block of ten iterations of the 468 

stimulus). Note that for the ABAB-Var series, each block includes 10 variants of the auditory 469 

stimuli. Auditory responses to a stimulus in NCM decrease rapidly with stimulus repetition. To 470 

examine whether the stimulus-specific adaptation differed between ABAB-Same and -Diff 471 

series, we computed a stimulus-specific adaptation rate from responses (EFR) to the 10 first 472 

stimulus renditions by extracting the slope of the linear regression for each unit 17,23–25. 473 

The temporal pattern of responses evoked by both types of songs was quantified by calculating 474 

the spike-timing reliability coefficient (CorrCoef), which was used to quantify the iteration-to-475 

iteration reliability of responses. It was computed a) per block of ten stimulus iterations and b) 476 

per iteration: it corresponds to the normalized covariance between each pair of action potential 477 

trains and was calculated as follows:  478 

𝐶𝑜𝑟𝑟𝐶𝑜𝑒𝑓 =
1

𝑁(𝑁 − 1)
∑ ∑

𝜎𝑥𝑖𝑥𝑗

𝜎𝑥𝑖𝑥𝑗′

𝑁

𝑗=𝑖+1

𝑁−1

𝑖−1

 479 

where N is the number of iterations, and xixj is the normalized covariance at zero lag between 480 

spike trains xi and xj, where i and j are the iteration numbers. Spike trains xi and xj were 481 

previously convolved with a width of the Gaussian window ranging from 1 to 200 ms. In the 482 

present study, most analyses were based on CorrCoef values calculated from a convolution 483 

with a 10 ms Gaussian window width, 20. The CorrCoef was used because this index is not 484 

influenced by fluctuations of firing rate (Gaucher et al, 2013). Note that we also computed 485 

CorrCoef values from spikes trains after performing a random permutation of the time at which 486 

occurred individual spikes during each stimulus rendition. This random permutation thus gave 487 

us an estimation of the CorrCoef when spikes timing is randomly distributed. 488 
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Spike-timing reliability might be impacted by the variation of syllables’ duration across each 489 

rendition of the ABAB-Var sequences. Given that, we performed a linear time warping of each 490 

syllable so that all renditions of an ABAB-Var sequence were aligned on the same time axis 491 

55. Syllable boundaries were automatically detected according to the threshold crossing of the 492 

root-mean square of the amplitude of each rendition. We extracted the maximum duration of 493 

A and B syllables within the sequence and used it as a reference timing. We then linearly 494 

stretched or compressed each syllable to match its duration to the maximum duration of its 495 

reference. Each individual spike train was then projected to the time warped axis of the 496 

corresponding syllable. This algorithm thus reduces the temporal variation of the spike trains 497 

from one trial to another.  498 

To examine whether CorrCoef values depended on acoustic variability from one variant to 499 

another, we quantified differences in acoustic features and degree of similarity between all 500 

variants used to build a given ABAB-Var series with SAP 2011 21. From CorrCoef values 501 

computed from spike trains evoked by the two variants used in comparisons, we performed 502 

linear regressions.  503 

Statistical computations were carried out in R (4.0.2) and MATLAB (2020a). Firing rates, RS 504 

and CorrCoef values were analyzed using either repeated measures (RM) ANOVA in Linear 505 

Mixed Models (R package ‘nlme’ version 3.1-152) or paired T-tests (R package ‘stats’ version 506 

4.1.0). Depending on the analysis, the block repetition (n=6), the series type (ABAB-Same vs. 507 

ABAB-Var) and/or AB pair identity (the first vs. the second one) were included as cofactors in 508 

the model. We used planned contrast and least-square means adjusted with the Tukey HSD 509 

tests for assessing pair-wise differences (emmeans function from R package ‘emmeans’ version 510 

1.6.1).  511 

Histology 512 

At the end of each experiment, the animal was euthanized with a lethal dose of pentobarbital 513 

and the brain quickly removed from the skull and placed in a fixative solution (4% para-514 

formaldehyde). Sections (100 m) were cut on a vibratome to examine the location of 515 

multielectrode array penetration tracks. 516 

 517 

  518 
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Table caption 665 

Figure captions 666 

Figure 1: A single sequence or sequences with natural variations found in individual’s songs 667 

were used to build two series types: ABAB-Same and ABAB-Var series. a) Schematic diagram 668 

of the structure of ABAB-Same (top) and ABAB-Var (bottom) series. A and B depict two 669 

syllable types used to form ABAB sequences. The ABAB-Same series consisted of 60 670 

repetitions of a single ABAB sequence while the ABAB-Var series consisted of 60 distinct 671 

renditions of a given ABAB sequence. These renditions called sequence “variants” were 672 

labelled as AnBnAnBn (n varying from 1 to 60). An and Bn were distinct exemplars of a single 673 

syllable type that were extracted from the song’s repertoire of a given individual. Each 674 

sequence was presented at a rate of one per second. b) Example spectrograms of two 675 

consecutive sequences within an ABAB-Same (i, no variants) and ABAB-Var (ii, variants) 676 

series. Note the subtle changes between A1B1A1B1 and A2B2A2B2 sequences of the ABAB-Var 677 

serie (e.g. power at ~5kHz on syllable B. Underneath each spectrogram are the accuracy scores 678 

(%) computed with SAP 2011 (see main text for further details) between A and B syllables 679 

across the two successive example renditions of the ABAB-Same and ABAB-Var sequences. 680 

c) Mean (+/- STD) of the accuracy scores computed between A and B syllables across the 60 681 

renditions of all the ABAB-Same (top) and ABAB-Var (bottom) sequences. *** p < 0.001.  682 

Figure 2: Auditory responses to 60 repetitions of a single sequence (ABAB-Same series) and 683 

to 60 sequence variants (ABAB-Var series) in awake birds. Responses of a representative unit 684 

to the ABAB-Same (a) and the ABAB-Var (b) series used as auditory stimuli. Neuronal 685 

responses are shown as raster plots (60 iterations) and peristimulus time histograms (bottom; 686 

10 ms bin width; for the 10 first and the 10 last trials) that are time-aligned with sequence 687 

spectrograms (top: the sequence repeated 60 times for the ABAB-Same example series and one 688 

sequence variant for the ABAB-Var example series). (c) Modulation of responses over the 6 689 

successive blocks of ten trials (blocks for the ABAB-Var series include 10 variants of the 690 

auditory sequence). The RS values estimated the strength of the responses driven by the series 691 

used as auditory stimulus. Thick line indicates mean responses for the population of recording 692 

sites (n=56). Hatched area represents SEM. (d) Adaptation rate (mean ± SEM) of responses 693 

computed over the 10 first trials did not significantly differ between the two series. (e) 694 

Reliability of spike trains illustrated by heatmaps (right: ABAB-Same series; left: ABAB-Var 695 

series). Spike trains reliability, quantified by the CorrCoef index, was lower when sequence 696 
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variants were presented. Blue color indicates low CorrCoef values. (f) At the population level, 697 

differences in spike-timing reliability and in its time course between the two series. CorrCoef 698 

values were computed from spike trains evoked by the first ten trials and those evoked by the 699 

ten trials of the six blocks (block 1 to 6). CorrCoef computed for block 1 vs 1 is not equal to 1 700 

because it is computed on each iteration (e.g. iteration m vs iteration n, with m and n ranging 701 

from 1 to 10). Significant difference: * p<0.05, ** p < 0.01, *** p< 0.001 (see main text for 702 

statistics details). 703 

Figure 3: Auditory responses in anesthetized birds. From rendition to rendition, spike timing 704 

greatly changed when sequence variants were played back. No such changes were observed 705 

when the same sequence was repeated (ABAB-Same series). Neuronal responses of a 706 

representative single unit to playback of one ABAB-Same (a) and one ABAB-Var (b) series 707 

are shown as raster plots (60 iterations) and peristimulus time histograms (bottom; 10 ms bin 708 

width; for the 10 first and the 10 last trials) that are time-aligned with sequence spectrograms 709 

(top: the sequence repeated 60 times for the ABAB-Same example series and one sequence 710 

variant for the ABAB-Var example series). c) ABAB-Same series evoked higher responses (RS 711 

values) than ABAB-Same series at the population level (left) and for the sub-population of 712 

narrow spike cells (right), but not for broad spike cells (middle). Thick line indicates mean 713 

values and shaded area represents SEM. d) Response strength differed, but similarly changed 714 

with repeated exposure to sequences, as indicated by the adaptation rate computed over the 715 

first ten stimuli presentations (mean ± SEM). e) As observed in awake birds, spike train 716 

reliability differed between the two series, with a higher spike timing accuracy when the same 717 

sequence (ABAB-Same) was repeated. Heatmaps from CorrCoef values computed per block 718 

of 10 stimuli renditions. f) Corrcoef (mean ± SEM) changed with stimulus exposure when the 719 

same sequence was repeated while it remained similar when sequence variants were played 720 

back. Corrcoef values were higher than those of spike trains in which spike timing was 721 

randomly permutated. g) Varying the Gaussian window width used to compute the convolution 722 

of spike trains from 1 to 200 ms affects CorrCoef values. In the present study, a 10 ms Gaussian 723 

window width to compute CorrCoef values (vertical dashed line) and Corrcoef values differed 724 

between the two series. No difference between ABAB-Same and ABAB-Var was observed 725 

when the time window exceeds 98 ms. CorrCoef values were also computed on spike trains 726 

after a random permutation of the spike timing. Thick line indicates mean values; shaded area 727 

represents SEM. Significant difference: * p <0.05, ** p < 0.01, *** p < 0.001. 728 
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Figure 4: No correlation between variability in acoustic features and spike timing reliability.  729 

a) Response strength in both anesthetized (open boxes) and awake birds (dashed boxes) did not 730 

depend on the exemplar of series used as stimuli, i.e. on the syllable types used to form 731 

sequences within the series. Eight ABAB-Var series and seven ABAB-Same series were used 732 

as stimuli. Numbers in black and grey below bars indicates how many times the corresponding 733 

playback file was used and how many neurons of the overall population of recorded neurons 734 

responded to the series type, respectively. Note that the ABAB-Var series labelled as S8 that 735 

induced the greatest auditory response was presented only once. b-d) Linear regression between 736 

differences in similarity scores (b), entropy (c) and pitch (d) from the first sequence exemplar 737 

of the ABAB-Var series and one of the 59 following ones vs CorrCoef values, computed from 738 

the spike train evoked by the first sequence rendition and one of the 59 following ones, the 739 

same as used to quantify acoustic differences. The thick line represents the slope of the 740 

regression; Pearson’r and p values on each plot; green dot: averaged CorrCoef values.  741 

Figure 5: Responses to the two AB pairs that form ABAB sequences reflects sensitivity to the 742 

context in awake birds. (a) Strength of responses (RS values) changed from the first AB pair to 743 

the second one. The exposure to the first pair of syllables AB impacts the responses to the 744 

second pair of syllables AB within a stimulus rendition in both anaesthetized and awake birds. 745 

Evoked auditory responses (a) and CorrCoef (b) were overall higher for ABAB-Same than for 746 

ABAB-Var sequences and were lower for the second pair of syllables AB than for the first pair. 747 

Yet, Pearson correlation coefficient measured on each individual spike train between the first 748 

and second pair of syllables AB was lower for ABAB-Var than ABAB-Same sequences (c). *, 749 

** and ***, p < 0.05, 0.01 and 0.001, respectively (see main text for statistics details).  750 

 751 
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