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Highlights 21 

 Recordings of birdsong are often used as an auditory signal for visually-challenged people in 22 

public spaces in Japan. 23 

 To examine the detectability of these sounds, we measured reaction times (RTs) for six types of 24 

birdsong. 25 

 The RT for the Cuckoo were the fastest in the silent condition, and the RTs for six birdsongs could 26 

be estimated on the basis of the durations required to reach a specified sound exposure level. 27 

 In the noisy conditions, spectral masking via bandpass noise prolonged the RT, while the bandpass 28 

noise with a center frequency higher than that of the birdsong tended to shorten the RT. 29 

  30 
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ABSTRACT 31 

Recordings of birdsong are often used as an auditory signal for visually-challenged people in public 32 

spaces in Japan. To examine the detectability of these sounds, we measured reaction times (RTs) for 33 

six types of birdsong: Jay, Cuckoo, Himalayan cuckoo, Japanese grosbeak, Japanese white-eye, and 34 

Japanese bush warbler. We presented birdsong stimuli with irregular timing to 20 younger and 20 older 35 

participants in combination with silence, white noise, or bandpass noise with a center frequency of 1, 36 

2, or 4 kHz. Regardless of the output levels and participant age, the RT for the Jay, Cuckoo, and 37 

Himalayan cuckoo songs was lower than 0.75 sec in the silent condition, and the averaged RT obtained 38 

by the younger participants could be estimated on the basis of the duration required to reach a specified 39 

sound exposure level for the birdsong stimuli. In the noisy conditions, spectral masking via bandpass 40 

noise prolonged the RT, while the bandpass noise with a center frequency higher than that of the 41 

birdsong tended to shorten the RT, especially in older participants. 42 

 43 

Keywords: reaction time, birdsong, sound exposure level, spectral masking 44 
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 4 

1. Introduction 46 

Birdsong is often used in public spaces in Japan (e.g., entrance gates of stations and crosswalks) to 47 

serve as auditory signals for visually-challenged people. The sound sign also informs them positions 48 

of stairs or public toilets. These natural or synthesized natural sounds were chosen because they have 49 

shorter simple reaction times (RT) than artificial sounds [1], and thus is associated to relatively high 50 

detectability although other factors (e.g., intensity, frequency and timbre) may influence it. And the 51 

other reason to choose the birdsongs is that they are hearable clearly and localized easily in 52 

environmental noises [2]. However, the birdsongs are different according to species, communication 53 

types, or even individual bodies, the RT should be estimated by their acoustical characteristics to 54 

design the detectable sound sign. 55 

 RT is known to decrease monotonically as sound intensity increases [3-5], and it is correlated 56 

with the loudness of a sound [6-9]. Although some psychoacoustics studies have used steady-state 57 

sounds (i.e., pure tones with a constant frequency), birdsongs have waveforms that vary over time in 58 

envelope and frequency, so the loudness necessarily varies as a function of time. Previous studies have 59 

given the RT of a 1-kHz pure tone with various rise-times (i.e., the duration required for a signal to 60 

approach a maximum amplitude) [10,11]. These studies reported that the RT decreased when the rise-61 

time was below 50 msec (i.e., steeper), but did not change considerably when the rise-time was higher 62 

than 50 msec. Furthermore, below 50 msec, the RT decreased only by 10–30 msec. This is because 63 

the total length of the pure tone was longer than the critical duration (CD), which is defined as the 64 
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 5 

duration in which loudness remains constant. The CD has mostly been reported to range from 100 to 65 

200 msec [12,13].  66 

 How can the loudness of a time-varying signal be evaluated? To evaluate the loudness of a 67 

non-steady-state sound, Namba et al. (2008) [14] introduced the idea of the sound exposure level (LAE) 68 

[dB]. The LAE is the summation of the sound intensity within a certain duration, generally set at 1 sec. 69 

An impulsive sound is defined as a brief burst of sound pressure with a duration that is usually less 70 

than 1 sec [15], so that study used an amplitude-modulated and steady-state 1-kHz pure tone with 71 

durations from 80 to 1280 msec. Regardless of the envelope shape, the LAE (i.e., total energy) is highly 72 

correlated with the loudness of short and impulsive sounds (r = 0.985). 73 

 Another approach is measuring the instantaneous loudness of time-varying sound (N) [sone] 74 

using the Zwicker loudness model [16]. The algorithm for calculating time-varying loudness follows 75 

that for stationary sounds, but considers the nonlinear decay of the human hearing system, temporal 76 

summation, and forward masking. Although N is a function of time, the purpose of this calculation is 77 

to estimate the overall loudness perceived from a time-varying sound. A percentile loudness N5, which 78 

is the loudness below 95% of the calculated instantaneous loudness, is generally used [16], but other 79 

represented values, such as the mean of the loudness level over time [17] and root mean cubed loudness 80 

[18] are recognized as being highly correlated with the overall loudness. 81 

 To describe the detectability of the birdsong using a physical characteristic in the present 82 

study, we measured RTs while participants listened to birdsongs of six species whose spectral 83 
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 6 

characteristics were different, and we attempted to estimate the RTs for birdsongs based on the time-84 

functional sound exposure level (LAE(t)) and instantaneous loudness (N(t)). We hypothesized that the 85 

RTs for birdsongs would be determined based on the duration between the sound onset and the time 86 

at which the LAE or N reached a certain value. By conducting individual hearing threshold tests before 87 

the RT measurements, we were able to adjust the output levels in the RT measurements to low 88 

sensation levels (SLs). The RT for a sound with a lower SL is largely influenced by the frequency 89 

[8,9], so we expected that the RTs would vary depending on the type of birdsong.  90 

To realize a realistic situation in a public space, the participants in this study were divided 91 

into younger and older age groups. The RT measurement was conducted for both a silent condition 92 

and noisy conditions to assess the remarkableness of birdsong in environmental noise. Since the effects 93 

of the age and background noise stopped short of incorporating to the RT prediction model in the 94 

current study, we just reported the findings on the changed RT by the different ages and background 95 

noise to improve the model in the further studies. Thus, the aims of this study were (1) to predict the 96 

RT for birdsongs in the silent condition and (2) to evaluate differences in RT due to the effects of 97 

participant age (or hearing ability) and background noise. 98 

 99 

 100 

2. Methods 101 

2.1. RT measurement in the silent condition 102 
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 7 

2.1.1. Participants 103 

We recruited 20 younger (15 men and 5 women; age: 21.7 ± 0.1 years) and 20 older (8 men and 12 104 

women; age: 74.3 ± 4.1 years) participants to complete an RT task. Before the RT measurement, all 105 

participants completed hearing tests conducted using an audiometer (AA-77A, RION, Kokubunju, 106 

Japan). Fig. 1 compares audiograms obtained by the younger and older participants. The mean hearing 107 

threshold levels (MHTL: averaged hearing threshold for 500 Hz, 1 kHz, and 2 kHz pure tones) were 108 

2.75 ± 2.81 dB HL and 20.92 ± 8.09 dB HL for the younger and older groups, respectively. The 109 

younger participants all had normal hearing. The older participants were classified as having slight or 110 

mild hearing loss [19], but none used a hearing aid. 111 

 112 

2.1.2. Birdsongs 113 

Six instances of natural birdsong (Jay, Cuckoo, Himalayan cuckoo, Japanese grosbeak, Japanese 114 

white-eye, and Japanese bush warbler) had previously been recorded using a dummy head microphone 115 

(KU100, Neumann, Berlin, Germany) with a sampling rate of 48 kHz and a sampling resolution of 24 116 

bits [20-23]. Fig. 2 shows the waveform of each birdsong recording with a normalized SPL. The songs 117 

of the Cuckoo and Japanese bush warbler were amplified quickly and slowly over time, respectively. 118 

Fig. 3 shows the spectra of the birdsongs. The FFT size and window type were 4096 samples and 119 

Hanning, respectively, and all spectra calculated during each birdsong recording were averaged. The 120 

sound energy of the Jay’s song was distributed in a broad band, i.e., it was noisy, while the other 121 
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 8 

birdsongs had particular spectral peaks (Cuckoo: 678 Hz, Himalayan cuckoo: 420 Hz, Japanese 122 

grosbeak: 3208 Hz, Japanese white-eye: 4425 kHz, and Japanese bush warbler: 2110 Hz). 123 

 To determine the output level of the birdsongs for our RT measurement, we measured each 124 

participant’s hearing threshold for the birdsong stimuli using a transformed up-down procedure [24]. 125 

We employed a two-alternative forced-choice (2AFC) procedure. The same birdsong stimuli were 126 

presented to the participant’s left and right ears via a calibrated headphone (HD598, Sennheiser, 127 

Wedemark, Germany), with the signal passing through an AD/DA converter (UA101, Roland, 128 

Hamamatsu, Japan). The original birdsong stimuli were generated using a laptop computer, and the 129 

output and participant responses were recorded using numerical analytical software (Matlab, 130 

Mathworks, Natick, US). The hearing threshold tests were conducted in a soundproof chamber. Finally, 131 

the output level was determined at 10, 20, and 30 dB SL, based on the hearing threshold of each 132 

participant. The birdsong at 10 dB SL was heard faintly, while the birdsong at 30 dB SL was heard 133 

clearly but was not perceived as loud. The standard deviations of SPL at 0dB SL were 5.41 dB and 134 

13.84 dB for the younger and older participants. 135 

 136 

2.1.3. Apparatus 137 

For the RT measurement, the headphone (binaural presentation), AD/DA converter, and computer 138 

were the same as those used in the previous hearing threshold test. The participants were instructed to 139 

tap on an empty carton using their fingers as soon as they detected the birdsong stimuli, as shown in 140 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 9 

Fig. 4. They could identify the birdsongs because they had completed the previous hearing threshold 141 

test. A subminiature piezotronics accelerometer (352A21; PCB Piezotronics, New York, US) was 142 

attached to the reverse side of the tapping surface, and the vibration produced at the moment of tapping 143 

was registered by a pre-amplifier (Type 2690, Brüel & Kjær, Nærum, Denmark) that sent a signal to 144 

an input channel of the AD/DA converter. A looped output containing the birdsong was sent to the 145 

AD/DA converter while the tapping vibration was recorded simultaneously on the stereo channel. Then, 146 

the difference in timing (i.e., RT) between the onset of the birdsong stimuli and the initiation of tapping 147 

was calculated. 148 

 149 

2.1.4. Procedure 150 

In each session, the six birdsong stimuli were presented four times in random order with the interval 151 

between two successive stimuli ranging from 3 to 12 sec. This prevented the participants from 152 

predicting the onset timing. After some training, the participants were able to detect all 24 birdsong 153 

stimuli in one session, at which point they were progressed to new sessions where the sound output 154 

levels were varied, i.e., 10, 20, and 30 dB SL. The order of these sessions was randomized. The RT 155 

values were averaged over four trials. When calculating the RT, birdsong stimuli that did not elicit a 156 

reaction were excluded. This experiment was conducted at the National Institute of Advanced 157 

Industrial Science and Technology (AIST), Japan, and the institutional ethics committee approved the 158 

experimental protocol. 159 
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 160 

2.1.5. Estimation of RT 161 

When the RT can be evaluated by acoustical features of the birdsongs, the most detectable birdsong 162 

might be selected without such a psychoacoustical experiment. In this study, the RT was estimated on 163 

the basis of the LAE(t) and N(t). Fig. 5 shows the LAE(t) of the six birdsongs with sound pressure 164 

adjusted to 0 dB SL. The SPL at 0 dB SL was equivalent to the average values in the younger 165 

participants. The birdsong onset time is indicated as 0 msec. The LAE(t) was calculated using the 166 

following equation: 167 

𝐿𝐴𝐸(𝑡) = 10 log ∫
𝑃𝐴
2(𝑠)

𝑝0
2 𝑑𝑠

𝑡

0
      (1) 168 

where PA(s) is an A-weighted sound pressure [Pa] and p0 is a minimum audible pressure (2.0 × 10-5 169 

Pa). The songs of the Jay, Cuckoo, and Himalayan cuckoo increased the LAE(t) with a steeper slope, 170 

while the songs of the Japanese grosbeak, Japanese white-eye, and Japanese bush warbler increased it 171 

more gradually. 172 

 For smoothing the curves of LAE(t), fitting by a power function, 173 

𝐿𝐴𝐸(𝑡) ≈ 𝑎𝑡𝑏 + 𝑐,     (2) 174 

where a, b, and c are coefficients, were applied as shown in Fig. 6. We hypothesized that the 175 

participants would detect the birdsong when the LAE(t) reached a certain value. Fig. 6 demonstrates the 176 

values for the birdsongs at 10, 20, and 30 dB SL as gray dotted lines. The lines for 10 and 20 dB SL 177 

were 20 and 10 dB higher than the line for 30 dB SL, respectively. The moment at which the LAE 178 
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reached a certain value was defined as tatt. Fig. 6 shows an example of the tatt for the Japanese bush 179 

warbler song. For example, if the certain LAE for 10, 20, and 30 dB SL are given as 25, 15, and 5 dB, 180 

respectively (dotted lines in Fig. 6), the LAE required for detection of the birdsongs becomes 35 dB, 181 

because the origins of these curves were adjusted to 0 dB SL and are shifted higher by 30 dB for the 182 

birdsongs in 30 dB SL. When the required LAE is defined as Latt, the tatt can be obtained from Eq. (2) 183 

and the logarithmical value was 184 

log 𝑡𝑎𝑡𝑡 =
1

𝑏
log

𝐿𝑎𝑡𝑡−𝑐

𝑎
.     (3) 185 

We calculated the correlation coefficients between the actual RTs obtained in the trials and the tatt by 186 

changing the Latt, and suitable Latt values were determined based on the maximum correlation 187 

coefficient.  188 

 In contrast, the N(t) was calculated using a computational program written in ISO standard 189 

[16]. Fig. 7 shows the N(t) of the six birdsong stimuli with onset times at 0 sec. Colored lines indicate 190 

the three averaged output levels corresponding to 10, 20, and 30 dB SL in the younger participants. 191 

The temporal resolution of the N(t) was 2 msec, and band-dependent smoothing filters and a nonlinear 192 

temporal decay algorithm were added to the Zwicker method for evaluating stationary sounds. In a 193 

similar manner to the LAE(t), we hypothesized that the participants would detect the birdsong when the 194 

N(t) reached a certain value, Natt, as demonstrated in Fig. 7f. The time required to reach Natt was defined 195 

as tatt, and suitable Natt values were determined based on the maximum correlation between tatt and RT, 196 

as with the LAE(t). 197 
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 198 

2.2. RT measurement in the noisy condition 199 

In the noisy condition, the participants, apparatus, and procedure were the same as those in 200 

the silent condition. The six birdsong stimuli were the same, but the output level was set at 30 dB SL 201 

for all trials, which was the level at which the sounds could be heard clearly in the silent condition. 202 

We used a computer to combine the birdsong stimuli at 30 dB SL with white noise and 1/6-octave 203 

bandpass noise filtered with a 5th order Butterworth filter, and presented the resulting stimuli using 204 

headphones. The center frequencies of the bandpass noise stimuli were 1, 2, and 4 kHz, for a total of 205 

4 different types of noise. Because environmental noises in public spaces include many different cases, 206 

the used noises were represented in broader one (white noise) and narrower one (bandpass noise) to 207 

examine the spectral masking effect that could happen. The output levels of the noise stimuli were 208 

controlled according to the signal-to-noise ratio (SNR). For the white noise, the SNRs were 0, -10, and 209 

-20 dB, and for the bandpass noise stimuli the SNRs were -20, -30, and -40 dB. Therefore, 12 noise 210 

stimuli (four kinds of noise × three SNRs) were used in total. The minimum SNRs (i.e., -20 dB for 211 

white noise and -40 dB for bandpass noise) were enough to hear slightly the birdsongs in these noises. 212 

Regardless of the presence or absence of the birdsong, the noise stimuli continued to sound in the 213 

background during the experiment. 214 
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As with the silent condition, each birdsong stimulus appeared four times in a session, and the 215 

RT was defined on the basis of the averaged value, excluding the undetected birdsong stimuli. The 216 

sessions were composed for 12 noises, and the order of sessions was randomized. 217 

 218 

 219 

3. Results 220 

3.1. RT in the silent condition 221 

Fig. 8a shows the averaged RT in the 20 younger participants. For clarity, the standard deviations are 222 

listed in Table A1 (APPENDIX A). The percentage of missing trials (absence of response) was 5.3%. 223 

Regardless of the type of birdsong, the RT increased as the SL decreased. In other words, the reaction 224 

times were shorter for more clearly audible birdsong stimuli. In terms of the differences between the 225 

types of birdsong, we separated them into three groups on the basis of RT. The songs of the Jay, 226 

Cuckoo, and Himalayan cuckoo had short RTs, i.e., less than 0.75 sec. The RTs for the Japanese 227 

grosbeak and Japanese white-eye were in the middle, and ranged between 0.75 sec and 0.83 sec. The 228 

RT for the Japanese bush warbler was the longest, i.e., greater than 0.83 sec. Because few distributions 229 

of RT were normal, the statistical differences were examined according to a non-parametric analysis 230 

(Friedman test). As the results, the birdsong type (χ2
5 = 97.93, p < 0.01) and SL (χ2

2 = 50.01, p < 0.01) 231 

had significant difference on the 20 younger participants’ RT. 232 
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 Fig. 8b shows the averaged RT in the 20 older participants, and Table A1 gives the standard 233 

deviations. The percentage of missing trials was 4.7%. Although the RT data roughly agreed with that 234 

for the younger participants, the overall RT values were longer in the older participants. According to 235 

Friedman test, the birdsong type (χ2
5 = 118.22, p < 0.01) and SL (χ2

2 = 39.69, p < 0.01) had significant 236 

difference on the 20 older participants’ RT, and the difference between the younger and older 237 

participants was also significant (χ2
1 = 50.73, p < 0.01).  238 

 When estimating the RT based on LAE(t), we found the maximum correlation between the 239 

measured RT in Fig. 8a and the tatt in Fig. 6 when the Latt was 37 dB for the younger participants, 240 

although this relationship was logarithmical, as follows: 241 

𝑅𝑇 ≈ 0.14 log 𝑡𝑎𝑡𝑡 + 1.05.     (4) 242 

Because the tatt can be described by the coefficients of the power function for each birdsong in Eqs. 243 

(3) and (4) can be changed to 244 

𝑅𝑇 ≈
0.14

𝑏
log

37−𝑐

𝑎
+ 1.05.     (5) 245 

For the younger participants, the estimation accuracy was high, as shown in Fig. 9a (r = 0.977, 246 

averaged error = 0.0293 sec). 247 

 When estimating the RT based on N(t), we found the maximum correlation between the 248 

measured RT in Fig. 8a and the tatt in Fig. 7 when the Natt was 0.08 sone for the younger participants. 249 

As with the LAE(t), the measured RT and the tatt had a logarithmic relationship, so the RT can be 250 

expressed by 251 
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𝑅𝑇 ≈ 0.094 log 𝑡𝑎𝑡𝑡 + 0.945.     (6) 252 

The estimation accuracy was also high, although not to the extent of that for LAE(t), as shown in Fig. 253 

9b (r = 0.848, averaged error = 0.0726 sec). 254 

 We used the same procedures for estimating RT for the data from the older participants. Using 255 

the LAE(t) method, we identified the origin of the LAE(t) for each birdsong on the basis of the averaged 256 

hearing thresholds among the 20 older participants (i.e., 0 dB SL). The recalculated LAE curves were 257 

fitted by power functions, and the highest correlation was found at Latt = 55.5 dB. Thus, Eq. (5) was 258 

changed to: 259 

𝑅𝑇 ≈
0.15

𝑏
log

55.5−𝑐

𝑎
+ 1.30.     (7) 260 

However, the estimation accuracy was lower than that for the younger participants (r = 0.724, averaged 261 

error = 0.128 sec). Using the N(t) method, the instantaneous loudness N(t) was recalculated according 262 

to the SLs of the older participants, and the highest correlation was found at Natt = 0.5 sone. Thus, the 263 

estimation formula was 264 

𝑅𝑇 ≈ 0.14 log 𝑡𝑎𝑡𝑡 + 1.27,     (8) 265 

and the estimation accuracy was similar to that for the LAE(t) method (r = 0.703, averaged error = 0.140 266 

sec). 267 

 268 

3.2. RT in the noisy condition 269 
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Fig. 10 shows the averaged RT values in the noisy condition among the 20 younger and 20 older 270 

participants in the left and right columns, respectively. The standard deviations are listed in Table A1. 271 

To compare these data with those from the silent condition, we added the RTs for the stimuli at 30 dB 272 

SL to the figure. When white noise was presented simultaneously with the birdsong stimuli (Figs. 10a-273 

1 and a-2), the change in RT according to the SNR was similar to the change in SLs in the silent 274 

condition (Fig. 8). The RTs remained short for the songs of the Jay, Cuckoo, and Himalayan cuckoo, 275 

and remained long for the song of the Japanese bush warbler. The RTs for the Japanese grosbeak and 276 

Japanese white-eye varied widely between these two categories. Unlike in the silent condition, 277 

Friedman test revealed no significant difference between the younger and older participants (χ2
1 = 1.62, 278 

p = 0.20). For the older participants, RTs in the white noise with a SNR of 0 dB were slightly faster 279 

than in the silent condition, except for in trials in which the Japanese white-eye birdsong was combined 280 

(Fig. 10a-2). 281 

 When bandpass noise was added, the spectral configuration of the noise strongly affected the 282 

RT. When the bandpass noise had a center frequency of 1 kHz, the RTs for the Cuckoo were longer 283 

for both younger and older participants (Figs. 10b-1 and b-2), even though the Cuckoo was in the short 284 

RT group in the silent and white noise conditions. This was likely because the 1-kHz bandpass noise 285 

(1/6 octave) masked much of the spectral energy of the Cuckoo (Fig. 3). The same increase in RT was 286 

observed for the Japanese bush warbler and Japanese white-eye songs when presented with bandpass 287 

noise with a center frequency of 2 kHz (Fig. 10c) and 4 kHz (Fig. 10d), respectively. The thick gray 288 
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circles in Figs. 10c-2 and d-2 indicate that more than 10 participants failed to hear the birdsongs in all 289 

four trials. Thus, the plotted RTs in the circles represent only the values for participants with stronger 290 

hearing abilities, as they provided the averaged RT data. 291 

 Contrary to our expectations, some RTs were shorter when the bandpass noises were 292 

presented. For example, when bandpass noise with a center frequency of 1 or 2 kHz was presented to 293 

younger participants, the RTs for Japanese white-eye remained in the faster reacting category 294 

regardless of the high SNR (Figs. 10b-1 and c-1). Furthermore, the RTs of the older participants for 295 

the Cuckoo and Himalayan cuckoo decreased when bandpass noise with a center frequency of 2 or 4 296 

kHz was added (Figs. 10c-2 and d-2). 297 

 298 

 299 

4. Discussion 300 

4.1. Kind of birdsong 301 

Both for the younger and older participants, the RTs for the Cuckoo were the fastest except when 302 

presented with 1-kHz bandpass noise. A previous study measured auditory evoked fields (AEFs) via 303 

magnetoencephalography while participants listened to several birdsong stimuli, including that of the 304 

Cuckoo [20,21]. The researchers found that the AEF amplitudes were larger for the Cuckoo than for 305 

other birds. In psychological experiments measuring subjective salience, the Cuckoo song was 306 

perceived as relatively salient when all birdsong stimuli were presented with an equal sound pressure 307 
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level (SPL) and loudness [21,22]. Thus, our RT data are consistent with these previous physiological 308 

and psychological experiments, indicating that the Cuckoo’s song is relatively easy to detect. 309 

Furthermore, Japanese participants preferred the Cuckoo’s song in psychoacoustics experiments, 310 

making it a good choice for use as a public signal [23]. Following the Cuckoo, the RTs were relatively 311 

high for the songs of the Himalayan cuckoo and Jay, while that for the Japanese bush warbler was the 312 

longest. This is at odds with previous studies reporting that the song of the Japanese bush warbler is 313 

subjectively salient compared with other birdsongs [20,21]. 314 

 Although we presented the birdsongs with a low SL for the purpose of observing the spectral 315 

pattern in RT [8,9], the initial sound intensity was a contributing factor in determining the length of 316 

the RT [10,11]. The RTs for the Japanese grosbeak and Japanese white-eye varied widely between the 317 

faster and slower RT groups according to the SL (Fig. 8), and the same pattern was observed for the 318 

cumulative sound intensity LAE (Fig. 5). Therefore, the birdsongs with amplitudes that increased with 319 

a steeper slope had a faster RT.  320 

 321 

4.2. Accuracy of estimated RT and the effect of age 322 

Examining the sound exposure level as a function of time LAE(t) revealed that the RT shifted according 323 

to the SLs. Furthermore, the estimated RT values derived from the LAE(t) model (Fig. 6) were in 324 

agreement with the measured RT, and the estimated and measured RT values were highly correlated 325 

in the younger participants (Fig. 9a). The LAE can be used to evaluate the loudness of a sound with 326 
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high accuracy [14], and is also able to explain the reaction times for birdsong stimuli. From Eq. (5), 327 

the younger participants detected the birdsongs with an LAE that reached 37 dB in the silent condition. 328 

In contrast, the RTs for the older participants were longer than 132 msec, calculated using averaged 329 

difference among birdsongs and SL (Fig. 8b), and the required LAE (Latt) to detect birdsongs in this 330 

group was 55.5 dB (Eq. (7)). In previous research, hearing-impaired listeners with poorer hearing than 331 

the participants in this study had RTs that were 50–70 msec longer for loudness-controlled pure tones 332 

compared with normal listeners [6,25,26]. Thus, the difference in RT was greater for the case of time-333 

variable birdsong. The difference in the Latt between the two groups in the present study was 18.5 dB. 334 

Because the difference in the MHTLs between the two groups was 18.17 dB, it is possible to speculate 335 

that the difference in the Latt was caused by varying hearing acuity. 336 

The accuracy of the estimated RT based on the LAE(t) model was substantially reduced for the 337 

older participants. The MHTL of the older participants (20.92 ± 8.09 dB HL) had a wider standard 338 

deviation than that of the younger participants (2.75 ± 2.81 dB HL), so it might not have been 339 

appropriate to calculate the SPL at 0 dB SL for the LAE(t) curve according to the averaged values 340 

among the 20 older participants. When the SPL at 0 dB SL was adjusted on the basis of individual 341 

hearing thresholds and the LAE(t) fitting curves were reshaped individually, the accuracies improved 342 

in 10 of the older participants (𝑟 ≥ 0.9: 4 participants, 0.9 > 𝑟 ≥ 0.8: 4 participants, 0.8 > 𝑟 >343 

0.724: 2 participants).  344 
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 The instantaneous loudness N(t) model [16] was inferior to the LAE(t) model in terms of 345 

accuracy, and the RTs shorter than 0.75 sec were especially difficult to estimate (Fig. 9b). The faster 346 

RTs were obtained for birdsongs with a sudden onset, i.e., the Jay, Cuckoo, and Himalayan cuckoo. 347 

The Zwicker loudness model, which measures the origin source of current instantaneous loudness, is 348 

unsuitable for estimating the loudness of impulsive sound [27,28]. Thus, there were more estimation 349 

errors for faster RTs. The loudness required to detect the presence of birdsong (Natt) was 0.08 sone for 350 

the younger participants in the silent condition. Because this corresponds to 3.56 phon when converted 351 

into a loudness level (𝑝ℎ𝑜𝑛 = 40 + 10 log2 𝑆𝑜𝑛𝑒), it is reasonable that they detected the birdsong at 352 

a time at which the SPL was slightly supra-threshold. In some previous RT experiments using pure 353 

tones with a wide range of SPL values, a stable reaction could be obtained with SPLs that were above 354 

the threshold by 3–5 dB [6,8,9]. In contrast, the required loudness level for the older participants was 355 

30 phon (0.5 sone).  356 

 357 

4.3. Noise effect 358 

In the noisy condition, the spectral masking of the 1/6 octave-band noise clearly affected the 359 

RT. For example, the bandpass noise with a center frequency of 1 kHz prolonged the RT for the 360 

Cuckoo stimulus, which had spectral power distributed around 1 kHz, as shown in Figs. 3 and 10b. 361 

The increment of RT in the SNR-40dB conditions from the silent (30 dB SL) was the largest for the 362 

Cuckoo (0.40 sec) in the younger participants. For the older participants, while the increments were 363 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 21 

larger for the Cuckoo (0.33 sec) and Japanese bush warbler (0.47 sec), and it can be expected that their 364 

auditory filters might be broader than the younger participants. In the same manner, bandpass noises 365 

with center frequencies of 2 and 4 kHz prolonged the RTs of the Japanese bush warbler and Japanese 366 

white-eye, respectively. In the younger participants, the increments of RT for the Japanese bush 367 

warbler (0.69 sec) and Japanese white-eye (0.65 sec) were the largest by adding the bandpass noises 368 

with center frequencies of 2 and 4 kHz, respectively. Various studies have examined RT with a wide 369 

range of noisy and tonal backgrounds [29-34], and Chocholle and Greenbaum (1966) [30] and 370 

Emmerich et al. (1976) [31] showed that the RTs for pure tones increased due to masking when the 371 

pure tones and the background noise were closed spectrally. Therefore, the onsets of the birdsongs in 372 

the present study were obscured by the bandpass noises that passed through the same auditory filter. 373 

The spectral masking effect was particularly strong for the birdsongs that were undetected by more 374 

than 10 of the older participants (gray thick circles in Figs. 10c-2 and d-2), because the hearing levels 375 

at 2 and 4 kHz were lower than that at 1 kHz (Fig. 1). 376 

In contrast to the expanding RTs, adding the bandpass noise shortened some of the RTs. 377 

Although spectral masking occurred when the spectral energies of the signal and noise were 378 

overlapped, noise can speed a reaction to a signal when the spectral energies are separated [31]. Fig. 379 

11 shows the differences between the RTs in the silent condition (30 dB SL) and noisy conditions. We 380 

only obtained positive values, i.e., the RT was faster in the noisy condition. Regardless of the addition 381 

of background noise, the younger and older participants were both able to detect the song of the 382 
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Himalayan cuckoo more quickly in the noisy conditions. It is well established that low-frequency 383 

sounds tend to mask high-frequency sounds. In this study, the song of the Himalayan cuckoo had the 384 

lowest spectral distribution, and the spectral peak was 420 Hz, as shown in Fig. 3. Thus, this stimulus 385 

was not masked, but instead became easier to detect. For the older participants, the same tendency 386 

could be observed for the Cuckoo song, which had a spectral peak at 678 Hz, when presented with the 387 

bandpass noises with center frequencies of 2 and 4 kHz (Figs. 11c and 11d, respectively). Because the 388 

older participants experienced this benefit, the background noise may have passed through an auditory 389 

filter in a band lower than that of the stimulus, making both sounds easier to detect. Such enhancement 390 

is close to “stochastic resonance”, in which signal transmission is boosted in a nonlinear system by 391 

adding optimal noise [34-39]. A previous study reported that the stochastic procedure could be used 392 

to explain RTs for sounds with a variety of sound intensities and durations [40]. The other possibility 393 

is that the cognitive performance (recognition of birdsongs in this study) was improved in an “inverted-394 

U shaped manner” when an individual is under optimal stress [41-43]. The RT for visual cognitive 395 

tasks was shorter by adding controlled auditory signals [44-46]. 396 

However, such spectral nonlinearities were not observed when we added white noise (Fig. 397 

10a), and the increases in RT with decreasing SNR paralleled the increase in RT as the SL decreased 398 

in the silent condition (Fig. 8). Unlike the silent condition, the RTs in the white noise condition were 399 

not significantly different between the younger and older participants. The older participants had faster 400 

RTs when we added white noise (Fig. 11a), and they are possible that the stochastic resonance elevated 401 
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the intensity enough to detect it or that the optimal stress elevated the arousal of the participants 402 

following the inverted-U shape function. 403 

 404 

 405 

5. Conclusion 406 

In the silent condition with variable SLs, we observed RTs shorter than 0.75 sec for both the younger 407 

and older participants for the birdsongs of the Jay, Cuckoo, and Himalayan cuckoo, which have steeper 408 

slopes for increasing amplitudes. However, these birdsongs are different according to the individual 409 

bodies in the same species, so it is important to extract the acoustical characteristics which are 410 

dependent on the RT. In terms of accuracy for estimating RT, the LAE(t) model was superior to the N(t) 411 

model. The LAE(t) can be calculated using any birdsong with any SL, and the duration required to reach 412 

37 dB on the fitted power function of the LAE(t) can be used to estimate the RT in younger participants, 413 

i.e., those with normal hearing, with high accuracy (r = 0.977).  414 

In the noisy condition, when the SNR was increased, spectral masking produced by narrow-415 

band noise lengthened the RT and made the birdsongs more difficult to detect when the birdsong and 416 

noise were passing through the same auditory filter. In contrast, the RT slightly decreased when the 417 

spectral energies of the birdsong and noise did not overlap. Furthermore, white noise shortened the RT, 418 

especially in older participants. In this study, the RT estimation model including the effects of age and 419 

background noise was not accomplished. Especially, the nonlinearity of the noise effect (i.e., fasten 420 
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RT) disturbed highly accurate prediction. In the further study, the noise effect on RT will be examined 421 

in more detail using several bandpass noises with different bandwidth. 422 

 423 
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 440 

APPENDIX A 441 

Table A1 lists the standard deviations of the RTs among the younger and older participants. The 442 

averaged standard deviations in each condition were 0.05–0.07 sec higher in the older participant group 443 

than in the younger group. The standard deviations were relatively high for both the younger and older 444 

participants, likely because the RTs depended not only on perceptual responses but also on individual 445 

physical and cognitive responses [8,32,47]. Such individual differences may be easier to detect for 446 

time-variable sounds (birdsongs) compared with steady-state sounds (pure tones). Therefore, the 447 

changes in the averaged RTs shown in Figs. 8 and 10 capture common tendencies observed in all of 448 

the participants. 449 

  450 
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FIGURE CAPTIONS 562 

Fig. 1. Audiogram of 20 younger and 20 older participants (error bar: standard deviation). 563 

Fig. 2. Waveforms of six birdsongs. 564 

Fig. 3. Spectra of six birdsongs. 565 

Fig. 4. Experimental conditions. 566 

Fig. 5. Time-functional sound exposure levels (LAE(t)) of six birdsongs. 567 

Fig. 6. Curves fitted by a power function for the calculation of sound exposure level and definitions of 568 

tatt. 569 

Fig. 7. Time varying loudness (N(t)) of six birdsongs and definitions of Natt and tatt. 570 

Fig. 8. Reaction times for six birdsongs in (a) younger and (b) older participants. 571 

Fig. 9. Relationships between measured RT and estimated RT according to the (a) LAE(t) model and 572 

the (b) N(t) model. 573 

Fig. 10. Reaction time in the noisy conditions: (a-1) younger and (a-2) older participants in the white 574 

noise condition, (b-1) younger and (b-2) older participants in the bandpass noise condition with a center 575 

frequency of 1 kHz, (c-1) younger and (c-2) older participants in the bandpass noise condition with a 576 

center frequency of 2 kHz, and (d-1) younger and (d-2) older participants in the bandpass noise 577 

condition with a center frequency of 4 kHz. Gray thick circles indicate that more than 10 participants 578 

failed to detect the birdsongs in all four trials, and the numbers by the circles indicate the number of 579 

participants who heard and reacted to the birdsongs. 580 
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 33 

Fig. 11. Differences in RTs under the silent condition (30 dBSL) and the noisy conditions: (a) white 581 

noise and bandpass noises with center frequencies of (b) 1 kHz, (c) 2 kHz, and (d) 4 kHz. The values 582 

were selected only in the cases of faster RTs in the noisy conditions. 583 
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Table A1 Standard deviation of RT in each condition

1 kHz 2 kHz 4 kHz 1 kHz 2 kHz 4 kHz

30 dB SL 0.19 SNR0 dB 0.19 SNR-20 dB 0.15 0.23 0.23 30 dB SL 0.27 SNR0 dB 0.26 SNR-20 dB 0.29 0.26 0.21

20 dB SL 0.22 SNR-10 dB 0.18 SNR-30 dB 0.21 0.21 0.21 20 dB SL 0.23 SNR-10 dB 0.25 SNR-30 dB 0.22 0.26 0.20

10 dB SL 0.24 SNR-20 dB 0.26 SNR-40 dB 0.19 0.17 0.20 10 dB SL 0.23 SNR-20 dB 0.24 SNR-40 dB 0.29 0.27 0.32

30 dB SL 0.13 SNR0 dB 0.17 SNR-20 dB 0.18 0.17 0.14 30 dB SL 0.22 SNR0 dB 0.23 SNR-20 dB 0.21 0.20 0.25

20 dB SL 0.15 SNR-10 dB 0.14 SNR-30 dB 0.26 0.13 0.15 20 dB SL 0.21 SNR-10 dB 0.20 SNR-30 dB 0.29 0.22 0.18

10 dB SL 0.12 SNR-20 dB 0.14 SNR-40 dB 0.16 0.13 0.15 10 dB SL 0.21 SNR-20 dB 0.27 SNR-40 dB 0.22 0.20 0.20

30 dB SL 0.15 SNR0 dB 0.18 SNR-20 dB 0.13 0.17 0.14 30 dB SL 0.22 SNR0 dB 0.16 SNR-20 dB 0.19 0.21 0.23

20 dB SL 0.11 SNR-10 dB 0.15 SNR-30 dB 0.15 0.14 0.14 20 dB SL 0.22 SNR-10 dB 0.17 SNR-30 dB 0.18 0.20 0.17

10 dB SL 0.16 SNR-20 dB 0.14 SNR-40 dB 0.15 0.15 0.15 10 dB SL 0.21 SNR-20 dB 0.24 SNR-40 dB 0.20 0.19 0.27

30 dB SL 0.24 SNR0 dB 0.20 SNR-20 dB 0.25 0.36 0.23 30 dB SL 0.28 SNR0 dB 0.26 SNR-20 dB 0.30 0.33 0.28

20 dB SL 0.23 SNR-10 dB 0.23 SNR-30 dB 0.25 0.31 0.23 20 dB SL 0.33 SNR-10 dB 0.33 SNR-30 dB 0.30 0.43 0.24

10 dB SL 0.35 SNR-20 dB 0.29 SNR-40 dB 0.25 0.32 0.21 10 dB SL 0.32 SNR-20 dB 0.33 SNR-40 dB 0.34 0.44 0.31

30 dB SL 0.23 SNR0 dB 0.22 SNR-20 dB 0.21 0.28 0.28 30 dB SL 0.32 SNR0 dB 0.30 SNR-20 dB 0.31 0.27 0.37

20 dB SL 0.22 SNR-10 dB 0.22 SNR-30 dB 0.21 0.25 0.37 20 dB SL 0.35 SNR-10 dB 0.35 SNR-30 dB 0.35 0.38 0.30

10 dB SL 0.28 SNR-20 dB 0.32 SNR-40 dB 0.25 0.21 0.30 10 dB SL 0.31 SNR-20 dB 0.40 SNR-40 dB 0.36 0.35 0.28

30 dB SL 0.25 SNR0 dB 0.17 SNR-20 dB 0.22 0.18 0.21 30 dB SL 0.30 SNR0 dB 0.29 SNR-20 dB 0.30 0.24 0.31

20 dB SL 0.26 SNR-10 dB 0.15 SNR-30 dB 0.23 0.16 0.23 20 dB SL 0.29 SNR-10 dB 0.26 SNR-30 dB 0.28 0.26 0.30

10 dB SL 0.34 SNR-20 dB 0.28 SNR-40 dB 0.21 0.23 0.23 10 dB SL 0.24 SNR-20 dB 0.24 SNR-40 dB 0.29 0.36 0.30

 Japanese
grosbeak

 Japanese
white-eye

Japanese
bush warbler

White
noise

Silent

Younger participants Older participants

Jay

Cuckoo

 Himalayan
cuckoo

Silent
White
noise

Bandpass noise Bandpass noise

TableA1




