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Abstract 22 

Many birds sing intensely at dawn, a phenomenon known as the dawn chorus, yet its underlying causes 23 

remain unclear. In particular, because most research to date has investigated the adaptive functions (i.e., 24 

ultimate causes) of the dawn chorus in wild birds, its behavioral and physiological mechanisms (i.e., 25 

proximate causes) remain largely unexplored. Here, we investigated the mechanisms of the dawn chorus 26 

under controlled laboratory conditions using the zebra finch, a well-established animal model. We found 27 

that birds became hormonally aroused in darkness well before dawn, and that the suppression of 28 

spontaneous singing by darkness enhanced their intrinsic motivation to sing. This elevated motivation 29 

subsequently triggered a rebound of intense singing immediately upon an increase in ambient light. Given 30 

the simplicity of this “rebound singing” mechanism and its independence from social interactions and 31 

non-light environmental cues, we propose that this mechanism may critically contribute to the dawn 32 

chorus in many avian species. Additionally, we found that rebound dawn singing accelerates morning 33 

changes in song structure, supporting the existing hypothesis that the dawn chorus functions as intensive 34 

vocal exercise to rapidly optimize song performance. Thus, birds may increase their singing motivation 35 

before dawn to compensate for the overnight lack of vocal exercise and, ultimately, to enhance their 36 

reproductive success. Together, our results provide a mechanistic explanation for the dawn chorus and 37 

offer insights into its adaptive function. 38 

 39 

 40 

Significance statement 41 

The intense singing of many bird species in the early morning is known as the dawn chorus and is widely 42 

recognized as a prominent biological indicator of daybreak, yet the underlying mechanisms of this 43 

phenomenon remain surprisingly poorly understood. We investigated the behavioral and physiological 44 

mechanisms of the dawn chorus in captive songbirds and demonstrated that the suppression of 45 

spontaneous singing by pre-dawn darkness induces a rebound of intense singing at dawn. We propose that 46 

this rebound singing mechanism may broadly underlie the dawn chorus across bird species. We also 47 

obtained experimental evidence supporting the hypothesis that the dawn chorus functions as intensive 48 

vocal exercise to rapidly optimize song performance after overnight silence.  49 

 50 

  51 
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Main Text 52 

Introduction   53 

The dawn chorus, the intense singing of many bird species early in the morning, has been 54 

recognized since ancient times as one of the most prominent biological indicators of daybreak. It is 55 

observed daily during the breeding season across diverse habitats worldwide1,2, fascinating researchers, 56 

birders, and the general public alike. Despite its ubiquity and prominence, however, the underlying causes 57 

of this phenomenon remain surprisingly poorly understood. To date, more than ten different hypotheses 58 

have been proposed to explain the dawn chorus, but no consensus has yet been reached1,2, leaving it a 59 

major unresolved mystery in the field of animal behavior. 60 

Importantly, the majority of studies regarding the dawn chorus have focused on its adaptive 61 

functions, that is, the ultimate causes. Although a comprehensive understanding of animal behavior 62 

requires the elucidation of proximate causes, such as behavioral and physiological mechanisms, as well as 63 

ultimate causes3,4, empirical research directly addressing the proximate mechanisms of the dawn chorus is 64 

very scarce and primarily observational. In particular, while it has been reported that the timing and 65 

intensity of the dawn chorus are associated with various factors, such as melatonin levels, ambient light 66 

levels, and the presence of a female mate1,2,5, it remains largely unclear to what extent and how these 67 

factors interact to elicit the dawn chorus. A recent study showed that daytime darkness during a solar 68 

eclipse triggers the dawn chorus in many bird species6, suggesting a critical role of ambient light changes 69 

in driving this phenomenon. However, the inherent limitations of solar eclipses make it difficult to 70 

investigate the underlying mechanisms in detail. 71 

One major reason why the mechanisms underlying the dawn chorus remain poorly understood is 72 

the difficulty of controlling environmental factors and performing detailed behavioral and physiological 73 

measurements and manipulations in field settings. On the other hand, in the laboratory, it is challenging to 74 

induce birds to exhibit singing behavior that is regarded as equivalent to the dawn chorus observed in the 75 

wild. Here, we report that the zebra finch (Taeniopygia guttata), a widely used model organism in life 76 

science research7, exhibits dawn singing behavior under laboratory conditions that shares key features 77 

with the natural dawn chorus. We then elucidate the mechanisms by which this dawn chorus-like singing 78 

arises from the interaction between ambient light conditions and the circadian rhythm of melatonin, 79 

independently of social interaction. Furthermore, we investigate the functional role of this behavior by 80 

testing the existing hypothesis that the dawn chorus serves as intensive vocal exercise to rapidly optimize 81 

song performance8–10. 82 

 83 

 84 

Results 85 
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Captive zebra finches exhibit dawn chorus-like intense singing when morning lights-on time is 86 

delayed. 87 

Male zebra finches housed alone in sound recording chambers spontaneously produce hundreds 88 

of songs per day (referred to as “undirected singing”) under light conditions, but virtually no songs under 89 

complete darkness11. A previous study demonstrated that temporarily suppressing undirected singing by 90 

turning off the lights during the daytime induces intense singing immediately after the lights are turned on 91 

and the suppression is lifted12. Since this suppression-driven intense singing resembles a typical dawn 92 

chorus, we hypothesized that this suppression-driven mechanism may underlie the dawn chorus. As the 93 

first step to test this idea, we examined whether suppression-driven intense singing occurs even in the 94 

morning following the dark period at night. In particular, given that the magnitude of suppression-driven 95 

singing strongly depends on the duration of suppression12,, we predicted that extending or shortening the 96 

night period by delaying or advancing the morning lights-on time (LT) relative to the regular LT would 97 

enhance or attenuate morning singing activity, respectively (Fig. 1A; the delay and advancement of LT 98 

were randomized on a daily basis). Although birds exhibited slight increases in singing rate relative to 99 

baseline even after the regular LT (0h LT in Fig. 1A-D & S1), these increases were markedly enhanced 100 

when the LT was delayed by 3 hours (+3 h LT in Fig. 1A–D & S1, Movie S1), resulting in intense singing 101 

resembling the dawn chorus. In contrast, almost no transient increases in singing rate were observed when 102 

the LT was advanced by 3 hours (−3 h LT in Fig. 1A–D, Movie S2). Moreover, birds began singing 103 

sooner after the delayed LT than after the advanced LT (Fig. 1E). These results demonstrate that dawn 104 

chorus-like intense singing can be induced in socially-isolated songbirds simply by delaying the morning 105 

LT.  106 

 107 

Birds begin to sing in dimmer light conditions when LT is delayed. 108 

In addition to intense singing in the morning, the early onset of singing under dim light at dawn is 109 

another key feature of the dawn chorus in wild birds1,2. We found that such early singing onset under dim 110 

light conditions can also be induced by delaying the morning LT. We modified the morning lighting 111 

paradigm to mimic natural dawn conditions: Instead of the abrupt lighting used in the previous 112 

experiment, the light level was gradually increased over a 2-h period (see Methods), and this “gradual 113 

lighting period” was either delayed or advanced by 3 h relative to the regular LT (Fig. 2A-B). When the 114 

gradual lighting period was delayed by 3 h (+3h LT), birds began singing earlier within the gradual 115 

lighting period compared to when the gradual lighting period was advanced by 3 h (-3h LT) (Fig. 2B-D), 116 

indicating that singing initiation occurred under lower light levels when the morning LT was delayed. 117 

Taken together, these results suggest that delaying the LT can induce both intense singing at dawn and 118 

singing onsets under dim light conditions, which are two major features of the dawn chorus. 119 

 120 
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Birds wake up well before the delayed LT and their motivation to sing increases while spontaneous 121 

singing is being suppressed by darkness. 122 

 Why do birds exhibit dawn chorus-like singing when the LT is delayed? Given that a similar 123 

pattern of intense singing occurs following temporary singing suppression by lights-out during the 124 

daytime12, we hypothesized that birds are mostly awake during the dark period before the delayed LT and 125 

that their motivation to sing increases while singing is being suppressed by darkness, subsequently 126 

producing intense singing as a ‘rebound’ from the suppression. To test this idea, we monitored the birds’ 127 

movements in darkness before the LT (with the abrupt lighting paradigm described in Fig. 1A) using 128 

infrared cameras mounted above individual cages (Fig. 3A-B). We found that birds moved actively during 129 

the 3-h period prior to the delayed LT (+3h LT in Fig. 3C-E, Movie S3), but exhibited little movement 130 

before the advanced LT (-3h LT in Fig. 3C-E, Movie S4). These results provide evidence that birds are 131 

mostly awake during the dark period before the delayed LT but not before the advanced LT.  132 

Although these results suggest higher arousal levels of the birds before the delayed LT, it does not 133 

necessarily indicate that they are highly motivated to sing at that time. To assess the singing motivation in 134 

the dark period before the LT more directly, we trained the birds to press a lever that triggered a 10-sec 135 

period of lighting (Fig. 3F, Movie S5). Since zebra finches sing almost exclusively under light conditions 136 

and not in darkness11, the frequency of lever presses is likely to reflect, at least to some extent, the levels 137 

of singing motivation as well as the arousal levels. When the LT was delayed or advanced by 3 h with the 138 

abrupt lighting paradigm, birds frequently pressed the lever and sang before the +3h LT, but only rarely 139 

before the -3h LT (Fig. 3G-I). These results support the idea that birds are highly motivated to sing in the 140 

dark before the delayed LT but not before the advanced LT. Given that suppression of undirected singing 141 

by darkness during the daytime increases intrinsic singing motivation and results in intense rebound 142 

singing immediately after the suppression is lifted12, these results provide evidence that dawn chorus-like 143 

singing is driven by a rebound mechanism from dark-induced singing suppression before the delayed LT.  144 

We also investigated the hormonal mechanisms underlying early awakening before the delayed 145 

LT. In zebra finches, plasma concentrations of melatonin, a hormone that regulates the sleep-wake cycle 146 

in vertebrates13, are relatively high during the night and drop sharply to daytime levels approximately 0.5–147 

2 hours before the regular LT14. This pre-dawn drop in melatonin levels roughly coincides with the early 148 

awakening of birds before the delayed LT. Based on these findings, we hypothesized that birds wake up 149 

well before the delayed LT due to hormonal regulation including the early melatonin drop but are 150 

suppressed from singing by darkness, leading to an increase in singing motivation and eventually dawn 151 

chorus-like singing immediately after the LT. To test this hypothesis, we systemically administered the 152 

selective melatonin receptor antagonist luzindole 5 h before the regular LT and assessed whether this 153 

would induce dawn chorus-like singing. We found that birds began singing earlier after luzindole 154 

administration compared to saline administration (paired t-test: t(7) = 2.79, p = 0.0269; Fig. 3J), although 155 
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the initial singing rates following the LT did not significantly differ between the two treatments (t(7) = 156 

1.162, p = 0.284). These results suggest a key role of the early drop in plasma melatonin levels prior to 157 

the LT in inducing dawn chorus-like singing, thus supporting our hypothesis that the early morning 158 

awakening that is responsible for dawn chorus-like singing is caused by melatonin-related hormonal 159 

regulation. 160 

 161 

Captive zebra finches housed under semi-natural conditions exhibit dawn chorus. 162 

Although the suppression-driven rebound singing observed after the delayed LT in socially 163 

isolated zebra finches housed under artificial light conditions resembles the dawn chorus that is generally 164 

observed in many bird species in the wild, it is unclear whether these two phenomena are based on the 165 

same mechanisms. While zebra finches have been extensively studied in laboratory settings for life 166 

science research, to our knowledge, no studies have reported the dawn chorus in wild zebra finches.  167 

To investigate whether the dawn chorus-like singing that we observed is closely related to the 168 

dawn chorus that is generally observed in the wild, we recorded the vocal activity of captive zebra finches 169 

housed with conspecifics in an aviary exposed to natural light through large windows over a 20-day 170 

period from mid-September to early December in 2022. In these birds kept under social and natural light 171 

conditions (with almost constant temperature and humidity), the onset of their morning vocal activity 172 

appeared to vary depending on sunrise time and weather conditions (Fig. 4A), suggesting that light levels 173 

in the aviary critically influence morning vocal behavior. To determine whether these birds exhibited 174 

dawn chorus-like vocal activity, we accounted for variations in sunrise time and weather conditions by 175 

aligning the vocal activity data to a "dawn reference time (DRT)," defined as the time when light levels in 176 

the aviary surpassed a predetermined threshold (see Methods). This analysis revealed a marked increase 177 

in vocal activity around the DRT, followed by a gradual decline (Fig. 4B–C), resembling the typical dawn 178 

chorus observed in wild birds. Furthermore, detailed analysis of this morning vocal activity showed a 179 

relationship between dawn timing and the onset of morning vocalizations consistent with our findings in 180 

socially isolated birds under artificial lighting (Fig. 1 & 2). Specifically, during the first 10-day recording 181 

period, in which both DRT and sunrise occurred relatively early, the average vocal activity tended to have 182 

a peak that was later than that during the subsequent 10-day period (Fig. 4B-C). Also, when the DRT 183 

occurred later due to seasonal changes and weather conditions, vocal activity around the DRT tended to 184 

be greater (Fig. 4D) and to start earlier (Fig. 4E). These findings in the birds under social and natural light 185 

conditions are consistent with the earlier onset and greater amplitude of morning singing after delayed LT 186 

observed in the birds under socially isolated and artificial light conditions (Fig. 1 & 2), suggesting similar 187 

mechanisms of dawn vocal activity in the two conditions. Given these results, we suggest that zebra 188 

finches in the wild may produce the dawn chorus through the suppression-driven rebound mechanisms 189 

identified in captive birds.  190 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2026. ; https://doi.org/10.1101/2025.09.29.679172doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.29.679172
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 

 

     191 

Dawn singing accelerates morning changes in song structure. 192 

Our results so far have revealed the behavioral and hormonal mechanisms (i.e., the proximate 193 

cause) underlying dawn singing: In the birds that woke up well before LT, suppression of spontaneous 194 

singing by pre-dawn darkness increases singing motivation, leading to intense rebound singing shortly 195 

after the LT. We further investigated why this pre-dawn singing suppression increases singing motivation 196 

and induces rebound singing, which is the adaptive function (i.e., the ultimate cause) of dawn singing. 197 

Recent studies in wild songbirds have demonstrated that song performance improves through dawn 198 

singing in a rate-dependent manner, leading to the "warm-up hypothesis" to explain the functional role of 199 

the dawn chorus8–10. This hypothesis posits that high-rate dawn singing serves as an intensive vocal 200 

exercise that rapidly optimizes song performance to compensate for the lack of singing at night, providing 201 

an advantage in mate attraction and territory defense and ultimately increasing reproductive success. 202 

Since daily singing of captive adult finches has been repeatedly shown to serve as vocal exercise (or 203 

practice) to optimize and maintain song performance15–22, we wondered if the warm-up hypothesis might 204 

also apply to dawn singing in captive zebra finches. To test this, we analyzed possible changes in song 205 

structure during morning singing in the songs recorded under the shifted LT conditions shown in Fig. 1, 206 

and examined whether intense dawn singing accelerates such morning song changes.  207 

We examined potential changes in morning song structure by comparing each song produced 208 

during the first hour after LT with all songs produced during the second hour in each LT condition (see 209 

Methods). Comparisons were made for each song syllable (n = 18 different syllables from 6 birds) by 210 

calculating mean acoustic distances in acoustic feature space (cosine distance, see Methods). In both the -211 

3h LT and +3h LT conditions, many syllables showed gradual decreases in acoustic distance during the 212 

first hour (i.e., negative slopes of the acoustic distance trajectories; Fig. 5A-B), indicating substantial and 213 

monotonic changes in acoustic structure during morning singing. If these song changes were caused by 214 

the act of singing rather than simply by the passage of time, the speed of the song changes should depend 215 

on the singing rate during that period. Consistent with this prediction, we found that the slopes of song 216 

changes over the first 30 min were significantly steeper in the +3h LT condition, where intense dawn 217 

singing occurred, than in the -3h LT condition (Fig. 5A-B and Table S1). Moreover, the slopes were 218 

significantly correlated with normalized singing rate during the same period (the number of syllable 219 

renditions in the first 30-min period normalized to that in the first 2-h period) (Fig. 5C and S2). These 220 

results suggest that morning song structure changed as a function of recent singing activity and that such 221 

changes were accelerated by intense dawn singing. This conclusion was further supported by the findings 222 

that, when acoustic distances were plotted as a function of syllable order instead of time, there was no 223 

significant difference in the slopes between the -3h and +3h LT conditions (Fig. 5D-E and Table S2). In 224 
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summary, these findings are consistent with the warm-up hypothesis that dawn singing functions as an 225 

intensive vocal exercise that rapidly optimizes song performance following overnight silence. 226 

 227 

 228 

Discussion 229 

 In contrast to the extensive research on the adaptive functions of the dawn chorus, studies on its 230 

underlying mechanisms have been limited and primarily observational1,2,5. Our findings of suppression-231 

driven rebound singing provide experimental evidence that directly explains the behavioral and 232 

physiological mechanisms of the dawn chorus in zebra finches. Specifically, we show that birds wake up 233 

in the dark well before dawn, likely mediated by hormonal mechanisms involving melatonin, and their 234 

intrinsic motivation to sing increases while spontaneous singing is suppressed by darkness. When ambient 235 

light levels increase at dawn, this suppression is lifted, triggering rebound singing characterized by an 236 

early singing onset and a high singing rate, the two defining features of the dawn chorus. Importantly, 237 

these rebound mechanisms operate independently of social interactions and environmental cues other than 238 

ambient light. On this basis, we propose that similar mechanisms may critically contribute to the dawn 239 

chorus across many avian species, although its expression is likely to be shaped by species-specific 240 

ecological and social factors.  241 

 Our findings of suppression-driven rebound singing in captive zebra finches are remarkably 242 

consistent with the recent report of dawn chorus-like vocal behavior observed in many species of wild 243 

birds after the daytime darkness caused by a solar eclipse6. Both behaviors are caused solely by changes 244 

in ambient light levels and are likely independent of other factors previously hypothesized to contribute to 245 

the dawn chorus, such as non-light environmental conditions, social interactions with conspecifics, 246 

predation risk, food availability, and the time of day1,2,5. This consistency between the two studies 247 

strongly supports the idea that rebound singing is the fundamental mechanism underlying the dawn 248 

chorus observed across many bird species. Although the solar eclipse produced relatively short darkness 249 

(totality lasted for about 4 minutes) compared to the darkness that induces rebound singing in captive 250 

zebra finches12, this difference is likely attributable to interspecies differences in baseline singing 251 

motivation and its enhancement by darkness, as evidenced by the varying effects of solar eclipses on 252 

vocalization rates among different species6. 253 

A key aspect of the rebound singing mechanisms is the time lag between when birds wake up and 254 

when light intensity rises (the LT). During this time lag, birds are awake but suppressed from singing by 255 

darkness and their intrinsic singing motivation appears to increase depending on the duration of the time 256 

lag, just as in birds that are suppressed from singing by lights-out during daytime12. This suppression-257 

dependent increase in singing motivation is reminiscent of and consistent with the so-called “Lorentz’s 258 

psychohydraulic model”, in which a reservoir of motivational impulse builds up and is ultimately released 259 
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by appropriate environmental stimuli23. Although mechanisms underlying this motivational increase 260 

remain largely unclear, a brain region and neuromodulators related to singing motivation have recently 261 

been reported12,24,25. On the other hand, the mechanisms by which birds awaken before the LT likely 262 

involve hormonal regulation including a drop in plasma melatonin levels from early night levels14, which 263 

is caused by a circadian clock even in the absence of light inputs26,27. A similar trend of decreased 264 

melatonin levels during the late night phase has been reported in songbirds other than zebra finches, 265 

although the timing of those changes is unclear28–31. Also, in wild songbirds, nighttime melatonin 266 

concentrations are positively associated with the onset time of early morning behaviors including dawn 267 

singing30,32. Thus, it is reasonable to assume that the rebound mechanisms revealed in captive zebra 268 

finches are applicable to the dawn chorus in other songbird species. Whereas the circadian secretion of 269 

melatonin has been hypothesized to regulate the timing of the dawn chorus1,2, a number of studies have 270 

suggested that the dawn chorus timing is strongly influenced by light inputs to the birds, such as intensity 271 

of morning light and the size of birds’ eyes33–36. Our findings reconcile these seemingly contradictory 272 

ideas and provide a clear explanation of the mechanisms by which the circadian regulation of melatonin 273 

and light inputs interact to determine the timing of the dawn chorus as well as its magnitude. 274 

 In addition to addressing the proximate mechanisms of the dawn chorus, our results provide 275 

insight into its potential functional significance. The acceleration of morning song changes by intense 276 

dawn singing is consistent with the warm-up hypothesis previously proposed for wild birds8–10. This 277 

hypothesis posits that dawn singing serves as intensive vocal exercise that rapidly optimizes song 278 

performance to compensate for the overnight lack of singing, ultimately enhancing reproductive success. 279 

Importantly, our data do not directly address whether such structural changes are functionally adaptive or 280 

preferred by females. Since our analysis focused on changes in song structure rather than performance 281 

evaluation or reproductive outcomes, further research is necessary to demonstrate whether these changes 282 

constitute improvements with functional consequences in zebra finches. Nevertheless, several previous 283 

studies support the notion of song improvement. For example, in juvenile zebra finches in the process of 284 

song development, song structure deteriorates overnight and then dramatically improves (i.e., approaches 285 

to their final adult song) through morning singing37. Also, even in adult zebra finches, which normally 286 

produce songs with stable overall structure, song performance defined as the degree of female’s 287 

preference to that song significantly decreases by prolonged suppression of daily singing and gradually 288 

recovers after singing is resumed15,16. Thus, it is reasonable to suggest that our results of dawn chorus-289 

dependent song changes represent improvement in song structure. Moreover, based on the studies 290 

examining the recovery of adult song after suppression-induced deterioration15,16, it is likely that dawn 291 

chorus-dependent song improvement is caused largely by vocal exercise and resulting physiological 292 

changes in the muscles of the vocal system, rather than auditory feedback-dependent adjustments of 293 

motor circuits. Given that the rebound singing mechanism revealed here also is independent of auditory 294 
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feedback, these functional and mechanistic hypotheses could, in theory, explain the dawn chorus not only 295 

in oscine birds, which develop their songs through audition-dependent learning, but also in suboscine 296 

birds and other avian species that exhibit the dawn chorus with innate vocalizations. 297 

 While the rebound singing hypothesis combined with the warm-up hypothesis offers a novel 298 

perspective on the mechanisms and functions of dawn chorus, it does not necessarily contradict the 299 

existing hypotheses about dawn chorus. In fact, the rebound singing and warm-up hypotheses can explain 300 

many dawn chorus-related findings that support the existing hypotheses. For example, previous studies 301 

have reported that the extent of the dawn chorus (e.g., singing duration and timing of the first song) is 302 

associated with specific reproductive stages such as the female fertility period and also correlated 303 

positively with reproductive success (see1,2 for review). Based on these findings, it has been proposed that 304 

the dawn chorus represents an honest signal of male quality38–40 and directly regulates female 305 

reproductive behavior around dawn41,42. The warm-up hypothesis states that the dawn chorus functions to 306 

rapidly optimize the quality of song performance, which is critical for mate attraction when produced in 307 

courtship context. Thus, it is possible that birds exhibit greater dawn chorus at the female fertility period 308 

in order to optimize song performance as early as possible in the morning and to maximize their mating 309 

success. The rapid song optimization by the dawn chorus could also be advantageous in territory defense 310 

for many territorial species. Although they need to defend their territories throughout the day, they may 311 

rapidly optimize their song performance through the dawn chorus early in the morning to prepare for the 312 

territory invasion by other birds. This view is consistent with a previous study that the extent of the dawn 313 

chorus is affected by territorial intruders43 and also explains the fact that many songbird species show the 314 

dawn chorus even after the female fertility period. Additionally, because birds exhibiting more intense 315 

dawn chorus are likely to have higher motivation, not only for singing, but also for other reproductive 316 

behaviors, such higher motivation for non-singing behaviors could also contribute to higher reproductive 317 

success. Moreover, our rebound singing hypothesis aligns with the unpredictable overnight-condition 318 

hypothesis as well, which proposes that birds sing intensely at dawn to expend the surplus of energy 319 

stored in preparation for unpredictable overnight conditions44. This hypothesis is supported by findings 320 

that greater food availability leads to a more pronounced dawn chorus45–47. Since food availability 321 

positively affects birds’ nutritional state and overall singing motivation, as shown in captive zebra 322 

finches24, sufficient food availability could amplify the dawn chorus by elevating overall singing 323 

motivation and enhancing suppression-driven rebound singing. 324 

Given that our experiments were conducted under laboratory conditions and considering the 325 

unique characteristics of the zebra finch as a non-territorial and opportunistic breeder, further research is 326 

needed to determine whether the rebound-singing and warm-up hypotheses apply to the dawn chorus in 327 

many other songbird species. In particular, although territorial birds may also exhibit the dawn chorus 328 

through similar rebound mechanisms, its primary function may involve re-establishing territory 329 
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boundaries and social relationships with neighbors48, either in addition to or instead of the rapid 330 

optimization of song performance. Because it is often difficult to determine whether wild birds are 331 

singing for vocal exercise and/or for other purposes such as territory defense and social interactions, 332 

clarifying the specific functional roles of the dawn chorus remains challenging in the field. In contrast, the 333 

behavioral mechanisms underlying the dawn chorus, including rebound singing, are more readily testable. 334 

Even in field settings, the relationship between the intensity of the dawn chorus and the time of dawn 335 

could be examined, as in our experiments with captive zebra finches under natural light conditions (Fig. 336 

4). Furthermore, investigating when birds wake up before dawn and whether this timing correlates with 337 

subsequent singing intensity would be essential. Such studies will help elucidate the universal 338 

mechanisms driving the dawn chorus and potentially reveal broader principles of avian biology related to 339 

singing behavior. 340 

 341 

 342 

Materials and Methods 343 

Subjects 344 

The subjects used for song recording under socially isolated and artificial light conditions were 345 

adult male zebra finches (Taeniopygia guttata, 87–260 dph) bred in the songbird facility at the Korea 346 

Brain Research Institute (KBRI). They were raised with their parents and siblings until ~60 dph and then 347 

housed with their siblings and/or other males conspecifics until the experiments started. Their care and 348 

treatment were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at 349 

the KBRI. The subjects used for recording vocal activity under social and natural light conditions were 350 

adult male and female zebra finches bred in the songbird facility at the Teikyo University. Their care and 351 

treatment were reviewed and approved by the Animal Care and Use Committee there. All experimental 352 

procedures were carried out in compliance with the ARRIVE guidelines49. 353 

 354 

Song recording 355 

For the experiments with song recording under socially isolated and artificial light conditions, 356 

each bird was housed in a sound-attenuating and light-proof chamber (MC-050, Muromachi Kikai, or 357 

custom-made chambers) throughout the experiment. Songs were recorded using a microphone (PRO35, 358 

Audio-Technica) positioned above the cage and a custom-written song recording program (tRec, R. O. 359 

Tachibana). Output from the microphone was amplified by a mixer (402-VLZ4, Mackie) and digitized via 360 

an audio interface (Octa-Capture UA-1010, Roland) at 44.1-kHz (16-bit). Recorded signals were down-361 

sampled to a sampling rate of 32-kHz. Recording was triggered if the program detected 3 or 4 consecutive 362 

sound notes, each of which was defined based on sound amplitude, duration, and intervening gap 363 

duration; those parameters for triggering sound recording were optimized for each bird so as to record all 364 
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songs produced. Each recording ended if a silent period lasted longer than 0.5 sec (i.e. each song file 365 

contains a single “song bout” that is separated from other bouts by >0.5-sec silent periods). Songs were 366 

recorded throughout the day, and all song recordings were of undirected song (i.e. no female was present). 367 

Birds with sufficient singing rates (>300 song bouts per day) were used for the experiments. The 368 

procedures to record vocal activity of the birds housed under social and natural light conditions and to 369 

analyze the recorded vocal activity are described below. 370 

 371 

Manipulation of light-dark schedule and illumination level 372 

 Birds for the experiments under socially isolated and artificial light conditions (Figs 1-3) were 373 

bred and kept on a constant 14:10hr light:dark (LD) cycle (with abrupt light-dark transitions) in the bird 374 

colony and after being transferred to the sound-attenuating chambers for > 5 days until the experiments 375 

began. During the experiments, we used two different lighting protocols. For the “abrupt lighting” 376 

experiment, the time of abrupt dark-light transition (the lights-on time, LT) was shifted daily ±3-h from 377 

the original 14:10hr LD cycle; birds underwent the -3hr, 0hr, and +3h LT conditions in a randomized 378 

order (neither the -3h LT nor the +3h LT condition was administered on consecutive days to prevent the 379 

birds from adapting to the LT condition). Each condition was administered multiple times (ranging from 380 

4 to 8 trials). For the “gradual lighting” experiment, the illumination level was exponentially increased 381 

with 12 steps over 2 hr (10-min period for each step) using LED lights with an Arduino-based control 382 

unit; the illumination level of the 12th step was approx. 350 lux, and it was followed by a constant 383 

illumination level equivalent to the one used for regular light periods (approx. 500 lux). This 2-hr gradual 384 

lighting period was shifted daily ±3-h in a randomized order just as for the abrupt lighting experiment. 385 

Illuminance was measured at the center of the experimental cages using a light meter (Tenmars, TM-205).  386 

 387 

Song analysis 388 

To analyze singing activity recorded in sound-attenuating chambers, we screened all sound files 389 

recorded during the time periods of interest to exclude non-song files using a semi-automated method 390 

previously described12. Briefly, we sorted song files (sound files that include at least one full motif of 391 

song) and non-song files by focusing on temporal trajectories of sound amplitude (amplitude envelopes) 392 

and those of Weiner entropy, both of which are highly stereotyped across motif renditions and clearly 393 

distinct from other sounds including non-song vocalizations. We calculated the maximum correlation 394 

coefficients (mCCs) of amplitude envelopes and that of entropy trajectories between a canonical song 395 

motif and all sound files recorded, and excluded files that had mCCs for both amplitude envelopes and 396 

entropy trajectories below certain thresholds as non-song files. We then visually inspected spectrograms 397 

of those excluded files to ensure that no song files were excluded from the song dataset to be analyzed. 398 
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To quantify the magnitude of dawn chorus-like singing activity, we used two measures, the initial 399 

singing rate and first song latency16. The initial singing rate was measured as the mean singing rate over a 400 

1-hr period starting at the onset of the first song produced in the morning for each trial and averaged 401 

across trials with the same LT. The initial singing rate was then normalized to the baseline singing rate, 402 

which was cross-trial and cross-LT average of the mean singing rate over the 30-min period starting at 90 403 

min after the morning LT. We also plotted time courses of singing activity by measuring instantaneous 404 

singing rates using 3-min bins and averaged across trials with the same LT. The average instantaneous 405 

singing rates were then normalized by the baseline singing rates. The first song latency was measured in 406 

the abrupt lighting experiments as the time interval from the LT to the onset of the first song recorded in 407 

the morning. The latencies were then averaged across trials with the same LT. 408 

To investigate morning changes in song structure, songs recorded in the -3h LT and +3h LT 409 

conditions were segmented into syllables using a custom program on Matlab based on the following 410 

parameters: amplitude, minimum and maximum syllable duration, and minimum and maximum 411 

frequency. These parameters were manually adjusted for each bird. From individual syllables, 8 time-412 

varying acoustic features (centroid, spread, skewness, kurtosis, flatness, slope, pitch, goodness of pitch) 413 

and 2 other features (amplitude and duration) were extracted and projected onto a two-dimensional space 414 

by dimensionality reduction algorithm t-SNE (t-distributed Stochastic Neighbor Embedding). Syllables 415 

were then manually labelled based on clusters formed on the two-dimensional space. All labeled syllables 416 

were manually checked and incorrect labels were corrected. For the syllables that had stereotyped 417 

temporal structure across renditions, morning changes in acoustic structure were examined in each LT 418 

condition by comparing each syllable rendition produced during the first hour after LT with all syllable 419 

renditions produced during the second hour (the reference period) and by averaging their acoustic 420 

distances. The acoustic distance was quantified as cosine distance computed using the within-syllable 421 

mean, standard deviation, and mean absolute derivative of the 8 acoustic features and amplitude described 422 

above. The acoustic distances of individual syllable renditions were plotted as a function of time after LT 423 

and the local means over a sliding window of ±10 min durations were computed with 1-min increments. 424 

Slopes of the local mean changes over the first 30-min period starting at the first rendition were compared 425 

between the -3h and +3h LT conditions. The same acoustic distance data were also plotted as a function 426 

of syllable order instead of time, and slopes of the local mean changes were compared between the 2 427 

conditions. Additionally, the slopes of acoustic distances were plotted against the number of syllable 428 

renditions recorded during the first 30-min period normalized to the number of renditions recorded during 429 

the first 2-h period to examine correlations between them. 430 

 431 

Recording and analysis of bird movements 432 
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In the birds that underwent the ±3h LT conditions with the abrupt lighting paradigm, their 433 

movements in the dark before the LT were monitored using infrared cameras (SQ12, Mrs Win, and UI-434 

3040CP Rev. 2, iDS imaging) positioned on the top of the individual cages. Infrared LED lights were also 435 

positioned ~10 cm above the cages and they were on during the night dark period. Each recording session 436 

spanned 3 hours, finishing at the LT (-3h, 0h, or +3h LT). To increase the precision of movement 437 

tracking, a small fluorescent sticker was affixed on the top of each bird’s head. Movements of the birds’ 438 

heads were tracked using the machine learning software DeepLabCut50, and their travel distances were 439 

calculated over 10-min time bins. Mean travel distances over the 3-h period were calculated for each LT 440 

condition and compared across different LT conditions. 441 

 442 

Operant lever-pressing task for lighting 443 

To examine the level of motivation in the dark to seek light conditions that allow birds to sing, we 444 

trained birds to press a lever that is associated with the activation of ambient light. Birds were kept 445 

individually in an experimental cage that was placed in a sound-attenuating and light-proof chamber 446 

throughout the experiments. On the ceiling of the chamber, white LED lights were installed in addition to 447 

the built-in lights of the chamber. In the cage, a lever switch (Omron Electronics, SS-01GL111-E) was 448 

placed on the rear wall near a perch, and a small red LED was also placed on the rear wall above the 449 

lever. Throughout the experiment, including day and night, pressing the lever immediately activated the 450 

white LED lights for 10 seconds, and the timing of lever pressing by the bird was recorded; the small red 451 

LED was always lit so that the lever location could be identified in the dark. Undirected songs were also 452 

recorded throughout the experiment using a microphone positioned above the cage. Birds were initially 453 

housed in the experimental cage with the lever operational on a regular 14/10 light-dark (LD) cycle for 454 

more than 7 days for the purpose of habituating the bird to the experimental apparatus and having them to 455 

learn the association between lever pressing and activation of white LED lights. Subsequently, we 456 

introduced the behavioral paradigm of shifting the morning LT described above (the “abrupt lighting 457 

experiment”): birds underwent -3hr, 0hr, and +3h LT in a randomized order. Each condition was 458 

administered multiple times (ranging from 4 to 7 trials). The frequencies of lever pressing and of song 459 

bouts over the 3-h period before the LT were averaged across trials and compared across different LT 460 

conditions. 461 

 462 

Luzindole injections 463 

A potential role of melatonin in morning singing was examined using luzindole (Tocris, 0877), a 464 

competitive melatonin MT1/MT2 receptor antagonist51. Luzindole was stored as stock solution in DMSO 465 

(40 mg/ml) at −20 °C and diluted in PBS before use (2 mg/ml). Birds were kept on a regular 14/10 LD 466 

cycle with abrupt light-dark transitions, and injected subcutaneously with luzindole (5.0 mg/kg) or PBS 5 467 
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h before the LT. Each bird received 4 injections for both luzindole and PBS in a randomized order (a 468 

single injection per day). Undirected songs were recorded throughout the experiment, and morning 469 

singing was analyzed by focusing on the first song latency and initial singing rate. Results were averaged 470 

across trials for each bird.  471 

 472 

Recording and analysis of vocal activity of the birds under social and natural light conditions 473 

To examine morning vocal activity under social and natural light conditions, audio and video 474 

recordings were made in the zebra finch aviary at Teikyo University, which has large glass windows that 475 

let in natural light from outdoor, for 20 days intermittently from September 16th to December 2nd, 2022. 476 

In the aviary, ~90 zebra finches were housed in 18 cages (8 cages for breeding pairs and 10 cages for 477 

adult birds with the same sex) that were placed in a metal rack (4 cages x 3 tiers) near the windows. 478 

Audio recordings were made using a microphone (PRO35, Audio-Technica) placed in the middle of the 479 

cage rack and connected to an audio interface (Octo-Capture UA-1010, Roland) for digitization at 44.1 480 

kHz (16 bit). To capture vocal sounds, we used a custom-made recording program, which started sound 481 

recording when it detected 5 successive sound notes, each of which reached predefined thresholds of 482 

amplitude and duration, and ended when it detected a silent period lasted >0.8 sec. This recording system 483 

captured mostly vocal sounds (i.e., songs and calls), but non-vocal sounds such as cage noises and wing-484 

flapping sounds were occasionally recorded. To measure vocal activity around dawn, we visually sorted 485 

the files that contain vocalizations using Avisoft Saslab (Avisoft Bioacoustics), and calculated the number 486 

of the files recorded during 1-min time bins over the time period from 4:00 to 7:30 am. The daily vocal 487 

activity data were then aligned relative to the “dawn reference time (DRT)”, which was defined as 488 

follows: During the periods of audio recordings, we simultaneously videotaped all cages and windows in 489 

the aviary using a wide-angle web camera (BSW200MGK, Buffalo) placed 80 cm away from the cage 490 

rack (frame rate, 16 Hz). On the recorded videos, the minute-by-minute changes in luminance for four 491 

window locations (10 x 10 pixels) were measured using Fiji (ImageJ, version 1.54f52). For each day, the 492 

time point when the luminance reached 200 was defined as the DRT, and the vocal activity data were 493 

aligned to the DRT. The aligned data were then averaged across days to obtain the average vocal activity 494 

patterns. We obtained sunrise times and whether conditions for individual experimental days at the 495 

website of the National Astronomical Observatory of Japan (https://eco.mtk.nao.ac.jp/cgi-496 

bin/koyomi/koyomix_en.cgi) and that of the Japan Weather Association 497 

(https://tenki.jp/past/2022/09/weather/). 498 

 499 

Statistics 500 

Statistical tests were performed using MATLAB (MathWorks) or R (R Core Team and R 501 

Foundation for Statistical Computing). To the differences in singing and lever-press activity across 502 
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different LT conditions, we used a Friedman’s test followed by Bonferroni corrected Durbin-Conover 503 

test. To examine the effects of different LT conditions on birds’ travel distances and the effects of 504 

luzindole administration on morning singing activity, we used a Wilcoxon signed-rank test and a paired t-505 

test, respectively. To assess the effects of different LT conditions on the slopes of morning song changes, 506 

we fitted a linear mixed-effects model predicting each syllable’s slope from LT condition (–3h LT vs +3h 507 

LT), while accounting for two levels of nesting: each bird has its own baseline (random intercept) and, 508 

within each bird, each syllable has its own baseline (another random intercept). A p-value of <0.05 was 509 

used as the criterion for statistical significance.  510 

 511 
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 657 

 658 

Fig. 1. dawn chorus-like intense singing can be induced in captive zebra finches by delaying the LT 659 

in the morning. (A) Daily schedules of light and dark periods with variable LT (-3h LT, 0h LT, and +3h 660 

LT). The 3 LT conditions were randomized on a daily basis. (B) Raster plots of song bouts (top) produced 661 

after -3h LT, 0h LT, and +3h LT, and corresponding singing rate histograms (bin size, 3 min) (bottom) in 662 

a representative bird. (C) Time course of instantaneous singing rate in the three different LT conditions 663 

(normalized to the baseline rate, mean ± SEM, n = 8 birds). (D) Initial singing rate in -3h, 0h, and +3h LT 664 

conditions (normalized to baseline singing rate); gray circles with lines indicate the data of individual 665 

birds (p = 0.005 for 3 conditions, Friedman’s test; **p = 0.005 for -3h LT vs. +3h LT, Bonferroni 666 

corrected Durbin-Conover test). (E) Latency to the first morning song in 3 LT conditions (p = 0.0003 for 667 

3 conditions; **p = 0.005 for -3h LT vs. +3h LT). 668 

  669 
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 670 

 671 

Fig. 2. Birds begin to sing in dimmer light conditions when LT is delayed. (A) Daily schedules of 672 

light and dark periods with gradual lighting. The 3 LT conditions were randomized on a daily basis. (B) 673 

Time course of light level changes during a gradual lighting period (top), raster plots of song bouts during 674 

gradual lighting periods in -3h LT, 0h LT, and +3h LT conditions (middle), and corresponding singing 675 

rate histograms (bottom) in a representative bird. (C) Time course of instantaneous singing rate in the 676 

three different LT conditions (normalized to the baseline rate, mean ± SEM, n = 8 birds). The horizontal 677 

axis represents the time relative to the first song in the 0h LT condition. (D) Relative light intensity of 678 

first song in -3h, 0h, and +3h LT conditions (p = 0.0008 for 3 conditions; **p = 0.008 for -3h LT vs. 679 

+3h). 680 
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 682 

Fig. 3. Birds are awake before the delayed LT and their intrinsic singing motivation increases while 683 

singing is being suppressed by darkness. (A) Daily schedule of light/dark periods and the 3-h periods of 684 

IR video recording (magenta lines). (B) Example IR video image of a bird in the dark. Magenta dot on the 685 

bird head indicates the point used to track bird’s movement. (C) Representative images indicating the 686 

positions of a bird during the 3-h dark periods immediately before the -3h, 0h, and +3h LTs (magenta 687 

lines in A). (D) Travel distances over the pre-LT 3-h periods (mean ± SEM across birds, normalized to the 688 

mean of 0h LT data for each bird). (E) Mean travel distances during the pre-LT 3-h periods, normalized 689 

to the 0h LT data, in individual birds (**p = 0.0078, Wilcoxon signed-rank test). (F) Schematics of 690 

operant conditioning paradigm to associate a lever press with a 10-sec period of lighting. (G) 691 

Representative plots of lever press activities (vertical bars) before and after the 3 different LTs. (H & I) 692 

The number of lever presses (H) and song bouts produced (I) before the 3 different LTs; lines represent 693 

the data of individual birds (averaged across trials) (n = 4 birds, p = 0.0324 and 0.038 for H and I, 694 

respectively, Friedman’s test). (J) The effect of the selective melatonin receptor antagonist luzindole on 695 
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first song latency. Note that birds started singing significantly earlier when injected with luzindole 696 

compared to saline (*p = 0.027, paired t-test).  697 
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 699 

 700 

Fig. 4. Captive zebra finches housed under social and natural light conditions exhibit dawn singing. 701 

(A) Vocal activity (number of vocalization files/min) recorded around dawn for 20 days from mid-702 

September to early December. Yellow lines, dawn reference time (DRT); pink lines, sunrise time. Letters 703 

on the right side of the actogram indicate the weather on individual days: S, sunny; C, cloudy; R, rainy. 704 

(B) Vocal activity aligned to DRT; Green and red vertical lines indicate the first and last 10-day periods 705 

analyzed for the data in C. Horizontal bar at the bottom indicates the period in which vocal activity on 706 

individual days were measured for the plot D. (C) DRT-aligned vocal activity averaged over the all 707 

recording days (black histogram), the first 10-day period (green dashed line) and the last 10-day period 708 

(red dashed line). (D) Vocal activity during the 20-min period around DRT (horizontal bar in B) plotted 709 

against DRT; circles represent the data of individual days. Note that vocal activity around DRT was 710 

greater on days with later DRTs. (E) Time of vocal activity onset relative to DRT plotted against DRT. 711 

Note that vocal activity tended to start earlier relative to DRT on days with later DRTs. 712 
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 714 

 715 

Fig. 5. dawn singing accelerates morning changes in song syllable structure. (A) Changes in acoustic 716 

distances of syllable structure in the renditions during the first hour after LT relative to the renditions 717 

during the second hour in -3h and +3h LT conditions for an example syllable. Gray dots and thick lines 718 

indicate the data of individual syllable renditions and their local mean trajectories, respectively; the local 719 

mean trajectories in the 2 conditions are overlaid in the rightmost plot. (B) Comparisons of the slopes of 720 

acoustic distance changes over the first 30 min between -3h and +3h LT conditions (n = 18 syllable types 721 

from 6 birds, t = 2.74, p = 0.0140, a linear mixed-effects model including random intercepts for bird 722 

identity and syllable; see Table S1). Each data point indicates a data from individual syllable type; 723 

different symbols represent different birds; Diagonal line indicates unity. (C) The same slope data in the 2 724 

LT conditions plotted against the singing rate during the first 30-min period (the singing rate was 725 

normalized to that in the first 2-h period). Blue and red symbols indicate data in -3h and +3h LT 726 

conditions, respectively; symbols are as in B (n = 36, pairwise linear correlation, ρ = -0.4445, p = 0.0066). 727 

(D) Acoustic distances of the same syllable as shown in A, plotted as a function of syllable order instead 728 

of time. Conversions are identical to those in A. (E) Comparisons of the slopes over the first 1000 729 

syllable renditions between -3h and +3h conditions (t = 0.35, p = 0.3509, linear mixed-effects model with 730 

random intercepts for bird identity and syllable; see Table S2).  731 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 17, 2026. ; https://doi.org/10.1101/2025.09.29.679172doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.29.679172
http://creativecommons.org/licenses/by-nc-nd/4.0/

