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Trilled vocalizations, wherein notes are repeated in rapid succession, are found in a variety of taxa
including oscine birds, singing mice and nonhuman primates. Previous work on birds and singing mice
has provided evidence of vocal performance constraints in trills, where there is a trade-off between the
rate of the note repetition and the bandwidth (or frequency range) of each note. Here, we investigate
vocal performance constraints in the trilled portion of the female contribution to the duet in the Bornean
gibbon, Hylobates muelleri, recorded from seven sites in Sabah, Malaysia. We used two approaches. First,
to ensure that our results were comparable with previous studies on vocal performance constraints, we
used a 90% quantile regression to examine the relationship between trill rate and bandwidth. We found
that there was a significant negative correlation between bandwidth and trill rate. Second, we formally
compared multiple hierarchical models to identify the best predictors of bandwidth and trill rate. Our top
model predicting bandwidth showed that trill rate and location within the trill were reliable predictors of
bandwidth. With trill rate as the response variable, our top model included location within the trill as
well as trill duration. We found that there were no important site-level differences in bandwidth but that
trill rate varied predictably among sites. Our analyses provide strong evidence for performance con-
straints in the production of trills in Bornean gibbon females. Further research is needed to determine
whether higher-performance trills provide honest signals of caller quality and whether gibbons respond
differently to low- and high-performance calls.
© 2018 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Variation in acoustic signals is influenced by a wide range of
factors including physical features of the environment, phyloge-
netic history of the organism and morphology and physiology of
both the caller and the listener (Wilkins, Seddon, & Safran, 2012).
The laws of physics and structure of sound-producing organs
further constrain the types of signals that animals can produce, and
therefore the evolution of acoustic signals and communication
systems (Fitch & Hauser, 2003). Like all phenotypic traits, acoustic
signals evolve through a combination of neutral and evolutionary
mechanisms, and investigating the physical and mechanical limits
on signal design can provide insight into the evolution of acoustic
communication and diversity more broadly (Podos, Huber, et al.,
Program, Cornell Laboratory
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2004). In addition, understanding the evolutionary constraints on
the production of acoustic signals can provide insight into whether
signals provide honest information about caller quality to the
listener (e.g. Reby & McComb, 2003).

A constraint on the production of acoustic signals that has
garnered much interest is a ‘vocal performance constraint’ on tril-
led vocalizations where there is a trade-off between the rate of
syllable repetition and the bandwidth (or range of frequencies)
contained in each syllable (Podos, 1997). In birds and in one mouse
species, there is documented evidence that this trade-off exists
(Cramer & Price, 2007; Cramer, 2013; Illes, Hall, & Vehrencamp,
2006; Pasch, George, Campbell, & Phelps, 2011; Podos, 1997;
Podos, Huber, et al., 2004). Fast trills are predicted to be difficult
to produce given the demands for rapid respiration and coordi-
nated movements of the vocal tract (Podos, Huber, et al., 2004,
Podos, Southall, & Rossi-Santos, 2004). To produce trills at high
bandwidths, animals must broadly and rapidly modulate their
evier Ltd. All rights reserved.
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vocal tracts. Executing modulations of the vocal tract quickly and
repetitively while maintaining the tonal frequencies of the vocali-
zations is physically challenging (Wilson, Bitton, Podos, & Mennill,
2014). This biomechanical trade-off results in a pattern where fre-
quency bandwidths at high trill rates are restricted and relatively
narrow, but both narrow and wide bandwidths are possible at
lower trill rates (Podos, 1997). Plots of note bandwidth versus trill
rate exhibit a triangular distribution that reflects a performance
trade-off in trill production, wherein the magnitude of frequency
modulation (bandwidth) limits trill rate (or vice versa). The ‘per-
formance limit’ of trills can be estimated by the upper limit of the
regression of trill rate and bandwidth.

Understanding the evolutionary trade-offs in producing high-
performance trills has been a topic of interest in the bird litera-
ture, with over 26 published studies reporting evidence of vocal
performance constraints in birds (Wilson et al., 2014). Experiments
on swamp sparrows,Melospiza georgiana, showed that hand-reared
males that were exposed to artificially elevated trill rates were not
able to reproduce trills at these elevated rates, instead producing
songs with slower trill rates, omitted syllables or broken syntax (or
pauses) between syllables (Podos, 1996). Songbirds learn natural
model songs with a high degree of accuracy, so the inability to
imitate the artificial models provides evidence of motor constraints
on vocal performance. In birds, high fundamental frequencies have
been shown to be accompanied by a wide beak opening or gape
compared to that at lower fundamental frequencies (Podos, Huber,
et al., 2004; Podos, Southall, et al., 2004), but in Neotropical singing
mice, high-frequency sounds and gape width were not correlated,
although singing mice did show evidence of performance con-
straints in trill vocalizations (Pasch et al., 2011). Other factors, such
as respiratory musculature (Hartley & Suthers, 1989) and motor
control of the vocal tract (Riede, Suthers, Fletcher, & Blevins, 2006)
are also important in frequency modulation and rate of note pro-
duction (Hartley& Suthers, 1989), although the relative importance
of these factors in shaping performance constraints are probably
taxon specific.

Gibbons (Hylobatidae) are pair-living, territorial primates that
occur throughout Southeast Asia. All of the approximately 20
species of gibbons produce species- and sex-specific vocalizations,
and most species engage in coordinated duets with unique male
and female components (Geissmann, 2002). In contrast to many
bird species, the species-specific vocalizations are not learned, as
shown in captive hybrid studies wherein hybrids produce calls that
contain aspects from both parental species, despite only hearing
the sex-specific call from one of the parental species (Brockelman&
Schilling, 1984; Geissmann, 1984). Female gibbons generally call
along with their mothers as juveniles (Koda, Lemasson, Oyakawa,
Rizaldi, Pamungkas, & Masataka, 2013) or as adults in mated
pairs (Brockelman & Srikosamatara, 1993), with the exception of a
few nonduetting gibbon species (e.g. Javan gibbons, Hylobates
moloch: Ham, Hedwig, Lappan, & Choe, 2016). The function of the
female portion of the duet in gibbons appears to be related to ter-
ritory defence, as females show a stronger response to playbacks at
the centre of their territories (Mitani, 1985), and playbacks of fe-
male solos and duets often elicit female calling whether broadcast
from the centre or boundary of their territory (Mitani, 1984). Unlike
male birdsong, there is little evidence that the female contribution
to the duet is the result of intersexual selection; rather, it appears to
be the result of intrasexual competition among females.

Gibbons lack specialized amplifier organs such as the enlarged
hyoidlaryngeal complex in howler monkeys (Sch€on, 1971), or the
laryngeal airsac found in the siamangs (Riede, Tokuda, Munger, &
Thomson, 2008). Rather, gibbons produce their loud calls through
dynamic control of their vocal tract, analogous to that of human
soprano singers, where precise tuning of the supralaryngeal vocal
tract results in the amplification of the fundamental frequency
(Koda et al., 2012). This ‘source-filter tuning’ requires active control
by the animal to produce loud vocalizations, and allows for gibbon
calls to broadcast information to conspecifics in neighbouring ter-
ritories over distances greater than 1 km (Mitani, 1985). In a few
gibbon species, the female contribution to the duet contains trills,
which are defined as vocalizations wherein frequency-modulated
syllables are repeated in rapid succession (Podos, 1997). If the
trade-off between trill rate and bandwidth is in fact the result of
physical limitations on the production of broadband notes repeated
in rapid succession, then this trade-off should be observed across
taxa, regardless of taxonomic group or call function.

Here, we evaluate the evidence for vocal performance con-
straints in the trill portion of the great calls of Bornean gibbon,
Hylobates muelleri, females. To our knowledge this study is one of
the first to investigate performance constraints on female trills in
any taxon, and one of the first to investigate performance con-
straints in vocalizations of a nonhuman primate (but see Terleph,
Malaivijitnond, & Reichard, 2016). Our study had two main objec-
tives. First, we evaluated evidence for performance constraints in
the trills of Bornean gibbon females using 90% quantile regression,
so that our results are comparable to previous studies on vocal
performance constraints (Wilson et al., 2014). And second, given
the long duration of gibbon calls (up to 15 s; Clink, Bernard, Crofoot,
&Marshall, 2017) and the tendency of trill rate to increase over the
course of a single call, we used multilevel models and model se-
lection to determine which were the best predictor(s) of trill note
bandwidth: trill rate (Hz), placement within the trill sequence,
placement of the call within the calling bout, or whether the calling
bout was spontaneous or produced in response to artificially
broadcast calls of conspecifics (playbacks). We also used multilevel
models to test for the best predictor of trill rate and to investigate
site-level variation in both bandwidth and trill rate.

METHODS

Study Sites and Subjects

We visited seven different sites across Sabah, Malaysia (Fig. 1,
Table 1). Recordings were collected from January 2013 to August
2015 using a Marantz PMD 660 flash recorder equipped with a
RODE NTG-2 directional condenser microphone. We recorded with
a sample rate of 44.1 kHz and a sample size of 16 bits and saved
each file as a Waveform Audio (WAV) file. Our research focused on
the female contribution to the duet, known as the great call
(Geissmann, 2002). Bornean gibbon great calls consist of a combi-
nation of long (up to 1.8 s), frequency-modulated notes as well as
shorter, broadband trill notes, so we arbitrarily designated a cutoff
duration of less than or equal to 0.135 s for trill notes. Calling bouts
consist of alternating male and female contributions, and can last
from a few minutes up to a few hours (D. J. Clink, personal obser-
vation), with a mean bout length of approximately 15 min (Mitani,
1985). Gibbon trills are distinct frommost bird trills as they tend to
be of a relatively long duration (3.5e15 s). Given the variable
duration of gibbon trills and the typical gradual change in trill rate
over the course of a trill, the fundamental unit of analysis for our
study focuses on 1 s bins within trills that contain multiple trill
notes (see Fig. 2).

Recording distances ranged from directly under the tree where
the individual was calling to approximately 250 m away. In some
cases, individuals moved over the course of a calling bout.
Recording distance can influence bandwidth measures (Kroodsma,
2017), so we calculated the signal-to-noise ratio (a proxy for dis-
tance) for each 1 s bin used in our analysis; we only used 1 s bins
where the signal-to-noise ratio was greater than 10 dB (see below
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Figure 1. Map of sites visited in northern Borneo.

Table 1
Site name, location, number of females, mean, standard deviation and range of calls from each female by site used for analysis

Site Latitude Longitude Number
of females

Number
of calls

Mean (SD) of calls
per female

Range of calls
per female

Crocker Range National Park (CR) 5.2934 116.01360 1 7 7 (NA) 7e7
Deramakot Forest Reserve (DK) 5.2168 117.26544 9 107 11.9 (6.7) 2e25
Danum Valley Conservation Area (DV) 4.5752 117.47651 14 198 14.1 (9.9) 2e32
Imbak Canyon Conservation Area (IC) 5.0662 117.02557 9 153 17.0 (14.1) 5e42
Kinabatangan Forest Reserve (KB) 5.3178 118.17861 2 6 3.0 (2.8) 1e5
Maliau Basin Conservation Area (MB) 4.4528 116.53899 4 61 15.3 (13.2) 3e34
Stability of Altered Forest Ecosystems Project

in the Kalabakan Forest Reserve (SAF)
4.4224 117.35560 24 314 13.1 (8.5) 3e43

Total 63 846 13.4 (9.7) 1e43
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Figure 2. Spectrogram of Bornean gibbon female great call. The red boxes show the 1 s bins used for analysis; trill starts at the first note with duration of 0.135 s or lower.

D. J. Clink et al. / Animal Behaviour 141 (2018) 85e94 87



D. J. Clink et al. / Animal Behaviour 141 (2018) 85e9488
for details). What we consider to be an individual female for this
analysis is one individual recording session at a particular location.
In cases wherewe had recordings from the same location but taken
during different days, we only used recordings from a single
recording session to avoid including recordings from the same fe-
male on different days. Females that were recorded >500 m apart
(the approximate width of a gibbon territory; Brockelman &
Srikosamatara, 1993) were assumed to be different females. We
also used group composition and unique behaviours (i.e. long
calling bouts, unique male and/or female contribution to the duet,
distinctive markings) as a means to distinguish between groups.
Our study focused onwild, unhabituated gibbons, and therefore the
length of territory tenure and ages of individuals were unknown.
We analysed a total of 846 great calls from 63 gibbon females
(mean ¼ 13.4 calls per female; range 1e43 calls).

Playback Protocol

To augment data collection, we used playbacks to elicit calling
by broadcasting a previously recorded duet approximately every
250 m along the established trail systems at each of our study sites.
In the case that a group responded either by approaching the
speaker or calling, wewould not broadcast the playback again until
approximately 500 m from the previous point, as this is the
documented width of gibbon territories (Brockelman &
Srikosamatara, 1993). We used a Roland CUBE Street EX 4-
Channel 50 Watt Battery Powered Amplifier to broadcast a 3 min
clip of a duet (at a standardized pressure of approximately 100 dB
SPL at 1 m) with a 30 s pause in between (and no more than five
times total). During the pauses, we checked for vocal response and/
or physical approach to the speaker by gibbon individuals and
immediately stopped the playbacks upon detection of gibbons.
Most of the gibbon female calls (763 calls from 57 females) used in
this analysis were collected in response to playbacks, with only 83
calls from six females collected during spontaneous calling bouts.
To control for any confounding factors related to the quality of the
call recording or features of the calls themselves, we used the same
recording (collected at Maliau Basin Conservation Area, Sabah,
Malaysia) where the female trill had a medium performance level
(mean trill rate ¼ 9.2; mean bandwidth ¼ 499 Hz).

Spectrogram Settings

We used spectrograms to identify the presence of great calls
within a recording, and also to identify the start and end time of
notes within a great call. We created spectrograms using Raven Pro
1.5 sound analysis software (Cornell Lab of Ornithology Bioacous-
tics Research Program, Ithaca, NY, U.S.A.). Spectrograms were made
with a 512-point (11.6 ms) Hann window (3 dB bandwidth ¼ 124
Hz), with 75% overlap and a 1024-point DFT, yielding time and
frequency measurement precision of 2.9 ms and 43.1 Hz. We used
the band-limited energy detector in Raven to determine the start
and end of trill notes (BLED configurations: minimum frequency:
0.40 kHz; maximum frequency: 1.60 kHz; minimum duration: 0.02
s; maximum duration: 1.60 s; minimum separation 0.04 s), and DJC
verified that each note was properly identified in the Raven selec-
tion tables.

Signal-to-noise Ratio Calculation

We calculated the signal-to-noise ratio for each 1 s bin in the R
programming environment (R Development Core Team, 2017) us-
ing a custom function written by D.J.C. that relied heavily on
functions in the package ‘seewave’ (Sueur, Aubin,& Simonis, 2008).
First, to estimate background noise of the recording, we extracted
1 min before and 1 min after the start of each great call, under the
assumption that there would be some portion of the 2 min
recording that would contain only background noise (i.e. no gibbon
calls or other vocalizing animals). Then, we filtered the files below
450 Hz and above 1800 Hz to focus on the gibbon frequency range.
We then divided the 2min recordings into 1 s bins (each containing
44 100 samples). For each of these 1 s bins we further divided the
bin into 100 time slices, each with a duration of 10 ms (441 sam-
ples). For each 10 ms slice, we summed the squares of the 441
samples, which provided the in-band power estimate for the 10 ms
slice. We then took the median of the 10 ms slice powers for each 1
s bin as an estimate of the noise. This gave us 100 candidate noise
estimates (one for each 1 s bin). To calculate a single noise power
estimate for each gibbon great call, we used the 10th percentile of
the distribution of the candidate noise estimates.

To calculate the power value for each 1 s bin of the gibbon call,
we filtered the file as outlined above. We then divided the trill into
1 s bins, and further subdivided the bin into 100 time slices, each
with a duration of 10 ms (441 samples) and summed the squares of
the samples. We then had 100 candidate signal estimates for each 1
s trill bin, of which we used the 75th percentile of those values as
our signal power estimate. The 75th percentile estimate still had
noise mixed in, so we subtracted our estimated noise power from
the power estimate. The signal-to-noise ratio, in decibels, was then
computed as SNRdB ¼ 10 � log(signal/noise).

We removed all 1 s bins with a signal-to-noise ratio of less than
10 dB from our analyses. R code for calculating signal-to-noise ratio
is available as Supplementary material.

Bandwidth and Trill Rate Calculation

The use of spectrograms to estimate bandwidth can lead to
under- or overestimation of bandwidth, depending on the ampli-
tude of the signal, but the use of power spectra can circumvent
many of these issues (Zollinger, Podos, Nemeth, Goller, & Brumm,
2012). Therefore, we estimated bandwidth of each individual trill
note using the power spectrum. We used the selection tables
created in Raven to define the start and stop times of the trill notes.
The power spectrum of the signal specifies the relative power as a
function of frequency; it does not provide information on the
change of signal over time. To calculate bandwidth, we first filtered
the signal between 0.4 and 3.0 kHz to prevent aliasing while
downsampling. We then downsampled each .wav file to a sampling
rate of 5 kHz, giving a Nyquist frequency of 2.5 kHz, which is well
above the maximum frequency of Bornean gibbon trills (~1.8 kHz).

We downsampled so that we could obtain a frequency resolu-
tion of 1 Hz using a fast Fourier transform (FFT) size of 5000
samples, with a Hanning window function. If we did not down-
sample, we would have had to use an FFT size of 44 100 samples
(with a duration of 1 s), which is much longer than the duration of
our trill notes. Some trill notes were shorter in duration than 5000
samples, so to ensure that our samples were of sufficient length to
compute the power spectrum we zero-padded them so that each
trill note waveform had at least 5000 samples. To create a smoother
curve for bandwidth estimation, we calculated a moving average
over 100 frequency bins with an overlap of 50 frequency bins.
Finally, to calculate the bandwidth, wemeasured theminimum and
maximum frequency -15 dB from the peak power of each spectrum
(Fig. 3) and subtracted the minimum frequency from the maximum
frequency to get bandwidth.

We calculated trill rate as the number of notes per second (Hz),
and averaged the bandwidth for all notes within each 1 s bin. In
addition, over the course of a single great call, the amplitude of the
trill tends to diminish from beginning to end, such that the terminal
notes in the trill sometimes faded into the background noise,
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prohibiting reliable bandwidth measurements of those notes.
Therefore, to ensure accurate estimates of bandwidth, we did not
use the last 1 s bin from each great call. R code for calculating note
bandwidth and trill rate is available as Supplementarymaterial, and
sound files are available at: https://github.com/DenaJGibbon/
Performance-Constraints.

To assess performance constraints, we first used quantile
regression to investigate how changes in trill rate influence the
90th percentile of the bandwidth distribution (Wilson et al., 2014).
We calculated the 90th percentile regression using the ‘quantreg’
package (Koenker, 2013). To meet the requirements of data inde-
pendence for quantile regression, we calculated the average trill
rate and bandwidth (over all the 1 s bins) for each female. Since
taking the average for each female may result in the loss of
important information, we also utilized hierarchical models to
determine the best predictor of bandwidth. The use of hierarchical
models allowed us to avoid averaging of data, calculate estimates
using data with repeated and imbalanced sampling, and explicitly
model variation within individuals, between individuals and be-
tween sites (McElreath, 2015).

First, we checked all predictor variables for multicollinearity
(predictor variables summarized in Table 2) by calculating the
variance inflation factor using the ‘usdm’ package (Naimi, 2015).
After log transformation, bandwidth data were approximately
normally distributed, so we used a Gaussian distribution. With
Table 2
Summary of predictor variables and random effects used in models

Description

Predictor variables
Bin Location of 1 s bin containing trill notes within a single

great call (integer)
Playback Binary variable indicating whether recordings were

collected during spontaneous duets or simulated
territorial intrusions (0 or 1)

Sequence Order of the great call in the calling bout (integer;
log transformed)

Trill rate Number of trill notes/s (Hz)
Trill duration Duration of the portion of the great call containing

notes of duration 0.135 s or less
Random effects
Site One of seven sites in Sabah, Malaysia where

females were recorded
Female Female identity
Great call Call in which the trill occurred
bandwidth as a response variable, we constructed a series of 12
hierarchical models (including the null model) that contained
unique combinations of predictor variables (complete model list in
Supplementary material Table S1) and compared these using the
corrected Akaike's information criterion (AICc) and Akaike model
weights. Each model reflects specific predictions (e.g. trill rate and
location of 1 s bin containing trill notes within a single call (bin) will
reliably predict bandwidth). Instead of providing P values, the AICc
model selection approach provides information about the magni-
tude of difference between models in their predictive power
(Bolker et al., 2009).

For the models with trill rate as a response variable, we used a
Poisson distribution, created a series of eight hierarchical models
including the null model (complete model list in Supplementary
material Table S2) and compared these models using AICc and
Akaike model weights. Each model for trill rate and bandwidth
included site, female and great call as nested random effects. We
considered predictors reliable if the 95% confidence intervals of the
beta coefficients did not overlap zero. We used the ‘lme4’ and
‘bbmle’ packages (Bates, M€achler, Bolker, & Walker, 2017; Bolker,
2014) to run the hierarchical models and calculate AICc and
model weights.

We tested for the significance of between-site variance in
bandwidth and trill rate by comparing two models for each
response variable: the top model with site as a random effect, and
the same model without site as a random effect (Pinheiro & Bates,
2000). To further investigate site-level differences, we calculated
the conditional modes using the ‘ranef’ function in the ‘lme4’
package, which calculates the difference between the predicted
global average for a given response variable (bandwidth or trill
rate), and the predicted response for a given site (Bates et al., 2017;
Bolker et al., 2009). All statistical analyses were done in the R
programming environment (R Development Core Team, 2017).

Ethical Note

All research was conducted in accordance with Malaysian laws
and regulations, and with approval from the Sabah Biodiversity
Council (access license number: JKM/MBS 1000-2/2 JLD.3 (42)) and
in accordance with the University of California, Davis, Institutional
Animal Care and Use Committee (IACUC) Protocol 29-30. Permis-
sion to conduct research in Crocker Range National Park was kindly
provided by Sabah Parks. Permission to conduct research in Dera-
makot Forest Reserve was provided by the Sabah Forestry Depart-
ment. Permission to conduct research in the Lower Kinabatangan
Wildlife Sanctuary was granted by the Sabah Wildlife Department.
Permission to conduct research in Danum Valley, Imbak Canyon
and Maliau Basin was provided by their respective management
committees and Yaysan Sabah. To minimize negative impacts on
study subjects, the playback stimulus was played for no more than
15 min, playbacks were stopped immediately upon detection of
focal group by the observer and playbacks were conducted within
the presumed territory of a gibbon group no more than once per
month.

RESULTS

Quantile Regression Results

In this study, we found strong evidence of performance con-
straints in the production of gibbon trills and substantial interin-
dividual variation in bandwidth and trill rate. Using quantile
regression, we found that there was a significant negative corre-
lation between bandwidth and trill rate (y ¼ 1097.86e64.57,
P ¼ 0.01; Figs. 4 and 5).

https://github.com/DenaJGibbon/Performance-Constraints
https://github.com/DenaJGibbon/Performance-Constraints
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Figure 4. Evidence for the trade-off between note bandwidth and trill rate in Bornean
gibbon female great calls. Each point represents the average value (calculated over 1 s
bins) for one female, and the error bars are 95% confidence intervals. Regression line
was calculated using 90% quantile regression. Upper left arrow indicates a female with
a high-performance trill (representative spectrogram in Fig. 5a) and the lower right
arrow indicates a female with a low-performance trill (representative spectrogram in
Fig. 5b). Circles represent calls collected in response to playbacks, and triangles
represent calls collected during spontaneous duetting. Different colour points repre-
sent females from different sites (see Table 1 for abbreviations).

D. J. Clink et al. / Animal Behaviour 141 (2018) 85e9490
Model Selection Results

Trill rate and bin (or location within the trill) were the most
important predictors of bandwidth in the trills of Bornean gibbon
female great calls, with models including trill rate and bin ac-
counting for >94% of the model weight (Table 3). Trill rate had a
reliably negative effect on bandwidth (estimate -0.026,
SE ¼ 0.002; Fig. 6), which means that as trill rate increased,
bandwidth tended to decrease. Bin also had a reliably negative
effect on bandwidth (estimate¼ -0.025, SE ¼ 0.002; Fig. 6), which
means that bandwidth tended to decrease over the course of a
trill.
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Figure 5. Representative spectrograms of (a) a high-performance trill (mean trill rate ¼
rate ¼ 8.8 notes/s, mean bandwidth ¼ 341 Hz). High-performance trills occur close to (or ab
regression line. Fig. 4 shows the mean performance of the two females illustrated here, rel
There were two reliable predictors of trill rate: bin and trill
duration. The top model including bin and trill duration accounted
for <99% of the model weight (Table 3). Bin had a reliably positive
effect on trill rate, which means that trill rate tended to increase
over the course of a trill (estimate¼ 0.093, SE ¼ 0.003), whereas trill
duration had a reliably negative effect, meaning that calls with
longer trills tended to have slower trill rates (estimate¼ �0.038,
SE ¼ 0.005).

Site-level Variation in Bandwidth and Trill Rate

Including a site-level random effect only slightly improved the
model fit for bandwidth, whereas including a site-level random
effect substantially improved themodel fit for trill rate (Table 4). All
of the conditional modes for bandwidth had confidence intervals
overlapping zero, providing further evidence that there were not
important site-level differences in bandwidth, whereas there were
important site-level differences in trill rate. Both Deramakot Forest
Reserve (conditional mode ¼ �0.10, SE ¼ 0.03) and Imbak Canyon
Conservation Area (conditional mode ¼ 0.07, SE ¼ 0.03; Fig. 7) had
trill rates that varied substantially from the predicted global mean
trill rate.

DISCUSSION

We report the first documented evidence of performance con-
straints in the trill of a female nonhuman primate. To our knowl-
edge, vocal performance constraints have not previously been
documented in female vocalizations of any animal. Importantly, we
provide evidence for vocal performance constraints in the trills of
Bornean gibbon females, but we were not able to test whether trill
performance provides information to conspecifics about the caller,
or whether there is a link between trill performance and quality of
the individual. Using quantile regression, we showed that there is a
strong negative correlation between trill rate and bandwidth. Using
a model selection framework, we showed that trill rate, but also
location within the trill (bin), were important predictors of band-
width in the trill notes of Bornean gibbon females. We found that
4 6

4 6

Time (s)

(a)

(b)

5.9 notes/s, mean bandwidth ¼ 674 Hz) and (b) a low-performance trill (mean trill
ove) the 90% quantile regression line, whereas low-performance trills are far below the
ative to all others.



Table 3
Akaike's information criterion (AICc) model comparison results for bandwidth and trill rate

Model description df Log likelihood D Log likelihood AICc DAICc AICc weight

Bandwidth ~
Trill rate þ bin 7 2604.8 833.7 -5195.6 0 0.82
Trill rate þ bin þ sequence 8 2603.9 832.8 -5191.8 3.9 0.12
Null model 5 1772.9 1.7 -3535.7 1659.9 <0.1
Trill rate ~
Bin þ trill duration 6 �8762.7 490.8 17537.4 0 0.99
Bin 5 �8781.7 471.8 18472.8 36.0 <0.1
Null 4 �9253.5 0.0 18515.0 977.6 <0.1

For each response variable, the table shows the top two models and the null model. Each model included site, female and great call as nested random effects.

Bandwidth Trill rate

Trill duration

Bin

Trill rate (Hz)

Bin

–0.03 –0.02 –0.01 0 –0.05 0 0.05 0.1

Coefficient

Figure 6. Coefficient estimates (along with 95% confidence intervals) for top models of bandwidth and trill rate. Trill rate and bin were important predictors of bandwidth in
Bornean gibbon trills, whereas bin and trill durationwere important predictors of trill rate. Predictors were considered reliable if their 95% confidence intervals did not overlap zero.
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there was indeed a trade-off between trill rate and bandwidth, and
that bandwidth decreased over the course of the trill. We found no
evidence that bandwidth or trill rate decrease over the course of a
calling bout, or that simulated territorial intrusions influence
gibbon trills. We also found that for trill rate both bin and trill
durationwere important predictors. Lastly, we found that therewas
important site-level variation in trill rate, but not bandwidth. We
discuss the implications of our findings below.
The ‘Performance Hypothesis’

There is substantial evidence for the existence of a trade-off
between frequency bandwidth and rate of note repetition in birds
(Ballentine, Hyman, & Nowicki, 2004; Podos, 1996, 1997; and many
Table 4
Akaike's information criterion (AICc) model comparison results for top bandwidth and t

df Log likelihood

Bandwidth
Top model with site as random effect 7 2618.9
Top model without site as random effect 6 2617.8
Trill rate
Top model with site as random effect 6 -8762.7
Top model without site as random effect 5 -8767.3

Models ranked by DAICc. Each model included female and great call as nested random e
other studies), and some evidence in mammals (Pasch et al., 2011;
this study). The ‘performance hypothesis’ posits that it is difficult to
produce trills at a faster rate and with wider frequency bandwidth;
therefore, calls near the performance limits of trill rate and band-
width may provide some indication of caller quality, with high-
performance trills being performed by higher-quality individuals
(Ballentine et al., 2004; Podos, 2016). For example, in the nightin-
gale, Luscinia megarhynchos, the vocal performance of trills was
found to predict age of the singing bird, with older males singing
trills that are closer to the performance limit (Sprau, Roth, Amrhein,
& Naguib, 2013). In some bird species, females prefer trilled songs
that are closer to the performance limits. For example, in the ca-
nary, Serinus canaria, females exhibited increased rates of copula-
tion solicitation displays for broad-bandwidth vocalizations that
rill rate models with and without site as a random effect

D Log likelihood AICc DAICc AICc weight

1.1 �5223.7 0 0.52
0.0 �5223.5 0.2 0.48

4.6 17537.4 0 0.97
0 17544.6 7.3 <0.1

ffects.
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Figure 7. Site-level conditional modes for bandwidth and trill rate. Modes (dots) that are further from zero are less like the average response, and wider confidence intervals
indicate greater variance for that particular site. We considered sites where the 95% confidence intervals do not overlap zero to have responses that differ significantly from the
average response.
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had artificially increased repetition rates (Dr�ag�anoiu, Nagle, &
Kreutzer, 2002). A similar pattern was seen in swamp sparrows,
M. georgiana, where females displayed significantly more to high-
performance songs (Ballentine et al., 2004). But, this pattern is
not universal, as in house wrens, Troglodytes aedon, trill perfor-
mance was not correlated with male mating or reproductive suc-
cess (Cramer, 2013).

Another potential measure of call performance is related to the
animal's ability to perform each call or syllable with a high degree
of consistency. For example, in a tropical mockingbird, Mimus gil-
vus, syllables of older males are more consistent, and consistent
males tend to have higher dominance status and reproductive
success (Botero et al., 2009). This is also the case for banded wrens,
Thryothorus pleurostictus, where males exhibit higher levels of trill
consistency as they get older (de Kort, Eldermire, Valderrama,
Botero, & Vehrencamp, 2009). Unlike most bird trills, note band-
width in Bornean gibbon female trills tends to decrease over the
course of a single call, making the trill structure within a single call
inherently inconsistent, although some females do maintain rela-
tively consistent bandwidth throughout the entire trill. Previously,
we showed that there is little intraindividual variation in call fea-
tures (Clink, Bernard, et al., 2017, Clink, Grote, Crofoot, & Marshall,
2017), and in the present study, sequence of the call within a calling
bout was not a reliable predictor of bandwidth or trill rate,
providing further evidence for call consistency over time. Future
research on Bornean gibbon females of known ages will be helpful
in understandingwhether there are age-related changes in trill rate
or consistency.

A recent review critiqued many of the studies that reported
support of the ‘performance hypothesis’ in birds, claiming that
variation in trill performance is better explained by social factors
and song learning as opposed to individual quality, and that trill
rate depends mostly on when, where and fromwhom a bird learns
its song, not the quality of the individual (Kroodsma, 2017). There
have been numerous rebuttals to this critique that support the
‘plausibility’ of the performance hypothesis (Podos, 2016;
Vehrencamp, de Kort, & Illes, 2017). It is unclear whether any of
this criticism is relevant to gibbons, as at present almost nothing is
known about how gibbons acquire their calls, and whether there is
a substantial learning component. In our study, we provide evi-
dence that there is a trade-off between note bandwidth and trill
rate, but we were not able to provide any test of the ‘performance
hypothesis’ in Bornean gibbons. Previously, and corroborated by
the current study, we found substantial interindividual variation in
trill rate, and also important site-level differences, although the
mechanisms that lead to this variation have yet to be elucidated
(Clink, Grote, et al., 2017).

In birds, female territorial songs are associated with high levels
of femaleefemale competition (Langmore, 1998). Therefore, the
strong contribution of the female gibbon to the duet may be
indicative of a high degree of competition between female gibbons
for either territories or mates (or both), and it seems plausible that
at least some of the parameters of the great call, like the trill,
provide indicators of female quality. For example, in the white-
handed gibbon, Hylobates lar, younger female great calls have
greater bandwidth, higher fundamental frequency and shorter
internote durations, and variation in the performance of white-
handed gibbon female calls may have evolved in the context of
intrasexual selection to be an honest indicator of physical condition
(Terleph et al., 2016). In male white-handed gibbons, higher levels
of androgens are strongly correlated with higher fundamental
frequencies (the opposite of the pattern observed in human vo-
calizations), providing more evidence that gibbon vocalizations
may provide information regarding the signaller's quality (Barelli,
Mundry, Heistermann, & Hammerschmidt, 2013). In chimpan-
zees, Pan troglodytes, peak frequency of pant hoots, along with
hourly and monthly rates of pant hooting, are positively correlated
with testosterone levels, and pant hoots may provide information
about a male's physical condition (Fedurek et al., 2016). Whether
variation in the performance limits of gibbon trills is correlated
with a female's physical condition, and whether variation in per-
formance is detectable by other gibbons remains to be determined.

Site-level Variation in Trills

We show that there is important site-level variation in trill rate,
but not in bandwidth of the trill notes, and this is supported by our
previous analysis (Clink, Grote, et al., 2017). It has been proposed
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that habitat type can influence the presence of trills. For example,
territorial oscine birds in open habitats tended to have notes with
very short repetition periods in their songs (Wiley, 1991). Wiley
proposed that a lack of notes with short repetition periods may
help to reduce the effects of reverberation in forested environ-
ments. Wiley suggested that certain species in forested habitats
may have retained the trills so that listeners can effectively judge
the distance from the caller. It is also possible that site-level vari-
ation in vocalizations is nonadaptive, and the result of neutral
evolutionary processes (Koerper & Stickel, 1980). In pygmy mar-
mosets, Cebuella pygmaea, there is evidence that degradation of the
pulsatile structure may provide cues of caller distance to the
listener (de la Torre & Snowdon, 2002), and it is possible that
gibbon trills also provide locational cues to the listener.

Interestingly, only four of the seven recognized gibbon species in
the genus Hylobates exhibit trills (H. muelleri; Hylobates klossi; H.
moloch; Hylobates pileatus: Geissmann, 2002). Here we show that
within a single gibbon species there are important differences be-
tween sites in trill rate, and it seems plausible that differences in
forest structuremayalso influence trill rate (the acoustic adaptation
hypothesis; Morton, 1975), but testing this hypothesis was beyond
the scope of the present study. Although there has been limited
support for the acoustic adaptationhypothesis inprimates (Ey,Rahn,
Hammerschmidt, & Fischer, 2009; Hedwig, Mundry, Robbins, &
Boesch, 2015), the presence of site-level variation in trill rate war-
rants further research into the topic. It is also possible that site-level
differences in trill rate are the result of population-level differences
in age structure of females, as age has been shown to influence the
structure of gibbons calls (Terleph et al., 2016).

Future Directions Using Playback Experiments

To our surprise, playbacks were not included in our top models
as important predictors of either bandwidth or trill rate. One lim-
itation in interpreting the importance of playbacks is that we used
playbacks only as a means to elicit calling, and we did not conduct
playback experiments, sowe lacked data to compare calls produced
before and after playback and calls produced during spontaneous
duets and under simulated territorial intrusions. Birds have been
shown to alter their vocal behaviour in response to simulated ter-
ritorial intrusions, so it is possible that gibbons do as well. For
example, in stripe-headed sparrows, Aimophila ruficauda, females
were found to have a substantially increased song output during
playbacks in comparison to baseline levels, and females sang 30%
longer than males (Illes & Yunes-Jimenez, 2009). This was also the
case in purple-crowned fairy-wrens, Malurus coronatus, where
simulated territorial intrusions lead to a substantial increase in pair
song rate (Hall & Peters, 2008). In Australian magpie-larks, Grallina
cyanoleuca, simulated intrusions caused males and females to co-
ordinate more of their vocalizations into duets (Hall, 2000). Indeed,
during our data collection we noticed that groups tended to duet
longer in response to simulated territorial intrusions, sometimes
calling up to 4 h in response to playbacks, whereas typical spon-
taneous calling bouts last about 15 min (Mitani, 1985). Further
studies using playback experiments are needed to determine
whether gibbon females do in fact alter their calls in response to
territorial intrusions. Playback experiments will also be useful to
determine whether gibbons are able to detect differences in trills,
and whether calls that are closer to performance limits elicit
different behavioural responses from the listener.

Conclusions

We provide one of the first tests of vocal performance con-
straints in trill vocalizations produced by a nonhuman primate,
although acoustic trade-offs have been documented previously in
chimpanzee pant hoots (Fedurek, Zuberbühler, & Semple, 2017)
and gelada, Theropithecus gelada, vocal sequences (Gustison,
Semple, Ferrer-i-Cancho, & Bergman, 2016). We show that in Bor-
nean gibbon females there is a trade-off between trill rate and trill
note bandwidth, and also provide evidence that there is a trade-off
between trill duration and trill rate. Interestingly, we did not find
any relationship between note bandwidth and trill duration. The
trade-offs between trill rate and bandwidth (or trill duration)
provide strong evidence that trills are costly for individuals to
produce. We also showed that there are important-site level dif-
ferences in trill rate, but not bandwidth. Understanding the
mechanisms that lead to interindividual variation, along with site-
level variation, in the trill rate of Bornean gibbon female great calls
may provide important insights into the function of these trills and
what (if any) information they provide to conspecifics.
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