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ABSTRACT 23 

 24 

Complex motor skills take considerable time and practice to learn. Without continued practice the 25 

level of skill performance quickly degrades, posing a problem for the timely utilization of skilled 26 

motor behaviors. Here we quantified the recurring development of vocal motor skills and the 27 

accompanying changes in synaptic connectivity in the brain of a songbird, while manipulating 28 

skill performance by consecutively administrating and withdrawing testosterone. We demonstrate 29 

that a songbird with prior singing experience can significantly accelerate the re-acquisition of 30 

vocal performance. We further demonstrate that an increase in vocal performance is accompanied 31 

by a pronounced synaptic pruning in the forebrain vocal motor area HVC, a reduction that is not 32 

reversed when birds stop singing. These results provide evidence that lasting synaptic changes in 33 

the motor circuitry are associated with the savings of motor skills, enabling a rapid recovery of 34 

motor performance under environmental time constraints. 35 

  36 
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INTRODUCTION 37 

 38 

Complex motor skills, such as singing or playing an instrument, are not inherently determined but 39 

need to be acquired through repetitive practice. Many specialized skills are used only incidentally 40 

however, and skill performance degrades during intermittent periods of non-use. This means that 41 

skills need to be re-acquired each time the need arises. For example, trained human surgeons 42 

need to re-acquire their surgical proficiency after a period of absence (1), Capuchin monkeys 43 

need to acquire manipulative foraging skills to retrieve difficult-to-access, seasonally available 44 

food items (2), and songbirds need to re-develop high-quality songs to attract a mate after 45 

wintering or long-distance migration (3). Whereas learning novel motor skills is generally a 46 

lengthy process, the short-term availability of suitable mates and food items imposes a 47 

considerable time pressure on the re-acquisition of such specialized skills.  48 

Birdsong, an established model system for vocal motor learning (4), is characterized by a high 49 

degree of complex and rapid acoustic modulations. The fine motor skills that are necessary to 50 

produce such complex, high quality vocalizations are thought to advertise an individual’s quality 51 

through performance-related characteristics such as song complexity and/or production rate (5-8). 52 

When juvenile songbirds are one to two months old they start singing noisy, unstructured 53 

‘subsongs’ akin to human babbling (9), which gradually develop into variable, but recognizable 54 

species-specific ‘plastic songs’ (10-13). With extensive vocal rehearsal the songs slowly 55 

consolidate into high performance ‘crystallized songs’, a process that can take up more than five 56 

months in some songbird species (11). For adult songbirds that annually need to re-acquire their 57 

songs this process of juvenile song development greatly exceeds the time that is available to 58 

attract a mate during the early breeding season. Thus, adult songbirds must considerably speed-up 59 

song re-acquisition to quickly produce songs of adequate quality to impress conspecifics. It is 60 

currently unclear how songbirds cope with the seasonally imposed time pressure on song 61 

development, and what mechanisms may be involved to ensure reproductive success under such 62 

time constraints in nature. 63 

The seasonal development and degradation in vocal performance are highly correlated with 64 

changes in testosterone levels (14-17), and are often accompanied by gross anatomical and 65 

cytoarchitectural restructuring of the brain areas involved in song production (18-24). Thus 66 

testosterone-regulated adaptations of the songbird brain may play an important role in optimizing 67 
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song performance. In this study we used adult female canaries (Serinus canaria) to investigate 68 

how a periodically acquired motor behavior attains a high performance level under 69 

developmental time pressure. Although female canaries rarely sing spontaneously, and never 70 

produce high quality songs under natural conditions (25), the systemic application of testosterone 71 

leads to the development of high-performance song with male-typical features (26-28). This trait 72 

provides us with a well-defined behavioral baseline, and allows us to manipulate in detail the 73 

onset and offset of song development through repeated testosterone treatments.  74 

 75 

Here we demonstrate that during a protracted testosterone treatment, adult female canaries 76 

gradually develop stable, species-typical songs through a process of song crystallization similar 77 

to what is known for naturally-raised juvenile male canaries (13). Re-treatment with testosterone 78 

several months after birds have stopped singing, leads to a rapid recurrence of song performance 79 

with song features that strongly resemble those after the first treatment. We propose that once 80 

developed, vocal motor memories are retained for an extended period of time, enabling adult 81 

animals to recover song performance quickly at a later time, a process termed ‘savings’ (29). We 82 

further demonstrate that neurons in the songbird’s premotor nucleus HVC (proper name), a 83 

central nucleus in the brain circuitry that controls song production (30), irreversibly loses a 84 

significant number of dendritic spines during the initial testosterone-induced development of 85 

vocal skills. This state of reduced spine density is subsequently maintained over long periods in 86 

which testosterone levels are low and vocal skills are not used. The observed lasting synaptic 87 

pruning could play an important role in the formation of vocal skill savings, enabling birds to 88 

rapidly re-acquire song performance within a restricted time period. 89 

  90 
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RESULTS 91 

 92 

Testosterone-induced song development in female canaries 93 

 94 

To study the development of vocal skills in adult female canaries we recorded and analyzed the 95 

entire song ontogeny in acoustically separated animals (5.6 ± 0.6 million song syllables per bird), 96 

while manipulating song output by consecutively implanting, removing, and re-implanting birds 97 

with testosterone implants.  98 

Whereas no songs were observed prior to treatment, the systemic application of testosterone 99 

(T1+) stimulated birds to start singing their first songs after three days (3.22 ± 0.46 days). The 100 

phases of female song development were similar to those previously reported for male canaries 101 

(Figure 1) (11, 13, 31). The first subsongs were produced in an irregular fashion and consisted of 102 

unstructured syllables with few distinctive features. Songs gradually developed into plastic songs 103 

in which different phrases of repeated syllables could be clearly distinguished, albeit with 104 

variation between syllables of the same type. During the following six months, female canary 105 

songs continued to develop, gradually crystallizing into the species-typical stable songs. 106 

Although structurally similar to male canary songs, female songs had relatively small syllable 107 

repertoires (6.2 ± 1.1 syllable types), consistent with previous reports (28, 32, 33)  108 

 109 

Re-application of testosterone triggers an accelerated re-acquisition of song performance 110 

 111 

To investigate the birds’ abilities to re-acquire song performance after a period without vocal 112 

practice we withdrew testosterone (T1-) from the animals, completely abolishing singing behavior 113 

in approximately three days (3.14 ± 0.63 days). After 2½ months of no song production birds 114 

were treated for a second time with testosterone (T2+), inducing song output after three days 115 

(3.14 ± 0.74 days). No subsongs were observed after the second testosterone treatment, and all 116 

birds were able to produce plastic songs from the first day of singing. 117 

We first compared the development of temporal song features during the 1
st
 and 2

nd
 testosterone 118 

treatments (Figure 2, Figure 2 – figure supplement 1, Figure 2 – figure supplement 2). 119 

Particularly the speed at which subsequent syllables are repeated, the syllable repetition rate (SR), 120 

has been strongly associated with individual performance (5, 34) and has been shown to increase 121 
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the attractiveness of the song to conspecifics (35, 36). We observed that during the first two 122 

weeks of testosterone-induced female song development, all syllables were typically produced at 123 

a similar rate (SR: 10.3 ± 1.3 Hz). While practicing the song, different syllables were gradually 124 

sung at different rates, becoming more distinct towards song crystallization (Figure. 2A). Once 125 

crystallized, syllables could be distinguished as fast syllables (SR: 21.7 ± 1.0 Hz), medium-speed 126 

syllables (SR: 11.9 ± 1.1 Hz), and slow syllables (SR: 4.9 ± 0.7 Hz). A similar distribution of 127 

syllable rates redeveloped during a 2
nd

 testosterone treatment. The observed range of syllable 128 

rates was similar to what has previously been reported for wild-living male canaries (37). 129 

To determine how fast this syllable rate pattern emerged during subsequent testosterone 130 

treatments we took crystallized song from the last week of the first testosterone treatment as a 131 

reference pattern, and calculated the correlation coefficient (CC) between this reference and each 132 

day of song development and re-development (Figure 2B & C). While syllable repetition rates 133 

gradually developed and stabilized over the course of 160 ± 8 days during the 1
st
 testosterone 134 

treatment, stable rates were obtained more than 7 times faster, within 22 ± 2 days, during the 2
nd

 135 

treatment (Figure 2D; paired t-test: P < 0.001). In addition the maximum daily increase in 136 

similarity (dmax) was also significantly higher during song re-development than during initial song 137 

development (Figure 2E; dmax: 0.021 ± 0.005 for T1+, and 0.078 ± 0.012 for T2+; paired t-test: P 138 

< 0.05), indicating a much accelerated development of song performance in birds with previous 139 

singing experience. 140 

Since syllable rate is a compound feature that is determined by both syllable duration and the 141 

interval between subsequent syllables, we analyzed syllable durations and pause durations 142 

separately. Syllable durations developed slowly during the initial song acquisition (T1+), reaching 143 

stable values after 153 ± 19 days, while pause durations stabilized in 82 ± 13 days (Figure 2 – 144 

figure supplement 1, Figure 2 – figure supplement 2). Both temporal features re-emerged more 145 

quickly during song re-acquisition (T2+) than during the first song developmental phase 146 

(duration: 4.8 ± 1.3 days; paired t-test: P < 0.001; pause: 10.7 ± 2.2 days; paired t-test: P < 0.01; 147 

Figure 2 – figure supplement 1). 148 

To determine the bird’s ability to recover spectral song patterns we analyzed the recurring 149 

patterns of frequency modulation (FM), amplitude modulation (AM), bandwidth (BW), mean 150 

frequency (MF) and Wiener entropy (E) during song acquisition and re-acquisition. Similar to 151 

temporal song features, spectral features were more quickly established during song re-152 
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acquisition (T2+) than during the initial song development (T1+) (Figure 3, Figure 3 – figure 153 

supplement 1, Figure 3 – figure supplement 2). All spectral features developed gradually over 154 

more than 110 days before reaching stable values. After a period in which the birds did not 155 

produce any song, testosterone-induced song re-acquisition led to a rapid stabilization of spectral 156 

patterns within 16 days (Figure 3, Figure 3 – figure supplement 1; paired t test: P < 0.01). Thus 157 

both temporal and spectral song features were acquired significantly faster by experienced birds 158 

that had developed singing skills once before. 159 

 160 

The absence of song practice causes selective deterioration of song features   161 

 162 

Whereas song re-acquisition in female canaries resulted in a rapid recurrence of stable temporal 163 

and spectral patterns, not all song features re-developed in the same way. Most notably, some 164 

song features demonstrated a clear deterioration in the absence of vocal practice, while other song 165 

features remained stable despite the absence of vocal practice (Figure 3G & H). 166 

Of the studied temporal song parameters, syllable durations did not show any deterioration in the 167 

period that birds did not sing (T1-) and thus also did not need to be re-acquired (Figure 2 – figure 168 

supplement 1A-C; Figure 2 – figure supplement 2A). Both the syllable rate and the pause 169 

duration between syllables did deteriorate however, and a short phase of re-development was 170 

required to recover the originally developed patterns (Figure 2, Figure 2 – figure supplement 1D-171 

F, Figure 2 – figure supplement 2B). The accelerated re-acquisition of syllable repetition rates 172 

thus appears to be driven by the need to re-optimize the timing between syllables rather than 173 

syllable lengths.  174 

Of the spectral syllable features that were studied, the FM and AM patterns deteriorated when 175 

birds stopped singing (T1-), but were re-acquired during a short developmental phase after a 2
nd

 176 

testosterone treatment (T2+) (Figure 3A-C, Figure 3 – figure supplement 1A-C, Figure 3 – figure 177 

supplement 2A & B). BW, MF, and E did not need to be re-acquired, but maintained strong 178 

similarities with the initial acoustic patterns despite the absence of song production in the 179 

intermittent period (T1-) (Figure 3D-F, Figure 3 – figure supplement 1D-I, Figure 3 – figure 180 

supplement 2C-E). Thus song re-acquisition can be characterized by recalling a combination of 181 

sound features that immediately can be reproduced and sound features that require a short phase 182 

of redevelopment.   183 
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Song similarity during subsequent testosterone treatments 184 

 185 

The songs that reappeared during the second testosterone treatment were strikingly similar to 186 

those that developed after the first treatment (Figure 4). Visual inspection of the song 187 

spectrograms revealed no differences in syllable repertoire when comparing crystallized songs 188 

during the 1
st
 and 2

nd
 testosterone treatment (Figure 4A & B; 6.2 ± 1.1 syllable types for both 189 

treatments). In addition both temporal and spectral song features demonstrated a strong similarity 190 

in their distribution patterns between subsequent testosterone treatments (T1
x
T2), with correlation 191 

coefficients above 0.82 for all studied song features (Figure 4C). These values were not 192 

significantly different from the correlation coefficients obtained by cross-correlating distribution 193 

patterns from consecutive days during the first treatment period (T1
x
T1) for any of the measured 194 

song features (Figure 4C), indicating that the song patterns that developed during the 1
st
 and 2

nd
 195 

testosterone treatment are similar in structure. 196 

To determine the similarity of syllables produced during the 1
st
 and 2

nd
 testosterone treatments we 197 

calculated for each bird the Euclidean distance across all eight analyzed temporal and spectral 198 

features within and between syllable types (Figure 4 – figure supplement 1). The Euclidean 199 

distance between two syllables provides a measure of similarity where a syllable is represented as 200 

a point with coordinates that correspond to the eight analyzed sound features. The distance 201 

between syllables with similar sound features and thus similar coordinates is low, while the 202 

distance between syllables with differing sound features is high. The mean Euclidean distances 203 

between syllables of the same type across the 1
st
 and 2

nd
 testosterone treatment (T1

x
T2) were not 204 

different from the Euclidean distances between syllables from subsequent days during the 1
st
 205 

testosterone treatment (T1
x
T1: d = 0.73 ± 0.04, T1

x
T2: d = 0.76 ± 0.06; Tukey’s HSD: P = 0.99). 206 

The mean Euclidean distances between syllables of different types across the two treatment 207 

periods were significantly larger than those between syllables of the same type (T1
x
T2

ext
: d = 2.12 208 

± 0.23; Tukey’s HSD: P < 0.001). These results indicate that for a given syllable the sound 209 

features that redeveloped after the 2
nd

 testosterone treatment fell within the range of variation 210 

observed during the 1
st
 testosterone treatment for that same syllable type, but were clearly 211 

distinguishable from the sound features of other syllable types. 212 

To investigate if the sequential structure of the song was different between the two testosterone 213 

treatments we analyzed the probability that specific phrase transitions occurred in the songs 214 
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(Figure 4 – figure supplement 2). Because the syllable repertoire is relatively small in 215 

testosterone treated female canaries, the number of possible phrase transitions is also small. 216 

Nevertheless, on average only 8.7% of all possible phrase transitions were used in the songs. 217 

Thus whereas the song sequences are not fixed as in e.g. zebra finches, the song sequences are 218 

not random either, following a limited subset of possible transitions similar to what has been 219 

observed in male canaries (37, 38). The percentage of phrase transitions that made up the songs 220 

during the 1
st
 and 2

nd
 testosterone treatments were not different (T1+: 9.2 ± 4.5 %; T2+: 8.3 ± 4.2 221 

%; paired t-test: P = 0.59), and the probability distribution of these transitions were visually 222 

similar between treatments (Figure 4 – figure supplement 2A & B). The linearity, consistency, 223 

and entropy of song phrase transitions did not differ significantly between the songs from the 1
st
 224 

and 2
nd

 treatment periods (Figure 4 – figure supplement 2C). 225 

Together these data strongly suggest that testosterone-induced song re-acquisition in canaries is 226 

driven towards the previously acquired song pattern. 227 

 228 

Singing-related pruning of neuronal dendritic spines 229 

 230 

The finding that the re-acquisition of song performance progresses considerably faster than the 231 

initial acquisition and leads to the production of highly similar song patterns suggests that singing 232 

skills are retained during intermittent silent periods. Motor learning and memory are generally 233 

considered to rely on the maturation and consolidation of the synaptic connections within the 234 

neural circuitry that drives the behavior in question (39-41). To investigate changes in synaptic 235 

connectivity during vocal motor development we quantified the number of neuronal dendritic 236 

spines in the forebrain motor nucleus HVC and the robust motor nucleus of the arcopallium (RA) 237 

before, during, and after the acquisition of vocal motor skills (Figure 5).  238 

Excitatory projection neurons in the HVC of testosterone-treated, singing female canaries 239 

displayed a more than 30% reduction in dendritic spine density compared to untreated, non-240 

singing control birds (C: 0.95 µm
-1

, T1+: 0.64 µm
-1

; Dunnett’s test: P < 0.01), indicating a 241 

significant synaptic pruning during the first acquisition of singing skills (Figure 5B). Compared 242 

to non-singing control birds, spine densities remained significantly lower in birds that stopped 243 

singing for 2.5 months after testosterone removal (C: 0.95 µm
-1

, T1-: 0.69 µm
-1

; Dunnett’s test: P 244 

< 0.01). Thus, the synaptic pruning in HVC associated with testosterone-induced song acquisition 245 
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is not reversed when birds stop singing, but instead the pruned state is maintained in periods in 246 

which the birds do not sing (Figure 5B). In contrast, we did not observe any changes in dendritic 247 

spine densities in RA across the different experimental periods (Figure 5C; ANOVA: P = 0.857). 248 

Strong differences were observed in the density of dendritic spines between different spinous 249 

neurites in HVC (range: 0.15 to 2.14 spines/µm). To investigate which neurite types were 250 

associated with the observed spine pruning we calculated the probability distribution of neuronal 251 

dendrites in HVC based on their spine density (Figure 5D-F). We observed a marked shift in the 252 

distribution of dendrites from more densely-spined dendrites in control birds towards less 253 

densely-spined dendrites in the testosterone treatment (T1+) and removal groups (T1-), reflecting 254 

a global decrease in spine density. The strongest reduction was detected in the range of dendrites 255 

with more than 0.8 spines per µm, which halved in number in both testosterone-treated, singing 256 

birds (T1+), and testosterone-removed, non-singing birds (T1-) compared to non-singing controls 257 

(C: 0.64 ± 0.06, T1+: 0.28 ± 0.05, T1-: 0.33 ± 0.06; ANOVA: P < 0.01). The total density of both 258 

spinous and aspinous neurites in HVC did not significantly differ between the treatment groups 259 

(ANOVA: P > 0.36), suggesting that changes in dendrite densities were not caused by specific 260 

cell death. 261 

These data suggest that the observed vocal motor acquisition is accompanied by a lasting synaptic 262 

pruning specifically in nucleus HVC, providing a possible anatomical site for motor memory that 263 

could facilitate the observed rapid re-acquisition of previously established song patterns. 264 

  265 



  

Page 11 of 46 

 

DISCUSSION  266 

 267 

The ability to learn new skills enables one to adapt to changes in the surrounding environment. 268 

Whereas learning new skills requires time and effort, the survival of many species relies on their 269 

capacity to utilize specialized skills in a timely fashion, capitalizing on the short-term availability 270 

of foods, mates, and other environmental factors (42). Such a capacity is biologically relevant for 271 

numerous skills in a multitude of species, ranging from periodic foraging skills in dolphins (43), 272 

bats (44), and monkeys (45) to courtship displays in crabs (46) and songbirds (47). As the use of 273 

these specialized skills is interrupted over longer periods, e.g. during long-distance migration or 274 

hibernation (3, 42), such skills need to be re-acquired quickly to maximize survival and 275 

reproductive success. In this study we establish the repeated, hormone-driven acquisition of vocal 276 

motor performance in female canaries as a model system for studying motor savings. Using this 277 

model, we show that while the initial development of specialized motor skills can be a lengthy 278 

process, motor performance can quickly be re-acquired at a later time, even after extended 279 

periods of non-use (Figure 2 & 3). The accelerated song re-acquisition observed in this study 280 

indicates that acquiring a motor skill for the first time follows a different developmental 281 

trajectory than re-acquiring the same skill at a later time. This is both evident from the 282 

accelerated consolidation of song performance during song re-development (Figure 2 & 3), and 283 

the observation that birds skip the subsong phase of song development when re-acquiring their 284 

songs. Our data further suggest that songbirds have the ability to retain previously developed 285 

singing skills through a process of selective pruning of the neural circuitry (Figure 5), enabling 286 

them to rapidly recover songs of adequate quality to attract a mate before breeding opportunities 287 

disappear.  288 

 289 

Several song parameters were maintained across a period in which birds did not sing, while other 290 

song features demonstrated clear deterioration (Figure 3G & H). Birds were able to recover those 291 

deteriorated song features with renewed vocal practice. At the peripheral level, song performance 292 

depends on the accurate control of the respiratory system, the sound producing organ (the syrinx), 293 

and the upper vocal tract. Interestingly, those song features that required a phase of re-294 

development to be optimized seem primarily associated with motor constraints in syrinx function 295 

(5, 48). Online modulation of frequency and amplitude requires active contractile modulation of 296 
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syringeal muscles (49, 50). Syllable repetition and the inter-syllabic interval also depend on how 297 

rapidly syringeal abductor and adductor muscles can open and close the syringeal aperture. The 298 

upper vocal tract may act as a tunable acoustic filter of the sounds produced by the syrinx (51-53) 299 

and play a more important role in establishing the bandwidth, entropy and mean frequency of 300 

song syllables. Thus song parameters linked to vocal tract modulation may be preserved after 301 

birds stopped singing, while song parameters linked to contraction speed of syringeal muscles 302 

appear to deteriorate. 303 

Whereas male canaries are known to annually re-organize their songs, even when deafened (13), 304 

no such modifications were observed in our study. It is not clear to what extent annual changes in 305 

male canary song structure are due to relearning or are driven by a selection process from a 306 

previously learned collection of syllable types during juvenile development (11, 54-56). 307 

Considering that the female canaries in our study were acoustically separated during the 308 

testosterone-induced development of song suggests that the emerging song patterns are either for 309 

a large part innate (13, 55), or are limited to a memorized collection of syllable types that they 310 

heard earlier in life (56-60). The initial song acquisition may thus rely on an innate or memorized 311 

auditory template, while the accelerated song re-acquisition may be driven by a motor memory 312 

trace of what the birds learned to produce during the first song acquisition phase. The syllable 313 

repertoires of our female canaries were much lower than what is common for males. Such a small 314 

vocabulary would limit the possibilities to re-arrange or replace syllables without compromising 315 

song complexity, and thus few modifications to female songs can be expected. 316 

 317 

During juvenile brain development in humans, mammals, and birds, synaptic connections are 318 

initially overproduced, followed by protracted, activity-dependent synapse elimination during 319 

puberty (61-65). By selectively stabilizing functional synapses while pruning away inactive 320 

synapses, brain circuits are thought to reduce neuronal plasticity, consolidating newly learned 321 

information and reducing unnecessary redundancy (39). The lasting spine pruning observed in the 322 

forebrain song control area HVC (Figure 5) could reflect such a structural modification 323 

facilitating the long-term memorization of vocal patterns. Optical imaging studies have 324 

demonstrated a rapid accumulation and stabilization of neuronal dendritic spines in HVC during 325 

developmental song learning in zebra finches (66). In the mouse cortex, morphological 326 

modifications to dendritic spines have been observed that lasted well beyond the learning 327 
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experience that caused the spine modifications (67-70), strongly suggesting that long-term 328 

memory retention of previously acquired skills is facilitated by stably maintained synaptic 329 

connections. Despite such learning-related circuit modifications, the large majority of dendritic 330 

spines in the mammalian brain are stably maintained in adulthood (62-64, 68, 69, 71). In contrast 331 

we observed a strong spine reduction in fully adult birds (Figure 5), suggesting that the observed 332 

synaptic pruning in the adult canary HVC during song acquisition may reflect a developmentally 333 

delayed, activity-dependent consolidation of the neural motor circuitry.  334 

A recent study in zebra finches has shown that singing prevention during juvenile development 335 

can also avert developmental spine pruning in the robust motor nucleus of the arcopallium (RA) 336 

(72). In addition, auditory input during sensorimotor learning may play an important role in 337 

circuit consolidation, and auditory deprivation has been shown to delay the natural juvenile 338 

maturation of HVC in zebra finches (73). It is not known how long such developmental processes 339 

can be postponed, but we did not observe delayed synaptic pruning in RA upon song acquisition 340 

in adult female canaries (Figure 5C), suggesting that the time-window for large-scale spine 341 

pruning in RA may be more limited than in HVC. The developmentally delayed maturation of 342 

HVC (Figure 5B) is consistent with our observation that the delayed, testosterone-induced 343 

development of song performance in adult female canaries follows a juvenile male-like 344 

developmental trajectory (Figure 1). Thus, in the absence of singing behavior, parts of the vocal 345 

motor circuit may remain plastic in adult female canaries, only consolidating once neural activity 346 

within the circuitry increases to drive testosterone-induced song output. 347 

Testosterone-induced song development in adult female canaries has previously been associated 348 

with changes in other neural attributes in HVC as well, including an increase in volume, neuron 349 

numbers (but not densities), increased vascularization, and changes in cellular structure (24, 33, 350 

74-77). Many of the observed modifications to the song system follow an annually changing 351 

pattern in seasonally breeding male songbirds (11, 15, 18, 20), indicating that in males these 352 

modifications are not maintained outside the breeding season when birds no longer sing high 353 

performance song. In addition, withdrawing testosterone from male Gambel’s white-crowned 354 

sparrows, another well-studied seasonal singer, resulted in a rapid regression in HVC size, neuron 355 

number, and neuron size (78), indicating that these neural modifications are reversible and 356 

unlikely to reflect long-term memorization of vocal patterns. The lasting synaptic pruning that we 357 
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observed in HVC is to our knowledge the first report of a song-related modification to the adult 358 

songbird brain that persists after the behavior itself is no longer expressed. 359 

 360 

HVC is at a central position between the motor circuitry that controls song output and a 361 

forebrain-basal ganglia circuit, analogous to the mammalian cortico-basal ganglia (CBG) circuit, 362 

which feeds back on the motor circuitry for song production (4, 30). Firing patterns in HVC 363 

neurons that project to RA are closely associated with millisecond precision of syllable timing 364 

(79-81), suggesting that HVC is directly involved in maintaining time-related features of song 365 

performance. Burst patterns in RA neurons on the other hand are more closely associated with 366 

intrasyllabic structure (79, 82). However, slowing down brain processes by local cooling of HVC 367 

has also been shown to change the intrasyllabic structure (83, 84), indicating that both HVC and 368 

RA activity play a role in maintaining the fine temporal structure within syllables. The 369 

acquisition of song syllables in zebra finches is accompanied by increased timing accuracy of 370 

inhibitory neural firing within the HVC microcircuitry, suggesting that precisely-timed inhibition 371 

may play an important role in shaping song-related premotor sequences (85, 86). The lasting 372 

synaptic reorganization in HVC during song acquisition may be guided by such inhibitory 373 

activity and provide a neural scaffold for both intra and intersyllabic timing. RA-projecting HVC 374 

neurons are continuously replaced in the adult songbird brain (87), providing a base for ongoing 375 

variability in syringeal muscle control. A permanently maintained HVC network may guide 376 

dynamically changing circuits in HVC and RA during subsequent periods of singing, quickly 377 

driving song features towards previously acquired patterns.  378 

Neurons from HVC that project to the avian basal ganglia Area X are not replaced in adulthood, 379 

providing a permanent subpopulation of HVC neurons (19, 88). Although we could not 380 

specifically distinguish between neuron types in our study, we observed the strongest reduction of 381 

50% in the number of densely-spined dendrites in HVC after birds developed song. Previous 382 

studies have shown that those HVC neurons that project to Area X predominantly consist of 383 

neurons with densely-spined dendrites (89-95). Thus our observed synaptic pruning may be 384 

related to a major reorganization within the HVC to Area X connection, a reorganization that 385 

could reflect the long-term memorization of vocal skills. CBG-like circuits have been strongly 386 

implicated in the learning and long-term retention of motor skills in humans (96-100), mammals 387 

(101-104), and birds (105-114). Vocal exploration is driven by activity in the avian CBG circuit 388 
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(108), which may guide synaptic modifications in plastic motor circuits (115), even in adulthood. 389 

Although selective elimination of X-projecting HVC neurons did not appear to alter the song 390 

structure of adult zebra finches (116), altered expression of FoxP2 in Area X of adult male zebra 391 

finches has been associated with changes in vocal performance (117-119). In addition neurotoxic 392 

lesions in Area X lead to changes in singing tempo and syllable sequencing in adult zebra finches 393 

(120), suggesting that the HVC to Area X connection continues to play a role in the long-term 394 

maintenance of vocal sequences.  395 

 396 

The mechanisms behind learning-related, selective stabilization and elimination of dendritic 397 

spines remain largely unknown. Sex hormones may play an important role in the stabilization of 398 

such synaptic connections during the development of motor skills. Many of the brain areas that 399 

are involved in song learning and production express high numbers of androgen receptors (121-400 

125), and X-projecting HVC neurons express estrogen receptors (19) that can be activated after 401 

conversion of testosterone into estradiol. Furthermore, changes in neuronal dendritic growth and 402 

synaptic morphology in the songbird RA have been observed to accompany testosterone-induced 403 

song development in female canaries (126-128). In addition, Frankl-Vilches et al. (129) recently 404 

observed that 85% of the seasonally and testosterone upregulated genes in the canary HVC are 405 

related to neuron differentiation, axon, dendrite and synapse organization. In the brain of birds 406 

and mammals, sex hormones are known to upregulate the expression of brain-derived 407 

neurotrophic factor (BDNF) (130-132), which in its turn contributes to the stabilization of 408 

synapses through the interaction with tyrosine receptor kinase B (TrkB) (133). Furthermore, 409 

BDNF has been shown to be essential during testosterone-induced song development in female 410 

canaries (33), providing a likely pathway by which sex hormones can consolidate motor skills by 411 

stabilizing synapses. 412 

Testosterone levels and song consolidation are tightly linked, and it is difficult to determine if 413 

brain anatomical changes in our and other studies are caused by testosterone, singing activity or 414 

both. Interestingly, local intracerebral testosterone implants close to nucleus RA did not cause 415 

anatomical changes in this androgen receptor-rich brain area (134), suggesting that modifications 416 

in RA are driven by singing-related, activity-dependent input from HVC. Whether or not 417 

testosterone, vocal practice, or both play a role in the observed synaptic pruning in HVC, the 418 

vocal circuitry demonstrated synaptic changes that persisted through several months in which 419 
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testosterone levels were low and birds did not sing, potentially enabling the birds to quickly re-420 

acquire their previously developed song patterns. 421 

 422 

Sex hormones can be regulated by both environmental and social factors (135-137), thereby 423 

providing a timed cue for the consolidation of behavioral output and the underlying brain 424 

circuitry. Such a cue could facilitate the timely formation and recall of long-term memories of 425 

relevant sensory and motor information. Our study suggests that lasting, hormone-driven synaptic 426 

pruning of related brain circuitries could form a basis for such long-term memories, enabling a 427 

quick recovery of previously acquired skills. The ability to respond quickly to environmental and 428 

social cues through such primed hormone-sensitive control mechanisms would constitute an 429 

important adaptation to ensure competitive proficiency and maximize reproductive success under 430 

environmental restrictions. The results obtained from this study may have implications not only 431 

across different animal groups, but may generally apply to different motor, sensory, and 432 

motivational systems that rely on a rapid recall of previously learned information. 433 

  434 
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MATERIALS AND METHODS 435 

 436 

Subjects 437 

 438 

For this study adult domesticated canaries (Serinus canaria) were either purchased from a local 439 

breeder in Antwerp or taken from the breeding colony of the Max Planck Institute for 440 

Ornithology, Seewiesen. All animals were raised and kept under local natural daylight conditions, 441 

until the day length reached 11 hours in early March. Birds were subsequently housed 442 

individually in sound attenuating chambers for song recordings. Experimental procedures were 443 

conducted according to the guidelines of the Federation of European Animal Science 444 

Associations (FELASA) and approved by the Ethical Committee on animal experiments of the 445 

University of Antwerp. 446 

 447 

Hormone treatment 448 

 449 

To stimulate song production in naive female canaries, birds were subcutaneously implanted 450 

(T1+) with 8 mm silastic tubes (Dow Corning, Midland, MI; ID: 1.47 mm) filled with crystalline 451 

testosterone (Sigma-Aldrich Co., St. Louis, MO). During the hormone treatments a light cycle of 452 

11 hours light, and 13 hours darkness was maintained to exclude photoperiodic effects on song 453 

production. This light cycle was chosen because under natural conditions it corresponds to a 454 

phase of testosterone up-regulation and physiological sensitivity to hormone fluctuations in 455 

canaries (14). After consolidation of song we removed the hormone implants (T1-) to end song 456 

production, and changed the daylight conditions to 8 hours light and 16 hours dark, inducing a 457 

molting phase of approximately 1.5 months. Once the molt was finished, the day length was 458 

gradually returned to 11 hours over the following month. Subsequently, the song-experienced 459 

birds received a second testosterone treatment (T2+), and were sacrificed 5 weeks after 460 

implantation. 461 

  462 
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Hormone analysis 463 

 464 

Blood samples were collected from the birds’ right wing veins using heparinized haematocrit 465 

capillaries (Brand, Wertheim, Germany). Directly after blood collection, samples were 466 

centrifuged at 3000 RPM for 10 min to separate cells from plasma, and stored at -80ºC for later 467 

analysis.  468 

Testosterone concentrations in the blood plasma were determined by radioimmunoassay (RIA) 469 

after extraction and partial purification on diatomaceous earth (glycol) columns, following the 470 

procedures described previously (138, 139).  471 

Briefly, plasma samples were extracted with dichloromethane (DCM) after overnight 472 

equilibration of the plasma with 1500 dpm of 
3
H-labeled testosterone (Perkin-Elmer, Rodgau, 473 

Germany). After separation of the organic phase, the extracts were re-suspended in 2 x 250 µl 2% 474 

ethylacetate in isooctane and fractioned using columns of diatomaceous earth:propylene 475 

glycol:ethylene glycol (6:1.5:1.5, w:v:v). Collected testosterone fractions were dried, re-476 

suspended in phosphate-buffered saline with 1% gelatin (PBSG), and left to equilibrate overnight 477 

at 4ºC. Extraction of plasma testosterone with dichloromethane resulted in 86 ± 11% (mean ± sd) 478 

recovery. Hormone samples were incubated with antisera against testosterone (Esoterix 479 

Endocrinology, Calabasas Hills, CA), and after 30 minutes 
3
H-labeled steroids (13500 dpm) were 480 

added and left to incubate for 20 hours at 4ºC. Free steroids were separated from the bound 481 

fractions by absorption on dextran-coated charcoal, centrifuged, and decanted into scintillation 482 

vials to be counted.  483 

Testosterone concentrations in the plasma samples were measured in one assay. The lower 484 

detection limit of the RIA was 0.33 pg/tube, and all measured plasma levels were above the lower 485 

detection limit. The intra-assay variation of a chicken plasma pool as control sample at the 486 

beginning and end of the assay was 6.7%. Pooled plasma levels of testosterone for all birds 487 

during the different consecutive hormone treatments are shown in Table 1. Mean detected 488 

hormone levels were within range of physiological plasma levels in nest-building male canaries 489 

(range: 360 – 7970 pg/ml; n=6) and previously reported values for other small passerines (140-490 

142). 491 

  492 
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Song recording 493 

 494 

To monitor the entire song ontogeny during consecutive testosterone treatments randomly 495 

selected, naive female canaries (n=6) were kept individually in sound attenuating chambers 496 

during testosterone treatment (T1+), testosterone removal (T1-) and testosterone re-treatment 497 

(T2+), while song output was continuously recorded. This approach resulted in a song database of 498 

5.6 ± 0.6 million song syllables per bird, recorded over the course of approximately 1 year. 499 

The vocal activity of each bird was recorded using Sound Analysis Pro 2.0 (143). 500 

Omnidirectional condenser microphones (TC-20; Earthworks, Milford, NH) connected to a multi-501 

channel microphone preamplifier (UA-1000; Roland, Los Angeles, CA) were used to acquire and 502 

digitize all sounds produced within the sound attenuating boxes with a sampling frequency of 503 

44.1 kHz. The incoming signal was filtered online using an amplitude and Wiener entropy 504 

threshold to exclude background noises, and saved in 60 second waveform audio files (16-bit 505 

PCM format). 506 

 507 

Song analysis 508 

 509 

Vocalizations were segmented into individual syllables with the fully automated Feature Batch 510 

module in Sound Analysis Pro by applying an amplitude threshold to the sound wave. Because 511 

the distance from perch to microphone ranged between 10 and 20 cm only, little variation in 512 

recorded amplitude levels can be expected. The amplitude threshold was selected once manually 513 

to assure reliable segmentation, and was kept constant during the analyses of all sound phrases 514 

within birds.  515 

To filter out non-song vocalizations, syllables were only included when produced within a song 516 

bout of at least 750 ms. A song bout was defined as a sequence of sounds traversing the 517 

amplitude threshold with an interval of no more than 100 ms. We used Sound Analysis Pro to 518 

measure duration (d), pause duration (i), syllable rate (SR), frequency modulation (FM), 519 

amplitude modulation (AM), syllable bandwidth (BW), mean frequency (MF) and Wiener 520 

entropy (E) for each syllable and stored these syllable features in MySQL 5.1 tables (Oracle, 521 

Redwood Shores, CA). Bandwidth was calculated for each syllable by subtracting the minimum 522 

peak frequency from the maximum peak frequency. The syllable rate was defined for each 523 
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syllable as: SRa = (da+ia)
-1

, where da is the duration of syllable “a”, and ia is the interval between 524 

the end of syllable “a” and the beginning of the consecutive syllable within the same song bout, 525 

irrespective of syllable type. For a detailed computational description of how Sound Analysis Pro 526 

calculates the different sound features we refer to the accompanying publication (143) and the 527 

online manual (http://soundanalysispro.com).  528 

To investigate the dynamic change of song features over the course of the experiment, daily 529 

histograms were obtained from the entire dataset by rounding individual values to the nearest 530 

integer, and plotting the number of times those integers occurred each day. To determine the SRs 531 

that were most commonly used at the onset and crystallization of song development a non-linear 532 

exponential curve (1) was fitted through the peak values of each SR histogram.  533 

(1) 𝐹(𝑥) = 𝑎 +
𝑏

1+e(
𝑐−𝑥

𝑑
)
 534 

Further developmental correlation plots for all temporal and spectral song features were produced 535 

by calculating the Pearson product-moment correlation coefficient (CC) between a 7-day average 536 

of the histogram pattern at the time of song stabilization and all other recorded days. This 537 

calculation resulted in a value between -1 and 1 for each recorded day, and was used as a measure 538 

of similarity where 1 describes an absolute copy of the stable song pattern, and -1 describes the 539 

absolute inverse of the stable song pattern. A non-linear exponential curve (1) was fitted through 540 

the CC values and song parameters were considered stable as soon as the daily increase in 541 

similarity dropped below 0.001. For each song feature we used the fit curve to determine the 542 

duration between testosterone implantation and feature stabilization, and to determine the 543 

maximum daily increase in similarity (dmax). Dmax could only be calculated for birds and song 544 

features that demonstrated a developmental increase in similarity, and was only used for 545 

statistical purposes if 3 or more birds demonstrated such an increase. Mean CC plots combining 546 

all analyzed birds were calculated by averaging the raw (non-fitted) CC values that were 547 

calculated for each bird and for each day. We aligned song development in the different birds 548 

based on the first day where we detected song. 549 

Spectrograms of the original sound files were visually inspected on syllable-like sound structures 550 

to determine the syllable repertoire of each bird and the first occurrence of song after testosterone 551 

treatments. To assess syllable similarity during consecutive testosterone treatments we calculated 552 

the Euclidean distance between each of 100 randomly selected syllables for each syllable type 553 
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from stable songs during both the T1+ and T2+ periods. The Euclidean distance between two 554 

syllables “a” and “b” with coordinates c = SR, d, i, FM, AM, BW, MF, E was defined as: 555 

 556 

𝑑(𝑎, 𝑏) = √∑(𝑏1 − 𝑎1)2

𝑛

𝑐=1

 

To give all analyzed temporal and spectral features equal weight in the analysis, each feature was 557 

normalized by dividing its value by its global median value from all syllable produced by all 558 

birds recorded in this study.  559 

First, for each syllable type the mean Euclidean distance between 100 syllables of the same type 560 

during T1+ (T1
x
T1) was calculated to determine how much baseline variation existed between 561 

syllables of the same type. Lower values indicate a higher similarity between syllables. Secondly, 562 

we calculated the mean Euclidean distance between 100 syllables of the same type from the T1+ 563 

and T2+ (T1
x
T2) periods to determine if syllables produced during the 2

nd
 testosterone treatment 564 

were similar to those produced during the 1
st
 testosterone treatment. Finally, we calculated the 565 

mean Euclidean distance between 100 syllables of the same type from the T1+ period with each 566 

of 100 syllables from all other types of syllables that a bird produced (T1
x
T2

ext
) to provide a 567 

measure of dissimilarity between syllables of different types. All observed syllable types were 568 

included in this analysis with the exception of single transitional syllables connecting two song 569 

phrases.  570 

To assess similarity of song syntax between subsequent testosterone treatments we determined 571 

the probability of song phrase transitions during the T1+ and T2+ periods for each bird. On 572 

average 794.3 phrase transitions per bird were used for the analysis. From the resulting transition 573 

probability distributions we calculated the sequence linearity, consistency and entropy as 574 

previously described (106, 144). In short, sequence linearity is expressed as the number of 575 

syllable types divided by the number of transition types and addresses the way phrases are 576 

ordered in a song. Sequence consistency is expressed as the sum of common phrase transitions 577 

divided by the sum of total transitions and addresses how often the same sequences are produced. 578 

Common phrase transitions were defined as transitions that make up at least 5% of all phrase 579 

transitions. The entropy (S) of the transition probability distribution with transition type Ti is a 580 

measure of the spread of that distribution and was calculated as: 581 
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𝑆 = − ∑ 𝑇𝑖  log2(𝑇𝑖)

𝑛

𝑖=1

 

Specimen preparation 582 

 583 

To estimate spine densities and dendrite densities in motor nucleus HVC and RA, brains were 584 

collected from a control group of adult female canaries that did not receive any testosterone 585 

treatment (C: n=6), a group of birds that was sacrificed five months after testosterone treatment 586 

(T1+: n=8), and a group of birds that was sacrificed at least 2.5 months after testosterone 587 

withdrawal (T1-: n=6). All experimental birds were raised and kept in group aviaries together 588 

with other male and female canaries throughout the experiment to assure similar social and 589 

auditory conditions. Birds were transferred to sound attenuating chambers for two weeks after 590 

testosterone treatment to assure that birds were singing, and prior to sacrifice. Individuals were 591 

randomly allocated to the different treatment groups. All birds were maintained on a light cycle 592 

of 11 hours light, and 13 hours darkness and were between 2.5 and 3 years old at the time of 593 

sacrifice. Brains were processed for Golgi-Cox staining using the FD Rapid GolgiStain kit (FD 594 

NeuroTechnologies, Columbia, MD). 595 

After overnight fixation in a 4% formaldehyde solution in phosphate-buffered saline (PBS; 10 596 

mM; pH 7.4), brains were stored in PBS with 0.05% sodium azide at 4
o
C until further processing.  597 

Brain hemispheres were separated with a razor blade and left hemispheres were immersed for two 598 

weeks in an impregnation solution consisting of equal amounts of FD solutions A and B in total 599 

darkness at room temperature. Following three days of incubation in FD solution C, brains were 600 

cut into 30 µm sagittal sections using a sliding microtome (Leica Microsystems GmbH, Wetzlar, 601 

Germany), which were stored in PBS with 0.05% sodium azide at 4
o
C. 602 

Sections with a regular interval of 180 µm were mounted on SuperFrost glass slides (Menzel 603 

GmbH, Brauschweig, Germany), developed in a solution of two parts distilled water, one part FD 604 

solutions D, and one part FD solution E for ten minutes, and rinsed in distilled water before 605 

embedding in CC/Mount tissue mounting medium (Sigma-Aldrich). Slides were incubated at 606 

70
o
C until the mounting medium had hardened, cleared in xylene, and further embedded in Roti-607 

Histokitt II (Carl Roth, Karlsruhe, Germany) before coverslipping. 608 

 609 

 610 
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Spine and dendrite quantification 611 

 612 

For each bird, z-stacks were obtained from three brain sections of nucleus HVC and two sections 613 

of nucleus RA with a Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan), equipped with a 60x 614 

oil immersion lens (CFI Plan Apo VC 60x Oil). The outline of HVC and RA in each section was 615 

delineated in ImageJ (http://rsb.info.nih.gov/ij/), and 100 µm
2 

non-overlapping regions of 616 

interests (ROIs) were randomly placed within the boundaries of the target nucleus prior to the 617 

quantifications. Considering the relatively uniform distribution of X-projecting HVC neurons and 618 

RA-projecting HVC neurons (95), this approach should result in a homogenous sampling across 619 

treatment groups. 620 

Neuronal dendritic spine densities were estimated for each brain section by checking ROIs in 621 

random order until five ROIs were located that contained spinous dendrite segments (15 ROIs per 622 

animal for HVC and 10 ROIs for RA). The individual dendrite segments within the ROIs were 623 

traced in ImageJ to measure the length, and the number of visible spines that originated from the 624 

traced segment was manually counted. Spine densities were calculated as the number of visible 625 

spines per µm of dendrite. All visible spine types were included in the quantifications, including 626 

filopodia, long, thin, stubby, mushroom and branched spines (145). For branched spines, each 627 

spine head was counted separately.  628 

To further obtain a density measure of spinous dendrites we counted the total number of spinous 629 

dendrite segments in all ROIs examined, and divided the number of observed dendrite segments 630 

with the number of ROIs, giving an estimation of the number of spinous dendrites per ROI. 631 

Neuronal dendrites were further binned into categories containing 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 632 

0.8-1.0, 1.0-1.2, 1.2-1.4, 1.4-1.6, 1.6-1.8 spines per µm. The probability distribution of neuronal 633 

dendrite segments was then obtained by dividing the observed number of spinous dendrites per 634 

ROI in each bin with the total number of spinous dendrites per ROI.  635 

To obtain a density measure of aspinous neurites in HVC, the number of visible spine-less neurite 636 

segments were counted in ten new non-overlapping ROIs that were randomly placed within the 637 

boundaries of HVC. We refer to these projections as neurites, because we were unable to 638 

distinguish between aspinous dendrites and axons in our tissues.  639 

All quantifications were conducted by an experimenter that was blind to the experimental 640 

condition of the animals. 641 
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Statistical analysis 642 

 643 

Statistical analyses were performed in SAS 9.3 (SAS Institute, Cary, NC). No sample sizes were 644 

calculated prior to the experiments. A technical replication was defined as a repeated 645 

measurement of the same individual, and biological replications constitute the number of sampled 646 

individuals (n). Differences in spine and dendrite densities between treatment groups were tested 647 

with a one-way analysis of variance (ANOVA) with Dunnett’s correction for multiple 648 

comparisons against one control value (untreated birds). Changes in hormone levels were 649 

determined using a repeated one-way ANOVA with Dunnett’s correction. Differences in syllable 650 

similarity and syllable rates of individual syllable types were tested with one-way ANOVAs, and 651 

when significant, Tukey's HSD test was used to analyze differences between time points. Song 652 

pattern similarities between the 1
st
 and 2

nd
 hormone treatment were established by comparing the 653 

average CC from 7 consecutive days of stable song during the 1
st
 treatment with the average CC 654 

from 7 consecutive days of stable song production during the 2
nd

 treatment. Paired-samples t-tests 655 

were used to compare CC’s, sequence parameters, and developmental time parameters between 656 

subsequent hormone treatments. To determine song feature deterioration we calculated the 657 

difference between the average CC from the last 7 days of stable song production during the 1
st
 658 

testosterone treatment and the average CC from the first 2 days of song production during the 2
nd

 659 

treatment. Feature recovery was determined by subtracting the average CC from the first 2 days 660 

of song production from the average CC from the last 7 days of stable song production during the 661 

2
nd

 testosterone treatment. One-sample t-tests were used to determine if feature deterioration and 662 

recovery significantly exceeded zero. Measurement values in the text are given as means ± SEM, 663 

unless stated otherwise. No outliers or data were excluded from analysis. 664 
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TABLES 1013 

 1014 
 1015 
Table 1. Plasma levels of testosterone (T) during different hormone treatments. 1016 

treatment T levels (pg/ml) Significance* 

control 238 ± 65  

T1+ 6486 ± 488 P<0.001 

T1- 138 ± 30 NS 

T2+ 7279 ± 1249 P<0.01 
 1017 
*
 P-values of comparisons between different hormone treatments against control values (ANOVA with 1018 
Dunnett’s t correction for multiple comparisons against 1 control) 1019 
.1020 
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FIGURES 1021 

 1022 

 1023 
 1024 

Figure 1. Song in juvenile male and adult female canaries progresses through the same stages of development. (A) 1025 

Schematic of natural song development in juvenile males. (B) Example spectral derivative spectrograms 1026 

illustrating the different song developmental stages of a male canary. Subsong was recorded at 45 days of age, 1027 

plastic song at 120 days of age and stable song at 1 year old. (C) Schematic of song development in adult female 1028 

canaries during a first testosterone treatment (T1+), after removal of testosterone (T1-), and during a second 1029 

testosterone treatment (T2+). (D) Example spectral derivative spectrograms from an adult female canary illustrating 1030 

subsong after 3 days of testosterone treatment, plastic song after 30 days of treatment, and stable song after 200 1031 

days of treatment. Lowercase letters indicate different phrases of repeated syllables. 1032 
  1033 
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 1034 
 1035 

Figure 2. Syllable repetition rates develop faster in birds with prior singing experience. (A) Syllable rate histogram 1036 

from a female canary during two subsequent testosterone treatments. Color scales indicate the number of daily 1037 

syllables produced for each discrete syllable rate. Curves were fitted through the most occurring syllable rates and 1038 

are shown in red. (B) The correlation coefficient (CC) between the stabilized distribution of syllable rates at the 1039 

end of the 1
st
 testosterone treatment and each other day during the development and re-development of song in the 1040 

same bird as shown in A. (C) The mean syllable rate correlation plot for all animals. Grey bars indicate the SEM. 1041 

(D) Group statistics of all studied birds demonstrating that stable syllable rates were achieved more quickly during 1042 

a 2
nd

 testosterone treatment (red bars) than during the 1
st
 treatment (blue bars). (E) The peak day-to-day increase in 1043 

the syllable rate CC (dmax) was higher during a 2
nd

 testosterone treatment than during the 1
st
 treatment. (F) Example 1044 

spectral derivative spectrograms from one bird and corresponding bar graphs illustrating syllable rates at 15, 70, 1045 

and 200 days after a 1
st
 testosterone treatment and 30 days after a 2

nd
 treatment. Columns in D-E represent the 1046 

mean ± SEM and open circles indicate individual data points (* P < 0.05, *** P ≤ 0.001, paired t-test, n = 6 1047 

animals). Columns in F represent the mean ± SEM (a,b,c: P ≤ 0.001, ANOVA; n=100 syllables). Source data for 1048 

temporal song features are available in the Figure 2 – Source Data 1.   1049 
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 1050 
 1051 

Figure 2 – figure supplement 1. Differential re-development of temporal song features. (A) Mean syllable 1052 

duration correlation plot for all animals showing a gradual development during a 1
st
 testosterone treatment (T1+), 1053 

followed by an immediate recovery of syllable duration during a 2
nd

 treatment (T2+). (B) Group statistics 1054 

demonstrating that stable syllable durations were achieved more quickly during a 2
nd

 testosterone treatment (red 1055 

bars) than during the 1
st
 treatment (blue bars). (C) The peak day-to-day increase in the syllable duration CC (dmax) 1056 

for T1+. Dmax could not be calculated for T2+, as we observed no developmental increase of this song feature 1057 

during the 2
nd

 testosterone treatment. (D) Mean correlation plot for the pause duration between subsequent song 1058 

syllables. Pause durations stabilized relatively fast during a 1
st
 testosterone treatment (T1+), and required a phase of 1059 

re-development during a 2
nd

 treatment (T2+). (E) Group statistics demonstrating that stable pause durations were 1060 

achieved more quickly during a 2
nd

 testosterone treatment (red bars) than during the 1
st
 treatment (blue bars). (F) 1061 

The peak day-to-day increase in the pause duration CC (dmax) was significantly higher for T2+ than for T1+. Grey 1062 

bars in A and D indicate the SEM. Columns in B,C,E,F represent the mean ± SEM and open circles indicate 1063 

individual data points (* P < 0.05, ** P < 0.01, *** P ≤ 0.001, paired t-test, n = 6 animals). 1064 

1065 
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 1066 
 1067 

Figure 2 – figure supplement 2. Development and re-development of temporal song features. Example song 1068 

feature histograms from one individual illustrating the gradual acquisition during a 1
st
 testosterone treatment (T1+) 1069 

and the rapid recurrence during a 2
nd

 treatment (T2+) for (A) syllable duration, and (B) pause duration. (C,D) 1070 

Example spectral derivative spectrograms from 2 different birds illustrating a slower syllable rate with longer 1071 

pause durations at the onset of song production during the 2
nd

 (T2+ 3) testosterone treatment compared to stable 1072 

songs during the 1
st
 (T1+ 200) and 2

nd
 (T2+ 30) treatment. 1073 

  1074 
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 1075 
 1076 

Figure 3. Differential re-development of song features. (A) Mean correlation plot for all animals illustrating the 1077 

development of the frequency modulation (FM) distribution in the song during the development (T1+) and re-1078 

development (T2+) of song. The correlation plot illustrates a gradual FM development during T1+, followed by a 1079 

short phase of FM re-development during T2+. (B) Group statistics demonstrating that the stabilization of the FM 1080 

distribution in the song took less time during a 2
nd

 testosterone treatment (red bars) than during the 1
st
 treatment 1081 

(blue bars). (C) The peak day-to-day increase in the FM CC (dmax) was significantly higher during a 2
nd

 1082 

testosterone treatment than during the 1
st
 treatment. (D) Mean correlation plot for the syllable bandwidth showing a 1083 

gradual development during a 1
st
 testosterone treatment (T1+), followed by an immediate recovery of syllable 1084 

bandwidth during a 2
nd

 treatment (T2+). (E) Group statistics demonstrating that stable syllable bandwidths were 1085 

achieved more quickly during a 2
nd

 testosterone treatment (red bars) than during the 1
st
 treatment (blue bars). (F) 1086 

The peak day-to-day increase in the syllable bandwidth CC (dmax) for T1+. Dmax could not be calculated for T2+, as 1087 

we observed no developmental increase of this song feature during the 2
nd

 testosterone treatment. (G) Deterioration 1088 

in the distribution patterns of all analyzed song features during absence of song production (T1-), and (H) 1089 

subsequent recovery of song features during testosterone-induced re-development of song (T2+). Grey bars in A 1090 

and D indicate the SEM. Columns in B,C and E-H represent the mean ± SEM and open circles indicate individual 1091 

data points (* P < 0.05, ** P < 0.01, *** P ≤ 0.001, paired t-test (B,C,E,F) and one-sample t-test (G,H), n = 6 1092 

animals). Source data for acoustic features are available in the Figure 3 – Source Data 1.   1093 
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 1094 
 1095 

Figure 3 – figure supplement 1. Differential re-development of spectral song features. (A) Mean amplitude 1096 

modulation (AM) correlation plot for all animals. The AM distribution demonstrated a gradual consolidation 1097 

during the 1
st
 testosterone treatment (T1+), and displayed a short phase of re-development during a 2

nd
 testosterone 1098 

treatment (T2+) (B,C). Both mean frequency (D-F) and wiener entropy (G-I) demonstrated a gradual development 1099 

during the 1
st
 testosterone treatment (T1+) followed by an immediate recovery during a 2

nd
 treatment (T2+). Dmax 1100 

could not be calculated for T2+ in F,I, as we observed no developmental increase of these song features during the 1101 

2
nd

 testosterone treatment. Grey bars in A, D and G indicate the SEM. Columns in B,C, E,F, and H,I represent the 1102 

mean ± SEM and open circles indicate individual data points (** P < 0.01, *** P ≤ 0.001, paired t-test, n = 6 1103 

animal). 1104 

  1105 
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 1106 
 1107 

Figure 3 – figure supplement 2. Development and re-development of spectral song features. Example song 1108 

feature histograms illustrating the gradual acquisition during a 1
st
 testosterone treatment (T1+) and the rapid 1109 

recurrence during a 2
nd

 treatment (T2+) for (A) frequency modulation, (B) amplitude modulation, (C) bandwidth, 1110 

(D) mean frequency, and (E) Wiener entropy. (F,G) Example spectral derivative spectrograms from stable songs at 1111 

200 days after a 1
st
 testosterone treatment (T1+ 200), plastic songs at 3 days after a 2

nd
 testosterone treatment (T2+ 1112 

3), and stable songs 30 days after a 2
nd

 treatment (T2+ 30).  1113 

  1114 
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 1115 

 1116 
 1117 

Figure 4. Similarity of time and frequency parameters after subsequent testosterone treatments. (A,B) Example 1118 

spectral derivative spectrograms of stable song from two animals during the 1
st
 (T1+) and 2

nd
 (T2+) testosterone 1119 

treatment illustrating a strong similarity in song structure. (C) Similarity analyses between stable song patterns 1120 

from the 1
st
 and 2

nd
 testosterone treatment periods (T1xT2, red bars) demonstrated a high level of correlation of 1121 

more than 80% for all analyzed song features. Correlation coefficients between songs from T1+ and T2+ were not 1122 

significantly different from the CCs obtained when cross-correlating song patterns within the T1+ period (T1xT1, 1123 

blue bars). Columns in C represent the mean ± SEM and open circles indicate individual data points (NS, paired t-1124 

test, n = 6 animals). Source data for similarity calculations are available in the Figure 4 – Source Data 1. 1125 
1126 
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 1127 
 1128 

Figure 4 – figure supplement 1. Syllable similarity during subsequent testosterone treatments. Euclidean 1129 

distances are shown between syllables of the same type during a 1
st
 testosterone treatment (T1

x
T1, blue bars), 1130 

between syllables of the same type between the 1
st
 and 2

nd
 testosterone treatment (T1

x
T2, red bars), and between 1131 

syllables of different types between the 1
st
 and 2

nd
 testosterone treatment (T1

x
T2

ext
, green bars). (A,B) Euclidean 1132 

distances between individual song syllables and their means within and between testosterone treatments for the two 1133 

birds shown in figure 4. Lowercase letters correspond to the song phrases indicated in figure 4A and B. (C) Group 1134 

statistics demonstrating a strong similarity between syllables of the same type, but not between syllables of 1135 

different types when comparing song syllables between the two testosterone treatments. Columns in A-C represent 1136 

the mean ± SEM and open circles in C indicate individual data points (a,b: P < 0.001, ANOVA, n = 6 animals). 1137 
1138 
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 1139 
 1140 

Figure 4 – figure supplement 2. Similarity of song syntax during subsequent testosterone treatments. (A,B) 1141 

Example probability distributions of song phrase transitions from two animals during the 1
st
 (T1+, blue bars) and 1142 

2
nd

 (T2+, red bars) testosterone treatment illustrating the strong similarity in phrase transitions between the two 1143 

treatment periods. (C-E) Group statistics demonstrating stable consistency (C), linearity (D) and entropy (E) of 1144 

phrase transitions during the two developmental phases. Columns in C-E represent the mean ± SEM and open 1145 

circles indicate individual data points (NS, paired t-test, n = 6 animals). 1146 

1147 
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 1148 
 1149 
Figure 5. Lasting synaptic pruning in the forebrain motor nucleus HVC. (A) Photomicrographs of dendrite 1150 

segments from non-singing control animals (C), singing female canaries sacrificed after five months of testosterone 1151 

treatment (T1+), and non-singing individuals sacrificed 2.5 months after testosterone withdrawal (T1-). (B) 1152 

Compared to naive control birds (C), spine densities were significantly reduced in testosterone-treated, singing 1153 

birds (T1+), and remained significantly reduced up to 2.5 months after birds stopped singing by withdrawing 1154 

testosterone (T1-). (C) No significant differences in spine densities were observed in RA between the experimental 1155 

periods. (D-F) The probability distribution of dendrites with different spine densities in HVC demonstrated a shift 1156 

towards more dendrites with fewer spines in testosterone treated (T1+), singing birds and testosterone removed (T1-1157 

), non-singing birds compared to non-singing control birds. Columns in B-F represent the mean ± SEM and open 1158 

circles indicate individual data points (a,b: P < 0.01, ANOVA, n=6 animals). Scale bars = 100 µm. Source data for 1159 

spine quantifications are available in the Figure 5 – Source Data 1. 1160 
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SOURCE DATA 1161 

 1162 

 1163 

Figure 2 – Source Data 1. Source file for quantitative comparisons of temporal song features. 1164 

 1165 

Figure 3 – Source Data 1. Source file for quantitative comparisons of spectral song features. 1166 

 1167 

Figure 4 – Source Data 1. Source file for song similarity calculations between subsequent 1168 

testosterone treatments. 1169 

 1170 

Figure 5 – Source Data 1. Source file for spine quantification data. 1171 

 1172 
 1173 
 1174 
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