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Within-day improvement in a behavioural display: wild birds ‘warm up’

Motor performance describes the vigour or skill required to perform a particular display. It is a
behaviourally salient variable in birdsong and other animal displays, but little is known about
within-individual variation in performance over short time scales. The metric “frequency
excursion” (FEX) quantifies birdsong performance as cumulative frequency modulation per unit
time. We measured FEX in a large sample of recordings from free-living male Adelaide’s
warblers (Setophaga adelaidae). Our objectives were to quantify natural variation in
performance, and test the hypotheses that performance (1) improves as a function of recent
practice, (2) decreases over consecutive repetitions of a single song-type, (3) improves with rest
between songs, (4) varies by singing mode, and (5) changes during vocal interactions with
neighbours. We found significant variation in performance among individuals and song-types.
Consecutive repetition of a song-type, rest between songs, singing mode, and vocal interaction
did not strongly affect performance. Performance consistently increased with song order,
however, indicating that males warm up during morning singing. This is the first demonstration
of such an effect in a sexual display. The warm up effect may explain the prevalence of intense

dawn singing in birds (dawn chorus), if rivals engage in an arms race to warm up.

Keywords: anti-exhaustion hypothesis, behavioural display, bird song, dawn chorus, frequency

excursion, performance
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Sexual selection drives the elaboration of sexual ornaments and displays in animals
(Bradbury & Vehrencamp 2011). As these traits evolve to become increasingly extreme, costs
accumulate and constraints take effect, limiting further elaboration. Motor constraints may be
particularly important in limiting the evolution of sexual displays (Podos & Patek 2015), as
suggested by systems in which the display performance improves with experience and age.
Examples include the cartwheel displays of lance-tailed manakins (Chiroxiphia lanceolata;
DuVal 2012); and trill performance in swamp sparrows (Melospiza georgiana; Ballentine 2009)
and banded wrens (Thryophilus pleurostictus; Vehrencamp et al. 2013). Although it has not been
studied as intensively as year-to-year variation in performance, within-day variation in
performance may also provide evidence of performance constraints. In the present study, we
examine the factors that influence short term variation in performance in a neotropical songbird,
Adelaide’s warblers (Setophaga adelaidae).

Birdsong production requires precise coordination of the intricate avian vocal apparatus,
so it is likely that the evolution of birdsong has been affected by motor constraints (Suthers
2004). The anti-exhaustion hypothesis proposes that motor fatigue limits birds’ ability to
repeatedly produce the same song-type, but birds can escape fatigue by switching to a new song-
type (Lambrechts & Dhondt 1988). A test of this hypothesis in chaffinches (Fringilla coelebs)
found no support (Brumm et al. 2009). We propose a novel hypothesis about the effects of motor
constraints over short time scales: signal performance could improve over short time scales if
animals ‘warm up’. Improvement in a motor task due to recent practice, or ‘warming up,’ is
known to affect human athletes and singers (Stewart et al. 2003, Motel et al. 2003, Amir et al.
2005, Moorcroft & Kenny 2013). The warm up hypothesis predicts that singing performance

improves with recent practice, regardless of song-type. We quantify recent practice with the
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variable song order, which describes the number of songs the bird has already sung on the focal
morning. Throughout this report, predictor variables are indicated by the use of italics.

Superficially, the warm up hypothesis may seem to be at odds with the anti-exhaustion
hypothesis. We suggest that the two hypotheses are not mutually exclusive, however, because
birds that switch song-types might warm up, even though they would become exhausted if they
were to continue singing the same song-type. Thus, we invoke the anti-exhaustion hypothesis to
predict that performance will decrease over consecutive repetitions of a given song-type
(measured as the ordinal number of a song in a run of same-type songs, or the run number).
Alternatively, singing may temporarily exhaust a bird’s resources regardless of song-type. This
‘song-type general exhaustion’ hypothesis leads to the prediction that performance will covary
positively with the latency since the prior song.

New World warblers (Family: Parulidae), including Adelaide’s warblers, early morning
(Type 1) singing differs from daytime (Type I) singing during the breeding season (Spector
1992, Staicer et al. 1996, Staicer 1996a, Catchpole & Slater 2008, Burt & Vehrencamp 2005).
Distinct functions for these two singing modes have been proposed. A study showing that Type |
songs have higher performance than Type Il songs suggests that Type | singing may have
evolved to showcase performance (Beebee 2004). We therefore tested whether singing mode
affects song performance.

Several studies on natural and simulated territorial interactions show that songbirds adjust
their performance level when they are vocally interacting (‘counter-Singing’) with a potential
rival (Trillo & Vehrencamp 2005, Price et al. 2006, DuBois et al. 2009, Benedict et al. 2012).
We tested this hypothesis by estimating the effect of counter-singing on song performance.

Additionally, performance may be affected by various time-dependent factors, such as the air
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temperature, the amount of time the bird has been awake, or the rate of social interactions. We
included time of day in our analysis, to control for these potential influences on performance, and
to account for covariance between time and order. Table 1 summarises our predictions for each
hypothesis.

Motor performance in trilled birdsong has traditionally been quantified by measuring the
orthogonal distance of a song from the upper-bound regression line of a plot of trill rate and
frequency bandwidth (Podos 1997). Using this measure of performance (termed ‘vocal
deviation’, VDev), and its components trill rate and frequency bandwidth, studies have revealed
variation in performance among species (Podos 1997, Podos 2001), individuals (Podos 2001,
Ballentine et al. 2004), contexts (Trillo & Vehrencamp 2005, Price et al. 2006, DuBois et al.
2009, Benedict et al. 2012), and song-types (Trillo & Vehrencamp 2005, Illes et al. 2006,
Cramer and Price 2007, Cardoso et al. 2009, Caro et al. 2010, DuBois et al. 2011, Cardoso et al.
2012). Evidence is accumulating that variation in these metrics is salient to conspecifics of both
sexes (Ballentine et al. 2004, Illes et al. 2006, Caro et al. 2010, DuBois et al. 2011, Moseley et al.
2013). Although VDev has proven to be a useful measure of performance for many species of
songbirds, it fails to capture potentially important aspects of vocal performance. For example,
VDev does not account for adjustments to the vocal apparatus during silent intervals between
notes. It also ignores variation in syllable structure other than bandwidth and duration
(Geberzahn & Aubin 2014). Because VDev does not account for differences among different
syllable types, it is not a suitable metric to compare the performance of songs that contain more
than one syllable type (Geberzahn & Aubin 2014, Podos et al. 2016). A new metric of motor
performance, frequency excursion (FEX), overcomes these limitations (Podos et al. 2016).

Frequency excursion attempts to estimate the rate at which the vocal apparatus adjusts by
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measuring the rate of change in the fundamental frequency of a signal, including changes during
silent gaps.

Here, we measured FEX in a large sample of songs from free-living male Adelaide’s
warblers. We then modelled variation in FEX as a function of several variables that may affect

performance over short time scales, allowing us to test the hypotheses summarised in Table 1.

Table 1: Hypotheses and predictions regarding within-day variation in performance of birdsong.

Hypothesis Prediction Independent variable

Song-type specific Performance decreases over consecutive  run number

exhaustion repetitions of a song-type
Song-type general Performance increases with latency since latency
exhaustion the prior song
Warm up Performance increases with number of order
songs sung
Type | singing Type | songs have higher performance singing mode
showcases high than Type Il songs
performance
Vocal interaction Performance increases when counter- counter-singing
singing
Time-dependent Varied Time

factors influence

performance
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Methods
Study system

We recorded mated male Adelaide’s warblers at the Cabo Rojo National Wildlife Refuge,
Puerto Rico (17°59' N, 67°10" W) during the breeding season between March and June, 2012,
Adelaide’s warblers are resident wood warblers endemic to Puerto Rico and the neighbouring
island of Vieques (Staicer 1996, Toms 2011). Males sing a repertoire of discrete song-types
(mean = 29.0 song-types / male), many of which they share with neighbours (Staicer 1996b).
Songs are frequency-modulated trills, with among-note variation in structure (Fig. 1). Like many
other wood warblers, individual Adelaide’s warblers use distinct repertoires for Type | and Type
Il singing (Staicer 1996). In an unpublished song playback study (Pereira et al. in prep), male
Adelaide’s warblers type matched low-performance songs (digitally slowed down by 15%) more
than controls, and high-performance stimuli (accelerated by 15%) less than controls, indicating

that vocal performance is behaviourally salient in this species.

Ethical note

This research was approved by the Institutional Animal Care and Use Committee at the
University of Puerto Rico at Mayagtiez (Sept. 17, 2010) and adhered to the ASAB/ABS
Guidelines for the Use of Animals. Birds were captured under DML’s federal bird banding
permit (#23696). The US Fish and Wildlife Service granted permission to work at the Cabo Rojo
Wildlife Refuge (permit 2012-01). Birds were captured in mist nets and fitted with a unique
combinations of three coloured leg bands, and one aluminum leg band prior to the onset of the

study. At the same time blood samples were taken for another study. We used a hypodermic
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needle to puncture the left brachial vein, and take a blood sample with a capillary tube. The
bleeding was stanched with direct pressure, and standard measurements were taken. No birds
were otherwise injured or killed during capture. The birds appeared to forage and sing normally

while being recorded, suggesting that our observations did not cause significant distress.
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Figure 1. Examples of high and low performance (FEX) songs. Each column shows songs
belonging to the same song-type, sung by the same male, but with different FEX. Careful visual

inspection shows that higher performance songs tend to have higher trill rate and/or bandwidth.

Song recordings

We recorded nine colour-banded males for four days each, averaging 3:30 + 0:13 hours
(mean = SD) of recording per day. Successive recording sessions of a given male were separated
by at least four days except on two occasions when recordings were made on consecutive days

because of logistical constraints. Observations started 30 minutes before sunrise — allowing us to
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capture the start of the dawn chorus and thus the ordinal number of each song — and continued
until three hours after sunrise. Although it was too dark to see their coloured leg bands at the
beginning of the recording sessions, we are confident we recorded the right individuals because
(1) males are highly territorial, (2) males have high fidelity to specific dawn chorus trees, or
cluster of trees, and (3) observers followed the birds continuously and confirmed the band
combinations once the sun was up. We recorded individuals continuously with a portable solid
state audio recorder (Marantz PMD661) and a directional ‘shotgun’ microphone (Sennheiser
MEG7). An observer followed each bird through its territory at a distance that did not appear to
disturb the individual. We saved recordings as .wav files (sample rate = 44.1kHz, 16 bits).

We visualised recordings as spectrograms in Syrinx PC v2.6f sound-analysis software
(settings: Blackman window, transform size = 1024 points; John Burt,
http://www.syrinxpc.com/). Observers were blind to the identity of focal males. We recorded the
occurrence, time, and song-type for each song. Each song recording from a focal male was saved
as a separate file and assessed for recording quality. We only used high-quality recordings (high
signal-to-noise ratio, minimal overlap with other sounds) for song measurements.

In Adelaide’s warblers, Type | and Type Il songs differ with respect to several variables
including time of day, time of year, patterns of song switching (immediate versus eventual
variety), fine-scale structure, and social context (Staicer 1996, Staicer 1996b). However, there is
no published diagnostic criterion to assign song-types to a singing mode. We therefore relied on
median time of delivery to assign a singing mode to each song-type for each male (different
individuals can assign a given song-type to different singing modes, Staicer 1996b). We built a
histogram of median time of delivery, treating song-type within individual as the sampling unit.

The histogram revealed a bimodal distribution, with an antimode shortly after sunrise. We
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assigned song-types in the left peak of the distribution to Type Il and those in the right peak to
Type | for each individual. In doing so, we operationally defined Type Il songs as those that
were usually sung before sunrise, and Type | songs as those that were usually sung after sunrise.
This division is consistent with the literature on wood warbler singing modes (Spector 1992).
The complete dataset contained 9499 song recordings, 2825 of which were of sufficient
quality for structural analysis. Prior to analysis, we further reduced the dataset by eliminating
songs that appeared to be missing sections relative to other songs of the same type, by the same
individual, N = 42), ‘double songs’ (two songs sung in rapid succession; N = 6), and songs
belonging to song-types with 10 or fewer exemplars (N = 50 songs). The rationale for
eliminating rare song-types is that the mixed model, which includes song-type as a random
factor, would have little information with which to estimate their parameters. Finally, we
eliminated all first songs of the day (order = 1) because they lacked a latency since prior song (N

=10), leaving 2717 songs in the final dataset.

Acoustic analysis

Frequency excursion was measured with the custom software FEX Calculator (Jesse
McClure, https://github.com/BehaviorEnterprises/Fex; Podos et al. 2016; Fig. 2). The software
Fourier transforms the audio input creating a matrix of relative amplitude values for each
frequency x time bin. The highest amplitude point in each time bin (above a selected minimum
threshold) is used to create a path through the matrix tracing the peak frequency across time. The
total length of this path divided by its duration is the measure of frequency excursion. The
amplitude matrix data are also used to create an interactive spectrogram allowing the scorer —

when necessary — to remove background noise with an eraser tool that masks the selected
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Figure 2. Schematic representation of semi-automated frequency excursion measurement. First a
spectrogram is generated (a), here with a window size of 256 and a bin size of 64 samples,
originating from a 44.1 kHz recording. This spectrogram is overlaid with a layer indicating the
points with the highest amplitude in each time bin and drawing the frequency excursion path line
(b). The length of this connecting line, divided by the time it spans, represents the frequency

excursion. Higher FEX values indicate higher performance songs.

Statistical analysis
We fitted a linear mixed model to examine variation in FEX and test for potential effects

of warm up, exhaustion, rest, singing mode, and counter-singing. The following fixed variables



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

were included in the model: time of day, order, latency, run number, singing mode, and counter-
singing (Table 1). Time of day (sec) represents the time relative to sunrise (positive values are
after sunrise). Order is the sequential order of the song for a given male on a given day (range =
2 - 474). For example, order = 1 for the first song that a male sings in the morning, order = 2 for
the second song, and so on. Latency (sec) is the time elapsed since the subject’s previous song.
This variable was strongly right-skewed, so we log transformed it to prevent the extreme values
from exerting excessive leverage in our model. Run number is the song’s order within a run of
the same song-type (range = 1 - 43). Counter-singing was scored as “1” if any of the following
were true: the song was sung within 1.5 sec following a neighbour’s song, the song matched the
song-type sung by a neighbour in the previous 2 sec, or the song temporally overlapped a
neighbour’s song (separating these three kinds of counter-singing did not affect the outcome;
unpublished data). An alternative way to measure performance changes during counter-singing is
to ask whether performance changes over the course of a counter-singing bout. We defined a
bout of counter-singing as an uninterrupted string of songs for which at least five of the previous
ten songs were possible responses to a neighbour (i.e., were scored as a “1””). We scored the
order of songs within a bout of counter-singing to define the variable counter-singing order,
which we substituted for counter-singing in a separate model (including counter-singing and
counter-singing order in the same model would be inappropriate given their high degree of
correlation). Singing mode separates Type | and Type Il singing (Staicer 1996b, see above).
Random variables in the model were 1D, day (within ID), and song-type (song-type is known to
affect performance in other species Trillo & Vehrencamp 2005, Cramer and Price 2007, Cardoso

et al. 2009, Cardoso et al. 2012).
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Linear mixed models were developed in R v3.2.0 (R Core Team 2014) using the Ime4
package (Bates et al. 2015). Continuous predictors (time of day, order, run number, and latency)
were mean-centred and standardised prior to analysis by subtracting the mean and dividing by
two standard deviations, in order to make effect sizes comparable to those of binary predictors
(Gelman 2008). We began with a full model that included all main effects and two-way
interactions, and random intercepts for ID, day (within ID), and song-type. We wanted to identify
which of these potential explanatory variables were strongly associated with song performance
while minimizing the risk of type I errors, so we implemented a conservative model selection
procedure. The full model was subjected to the dredge function in the R package MuMIn (Barton
2015) to rank all sub-models by AIC (Burnham & Anderson 2002). Variables that were in all
models with AAIC <2 were included in the reduced model (the full model and a model
averaging procedure produced qualitatively similar results, indicating that the results are robust
to variation in model selection procedures). We tested for a quadratic effect of time of day (as
suggested by Fig. 3b), but found no support, so only linear effects were included in the final
model. We then added random slopes for all retained fixed variables (Barr et al. 2013), and
examined residuals for normality and homoscedasticity. We used the anova function to conduct
likelihood ratio tests of statistical significance of random and fixed effects. We used the REML

method for parameter estimation and the maximum likelihood method for significance tests.

Results
The 2717 songs in the dataset included 40 unique song-types. Each subject contributed an

average of 301.89 £ 179.01 songs, representing 16.67 + 3.16 song-types (Table S3
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Supplementary Material). FEX varied among individuals, days, and song-types (Tables S5-S7
Supplementary Material). Independent variables were intercorrelated, including time of day and
order (Pearson’s correlation: r = 0.68, Table S4 Supplementary Material). No correlations

exceeded |r| = 0.7, limiting the risk of multicollinearity (Dormann et al. 2013).

Linear mixed model

The model selection procedure produced the following model, which we refer to as the
‘main model’:

FEX ~ time + order + (1 + time + order|ID) + (1 + time + order|ID:day) + (1 + time + order|type)
That is, the main model explained variation in FEX as a function of the fixed effects of time of
day and order, with random intercept and slopes for both time of day and order versus ID, day
within 1D, and song-type. The independent variables latency, run number, counter-singing,
counter-singing order, and singing mode were not retained by the model selection procedure.
FEX increased with order and decreased with time of day (Table 2, Fig. 3). The random
variables ID, day within ID, and song-type were all highly significant (p < 0.0001, Tables S5-S7
Supplementary Materials).

We found a positive effect of order on performance for all individuals, every day, for
almost every song-type (Fig. 4a, Tables S5-S7 Supplementary Materials). Translating the effects
into a biologically relevant scale, we estimate that birds’ performance improves by 5.78 FEX
points, on average, over the course of 200 songs (subjects sang > 200 songs in 27 of 36
observation periods). The among-individual standard deviation in average performance is 4.11
FEX points, so the effect of singing 200 songs is equivalent to 1.41 standard deviations of the

among-individual average.



275 To further address the potential confound between the correlated variables time of day
276  and order, we conducted a linear regression of time of day versus order (order as the dependent
277  variable) and ran the residuals in our main model. Residual order was a significant positive

278  predictor of FEX (effect size = 4.69, x?=7.34, df = 1, p = 0.0067).

279
280  Table 2. Results of a mixed effects model for the dependent variable ‘frequency excursion’.

281  Covariate estimates refer to scaled data.

Term Estimate o df p 282
283
Intercept 66.48
284
Order 5.43 11.39 1 0'000385
Time of day -2.99 2.45 1 0.12 786
287

288  Random intercepts: (6ip = 4.04, Gpay win 1o = 3-03, Gsong-type = 9-89, all p < 0.0001; Cresigual = 5.06)
289 Random slopes (Order): (o ip = 1.89, 0 paywinip = 3.53, 0 song-type = 3.31)
290 Random slopes (Time of day): (¢ 1o = 2.57, 0 paywinipo=5.02, 0 song-type = 6.58)

291

292
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Figure 3. Frequency excursion as a function of (a) song order (r = 0.16) and (b) time relative to

sunrise (r = 0.10). Points are semi-transparent, so darker regions indicate overlapping data points.
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Figure 4. Regression lines showing the relationship between vocal performance (FEX), (a) song
order and (b) time relative to sunrise for the most common song-type from each of the nine

subjects.

FEX relies on a linear frequency scale, but production and perception of sound frequency
is better modelled on a log scale (Cardoso 2013). If song duration covaries with order, and if
long songs tend to include more high fundamental frequencies than do short songs, our model
would overestimate the salience of covariation between FEX and order to signal receivers. To
test this possibility, we used linear regression to model FEX as a function of song duration (ms)
and average mid-frequency (the midpoint of the average maximum frequency and average
minimum frequency), and used the residuals as the dependent variable in our main model. The
model with residual FEX estimated similar effects of time of day (-2.31) and order (4.69) as did
our main model. As in the main model, the effect of order was statistically significant (y* = 7.34,
df =1, p=0.007)

We were interested in the specific structural changes responsible for the effects of time of
day and order on FEX, so we ran variants of the main model with each of the following
dependent variables: trill rate (number of notes / duration), frequency bandwidth (Hz, averaged
over all notes), number of notes, duration (s), minimum frequency (Hz, averaged over all notes),
maximum frequency (Hz, averaged over all notes), and vocal deviation (Table S1, see
Supplementary Material for methodological details). The only metrics that showed a statistically
significant relationship with order were trill rate and number of notes, both of which had positive
coefficients (Table 3). We then regressed FEX on trill rate and ran the residuals in the main

model to determine whether order affected FEX after accounting for the covariation between
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FEX and trill rate. The effect of order on the residuals of FEX was positive and significant

(effect size = 3.78, x % =6.39, df =1, p = 0.011).

Table 3. Estimates for the effects time of day and order on seven song structure metrics.

fixed average trill  number duration average  average vocal
effect  frequency rate  of (ms) minimum maximum deviation
bandwidth (Hz) notes frequency frequency
(kHz) (kHz) (kHz)
time -0.02 0.03 -1.02 -56.30 -0.07 -0.09 0.02
order  -0.06 0.72* 3.11** 93.66 0.10 0.07 -0.03

*p<0.01; **p <0.001

Discussion

We found strong evidence that song motor performance (FEX) improves over the course
of morning singing in male Adelaide’s warblers (Table 2, Fig. 3). This effect was not explained
by the time of day, which we would expect if factors like air temperature, amount of time that a
bird has been awake, or increase in social interactions caused the improvement. Rather, the
cumulative number of songs that a bird had sung during the morning explained the observed
improvement in performance on a given day. We therefore conclude that Adelaide’s warblers
warm up during morning singing. The magnitude of the order effect (+ 1.41 SD of among-
individual variation over 200 songs) is likely to be biologically relevant if receivers compare
performance among males. Controlling for song duration and mid-frequency had little effect on

the relationship between order and performance, indicating that receivers are likely to perceive
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the warm up effect in spite of the non-linearity of sound frequency production and perception
(Cardoso 2013). As birds warm up they might choose to sing higher performance song-types or
they might continue to sing the same song-types, but with higher performance. Our analyses do
not address the first possibility, but the performance of almost all song-types (39/40) improved
with song order (Table S7 Supplementary Materials).

This is the first report of increased song performance as a function of recent practice, but
other studies have considered changes in performance over longer time scales. Banded wrens
(Thryophilus pleurostictus) and swamp sparrows (Melospiza georgiana) show an increase in
performance (VDev) with age, and banded wrens increase their trill rates over the course of a
single season (Ballentine 2009, Vehrencamp et al. 2013). Similarly, frequency bandwidth
increases with age in Java sparrows (Lonchura oryzivora; Ota & Soma 2014). One study,
however, found that song performance decreases between successive years in white-crowned
sparrows (Zonotrichia leucophrys, Poesel & Nelson 2015). We conclude that changes in
performance can take place over a range of time scales, from minutes to years.

The performance metric frequency excursion is a function of trill rate, frequency
bandwidth, and other structural variables. We tested several such variables in an attempt to better
understand the positive influence of song order on FEX (Table 3). Trill rate and especially the
number of notes in the song, were positively influenced by song order. We found a positive
effect of order when controlling for the effects of trill rate on FEX, which means that order
affects additional components of FEX beyond just trill rate. Candidate components include
frequency modulation within notes and frequency jumps between notes (Geberzahn & Aubin
2014). The effects of song order on song duration, average frequency bandwidth, and average

minimum and maximum frequencies were not significant. As Adelaide’s warblers warm up, they
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add more notes and sing faster, but they do not greatly alter the frequency characteristics of their
songs. The performance metric VDev trended in the expected direction (lower VDev
corresponds to higher performance). Its small effect size is probably attributable to the fact that
frequency bandwidth influences VDev much more strongly than does trill rate in this population
(see Supplementary Material).

The mechanisms underlying the warm up effect are not known. In humans, warming up
has an especially pronounced effect on sprint performance (Yaicharoen et al. 2012) and maximal
muscle performance (Wittekind et al. 2012) but no detectable effect on sub-maximal muscle
performance (McCrary et al. 2015). Warm up improves perceived tone quality and may
influence vibrato rate in human singing (Amir et al. 2005, Moorcroft & Kenny 2012, Moorcroft
& Kenny 2013). It remains to be determined whether similar physiological mechanisms underlie
human and avian vocal warm up.

The adaptive significance of vocal performance in Adelaide’s warbler is not known.
Here, however, we speculate on how warming up and female choice for high performance might
interact to affect the evolution of singing behaviour. Many birds, including Adelaide’s warblers,
participate in the ‘dawn chorus,” during which song rates are elevated. There are several
proposed explanations for the dawn chorus, including the hypothesis that males are advertising to
females who compare potential mating partners at dawn (reviewed in Catchpole & Slater 2008
pp. 128-135). According to the warm up hypothesis, males that begin singing at a high rate early
in the morning would sing with higher performance than males that begin later or sing at a lower
rate, all else equal. If females choose males by comparing their singing performances, selection

would favour earlier and more intense dawn singing, spurring an evolutionary arms race for ever
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earlier and more frequent dawn singing. This hypothesis emphasises the importance of
constraints in shaping the evolution of behavioural phenomena.

Song performance decreased with time of day, suggesting that, when accounting for
order, performance decreases toward the later hours of the morning. The fixed variable time of
day was not statistically significant in the final model because there was a lot of variation in the
slopes of time of day versus FEX among levels of 1D, day, and song-type (Tables S5-S7).
Nevertheless, the AIC-based model selection procedure (conducted before we added random
slopes) included time of day in all of the best models, suggesting that it is important for
explaining variation in FEX. Unmeasured biotic or abiotic factors that correlate with time (air
temperature, amount of time the bird has been awake, rate of social interactions) could affect
performance, or time of day may capture the effect of singing mode better than the mode
variable. Finally, it is possible that the recordists tended to be farther away from the birds later in
the day, perhaps because the birds fly longer distances in the late morning. If this were the case,
later recordings might tend to miss high frequency components of songs which attenuate with
distance more severely than do low frequency components. The negative relationship between
time and maximum frequency would seem to support this hypothesis, but that effect is small and
non-significant (Table 3).

The positively correlated variables order and time of day (r = 0.68) exert opposite effects
on FEX in our model, raising the question of whether order has a positive influence on song
performance that is independent of time of day. Critically, order and time were not perfectly
correlated (r < 1.0) because birds did not sing at perfectly regular temporal intervals. This fact
allowed us to separate out variation in order that cannot be attributed to variation in time and

show that this variable (residual order), which was statistically independent of time of day,
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explained substantial variation in FEX. We conclude that the positive effect of order on FEX is
not a collinearity artefact.

Song performance did not change in a consistent direction over repeated renditions of the
same song-type, failing to support a key prediction of the song-type specific exhaustion
hypothesis (Lambrechts & Dhondt 1988). Birds may switch to a different song-type before
exhaustion occurs, but our data do not allow us to test that idea. To our knowledge, this is the
first test of the anti-exhaustion hypothesis that quantifies the effect of song-type repetition on
song performance. A previous test of this hypothesis also failed to find support; singing rate and
song-type switching rate in chaffinches (Fringilla coelebs) are not different between males with
only one song-type and males with a repertoire of several song-types (Brumm et al. 2009). The
time elapsed since a subject’s previous song (latency) did not affect FEX, failing to support the
song-type general exhaustion hypothesis.

We also found no support for the hypothesis that songs differ in performance based on
singing mode. Staicer (1996) found that Type I and Type Il songs were structurally distinct in
Adelaide’s warblers, but she did not measure performance. In the congeneric American yellow
warbler’s (S. petechia) Type I songs are higher performance (VDev) than Type 11 songs (Beebee
2004, Beebee 2004b), however in the light of the current study this result could have been
attributable to warm up effects. Our finding comes with the caveat that there is no definitive
method for discriminating singing modes in our focal species, so our simple classification
scheme may not have accurately separated the two modes. We are investigating this topic
further. We also failed to find an effect of vocal interaction on song performance. We interpret
that finding to mean that Adelaide’s warblers do not significantly alter their vocal performance in

a consistent direction during counter-singing. Playback experiments will be required to
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determine whether performance is affected by specific social contexts (e.g., the presence of a
male or female intruder).

Performance varied significantly among individuals, song-types, and days. Variation in
performance among song-types was much greater than variation in performance among
individuals, highlighting the importance of controlling for song-type in performance analyses
(Cardoso et al. 2009). The evolutionary maintenance of song-types with low FEX scores could
be explained in several ways. First, there are aspects of performance that FEX does not capture,
such as song rate (Lambrechts & Dhondt 1987), amplitude (Ritschard et al. 2010), or consistency
(Byers 2007). Some low FEX song-types may be high-performance with respect to one or more
unmeasured metrics. Second, some functions of song (e.g., advertisement of territory occupancy)
might not require maximal performance, so selection may favour the use of low-performance
songs, perhaps because they are less taxing. Third, some birds could be sufficiently constrained,
at least some of the time, that they are incapable of producing high performance song-types.
These birds might make the best of a bad situation by resorting to low performance song-types.
Fourth, low-performance songs might function as a first stage in escalating to higher-
performance songs during aggressive interactions. Individuals’ performance differed between
recording days. This effect could be attributable to breeding phase, a long-term practice effect, or
idiosyncratic variation in, for example, nutritional stress or temperature (Ballentine 2009,
Vehrencamp et al. 2013).

We encourage further tests for warm up effects in birdsong and other animal displays.
Given the strength of the effect in this study, efforts to accurately measure and compare song
performance should account for possible order effects. This requires continuous observation,

beginning with the first display of the day. Extending observation periods later in the day or over



451  alonger segment of the year would reveal whether the effect of order tapers off or reverses later

452 inthe day, and if its strength is affected by breeding phase.
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