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Abstract

Complex motor skills are more difficult to perform at certain points in the day (for example, shortly after waking), but
the daily trajectory of motor-skill error is more difficult to predict. By undertaking a quantitative analysis of the
fundamental frequency (FF) and amplitude of hundreds of zebra finch syllables per animal per day, we find that zebra
finch song follows a previously undescribed daily oscillation. The FF and amplitude of harmonic syllables rises across
the morning, reaching a peak near mid-day, and then falls again in the late afternoon until sleep. This oscillation,
although somewhat variable, is consistent across days and across animals and does not require serotonin, as
animals with serotonergic lesions maintained daily oscillations. We hypothesize that this oscillation is driven by
underlying physiological factors which could be shared with other taxa. Song production in zebra finches is a model
system for studying complex learned behavior because of the ease of gathering comprehensive behavioral data and
the tractability of the underlying neural circuitry. The daily oscillation that we describe promises to reveal new insights
into how time of day affects the ability to accomplish a variety of complex learned motor skills.
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Introduction

Many complex motor skills in humans show subtle yet
definite daily oscillations in performance (for a review see [1]).
Early work focused on when the best time of day to teach might
be [2]. Decades later careful studies involving motor tasks with
minimal cognitive loads, such as sorting a deck of cards [3],
revealed a correlation of both speed and accuracy with time of
day, as well as body temperature. More recently, studies have
found some success correlating complex sports performance in
humans with time of day and body temperature [4,5]. For more
complicated tasks, however, particularly those involving
multiple participants, daily patterns become more difficult to
observe. Alternatively, studying daily changes in motor
performance in animal models with more tractable underlying
neural circuitry may allow for progress toward understanding
their mechanistic basis, which can then be related to human
physiology.

Songbirds such as the zebra finch produce songs, which are
complex, learned vocalizations. Their songs are learned

through a trial-and-error process with auditory feedback over
tens of thousands of repetitions before achieving adult song
quality [6]. The male zebra finch learns to sing between the first
and third month of life, after which period an individual bird
sings the same stereotyped song, with very little evident
variation, for the rest of his life [7]. Song consists of a
stereotyped sequence of specific acoustic syllables, known as
a motif. Adult male zebra finches continue to sing thousands of
repetitions of their song motif per day, even in isolation and
without external stimuli, and thus provide an excellent system
for studying daily oscillations in a complex motor task.

We have undertaken a detailed analysis of the fundamental
frequency (FF) of hundreds (often over one thousand) of zebra
finch syllable renditions per animal per day. We focused on
syllables with harmonic stack acoustic structure, allowing for
accurate measurements of FF, and found a daily rhythm in the
FF of harmonic syllables. As there is a growing body of
evidence that changes in amplitude can mediate similar subtle
changes in FF [8] we wondered if syllable amplitude followed a
similar pattern and found that it does. We hypothesize that
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these oscillations are driven by underlying physiological factors
shared across the animal kingdom. One possible mediator of
the daily rhythm is the monoaminergic neuromodulator,
serotonin (5-HT), which is involved in sleep and other circadian
behaviors [9]. We tested whether lesions of the serotonergic
system disrupt the daily oscillation in FF by re-analyzing data
from a previous study [10], and we rule 5-HT out as a causal
factor. Song production in zebra finches is a valuable model
system for studying complex learned behavior, and the daily
oscillation described here thus promises to reveal new insights
into how time of day influences our ability to accomplish
complex learned motor tasks.

Materials and Methods

Ethics statement: All experimental procedures involving
animals were approved by the University of Washington
Institutional Animal Care and Use Committee (Protocol
3304-01).

Animals
Adult male zebra finches were obtained from a commercial

supplier or reared in our colony. Animals were housed in
groups of 4-10 males, on a 13:11 hr light:dark cycle, with food
and water available ad libitum. Cages were approximately
38x38x35 cm, with the microphone immediately outside the
cage. All animals were part of a previous study investigating
the actions of 5-HT in the robust nucleus of the arcopallium
(RA), a premotor nucleus for song production [10].

Song Analysis
Birds were individually housed in sound attenuation

chambers (Acoustic Systems) at least seven days before and
14 days after lesion of the serotonergic system. We continually
recorded spontaneous (undirected) vocalizations using Sound
Analysis Pro (SAP) software [11]. Songs were sorted and
analyzed using custom Matlab software and SAP. Zebra finch
songs are highly stereotyped, making them especially well
suited for in-depth analysis. The acoustic structure of song is
arranged in a hierarchy, with 25-250 ms vocal units known as
syllables strung together in a stereotyped sequence called a
motif. Each song consists of one or several motifs, preceded by
introductory notes and separated from each other by <100 ms
of silence. We used custom Matlab software [12] to sort
individual motifs from calls and cage noise, and all songs were
high-pass filtered at 100 Hz using the Matlab ‘filtfilt’ function.
Briefly, the program detected putative motifs based on peaks in
the cross-correlation between the spectrogram of the song and
that of a clean preselected motif. Such putative motifs were
then sorted into complete motifs and partial motifs (which were
discarded) based on their spectral similarity with the
preselected clean motif using thresholds set by the
experimenter. For motifs for which such analysis did not allow
unambiguous distinction, an additional principal components
analysis (PCA) of the spectrograms of putative motifs allowed
us to sort motifs from other sounds. This analysis allowed us to
successfully sort >90% of the motifs sung by a bird on a given
day (assessed by comparing hand sorting with the automated

sorting by the program). The <10% which were discarded
generally represented motifs with abnormal syllable order or
containing abnormal syllables. Once clean motifs had been
sorted, individual syllables were sorted into catagories using
custom Matlab software somewhat similar to previously
reported methods [13]. Briefly, we ran clean motifs through the
SAP batch processing module to separate individual syllables
and calculate spectral and temporal features. These data were
imported into Matlab and sorted by a semi-automated
procedure in which the user selects spectral and temporal
feature values for each syllable (as well as the order in which
they occur). Using these methods we sorted and analyzed the
majority of syllables produced daily by each animal over the
course of the experiment.

Calculation of Fundamental Frequency and Amplitude
A large number of song spectrograms were visually analyzed

to determine an optimal window size of 23-ms from which to
calculate the fundamental frequency of multiple syllables and
birds. A spectrally stable and harmonic portion of the syllable,
as determined visually by having no obvious deviations or
sloping profile, was windowed at a constant time point from the
onset of the syllable. The power spectrum of a segment of the
syllable waveform was calculated. The fundamental frequency
of the syllable was calculated from the frequency bin of
greatest spectral power using a weighted average from the four
neighboring bins and the inter-harmonic frequency-based
methods previously employed in the field [14]. One to three
syllables were analyzed per bird- we tried to analyze any
syllable that had harmonic portions of significant length.

Amplitude was calculated using the SAP batch processing
module. A baseline amplitude was not calibrated; the SAP
default baseline of 70 dB was used for amplitude calculations.
In using the (arbitrarily chosen) SAP baseline, amplitude
calculations reflect the relative intensity of syllable renditions to
each other, rather than their absolute intensity. Amplitude
measurements will depend on the position of the bird relative to
the microphone and substantial variation may be expected.

Calculation of Temporal Changes of Syllable Features
The daily time course of the mean fundamental frequency

and amplitude of each syllable was calculated using the
MATLAB smoothing curve function rloess, a non-parametric
regression method related to loess regression, which
decreases the weighting of outlying data points allowing better
curve fits when there are long gaps between data points (for
example when there is an hour of no singing in the day).
Rloess points were calculated at 14 time points spaced evenly
through the day beginning with the first motif of the day and
ending with the last. Rloess parameters alpha and beta were
set to 0.7 and 2 respectively and were determined empirically
to reflect the best fit while minimizing over-smoothing.

The average morning and evening derivative for each day
were calculated using the rloess curve values in the first and
last three hours of light, respectively, divided by the time
between points. For example if the FF in the first hour was
550Hz and the FF in the third hour was 570Hz, and there were
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2 hr between points, the derivative would be
(570Hz-550Hz)/2hr = 10 Hz/hr.

Singing rate was calculated by creating 13 bins from the 14
time points (described in the rloess calculation) evenly spaced
through the day. For each bin, the number of syllable renditions
sung, the average FF of those syllable renditions, as well as
the average ampltidue of the syllable renditions was calculated.

The difference from mean FF of a period was defined as the
difference between the daily average FF and the FF of the first
hour of that period. Sporadic singing occasionally resulted in
erratic derivative values, and values greater than three
standard deviations from the mean were excluded.

The FF residual value for each syllable rendition was
calculated by subtracting a corresponding linearly interpolated
rloess curve value from the FF of the syllable rendition. For
example, for a syllable rendition sung at two hours and
seventeen minutes after the beginning of lights on, a theoretical
FF value would be calculated by linearly interpolating between
the second hour and third hour rloess points to give a
theoretical FF value exactly at two hours and seventeen
minutes after lights on. This theoretical FF value was
subtracted from the FF of the actual syllable rendition, giving
the residual.

Morning and evening amplitude derivatives, the difference
from mean amplitude, and amplitude residuals for syllable
renditions were calculated in the same manner as described for
FF above.

Surgery
See [10] for a comprehensive treatment of the 5-HT lesion

and effects. Briefly, FF of syllables was transiently lowered
following 5-HT lesion [10], and while 5-HT levels did not
recover, FF did. We injected 500 nl of 5,7-dihydroxytryptamine
creatinine sulfate salt (5,7-DHT, Sigma-Aldrich) into the third
ventricle (coordinates: 0 lateral, -1 rostral, 3.75 deep, 40° head
angle). While 5,7-DHT is a neurotoxin mostly selective for
serotonergic terminals [15], dopaminergic neurotoxicity was
blocked by pretreatment with 0.1 ml desipramine hydrochloride
(2 mg/ml, Sigma-Aldrich) given by IM injection. Two weeks
after injection of either 5,7-DHT (n = 5) or saline (n = 6),
animals were sacrificed by decapitation during isoflurane
anesthesia between 9 AM and 12 PM. Brains were sliced at
300 μm using a vibrating microtome (Oxford) and RA, adjacent
arcopallium, the song nucleus HVC (proper name ; Reiner et
al., 2004), adjacent nidopallium, Area X, striatum, cerebellum,
and brain stem were dissected and stored at -80°C. Lesion
effectiveness and specificity were verified by high pressure
liquid chromatography (HPLC, Vanderbilt University Core
Facility) for a variety of monoamines in these tissue punches.

Definitions of Baseline, Lesion, Recovery
Baseline for all birds was established using the average of

three stable days in the one to five days before surgery. After
surgery, birds often sang little or not at all for a few days, and
thus we excluded days following surgery when birds sang
fewer than 30% of the pre-surgery average number of songs
(generally 2-5 days were excluded). The lesion period was
defined as the first three days following resumption of singing.

Recovery was defined as 7-10 days following resumption of
singing, unless stated otherwise.

Statistics
Values presented are mean ± SEM. Unless otherwise

mentioned, p values represent results from unpaired student’s t
tests.

Results

Daily Patterns in Song
We found that FF and amplitude of harmonic syllables

followed a daily pattern (Figures 1-4). As seen for an example
bird examined over four consecutive days (Figure 1) FF and
amplitude were quite variable from rendition to rendition
(individual symbols), but tended to rise over the course of the
morning and fall during the evening (black curves).

These tendencies were seen in most of the 11 syllables
examined from 8 birds (Figures 2 and 3). Figure 2 illustrates
the rloess fit of all FF values for each syllable averaged across
multiple days. Figure 3 illustrates the average rloess fit of all
amplitide values for each syllable averaged across multiple
days. For most syllables, both FF and amplitude showed a
daily oscillation.

We quantified this oscillation by measuring the slope of FF or
amplitude for the first 3 hours of the day or last 3 hours of the
evening. The morning FF slope was 10.35 ± 2.407 Hz/hr
(Figure 4A ; p < 0.0001) and the morning amplitude slope was
2.990 ± 1.144 dB/hr (Figure 4B; p = 0.0118). FF slope in last
three hours of the evening was -22.46 ± 3.857 Hz/hr (Figure
4A; p < 0.0001) and evening amplitude slope was -3.152 ±
0.7639 dB/hr (Figure 4B; p = 0.0001).

Each point in Figure 4 represents one syllable examined on
one day. If we average all syllables and days for each
individual bird, the morning slope had a nearly significant
positive trend (8.5 ± 3.7 Hz/hr ; p = 0.054) and the evening
slope was significantly negative (-26.0 ± 6.6 Hz/hr ; p =
0.0058). The same analysis for amplitude resulted in a morning
slope with a positive trend (5.0 ± 3.5 dB/hr ; p = 0.2005) and a
evening slope which was significantly negative (-3.1 ± 1.1 ; p =
0.0273). This pattern was also evident via the rloess smoothing
curve (Figures 1-4). Fundamental frequency started slightly
lower than average in the morning, while morning amplitude
was not significantly different from average (-9.010 ± 3.974 Hz,
p = 0.0261 for FF ; -0.06256 ± 0.08478, p = 0.4639 for
amplitude).

We did not observe a tendency for amplitude or FF to
correlate with the singing rate. For each syllable, we tested
whether the number of syllable renditions sung during a binned
unit of time was correlated with the average FF or amplitude of
those syllable renditions. For each syllable, we calculated an
R2 value, reflecting how well correlated amplitude or FF was to
singing rate. For FF, only 4 syllables of the 11 syllables showed
a significant correlation with singing rate; for amplitude, there
were only 2 significant correlations. Additionally, the amount of
correlation between amplitude or FF with singing rate was low.
Averaging the R2 values (correlating amplitude or FF to singing
rate) of the 11 syllables gave a mean FF R2 value of
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Figure 1.  Syllable FF and amplitude follow a daily oscillation.  A) The FF for 1 syllable across 4 days of singing, each point
represents one rendition of the syllable. The black lines are RLOESS fits. B) The amplitude for the same syllable and same
renditions as in A.
doi: 10.1371/journal.pone.0082327.g001
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0.09263±0.03246 and a mean amplitude R2 value of
0.03762±0.01267.

5-HT Is Not Necessary
To ascertain whether 5-HT is necessary for the oscillation we

lesioned the serotonergic system via injection of 5,7-DHT (n =
5) or saline (n = 6) into the third ventricle [10]. As reported, 5-
HT levels were decreased to 1/3 the level of controls
(p=0.0009), yet 5-HT lesion left song substantially intact.
Following 5-HT lesion, the FF of harmonic song syllables was
significantly reduced (Δ – 72.5 Hz ± - 36.6 Hz drop in lesion
group, p=0.035 vs Δ 0.4 Hz ± 6.2 Hz in control animals, p
> 0.05). Following the initial decline, FF recovered to baseline
with a smooth trajectory over 3-5 days (Figure 5, recovery of
11.03 ± 2.102 Hz/day). Five days after lesion (when 5-HT
levels were still drastically reduced) daily oscillations had
entirely recovered to baseline, indicating that 5-HT is not

necessary for the observed daily oscillation in FF or amplitude
(Figures 6, 7).

Unlike FF, there was no significant reduction in amplitude
following 5-HT lesion (p=0.3522, Δ-2.361 ± 2.420 dB drop in
lesion group vs Δ 0.3296 ± 3.325 dB in control animals). The
daily oscillation in amplitude, however, was transiently
disrupted following 5-HT lesion but recovered to baseline on a
similar timescale as the FF (Figure 6).

In the days immediately following lesion (‘lesion period’) the
evening portion of both oscillations was disrupted such that
neither FF nor amplitude exhibited the usual evening decrease.
During this period the average FF recovered to baseline
values, possibly via adult error-correction. Whereas during
baseline conditions we observed a positive slope in FF on only
20% of evenings, after surgery (during the period when animals
were correcting their songs, the lesion period) we observed a
positive slope on 64.7% of evenings (p < 0.05). Average

Figure 2.  FF of harmonic stacks, and of harmonic subsyllabic elements, follows a daily oscillation, albeit with substantial
variation and noise.  Averaged daily RLOESS fits of FF (± 1 SD) for 11 syllables from 8 animals. Average number of days = 13.25
± 7.025.
doi: 10.1371/journal.pone.0082327.g002
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evening slope in FF during baseline was -23.83 ± 6.794 Hz/hr,
whereas after lesion it trended toward an increase of -8.75 ±
10.71 Hz/hr (Figure 7A, p=0.0582).

Similarly, only 16.7% of recording days had a positive slope
in evening amplitude during baseline conditions. This
proportion increased to 55.6% after 5-HT lesion (p < 0.05).
Average evening slope in amplitude during baseline was -3.513
± 1.192 dB/hr. After lesion it increased to 0.6557 ± 0.8207
dB/hr (Figure 7B, p=0.0075).

As we reported previously [10], 5-HT lesion did not alter the
overall pattern of song production. The fraction of songs sung
in the morning vs. the evening was unchanged, and there was
no change in the total number of songs sung/day.

As reported previously, we generally did not see a change in
spectral entropy following 5-HT lesion [10]. There was a
transient increase in goodness of pitch following lesion,

although we do not see any evidence of a daily oscillation in
that or in any other song feature, and we do not report on them
more here.

Correlation of Slope Values with Morning Deviation
from Average FF and Amplitude

We noted a correlation between the absolute FF in the first
hour of the day and the subsequent slope of the oscillation
across the morning. We therefore plotted the morning slope of
FF against the difference between the starting FF and the bird's
average FF over at least a week period. Morning slope was
found to be significantly negatively correlated with difference in
FF from weekly mean FF (Figure 8A, C). Thus, if the syllable
started with lower FF than average in the morning, the slope of
FF rise tended to be steeper than average (Figure 8C,

Figure 3.  Amplitude of harmonic stacks, and of harmonic subsyllabic elements, follows a daily oscillation, albeit with
substantial variation and noise.  Averaged daily RLOESS fits of amplitude (± 1 SD) for 11 syllables from 8 animals. Average
number of days = 4.82 ± 0.60.
doi: 10.1371/journal.pone.0082327.g003
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Figure 4.  Across animals and across harmonic syllables (and harmonic subsyllabic elements) both FF and amplitude tend
to rise in the morning and fall in the evening.  Plotted are the slopes of the RLOESS fits for the first three hours of the day and
the last three hours of the evening- each point represents the slope of 1 syllable from 1 animal from one morning or evening. Note
the apparent ‘v’ shape of the data is an artifact of the algorithm used to make all symbols visible on the graph and does not connote
information.
doi: 10.1371/journal.pone.0082327.g004
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p<0.0001, slope=-0.3765 Hz/hr, R2=0.404). No such
relationship was found for slope of FF in the evening (p=0.109,
slope=-0.1524 Hz/hr, R2=0.035, data not shown). A similar
correlation was found for amplitude. Syllables with lower
amplitude than average in the morning tended to have steeper
amplitude slopes (Figure 8B, D p< 0.0001, slope=-13.80 dB/hr,
R2=0.4504). Once again, no such relationship was found in the
evening (p=0.3744, slope=-2.850dB/hr, R2=0.001848).

Correlation between Amplitude and FF
Very little correlation between FF and amplitude was found

on the level of individual renditions of syllables. For a given
day, we calculated the R2 value, reflecting the degree of
correlation of FF and amplitude across all renditions of a
syllable for that day. Pooling these R2 values across animals
and across days reflected a very low rendition-to-rendition
correlation of FF and amplitude (Figure 9A ; mean R2= 0.03323
± 0.008160).

In further support of the lack of correlation between FF and
amplitude on the level of individual syllable renditions, the

Figure 5.  Daily patterns of FF in a typical harmonic syllable across seven days of baseline and three days post 5-HT lesion
(after the bird began singing again).  The black line is the RLOESS fit. The grey line is a line through the RLOESS fit during the
last 3 hours of lights on, marked by the black bars at the base. Serotonin lesion disrupted the evening fall, and in fact FF instead
rose in the evening on Lesion+3 day. Also visible on this graph is the overall decrease in FF following lesion (all points shifted
downward after lesion). See Figure 7 for group data.
doi: 10.1371/journal.pone.0082327.g005
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correlation between the FF residual and amplitude residual of
each syllable rendition showed a low correlation as well. Each
day once again produced a single R2 value, reflecting how
correlated the FF and amplitude residuals of each syllable
rendition were for that day. Pooling these R2 values across
animals and across days reflected a very low correlation of FF
and amplitude residuals (Figure 9B ; mean R2= 0.02618 ±
0.006144).

We did, however, observe a strong trend towards correlation
between FF and amplitude rloess smoothing curve values
across the day. This analysis eliminated the high rendition-to-
rendition variability and allowed for a better comparison of the
daily patterns in FF and amplitude. For each syllable examined,

the FF and amplitude rloess smoothing curve values were
correlated across all baseline days, resulting in an R value for
each syllable. Of the 11 syllables, 7 had a significant positive
correlation, 2 had no statistically significant correlation, and 2
had a negative correlation (R values were used instead of R2

due to the 2 negative correlations). Overall, the mean R value
across all syllables tended to be positive (mean R value=
0.2837 ± 0.1311 ; p = 0.0558).

Discussion

We report a daily oscillation in both FF and amplitude of
harmonic syllables in the undirected songs of adult male zebra

Figure 6.  Daily patterns of amplitude in a typical harmonic syllable across seven days of baseline and three days post 5-
HT lesion (after the bird began singing again).  The black line is the RLOESS fit. The grey line is a line through the RLOESS fit
during the last 3 hours of lights on, as in Figure 5. Serotonin lesion disrupted the evening fall, and in fact FF instead rose in the
evening on Lesion+3 day. See Figure 7 for group data.
doi: 10.1371/journal.pone.0082327.g006
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Figure 7.  Normal 5-HT levels are not necessary for daily oscillation in FF or amplitude.  Each symbol represents the slope of
the RLOESS curve of FF or amplitude of one syllable from one animal on one day. A) There was a trend for evening slope of FF to
become positive immediately following 5-HT lesion (while song was recovering but 5-HT was still depleted, p=0.0582 when
compared to baseline slope). Oscillations were indistinguishable from baseline condition by 5 days after lesion surgery, at which
point 5-HT levels continued to be drastically reduced. Saline controls showed no similar effects. B) Evening slope of amplitude
increased significantly after 5-HT lesion (p=0.0075 when compared to baseline slope). Similarly to FF, the trend of the evening
slope of amplitude to become positive ceased to persist 5 days after lesion surgery.
doi: 10.1371/journal.pone.0082327.g007
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finches. This oscillation was embedded in substantial rendition-
to-rendition variability, but was nonetheless statistically
significant in all animals studied. FF and amplitude rise in the
morning to a mid-day peak and then descend in the evening
(Figures 1-4). This oscillation has not been reported before,
likely because it is a subtle oscillation and obscured by trial to
trial variation, requiring hundreds of syllables to be carefully
analyzed per day before becoming clear.

It is possible that the physical cause of the oscillations in
both FF and in amplitude is an oscillation in air sac pressure.
Air sac pressure is directly related with syllable amplitude, but
the strength of this relationship has only recently become
apparent [16,17] The most relevant work to our study is an
elegant study by Amador and Margoliash [8] in which they
rapidly (<100 ms) reduced air sac pressure during parts of
harmonic syllables in the zebra finch and observed a direct and
mostly linear decrease in FF as a result. The possibility that
both oscillations we observed here are due to changes in air
sac pressure is appealing in its parsimony but is difficult to
prove from our data. We did not take air sac pressure
measurements, and measures of syllable amplitude vary

somewhat markedly depending on the direction of the beak
relative to the microphone (indeed, we did not begin our study
with the plan of measuring syllable amplitudes). It is perhaps
surprising, then, that the oscillation in amplitude was
observable at all. Given more accurate amplitude
measurements (or ideally direct measures of air sac pressure)
we would expect the amplitude oscillation to be even more
pronounced.

If oscillations in amplitude do in fact drive the oscillations in
FF we would expect a very strong correlation between the
measures on a rendition to rendition basis, and while we do
see evidence of covariation, in most cases it is essentially
nonexistent. (Figure 9). We are unable to determine to what
extent this is due to errors in accurately measuring syllable
amplitude and to what extent these two variables indeed
behave independently. We find the hypothesis that the
oscillation in FF is a result of an oscillation in air sac pressure
to be compelling, but this will require air sac pressure
measurements carried out over the course of multiple days for
a definitive answer.

Figure 8.  There is a correlation between morning difference from mean FF and initial trajectory of FF (slope of RLOESS
fit).  A, B) One example animal. Each symbol represents one syllable measured on one day. C,D) All syllables from all animals on
all days- each symbol represents one syllable from one day.
doi: 10.1371/journal.pone.0082327.g008
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Candidate Mechanisms
Regardless of whether changes in air sac pressure are the

proximate mechanism, there remains the question of what
drives the proximate mechanism, whatever it may be. An
intuitive explanation might be that motivation to sing leads to
increased amplitude and FF. This explanation is unlikely to
account for the observed oscillations, however, as during times
when birds singing the most (the morning) amplitude and FF
are low. Similarly, amplitude and FF peak around mid-day and
fall in the evening, neither of which aligns with motivation to
sing.

An alternative explanation for the daily rhythm is body
temperature. Manipulating the temperature of one song
nucleus (HVC) alters the tempo of zebra finch song [18]. In
addition, increases in song tempo associated with female-
directed singing [19-21] involve increases in brain temperature
that at least superficially resemble the period of oscillation in
FF and amplitude observed here [22]. No studies to date have
reported an effect of temperature on FF or amplitude. The
tractable nature of the neural circuitry underlying song
production in the zebra finch should greatly facilitate identifying
the mechanisms underlying the daily rhythms in future studies.
Temperature could also influence song via effects in the
peripheral nervous system and muscles controlling respiration.

An additional factor that could contribute to the daily rhythm
in song FF is circulating melatonin. Melatonin is a hormone that
is a major coordinator of circadian rhythms in birds. Its
receptors are heavily expressed in some song-system nuclei,
including HVC and RA [23,24]. Exogenous and endogenous
melatonin affects song tempo [24,25], but no reports have yet
linked melatonin to changes in FF. Application of exogenous
melatonin is reported to cause a small reduction in
spontaneous firing rate in RA neurons. Because RA firing rate
and FF are correlated [10,26] one can speculate that buildup of

melatonin levels in the evening contributes to the steady
decrease in FF that we observed here through a decrease in
RA firing rate. Serotonin is a precursor to melatonin synthesis,
however, so while we did not measure melatonin levels
following 5-HT lesion it is very likely they were also significantly
decreased. It is also entirely plausible that a circulating
hormone, possibly melatonin, acts outside of the central
nervous system, perhaps directly on musculature and thus
alters air sac pressure and both amplitude and FF of syllables.

Ruling out a role for 5-HT
Because 5-HT receptors are present in nuclei of the song

system [27], and serotonergic lesions disrupt circadian rhythms
in other systems [28], 5-HT was a plausible candidate
neuromodulator to mediate this daily oscillation in FF. When we
lesioned the serotonergic system, there was a transient loss of
daily oscillations. Our finding, however, that the oscillation re-
asserts itself within ~1 week after 5-HT lesion, despite strong
and prolonged reduction in 5-HT level, argues strongly against
this interpretation (Figures 4, 5). While we do not find it
particularly likely, we cannot rule out the possibility that
compensatory mechanisms (such as the upregulation of 5-HT
receptors following lesion, [29]) allow for the birds to regain
sufficient functioning of the serotonergic system to re-establish
oscillations. In some cases, unmasking an effect of 5-HT on
behavioral rhythms can require altering the photoperiod
[30-32], and it is possible that such a manipulation will be
required to observe an effect in songbirds.

Adult Song Maintenance
It is possible that the observed oscillation in FF is the result

of over-correction during the maintenance of FF of harmonic
syllables [19,33-35]. Specifically, we hypothesize that there is

Figure 9.  Syllable FF and amplitude are not correlated on a rendition to rendition basis.  A) Each symbol represents the R2

value for the correlation of FF and amplitude of each syllable rendition sung by 1 animal for 1 day. B) Each symbol represents a R2

value for the correlation of FF residual and amplitude residual of each syllable rendition sung by 1 animal for 1 day.
doi: 10.1371/journal.pone.0082327.g009
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some physiological pressure that causes FF to start low in the
morning, reminiscent of the finding that juveniles sing more
poorly immediately upon waking [36]. Possible causes include
lower body temperature [1-3,22] or some consequence of
sleep-related memory re-consolidation. The bird may begin
correcting its song over the course of the morning until the
desired FF is reached. If this were true we would expect the
slope of changing FF in the morning to be directly proportional
to the extent of the difference in current FF from the idealized
FF- if the syllable starts at a particularly low FF one morning we
would expect the rise in FF that day to be particularly strong.
Conversely, on days when the FF was higher than average
(which happens less commonly but can occur) we would
expect the trend of FF to have a shallower positive, or even
negative slope. Indeed, this is exactly what we find; when FF is
higher than average, it tends to drop, not rise, in the morning.
The magnitude of FF slope in the morning is significantly
associated with the difference from average daily FF (Figure 6).
Factors other than error correction could also contribute to or
mediate the daily oscillation in FF. In fact, because the evening
fall in FF appears to involve continued change away from
average, it seems likely that error correction is stronger in the
morning and other factors dominate in the evening. In this
regard, it might be helpful to examine whether a daily rhythm
occurs in other vocalizations such as calls. Manipulating
singing behavior could also probe for an effect of practice on
performance.

Daily Oscillations during Learning
One form of daily patterning to song production has been

reported before; during the juvenile learning period, songs
performed immediately after waking showed greater acoustic
difference from the tutor song than those produced later in the
day [36]. This effect was hypothesized to be a negative
byproduct of “offline” learning, perhaps somehow involving the
consolidation of memory during sleep, and no similar effect
was reported in adults. The analysis we have done here is
more focused, dealing with only FF and amplitude of individual
syllables. The authors in that study do not report an evening fall
in song similarity as might be expected if there were a common

mechanism driving the changes seen in that study and this
one, suggesting differing underlying phenomena. Nonetheless
it will be interesting to see to what extent the oscillation we
observe here is present in juveniles towards the end of the
song learning process, although the increased variability in
juvenile song may obscure the daily oscillations we report here.

Conclusions

The FF of harmonic syllables rises across the morning,
reaching a peak near mid-day, and then falls again in the late
afternoon until sleep. Amplitude follows a similar pattern, albeit
less clearly, likely due to difficulties in measuring amplitude
accurately. These oscillations do not require normal levels of
serotonin, as animals with serotonergic lesions maintained
daily oscillations in both FF and amplitude. We hypothesize
that these oscillations are driven by underlying physiological
factors, possibly including body temperature or melatonin,
which are likely shared with other vertebrates, or at least
homeotherms. Song production in zebra finches is a valuable
model system of complex learned behavior because of the
ease of gathering strong behavioral data and the tractability of
the underlying neural circuitry. The presently discovered daily
oscillation promises to reveal new insights into how time of day
may influence our ability to accomplish a variety of complex
learned motor skills.
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