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ABSTRACT

Toothed whales depend on sound for communication and foraging,
making them potentially vulnerable to acoustic masking from
increasing anthropogenic noise. Masking effects may be
ameliorated by higher amplitudes or rates of calling, but such
acoustic compensation mechanisms may incur energetic costs if
sound production is expensive. The costs of whistling in bottlenose
dolphins (Tursiops truncatus) have been reported to be much higher
(20% of resting metabolic rate, RMR) than theoretical predictions
(0.5-1% of RMR). Here, we address this dichotomy by measuring the
change in the resting O, consumption rate (V;,), a proxy for RMR, in
three post-absorptive bottlenose dolphins during whistling and silent
trials, concurrent with simultaneous measurement of acoustic output
using a calibrated hydrophone array. The experimental protocol
consisted of a 2-min baseline period to establish RMR, followed by a
2-min voluntary resting surface apnea, with or without whistling as
cued by the trainers, and then a 5-min resting period to measure
recovery costs. Daily fluctuations in Vi, were accounted for by
subtracting the baseline RMR from the recovery costs to estimate the
cost of apnea with and without whistles relative to RMR. Analysis of
52 sessions containing 1162 whistles showed that whistling did not
increase metabolic cost (P>0.1, +4.2+6.9%) as compared with
control trials (—0.5+5.9%; meansts.e.m.). Thus, we reject the
hypothesis that whistling is costly for bottlenose dolphins, and
conclude that vocal adjustments such as the Lombard response to
noise do not represent large direct energetic costs for communicating
toothed whales.

KEY WORDS: Respiratory physiology, Sound production, Acoustic
communication, Underwater noise, Vocal modifications, Toothed
whales

INTRODUCTION

Marine mammals have evolved to use sound in multiple aspects of
their life, from active biosonar-based localization of prey (Johnson
etal., 2004; Kellogg, 1958), to passive localization of prey (Deecke
et al., 2013) and predators (Cummings and Thompson, 1971; Curé
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etal., 2015; Deecke et al., 2002), and social communication (Janik,
2014) over short (Martin et al., 2018; Serensen et al., 2018) and
potentially long ranges (Payne and Webb, 1971). Because of such
extensive reliance upon sound for a wide range of ecological
functions, concerns have been raised about the consequences of
anthropogenic noise and its effects on marine mammals (Southall
et al., 2007). Prolonged exposure to high-intensity noise may result
in auditory damage such as temporary (Mooney et al., 2009) or even
permanent hearing loss (André et al., 2007), thus directly impacting
critical auditory functions and individual fitness. Noise exposure
may also elicit a variety of behavioral responses that have less severe
impacts, such as spatial avoidance (Finley and Greene, 1993) and
disruption of foraging (Blair et al., 2016; Wisniewska et al., 2018).

A variety of more subtle consequences of anthropogenic noise
have proven difficult to link directly with long-term fitness costs of
exposed animals. One of these is the concept of auditory masking
(Clark et al., 2009; Erbe et al., 2016), where noise interferes with the
detection or discrimination of acoustic communication signals. The
impact of acoustic masking on communication can be estimated
based on signal characteristics of the communication signal, hearing
threshold, masking noise and reference background noise
conditions (Clark et al., 2009; Jensen et al., 2009). Marine
mammals are capable of partly ameliorating the masking effects
of noise through compensatory mechanisms. Some marine
mammals are seemingly able to compensate by increasing source
amplitude at almost 1 dB per dB increase in noise via the Lombard
response (Dunlop et al., 2014; Holt et al., 2009; Scheifele et al.,
2005, though see also Kragh et al., 2019), which is at odds with the
normal 0.4 dB dB~! compensation for other vertebrates (Cynx
et al., 1998; Roian Egnor and Hauser, 2006). Other studies have
found that cetaceans are also capable of changing the frequency (Au
et al.,, 1985; Parks et al., 2007) or increasing the redundancy
(Buckstaff, 2004; Miller et al., 2000; Rendell and Gordon, 1999) of
acoustic signals to partially overcome masking effects. These
observations imply that, within some physiological limits, noise
exposure may be compensated for through vocal adjustments, but it
is currently unknown how effective such compensatory
mechanisms are at ameliorating masking.

These vocal modifications may lead to indirect costs, as sound
production is often associated with increased energy expenditure
(Ophir et al., 2010), and has a somewhat low efficiency, ranging
from 0.5 to 2.4% in anurans (McLister, 2001; Prestwich et al., 1989;
Ryan, 1985) and from 0.4 to 3% for elk/red deer (Titze and Riede,
2010). The direct energetic costs of vocal modifications are well
studied in terrestrial animals, and modifications such as increasing
calling rate (Grafe, 1996; McLister, 2001; Prestwich et al., 1989;
Taigen and Wells, 1985; Thomas, 2002; Wells and Taigen, 1989),
song duration (Oberweger and Goller, 2001; Taigen and Wells,
1985) and signal amplitude (Oberweger and Goller, 2001; Russell
et al., 1998) have been shown to come at additional energetic costs.
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However, the sound production mechanism in toothed whales is
different from the laryngeal or syringeal sound production of
terrestrial animals. Toothed whales produce sound by pneumatically
inducing tissue vibrations (Madsen et al., 2012, 2013; Ridgway and
Carder, 1988) in their nasal complex (Cranford et al., 1996). This de
novo evolved sound production system then begs the question of
whether sound production costs and efficiency of toothed whales
are similar to those of their terrestrial counterparts, and subsequently
what the direct energetic costs of vocal modifications to noise are. In
recent years, efforts have been made to address these questions by
estimating the energetic cost of sound production in bottlenose
dolphins [Tursiops truncatus (Montagu 1821)]. Theoretical
calculations of metabolic cost of whistling suggest a maximum
increase in resting metabolic rate (RMR) of 0.5-1% (Jensen et al.,
2012), but rely critically on an assumed sound production efficiency
of 1%, similar to many terrestrial animals (Brackenbury, 1977,
Fletcher, 2009; McLister, 2001; Prestwich et al., 1989; Ryan, 1985).
By contrast, recent empirical studies have reported that whistling is
surprisingly costly, with RMRs increasing by 20% (Holt et al.,
2015; Noren et al., 2013). These findings in concert with the typical
acoustic output of bottlenose dolphins (Janik, 2000; Jensen et al.,
2012) imply that sound production efficiency of whistling
bottlenose dolphins is more than two orders of magnitude poorer
than values reported and modeled for terrestrial animals. If the
previous findings of Holt et al. (2015) reflect the actual costs of
increasing source level for toothed whales, the direct energetic costs
of' vocal compensation by increasing signal amplitude or calling rate
in response to changes in background noise levels may be
substantial (Holt et al., 2015).

Here, we investigate these contrasting claims and test the
hypothesis that whistling is metabolically expensive in bottlenose
dolphins by measuring the O, consumption rate (¥o,), a proxy of
metabolic rate, in three post-absorptive bottlenose dolphins at rest
that were either quiet or given a visual cue to whistle. We show that
whistling adds no measurable increase in metabolism relative to a
silent control period, demonstrating that the metabolic cost of sound
production in delphinids is much lower than previously reported,
and thus that direct energetic costs of vocal modifications in noise
are small.

MATERIALS AND METHODS

Animal subjects and training

The metabolic cost of whistling was measured in three adult male
bottlenose dolphins (7. truncatus) of varying age and body size
(Table 1). The dolphins were kept on a diet of capelin and herring
supplemented with multivitamins while housed at the Oceanografic
in Valencia, Spain, where a total of 16 dolphins reside. For the study,
all three dolphins were trained using operant conditioning to station
near the side of a floating platform formed by two large buoyant mats
while breathing into a custom-built pneumotachometer (Mellow
Design, Valencia, Spain) for measurements of respiratory flow
and expired O, and CO, content (Fahlman et al., 2015). The animals

Table 1. Overview of bottlenose dolphin subjects trained for
participation in the study

Body mass Straight
Animal ID (kg) length (m) Date of birth Place of birth
Tt7601 186.0+4.0 2.51 06/2004 Born in captivity
Tt9772 179.4+2.3 2.50 1992 Wild
Tt4560 165.5+2.0 245 05/2006 Born in captivity

Body mass presented as meansits.d.

were trained to perform a voluntary apnea at rest by turning ventral
side up, and either whistled when provided with a visual cue or
remained silent. To capture the first breath after apnea, the dolphins
were trained to hold their breath until the pneumotachometer
was placed over the blowhole. Dolphins freely participated in the
study and were not restrained or kept from leaving for the duration of
the trial. Experiments were approved by the Animal Care Committee
at Oceanografic (OCE-3-18).

Experimental design

An a priori Kruskal-Wallis power analysis, using a significance
threshold (o) of 0.05 and a standard deviation (s.d.) in the increased
Vo, of 20%, suggested that 25 paired trials (control/whistle pairs)
would provide a power >80% to detect the 20% increase in
metabolic rate reported in earlier studies (Holt et al., 2015; Noren
et al., 2013).

Trials were conducted after an overnight fast (from 18:00 h), and
before the first feeding the following morning (between 10:00 and
11:00 h). All trials were performed with the animal stationed calmly
(minimal to no movement) at the edge of a floating platform formed
by two large buoyant mats stacked on top of one another (3%2.6 m
beaching mat, Stark Mfg, San Diego, CA, USA). A custom-built
hydrophone array made of hollow aluminium surrounded by seven
floats was attached with Velcro strips to the side of the mat (Fig. 1).
The hydrophones were submerged directly in front of the animal, at
a depth of 0.5 m and at ranges of 2 m (near hydrophone) and 4 m
(far hydrophone) from the melon of the dolphin.

Each trial consisted of a pre-apnea resting period, with the
dolphin resting calmly at the surface breathing into the
pneumotachometer (resting; Fig. 2A) to assess the RMR. The pre-
apnea period lasted up to 5 min, with the last 2 min being used to
determine the RMR. Next, the trainer instructed the dolphin to turn
ventral side up for a 2-min apnea with the blowhole and melon
submerged (depth of 38—42 cm) at a known distance of 2 m from the
first hydrophone of the hydrophone array (apnea; Fig. 2B). In this
position, the dolphin was given either a visual cue to whistle
(whistling trial) or no cue (control trial). Following the 2-min
breath-hold, the dolphin was again asked to turn dorsal side up, and
the pneumotachometer was immediately placed over the blowhole
to capture the first and subsequent breaths during the subsequent 5-
min recovery period (recovery; Fig. 2C). During the resting and
recovery phase, the dolphin was breathing into a pneumotachometer
to measure the respiratory flow (Fig. 2D) and the exhaled O, and
CO, content for each breath (Fig. 2E). During the trial phase [ pre-
apnea, apnea (whistling/control) and post-apnea], all sounds created
by the dolphin were recorded, and quantified by the calibrated
hydrophone array (Fig. 2F). The animal handling (turning,
adjustment of stationing) was done by two trainers, who also
assisted the dolphin. This helped minimize movement and reduced
additional metabolic cost as it helped the animal stay afloat at the
surface. Only one trial was performed per animal per day, and
whistling/control trials were performed in a pseudorandom order.

Respiratory flow analysis

Respiratory flow was measured using a custom-built Fleisch-type
pneumotachometer, housing a low-resistance laminar flow matrix
(item no. Z9A887-2, Merriam Process Technologies, Cleveland,
OH, USA). A differential pressure transducer (Spirometer Pod, ML
311, ADInstruments, Colorado Springs, CO, USA) was connected
to the pneumotachometer with two firm-walled, flexible tubes
(310 cm length of 2 mm 1.D.). The differential pressure transducer
was connected to a data acquisition system (Powerlab 8/35,

2

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_




RESEARCH ARTICLE

Journal of Experimental Biology (2020) 223, jeb212498. doi:10.1242/jeb.212498

2m 2m

f‘/\__\é‘“—)\—\ 5

2 BT

3m DAS

Fig. 1. Overview of the experimental setup.
The bottlenose dolphin was located in an oval
holding tank (23.5 m long, 12 m wide, 6 m
deep) with gates to two adjacent holding
pools closed during the experiment. The
animal was stationed at the far side of two
buoyant mats facing the hydrophone array
and oriented along the length of the holding
pool. Respirometry data were collected using
a pneumotachometer (P) connected to a
differential pressure transducer (DPT) and a
fast-response gas analyzer (GA) and digitized
to a PC using a data acquisition system (DAS;
Powerlab). One side of an L-shaped
hydrophone array was attached to the right
side of the mats for stability, and the other side
featured two arms going 45 cm out and 50 cm
down. At the end of each arm at a depth of

50 cm, an HTI-96-Min hydrophone (H) was
fixed at a distance of 2 and 4 m from the
melon of the stationed dolphin. The

1 80

/ Filterbox\

(kHz)

hydrophones had a built-in one-pole high-
PC pass filter at 1 kHz and were connected to a

ADC

(400 kHz) filtering box with an 80 kHz analog low-pass

filter (bandpass filtered at 1-80 kHz, one
pole). The filter box connected to an analog-
to-digital converter (ADC; USB-6251)
digitizing the data to a PC at 400 kHz, 16 bit,

ADInstruments), and the data were recorded at 400 Hz and
displayed on a laptop computer running LabChart (v. 8.1,
ADInstruments). The differential pressure was used to determine
flow and was calibrated using a 7.0 liter calibration syringe (Series
4900, Hans-Rudolph Inc., Shawnee, KS, USA) before and after
each trial. The signal was integrated, and the flow was determined
assuming a linear response between differential pressure and flow
(Fahlman et al., 2015). Breath-by-breath respiratory flow analysis
using a pneumotachometer provides very similar results to
conventional flow-through respirometry (Fahlman et al., 2015),
and is capable of detecting both transient and cumulative increases
in oxygen consumption rates (Fahlman et al., 2019; van der Hoop
et al., 2018).

Respiratory gas composition

The concentration of expired O, and CO, was subsampled via a port
in the pneumotachometer and passed through a firm-walled, flexible
tube (310 cm length of 2 mm 1.D.) and Nafion tubing (30 cm length
of 1.5 mm L.D.) fed into a fast-response gas analyzer (Gemini O,/
CO, analyzer, part no. 14-1000, CWE Inc., Allentown, PA, USA) at
a flow rate of 250 ml min~!. The gas analyzer was calibrated before
the experiments using a commercial mixture of 5% O,, 5% CO, and
90% N, (UN1956 Air Liquide, USA) and ambient air. Air
temperature, pressure and humidity were measured during each
trial and were used for STPD (standard temperature, pressure and
dry) conversion of inhalations, and exhalations were STPD
corrected assuming the gas was at body temperature and saturated
with water vapor (Quanjer et al., 1993).

Data analysis

The respiratory gas signals were phase corrected for each trial
(approximately by 3 s depending on the flow rate) so that the change
in gas concentrations matched the change in flow from the
respirations. The O, and CO, content were multiplied by the
expiratory flow to calculate the instantaneous ¥, and CO,

using custom-written LabView software.

production (Vco,) rates, which were then integrated over each
breath to calculate the total volume (1) of O, and CO, exchanged
with each breath (Fig. 3A-D, Fahlman et al., 2015). From these
data, the RMR was calculated as the 7, during the pre-apnea
resting period by summing the volume of O, and CO, of all breaths
that occurred during the last 2 min of the pre-apnea resting period
and dividing by the duration. The metabolic cost owing to apnea and
either whistling or no whistling was calculated as the difference in
metabolic cost during the apnea and post-trial period minus the pre-
trial period. For this, the expected metabolic cost owing to rest
[RMR (resting Vo, or Vco,)x(apneatpost-trial duration)] was
subtracted from the accumulated volume of O, and CO, during
the recovery period. The resulting volume was divided by the apnea
duration and a value different from 0 either indicated a metabolic
rate higher or lower than the pre-trial RMR (Fahlman et al., 2008).

Whistles produced during trials were recorded using two calibrated
HTI-96-Min hydrophones (High Tech, Inc., MS, USA; one-pole
high-pass filter at 1 kHz). The hydrophones were calibrated in a tank
relative to a Reson TC4034 (RESON A/S, Slangerup, Denmark) with
a known sensitivity of —215 dB re. 1 V pPa~! using the ratio of the
average peak-to-peak signal over four cycles, with a delay between
cycles of 200 ms. The hydrophones were mounted on a custom-built
array made of hollow aluminium, which was attached to the floating
mats with Velcro. The hydrophones were connected to a custom-
made filtering box (80 kHz first order analog low-pass filter, Aarhus
University Electronics lab), a two-channel analog-to-digital converter
(USB-6251, National Instruments, Austin, TX, USA) sampling at
400 kHz with a 16-bit resolution. Data were recorded and stored on a
laptop using a custom-written sound acquisition software (LabView,
National Instruments, written by K. Beedholm) with a built-in digital
high-pass filter (500 Hz, second-order Butterworth filter). All
acoustic data analysis was performed using custom-written code in
MATLAB R2013b (MathWorks, Natick, MA, USA). First, the data
were digitally resampled to 60 kHz for further analysis. All
recordings were digitally bandpass filtered using a fourth-order
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Fig. 2. Experimental overview of a complete session. Each session was divided into (A) a 2-min pre-apnea resting period, (B) a 2-min apnea period, where the
animal was turned ventral side up and either continuously whistling or silent, and (C) a 5-min post-apnea recovery period. (D) When resting and recovering,
the dolphin was breathing into a pneumotachometer, which recorded flow (I s~'). Negative values are expirations, and positive are inspirations. (E) The flow and
change in O, and CO, tension were used to calculate the cumulative gas exchange (1) integrated over each breath. (F) During the trial period, whistles

were recorded on the hydrophones, which were used to calculate their energetic content.

Butterworth filter from 3 to 18 kHz, and the signal envelope was
calculated as the absolute value of the analytical signal (Hilbert
transform), over which a 100 ms running average was computed. All
points where the signal envelope exceeded a threshold of
110 dBre. 1 pPa for at least 100 ms were deemed to be potential
whistles and were inspected manually in a spectrogram. The detector
triggered on whistles from the test animal, whistles by other animals
and pump noise. Only whistles that followed the expected
transmission loss of approximately 6 dB from the near hydrophone
to the far hydrophone were used for further analysis, with all other
detections being discarded. Whistles produced by other animals were
rare and of very low amplitude as the other animal in the pool was
stationed on the far side of the array with the melon above water,
and with gates to other pools closed. Even if vocalizations from
these animals triggered the energy detector, their received level
would be higher on the far hydrophone rather than the near
hydrophone. Whistles produced by each of the test animals were
also extremely stereotyped (see Fig. S1), and thus the fundamental
frequency contour served as an additional validation that signals
were from the test animal. In total, <20 of potential detections

(1.8%) were discarded as being from other animals, so this was a
very rare issue.

For each whistle, the root mean square (RMS) source level
(Madsen, 2005) over the 95% energy window and the centroid
frequency (F., defined as the frequency which evenly splits the
power spectrum in two halves with equal energy; Au, 1993) was
calculated. For each whistle, the directivity index (DI) was estimated
from F,. using a modified relationship between directivity and
frequency for dolphin whistles (DI=0.20F.+4.3; Branstetter et al.,
2012). The DI was subtracted from the calculated RMS source level
to convert it into the equivalent omni-directional sound source
radiating the same acoustic power (Madsen and Wahlberg, 2007;
Urick, 1983). The energy flux density (EFD) was calculated by
adding 10log(T) to the equivalent omni-directional RMS source
level, where T is the duration of the 95% energy window in seconds
(Madsen, 2005). The energetic content in mJ was calculated by
dividing the squared pressure on a linear scale with the specific
acoustic impedance Z and multiplying with the surface area of a
sphere with a 1 m radius. When multiplied by the duration of the
signal in seconds, this provides the acoustic energy radiated
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Fig. 3. Data analysis overview. (A) Flow data of a single breath. (B) The change in O, concentration following an exhalation and subsequent inhalation. (C) The
change in oxygen concentration multiplied by the respirometer flow, giving the instantaneous O, consumption rate (Vo,). (D) The cumulated O, consumption,
integrated over the instantaneous Vo,. (E) The received sound pressure wave form of a single whistle. (F) The signal envelope of the whistle source level.

(G) The cumulative energy of the waveform in mJ over the 95% energy window (vertical dashed lines) calculated from the directivity corrected whistle.

(Fig. 3E-G) (Madsen and Wahlberg, 2007). Finally, the total
radiated acoustic energy per session was calculated by summing the
acoustic energy from all whistles, and the cumulative EFD (EFDc;
dB re. 1 uPa?s) per session was calculated by summing the EFD on
a linear scale before log transformation back to dB.

Statistical analysis

We used mixed-effects models to determine the relationship
between the metabolic cost of apnea and emitted acoustic energy
while accounting for correlation between multiple measurements
performed on the same individual (Littell et al., 1998).
Mixed-effects models were implemented using the Ime4 package
(Bates et al., 2015) in R (ver. 3.4.0, https:/www.r-project.org/). We
calculated P-values for each test using the Satterthwaite
approximation for degrees of freedom implemented in the
package ImerTest (Kuznetsova et al., 2017). The Satterthwaite
approximation was used, as it offers low type I error rates, even for
small sample sizes, when compared with alternative methods of
calculating P-values of mixed-effects models (Luke, 2017). For

each test, 95% confidence intervals were calculated using the
confint function in R, using a bootstrap method with 1000
simulations for each parameter.

Metabolic costs of whistling

To test whether there was a significant increase in metabolic rate
during whistling trials, we modeled the estimated metabolic rate of
the trial session as a function of trial type (control or whistling) with
individual modeled as a random effect on the intercept. No
interaction term between individual and emitted acoustic energy
was included, as different individuals were not expected to have
different sound production efficiencies. To account for fluctuations
in daily RMRs, we calculated the change in metabolic rate during
trials relative to the measured RMR during the pre-apnea period. We
modeled this relative change in metabolic rate as a function of trial
type (control or whistling) with individual as a random factor. To
directly compare our results with previously reported values of the
cost of whistling in dolphins (1.2-fold increase in RMR), we
subtracted 20% from whistling trials on a relative scale. Assuming
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Table 2. Overview of acoustic parameters from whistling trials

Centroid Omnidirectionally radiated Directionally radiated Acoustic
Dolphin Whistling frequency (F; Omnidirectional SLgsv,rms Slerpe (dB re. 1 uPa?s) per  Slgppe (dB re. 1 pPa?s) energy per
ID trials (n) kHz) at 1 m (dB re. 1 yPa) trial per trial trial (mJ)
Tt7601 10 5.3+0.3 126+3 (range: 117-137) 138.845.7 144.3+5.7 6.2+4.3
Tt9772 14 8.9+0.8 12341 (range: 115—133) 135.7+3.4 141.9+34 24415
Tt4560 4 6.2+0.7 1295 (range: 117-137) 139.8+4.5 145.4+4.5 7.1£7.0

Source levels are presented as equivalent omnidirectional source level (SL) over the 95% energy window, calculated from the centroid frequency (F), by
subtracting the estimated directivity index (Branstetter et al., 2012). The omnidirectionally and directionally radiated cumulative energy flux density (EFDc)
represents the average total acoustic energy per whistling trial when correcting or not correcting for whistle directivity, respectively. Acoustic energy (mJ) is
calculated from the omnidirectionally radiated energy flux density. Values are presented as means+s.d. per session.

that a 20% increase in metabolic rate is correct, there should be no
significant difference between control trials and whistling trials after
subtracting 20% from whistling trials.

Metabolic costs of whistling as a function of radiated acoustic energy

To test whether the costs of sound production varied with total
acoustic output, we modeled the estimated metabolic rate of each trial
as a function of total radiated acoustic energy for each session, with
individual as a random effect on the intercept. Next, we again
accounted for daily fluctuations in metabolic rate by modeling the
relative change in metabolic rate as a function of total radiated acoustic
energy, with individual modeled as a random effect on the intercept.

Detecting increasing metabolic rates for varying acoustic efficiency
To test how low sound production efficiency would have to be to
reliably detect the added cost of whistling given the sample size and
variation in the cost of apnea and total emitted acoustic energy
measured in this study, we performed a power analysis with an o of
0.05in MATLAB R2013b. The cost of apnea was converted into mJ
using measured respiratory quotient values of 0.83+£0.08 (mean+
s.d.) so that sound production efficiency could be modeled as the
inverse of the slope. Sound production efficiencies were simulated
in the range 0.0001-100%, with 10,000 repetitions at each interval.
At each interval, we generated 52 points from the mean and standard
deviation of the cost of apnea, and added the measured acoustic
energy multiplied by the inverse of the efficiency to obtain the
added cost of sound production. From this, the likelihood of
measuring the cost of sound production for the given efficiency was
calculated.

RESULTS

In total, 59 trials were carried out on three animals over the study
period. Of these, seven trials were terminated as the animal aborted
the trial, leaving 52 trials that were used for further analysis. Average
acoustic variables for the dolphin whistles of the three animals are
summarized in Table 2, and average metabolic and respiratory
variables are summarized in Table 3. Means are presented +s.d.

Metabolic cost of whistling

The metabolic cost of the 2-min breath-hold was not different from
the RMR for that day. There was no difference in metabolic cost of a
2 min apnea during whistling (1228+86 ml O,, 95% CI=837-1611)
as compared with control trials (1067+110 ml O,, 95% CI=862—
1276; t5.9.45.15=1.87, P=0.06; Fig. 4A). When accounting for daily
fluctuations in RMR, we found no significant increase above pre-
apnea metabolic rates for whistling trials (+4.2+6.9%, 95%
CI=-21.9-29.1%) compared with silent control trials (—0.5+
5.9%, 95% Cl=—12.8-11.1%; 5 57.45.53=0.668, P=0.51; Fig. 4B).
This value was significantly smaller than previously reported 20%
increases in metabolic rate (Holt et al., 2015; Noren et al., 2013)
(#5.87.48.83=—2.2, P=0.03).

Metabolic costs of whistling as a function of radiated
acoustic energy

Each trial differed in the amount of acoustic energy emitted owing to
variation in the source level and directivity of each whistle as well as
the number of emitted whistles per trial. To capture this variation,
we performed a linear mixed-effects model using total emitted
acoustic energy in mJ as a fixed effect and individual as a random
effect to explain the variation in the relative costs of apnea. The
relative metabolic cost of apnea did not change significantly as a
function of increasing radiated acoustic energy (—1.1+£0.9 mJ, 95%
CI=—2.8-0.8 mJ) in the overall model (7, 95 49 g5=—1.26, P=0.23),
nor for any individual animals. Two animals (Fig. 5A,C) had
negative regression slopes, whereas a positive slope was found for
the third animal (Fig. 5B), but the 95% CI illustrates that no slope
deviated significantly from a null line for any of the three animals in
the study.

Detecting increasing metabolic rates for varying acoustic
efficiency

Given the limited sample size and variation in radiated acoustic energy,
the likelihood of finding a significant relationship between radiated
acoustic energy and increase in metabolic energy was no better than
chance (i.e. 5%) until a sound production efficiency of 0.001% or

Table 3. Pre-apnea resting metabolic rates estimated metabolic rates during apnea and respiration rates prior to and after the 2-min breath-hold for
control and whistling trial types

Dolphin ID: Tt7601 Tt7601 Tt9772 Tt9772 Tt4560 Tt4560
Control Whistling Control Whistling Control Whistling
Number of trials (n) 10 10 10 14 4 4
Pre-apnea (resting) metabolic rate (ml O, min~") 6181137 7331142 48697 467183 496+121 528+126
Apnea metabolic rate (ml O, min~") 570+124 669+154 487+109 530+138 527+100 504+105
Pre-apnea (resting) respiration rate (breaths min~") 4.0+2.4 5.3+2.9 6.2+1.7 6.3+2.0 3.5+0.2 3.1+1.1
Post-trial (recovery) respiration rate (breaths min=") 3.5+1.7 5.9+3.1 6.9+1.4 7.7£2.9 4.7+1.6 4.1+0.6
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Fig. 4. Calculated oxygen consumption of the 2 min static surface apnea of the 52 experimental trials. Represented as (A) the absolute cost of apnea and
(B) relative to the resting metabolic rate measured on the same day. No significant differences between control and whistling periods were found. Solid line
represents the median of the dataset and the box boundaries are the 1st and 3rd quartiles and 75th percentiles. Whiskers extend to 1.5 times the interquartile

range from the 1st and 3rd quartiles. Outliers depicted as circles.

lower was reached (Fig. 6). To find a significant result with statistical
power of 50% or greater, sound production efficiency would have to be
lower than 0.0002%, and for statistical power of at least 80%, sound
production efficiency would have to be lower than 0.00015%.

DISCUSSION

Previous experimental studies on sound production costs in
bottlenose dolphins have concluded that whistling is energetically
demanding, eliciting a 20% increase from RMR, and with costs
of producing a separate burst-pulse ‘squawk’ vocalization as high
as 50% (Holt et al., 2015; Noren et al., 2013). This implies that
dolphin sound production efficiency is more than two orders of
magnitude poorer than for terrestrial animals and that the fairly
small muscles involved in toothed whale sound production
(Ridgway and Carder, 1988) must have very high power outputs

A B

and extremely high oxygen consumption. Here, we tested the
hypothesis that whistle production in dolphins is expensive using a
high-resolution respirometry setup, and an experimental protocol
with both experimental and control trials. We show that sound
production is associated with no detectable metabolic cost
compared with pre-apnea RMRs (Fig. 4). This discrepancy is not
simply a matter of sample size — our data are significantly different
from a mean 20% increase and thus inconsistent with findings
reported in previous studies (Holt et al., 2015; Noren et al., 2013).
We therefore reject the hypothesis of expensive whistle production
and conclude that communication is metabolically cheap for
bottlenose dolphins. This is in line with theoretical predictions of
the cost of whistling in this species, which estimates that continuous
sound production at realistic source levels should only marginally
increase metabolic rate by 0.5-1% (Jensen et al., 2012).

Cc
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Relative cost of apnea (%)

y=—2.41-1.04x o —40 y=6.19+1.03x —60 y=10.01-1.34x
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Fig. 5. Relative change in metabolic cost of apnea as a function of total radiated acoustic energy in mJ. The least-squares regression line (solid black line), its
equation and R? value are presented in each plot, and the shaded gray area represents the 95% confidence intervals of the slope. Slight positive tendencies
were found for one animal (Tt9772; B), whereas negative trends were found for Tt7601 (A) and Tt4560 (C), but none of these relationships were significant.
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quotient of 0.77. If bottlenose dolphins are as efficient at producing sound as all other animals, the likelihood of detecting a significant increase in metabolic

cost does not deviate from random chance (5%).

Although the biomechanics and organs of sound production are
different, experimental evidence in birds has also indicated
relatively low costs of sound production, with changes in
metabolic rate of 2-36% of baseline (Oberweger and Goller,
2001; Ward, 2004; Ward et al., 2003), or as undetectable (Chappell
et al., 1995). By contrast, in amphibians, a 2- to 15-fold increase in
metabolic rate has been reported (Grafe, 1996; McLister, 2001,
Prestwich et al., 1989; Wells and Taigen, 1989). Such differences in
the metabolic cost of sound production across taxa are likely caused
by the differences in metabolic rate for ectotherms versus endotherms
and by differences in the relative mass of the vocal organs.
Amphibians dedicate as much as 10% of their body mass to sound
producing muscle (Ophir et al., 2010), and their standard metabolic
rate is an order of magnitude lower than that of a similarly sized
endotherm (Ruben, 1995). By contrast, birds dedicate much less body
mass to sound-producing muscle (Ophir et al., 2010), and have high
RMRs. Less sound-producing muscle, coupled with a much higher
RMR relative to amphibians likely results in the much lower
metabolic scopes of sound production for birds. Similarly, toothed
whales have high RMRs owing to their large body size, endothermy
and possibly a life in water with a high heat conductivity, and they do
not dedicate a significant proportion of body mass to muscles
associated with sound production (Ridgway and Carder, 1988). In
concert, this leads to predicted low sound production costs in keeping
with our measured values.

In contrast, Holt et al. (2015) reported that the metabolic cost
increases substantially with increasing acoustic output levels for

bottlenose dolphins, in line with some studies of birds and
amphibians (McLister, 2001; Oberweger and Goller, 2001).
While this is to be expected if sound production costs are a
significant part of the total metabolic rate during the vocal phase, the
rate of increase implies a sound production efficiency several orders
of magnitude less than what has been reported for humans,
amphibians and fowl, and modeled for elk/red deer (Brackenbury,
1977; Fletcher, 2009; McLister, 2001; Prestwich et al., 1989; Ryan,
1985; Titze and Riede, 2010) (Fig. 6). Although the sound
production organs are different in cetaceans as compared with
terrestrial mammals, whistles are produced by pneumatically
induced tissue vibrations (Madsen et al., 2012), a mechanism that
is similar to vibrating vocal cords or syringeal membranes. It
therefore appears parsimonious to surmise that it would give rise to a
similar sound production efficiency in keeping with the low costs of
sound production demonstrated here.

Wild dolphins are capable of emitting calls of much greater
amplitude (169 dB re. 1 pPa; Janik, 2000) than we recorded in the
present study. However, calls of this amplitude still only contain
0.67 J of acoustic energy, assuming they are radiated
omnidirectionally and are 1 s in duration. At an efficiency of 1%,
one whistle would only require 67 J of metabolic energy, which is
insignificant relative to the RMRs of these animals. This then begs
the question of why we find such substantial differences in the
metabolic cost of low-energy acoustic signals compared with Holt
and coauthors (2015). Dolphins in our study used acoustic output
levels before accounting for effects of directivity that were
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comparable with previous work (Holt et al., 2015; Noren et al.,
2013), so the differences in measured costs likely stem from
differences in methodology. One potential cause could arise from
conflating the cost of sound production with extraneous factors such
as locomotive costs and costs of posture. Indeed, one animal in their
study was trained to produce burst-pulse squawks at high rate, and it
is also possible that the dolphins trained to whistle continuously are
not respiring normally, as both cannot be done simultaneously, thus
inducing a period of apnea. Thus, a reduction in alveolar ventilation
during the 2 min whistling period could result in an accumulated O,
debt that would be paid back during the period of recovery. The
experimental protocol employed by Holt et al. (2015) and Noren
et al. (2013) lacked an appropriate control period, where the
dolphins performed the entire trial without producing sound, only
correcting for daily variation in metabolic rates. Additionally, Holt
etal. (2015) employed a recovery period of a non-standard duration,
which makes it difficult to decouple locomotive and stationing costs
from vocalization costs, and may allow for small movement costs to
accumulate over time. We sought to overcome these problems by
employing an experimental design that included both control trials
and a consistent recovery period of 5 min with minimal animal
movement. We show that a 5 min period was sufficient to fully
recover from a 2-min breath-hold, as the RMR during apnea was
very similar to pre-apnea metabolic rates. This is further
corroborated by recent experimental evidence, showing that
1.2 min is sufficient for a bottlenose dolphin to recover from a
159 s breath-hold (Fahlman et al., 2019). Failing to account for such
extraneous factors, as may be the case in Holt et al. (2015), has
occurred before: high costs of bird song (with 2.7- to 8.7-fold
increases above basal metabolic rate) were initially reported for a
small passerine bird, the Carolina wren (Eberhardt, 1994). Later
studies on passerines, which employed control periods, found much
smaller metabolic scopes of sound production (Oberweger and
Goller, 2001; Ward, 2004; Ward and Slater, 2005; Ward et al.,
2003). Appropriate control periods, where everything except sound
production is kept the same, therefore seem essential for teasing
apart the metabolic costs of signaling from extraneous factors.
Indeed, a study on the cost of echolocation in bottlenose dolphins
found that click production is cheap when compared with a control
period (Noren et al., 2017), and this is also supported by field
estimates of the minute air volumes used for sound production in
echolocating pilot whales (Foskolos et al., 2019).

Given that whistling has no measurable cost, the direct metabolic
costs of increasing vocal amplitude as a response to increasing
anthropogenic noise (Au et al., 1985; Dunlop et al., 2014; Holt
et al., 2009) or an increased call rate (Buckstaff, 2004) are likely to
be very small. However, noise may still have adverse effects not
related to direct energetic costs. Recent evidence has shown that one
of the consequences of increased noise is a reduction in whistle
contour complexity (Fouda et al, 2018). Reduced contour
complexity may jeopardize the ability to recognize individuals as
the frequency contours carry information used to identify individuals
(Janik et al., 2006). Additionally, the ability to compensate to
increased noise is not unlimited. The upper limit of source levels
reported for bottlenose dolphins’ whistles is 169 dB re. 1 uPa (Janik,
2000). For that population, which had a mean back-calculated source
level of 158 dB re. 1 pPa, this only allows for 11 dB of potential
compensation on average, and measurements have shown that wild
bottlenose dolphins only compensate with 0.1-0.3 dB per dB of
noise increase (Kragh et al., 2019). Additionally, vessel noise is both
spatially and temporally heterogeneous, and loud noise at the location
of a recipient would not necessarily induce a sufficient Lombard

response in the sender. Of greater concern are alterations in the
activity budget of wild marine mammals, and their potential direct or
indirect energetic effects. Escape from noise may alter activity and
increase metabolic cost, which may also increase the risk of gas
bubble formation (Fahlman et al., 2014). Although dolphins are
capable of ameliorating noise partially by increasing call rates
(Buckstaff, 2004), the increased time spent calling cannot be spent
foraging or on other behaviors important for fitness, and as such noise
may indirectly reduce the time spent foraging, offsetting a positive
energy balance (Pirotta et al., 2018). Additionally, energetic intake
may be reduced more directly through disturbances that limit feeding
opportunities (Christiansen et al., 2013; Williams et al., 2006;
Wisniewska et al., 2018). The lost foraging opportunities and reduced
foraging efficacy caused by noise are much more likely to negatively
affect their energy budget, compared with the very small direct
energetic consequences of vocal adjustments reported here.

Conclusions

This study demonstrates that when movement costs and daily
fluctuations in metabolic rate are accounted for, whistle production
does not significantly increase the metabolic rate of bottlenose
dolphins. The energetic costs of sound production reported here are
significantly smaller than those reported in previous studies in spite
of similar total radiated acoustic energy, and we therefore conclude
that sound production is metabolically inexpensive for bottlenose
dolphins. As a consequence, the direct energetic consequences of a
Lombard effect in wild bottlenose dolphins are unlikely to be a
concern. More research is needed to define the physiological limits of
vocal compensation and the efficacy of compensation mechanisms
for spatially heterogeneous noise sources. Additionally, we need to
elucidate to what extent anthropogenic noise indirectly affects the
energy balance of wild odontocetes by altering activity budgets
through increased calling rates as well as reducing feeding efficacy.

Acknowledgements

The authors are grateful to The Fundacion Oceanografic for providing in-kind
support through access to animals and animal training, and direct support by
providing subsidized room and board. We would especially like to thank Julieta
Arenarez and Andrés Jabois for coordination, and all of the animal trainers for their
tireless work. We thank Kristian Beedholm for providing custom-written digitizing
software and John Svane for aid in construction of the hydrophone array. We thank
an anonymous reviewer, Prof. Patrick Miller and Dr Dawn Noren for constructive
feedback on previous drafts of the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: M.B.P., A.F., P.T.M., F.H.J.; Methodology: M.B.P., A.F., P.T.M,,
F.H.J.; Software: M.B.P., F.H.J.; Validation: M.B.P., A.F., F.H.J.; Formal analysis:
M.B.P., A.F., A.B., F.H.J,; Investigation: M.B.P., A.F., A.B., F.H.J.; Resources: A.F.,
P.T.M.; Data curation: M.B.P.; Writing - original draft: M.B.P., P.T.M., F.H.J.; Writing -
review & editing: M.B.P., A.F., A.B., P.T.M., F.H.J.; Visualization: M.B.P., A.F.,F.H.J.;
Supervision: A.F., F.H.J.; Project administration: M.B.P., A.F., P.T.M., F.H.J;
Funding acquisition: M.B.P., A.F., P.T.M.

Funding

M.P.B. received financial support from a Company of Biologists JEB travel fellowship
JEBTF181150, and a grant from the Danish Acoustical Society. F.H.J. was
supported by an AIAS-COFUND fellowship from Aarhus Institute of Advanced
Studies under the FP7 program of the EU (agreement no. 609033). P.T.M. and
recording equipment were funded by a large frame grant from Danish Council for
Independent Research | Natural Sciences (Natur og Univers, Det Frie
Forskningsrad). A.F. was supported by Fundacion Oceanografic de la Comunitat
Valenciana and Global Diving Research.

Data availability
Data used in this article can be found online on OSF.io using the link https:/osf.
io/avtqd/

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



https://osf.io/avtqd/
https://osf.io/avtqd/
https://osf.io/avtqd/

RESEARCH ARTICLE

Journal of Experimental Biology (2020) 223, jeb212498. doi:10.1242/jeb.212498

Supplementary information
Supplementary information available online at
http:/jeb.biologists.org/lookup/doi/10.1242/jeb.212498.supplemental

References

André, M., Delory, E., Degollada, E., Alonso, J.-M., del Rio, J., van der Schaar,
M., Castell, J. V. and Morell, M. (2007). Identifying cetacean hearing impairment
at stranding sites. Aquat. Mamm. 33, 100-109. doi:10.1578/AM.33.1.2007.100

Au, W. W. L. (1993). The Sonar of Dolphins. New York, NY: Springer.

Au, W. W. L., Carder, D. A., Penner, R. H. and Scronce, B. L. (1985).
Demonstration of adaptation in beluga whale echolocation signals. J. Acoust.
Soc. Am. 77, 726-730. doi:10.1121/1.392341

Bates, D., Machler, M., Bolker, B. M. and Walker, S. C. (2015). Fitting linear mixed-
effects models using Ime4. J. Stat. Softw. 67, 1-48. doi:10.18637/jss.v067.i01

Blair, H. B., Merchant, N. D., Friedlaender, A. S., Wiley, D. N. and Parks, S. E.
(2016). Evidence for ship noise impacts on humpback whale foraging behaviour.
Biol. Lett. 12, 5. doi:10.1098/rsbl.2016.0005

Brackenbury, J. H. (1977). Physiological energetics of cock-crow. Nature 270,
433-435. doi:10.1038/270433a0

Branstetter, B. K., Moore, P. W., Finneran, J. J., Tormey, M. N. and Aihara, H.
(2012). Directional properties of bottlenose dolphin (Tursiops truncatus) clicks,
burst-pulse, and whistle sounds. J. Acoust. Soc. Am. 131, 1613-1621. doi:10.
1121/1.3676694

Buckstaff, K. C. (2004). Effects of watercraft noise on the acoustic behavior of
bottlenose dolphins, Tursiops truncatus, in Sarasota Bay, Florida. Mar. Mamm.
Sci. 20, 709-725. doi:10.1111/j.1748-7692.2004.tb01189.x

Chappell, M. A., Zuk, M., Kwan, T. H. and Johnsen, T. S. (1995). Energy-cost of an
avian vocal display: crowing in red junglefowl. Anim. Behav. 49, 255-257. doi:10.
1016/0003-3472(95)80177-4

Christiansen, F., Lusseau, D. and Rasmussen, M. H. (2013). Inferring activity
budgets in wild animals to estimate the consequences of disturbances. Behav.
Ecol. 24, 1415-1425. doi:10.1093/beheco/art086

Clark, C. W., Ellison, W. T., Southall, B. L., Hatch, L., Van Parijs, S. M., Frankel,
A. and Ponirakis, D. (2009). Acoustic masking in marine ecosystems: intuitions,
analysis, and implication. Mar. Ecol. Prog. Ser. 395, 201-222. doi:10.3354/
meps08402

Cranford, T. W., Amundin, M. and Norris, K. S. (1996). Functional morphology and
homology in the odontocete nasal complex: implications for sound generation.
J. Morphol. 228, 223-285. doi:10.1002/(SICI)1097-4687(199606)228:3<223::
AID-JMOR1>3.0.C0O;2-3

Cummings, W. C. and Thompson, P. O. (1971). Gray whales, Eschrichtius
robustus, avoid underwater sounds of killeer whales, Orcinus orca. Fish. Bull-
NOAA 69, 525. doi:10.14430/arctic2291

Curé, C., Sivle, L. D., Visser, F., Wensveen, P. J., Isojunno, S., Harris, C. M.,
Kvadsheim, P. H., Lam, F. P. A. and Miller, P. J. O. (2015). Predator sound
playbacks reveal strong avoidance responses in a fight strategist baleen whale.
Mar. Ecol. Prog. Ser. 526, 267-282. doi:10.3354/meps11231

Cynx, J., Lewis, R., Tavel, B. and Tse, H. (1998). Amplitude regulation of
vocalizations in noise by a songbird, Taeniopygia guttata. Anim. Behav. 56,
107-113. doi:10.1006/anbe.1998.0746

Deecke, V. B., Slater, P. J. B. and Ford, J. K. B. (2002). Selective habituation
shapes acoustic predator recognition in harbour seals. Nature 420, 171-173.
doi:10.1038/nature01030

Deecke, V. B., Shapiro, A. D. and Miller, P. J. O. (2013). Killers in the dark-Acoustic
evidence for night-time predation by mammal-eating killer whales (Orcinus orca).
J. Acoust. Soc. Am. 134, 4008. doi:10.1121/1.4830621

Dunlop, R. A., Cato, D. H. and Noad, M. J. (2014). Evidence of a Lombard
response in migrating humpback whales (Megaptera novaeangliae). J. Acoust.
Soc. Am. 136, 430-437. doi:10.1121/1.4883598

Eberhardt, L. S. (1994). Oxygen consumption during singing by male Carolina
wrens (Thryothorus ludovicianus). Auk 111, 124-130. doi:10.2307/4088511

Erbe, C., Reichmuth, C., Cunningham, K., Lucke, K. and Dooling, R. (2016).
Communication masking in marine mammals: a review and research strategy.
Mar. Pollut. Bull. 103, 15-38. doi:10.1016/j.marpolbul.2015.12.007

Fahlman, A., Svard, C., Rosen, D. A. S., Jones, D. R. and Trites, A. W. (2008).
Metabolic costs of foraging and the management of O, and CO, stores in Steller
sea lions. J. Exp. Biol. 211, 3573-3580. doi:10.1242/jeb.023655

Fahlman, A,, Tyack, P. L., Miller, P. J. O. and Kvadsheim, P. H. (2014). How man-
made interference might cause gas bubble emboli in deep diving whales. Front.
Physiol. 5, 13-13. doi:10.3389/fphys.2014.00013

Fahlman, A., Loring, S. H., Levine, G., Rocho-Levine, J., Austin, T. and
Brodsky, M. (2015). Lung mechanics and pulmonary function testing in
cetaceans. J. Exp. Biol. 218, 2030-2038. doi:10.1242/jeb.119149

Fahlman, A., Brodsky, M., Miedler, S., Dennison, S., lvanéi¢, M., Levine, G.,
Rocho-Levine, J., Manley, M., Rocabert, J. and Borque-Espinosa, A. (2019).
Ventilation and gas exchange before and after voluntary static surface breath-
holds in clinically healthy bottlenose dolphins, Tursiops truncatus. J. Exp. Biol.
222, jeb192211. doi:10.1242/jeb.192211

Finley, K. J. and Greene, C. R. (1993). Long-range responses of belugas and
narwhals to ice-breaking ships in the Northwest Passage. J. Acoust. Soc. Am. 94,
1828-1829. doi:10.1121/1.407764

Fletcher, N. H. (2009). The variety of information transfer in animal sonic
communication: review from a physics perspective. Entropy 11, 888-906.
doi:10.3390/e11040888

Foskolos, I., Aguilar de Soto, N., Madsen, P. T. and Johnson, M. (2019). Deep-
diving pilot whales make cheap, but powerful, echolocation clicks with 50 pl of air.
Sci. Rep. 9, 15720. doi:10.1038/s41598-019-51619-6

Fouda, L., Wingdfield, J. E., Fandel, A. D., Garrod, A., Hodge, K. B., Rice, A. N.
and Bailey, H. (2018). Dolphins simplify their vocal calls in response to increased
ambient noise. Biol. Lett. 14, 20180484. doi:10.1098/rsbl.2018.0484

Grafe, T. U. (1996). Energetics of vocalization in the African reed frog (Hyperolius
marmoratus). Comp. Biochem. Physiol. A Physiol. 114, 235-243. doi:10.1016/
0300-9629(95)02132-9

Holt, M. M., Noren, D. P., Veirs, V., Emmons, C. K. and Veirs, S. (2009). Speaking
up: Killer whales (Orcinus orca) increase their call amplitude in response to vessel
noise. J. Acoust. Soc. Am. 125, EI27-EI32. doi:10.1121/1.3040028

Holt, M. M., Noren, D. P., Dunkin, R. C. and Williams, T. M. (2015). Vocal
performance affects metabolic rate in dolphins: implications for animals
communicating in noisy environments. J. Exp. Biol. 218, 1647-1654. doi:10.
1242/jeb.122424

Janik, V. M. (2000). Source levels and the estimated active space of bottlenose
dolphin (Tursiops truncatus) whistles in the Moray Firth, Scotland. J. Comp.
Physiol. A 186, 673-680. doi:10.1007/s003590000120

Janik, V. M. (2014). Cetacean vocal learning and communication. Curr. Opin.
Neurobiol. 28, 60-65. doi:10.1016/j.conb.2014.06.010

Janik, V. M., Sayigh, L. S. and Wells, R. S. (2006). Signature whistle shape
conveys identity information to bottlenose dolphins. Proc. Natl. Acad. Sci. USA
103, 8293-8297. doi:10.1073/pnas.0509918103

Jensen, F. H., Bejder, L., Wahlberg, M., Aguilar de Soto, N. A., Johnson, M. and
Madsen, P. T. (2009). Vessel noise effects on delphinid communication. Mar.
Ecol. Prog. Ser. 395, 161-175. doi:10.3354/meps08204

Jensen, F. H., Beedholm, K., Wahlberg, M., Bejder, L. and Madsen, P. T. (2012).
Estimated communication range and energetic cost of bottlenose dolphin whistles
in a tropical habitat. J. Acoust. Soc. Am. 131, 582-592. doi:10.1121/1.3662067

Johnson, M., Madsen, P. T., Zimmer, W. M. X., de Soto, N. A. and Tyack, P. L.
(2004). Beaked whales echolocate on prey. Proc. R. Soc. B Biol. Sci. 271,
S383-S386. doi:10.1098/rsbl.2004.0208

Kellogg, W. N. (1958). Echo ranging in the porpoise: perception of objects by
reflected sound is demonstrated for the first time in marine animals. Science 128,
982-988. doi:10.1126/science.128.3330.982

Kragh, I. M., McHugh, K., Wells, R. S., Sayigh, L. S., Janik, V. M., Tyack, P. L. and
Jensen, F. H. (2019). Signal-specific amplitude adjustment to noise in common
bottlenose dolphins (Tursiops truncatus). J. Exp. Biol. 222, jeb216606. doi:10.
1242/jeb.216606

Kuznetsova, A., Brockhoff, P. B. and Christensen, R. H. B. (2017). ImerTest
package: tests in linear mixed effects models. J. Stat. Softw. 82, 1-26. doi:10.
18637/jss.v082.i13

Littell, R. C., Henry, P. R. and Ammerman, C. B. (1998). Statistical analysis of
repeated measures data using SAS procedures. J. Anim. Sci. 76, 1216-1231.
doi:10.2527/1998.7641216x

Luke, S. G. (2017). Evaluating significance in linear mixed-effects models in R.
Behav. Res. Methods 49, 1494-1502. doi:10.3758/s13428-016-0809-y

Madsen, P. T. (2005). Marine mammals and noise: problems with root mean square
sound pressure levels for transients. J. Acoust. Soc. Am. 117, 3952-3957. doi:10.
1121/1.1921508

Madsen, P. T. and Wahlberg, M. (2007). Recording and quantification of ultrasonic
echolocation clicks from free-ranging toothed whales. Deep-Sea Res. Part |
Oceanogr. Res. Pap. 54, 1421-1444. doi:10.1016/j.dsr.2007.04.020

Madsen, P. T., Jensen, F. H., Carder, D. and Ridgway, S. (2012). Dolphin whistles:
a functional misnomer revealed by heliox breathing. Biol. Lett. 8, 211-213. doi:10.
1098/rsbl.2011.0701

Madsen, P. T., Lammers, M., Wisniewska, D. and Beedholm, K. (2013). Nasal
sound production in echolocating delphinids (Tursiops truncatus and Pseudorca
crassidens) is dynamic, but unilateral: clicking on the right side and whistling on
the left side. J. Exp. Biol. 216, 4091-4102. doi:10.1242/jeb.091306

Martin, M. J., Gridley, T., Elwen, S. H. and Jensen, F. H. (2018). Heaviside's
dolphins (Cephalorhynchus heavisidii) relax acoustic crypsis to increase
communication range. Proc. R. Soc. B 285, 20181178. doi:10.1098/rspb.2018.
1178

McLister, J. D. (2001). Physical factors affecting the cost and efficiency of sound
production in the treefrog Hyla versicolor. J. Exp. Biol. 204, 69-80.

Miller, P. J. O., Biassoni, N., Samuels, A. and Tyack, P. L. (2000). Whale songs
lengthen in response to sonar. Nature 405, 903-903. doi:10.1038/35016148

Mooney, T. A., Nachtigall, P. E. and Vlachos, S. (2009). Sonar-induced temporary
hearing loss in dolphins. Biol. Lett. 5, 565-567. doi:10.1098/rsbl.2009.0099

Noren, D. P., Holt, M. M., Dunkin, R. C. and Williams, T. M. (2013). The metabolic
cost of communicative sound production in bottlenose dolphins (Tursiops
truncatus). J. Exp. Biol. 216, 1624-1629. doi:10.1242/jeb.083212

10

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



http://jeb.biologists.org/lookup/doi/10.1242/jeb.212498.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.212498.supplemental
https://doi.org/10.1578/AM.33.1.2007.100
https://doi.org/10.1578/AM.33.1.2007.100
https://doi.org/10.1578/AM.33.1.2007.100
https://doi.org/10.1121/1.392341
https://doi.org/10.1121/1.392341
https://doi.org/10.1121/1.392341
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1098/rsbl.2016.0005
https://doi.org/10.1098/rsbl.2016.0005
https://doi.org/10.1098/rsbl.2016.0005
https://doi.org/10.1038/270433a0
https://doi.org/10.1038/270433a0
https://doi.org/10.1121/1.3676694
https://doi.org/10.1121/1.3676694
https://doi.org/10.1121/1.3676694
https://doi.org/10.1121/1.3676694
https://doi.org/10.1111/j.1748-7692.2004.tb01189.x
https://doi.org/10.1111/j.1748-7692.2004.tb01189.x
https://doi.org/10.1111/j.1748-7692.2004.tb01189.x
https://doi.org/10.1016/0003-3472(95)80177-4
https://doi.org/10.1016/0003-3472(95)80177-4
https://doi.org/10.1016/0003-3472(95)80177-4
https://doi.org/10.1093/beheco/art086
https://doi.org/10.1093/beheco/art086
https://doi.org/10.1093/beheco/art086
https://doi.org/10.3354/meps08402
https://doi.org/10.3354/meps08402
https://doi.org/10.3354/meps08402
https://doi.org/10.3354/meps08402
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3%3C223::AID-JMOR1%3E3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3%3C223::AID-JMOR1%3E3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3%3C223::AID-JMOR1%3E3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4687(199606)228:3%3C223::AID-JMOR1%3E3.0.CO;2-3
https://doi.org/10.14430/arctic2291
https://doi.org/10.14430/arctic2291
https://doi.org/10.14430/arctic2291
https://doi.org/10.3354/meps11231
https://doi.org/10.3354/meps11231
https://doi.org/10.3354/meps11231
https://doi.org/10.3354/meps11231
https://doi.org/10.1006/anbe.1998.0746
https://doi.org/10.1006/anbe.1998.0746
https://doi.org/10.1006/anbe.1998.0746
https://doi.org/10.1038/nature01030
https://doi.org/10.1038/nature01030
https://doi.org/10.1038/nature01030
https://doi.org/10.1121/1.4830621
https://doi.org/10.1121/1.4830621
https://doi.org/10.1121/1.4830621
https://doi.org/10.1121/1.4883598
https://doi.org/10.1121/1.4883598
https://doi.org/10.1121/1.4883598
https://doi.org/10.2307/4088511
https://doi.org/10.2307/4088511
https://doi.org/10.1016/j.marpolbul.2015.12.007
https://doi.org/10.1016/j.marpolbul.2015.12.007
https://doi.org/10.1016/j.marpolbul.2015.12.007
https://doi.org/10.1242/jeb.023655
https://doi.org/10.1242/jeb.023655
https://doi.org/10.1242/jeb.023655
https://doi.org/10.1242/jeb.023655
https://doi.org/10.1242/jeb.023655
https://doi.org/10.3389/fphys.2014.00013
https://doi.org/10.3389/fphys.2014.00013
https://doi.org/10.3389/fphys.2014.00013
https://doi.org/10.1242/jeb.119149
https://doi.org/10.1242/jeb.119149
https://doi.org/10.1242/jeb.119149
https://doi.org/10.1242/jeb.192211
https://doi.org/10.1242/jeb.192211
https://doi.org/10.1242/jeb.192211
https://doi.org/10.1242/jeb.192211
https://doi.org/10.1242/jeb.192211
https://doi.org/10.1121/1.407764
https://doi.org/10.1121/1.407764
https://doi.org/10.1121/1.407764
https://doi.org/10.3390/e11040888
https://doi.org/10.3390/e11040888
https://doi.org/10.3390/e11040888
https://doi.org/10.1038/s41598-019-51619-6
https://doi.org/10.1038/s41598-019-51619-6
https://doi.org/10.1038/s41598-019-51619-6
https://doi.org/10.1098/rsbl.2018.0484
https://doi.org/10.1098/rsbl.2018.0484
https://doi.org/10.1098/rsbl.2018.0484
https://doi.org/10.1016/0300-9629(95)02132-9
https://doi.org/10.1016/0300-9629(95)02132-9
https://doi.org/10.1016/0300-9629(95)02132-9
https://doi.org/10.1121/1.3040028
https://doi.org/10.1121/1.3040028
https://doi.org/10.1121/1.3040028
https://doi.org/10.1242/jeb.122424
https://doi.org/10.1242/jeb.122424
https://doi.org/10.1242/jeb.122424
https://doi.org/10.1242/jeb.122424
https://doi.org/10.1007/s003590000120
https://doi.org/10.1007/s003590000120
https://doi.org/10.1007/s003590000120
https://doi.org/10.1016/j.conb.2014.06.010
https://doi.org/10.1016/j.conb.2014.06.010
https://doi.org/10.1073/pnas.0509918103
https://doi.org/10.1073/pnas.0509918103
https://doi.org/10.1073/pnas.0509918103
https://doi.org/10.3354/meps08204
https://doi.org/10.3354/meps08204
https://doi.org/10.3354/meps08204
https://doi.org/10.1121/1.3662067
https://doi.org/10.1121/1.3662067
https://doi.org/10.1121/1.3662067
https://doi.org/10.1098/rsbl.2004.0208
https://doi.org/10.1098/rsbl.2004.0208
https://doi.org/10.1098/rsbl.2004.0208
https://doi.org/10.1126/science.128.3330.982
https://doi.org/10.1126/science.128.3330.982
https://doi.org/10.1126/science.128.3330.982
https://doi.org/10.1242/jeb.216606
https://doi.org/10.1242/jeb.216606
https://doi.org/10.1242/jeb.216606
https://doi.org/10.1242/jeb.216606
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.2527/1998.7641216x
https://doi.org/10.2527/1998.7641216x
https://doi.org/10.2527/1998.7641216x
https://doi.org/10.3758/s13428-016-0809-y
https://doi.org/10.3758/s13428-016-0809-y
https://doi.org/10.1121/1.1921508
https://doi.org/10.1121/1.1921508
https://doi.org/10.1121/1.1921508
https://doi.org/10.1016/j.dsr.2007.04.020
https://doi.org/10.1016/j.dsr.2007.04.020
https://doi.org/10.1016/j.dsr.2007.04.020
https://doi.org/10.1098/rsbl.2011.0701
https://doi.org/10.1098/rsbl.2011.0701
https://doi.org/10.1098/rsbl.2011.0701
https://doi.org/10.1242/jeb.091306
https://doi.org/10.1242/jeb.091306
https://doi.org/10.1242/jeb.091306
https://doi.org/10.1242/jeb.091306
https://doi.org/10.1098/rspb.2018.1178
https://doi.org/10.1098/rspb.2018.1178
https://doi.org/10.1098/rspb.2018.1178
https://doi.org/10.1098/rspb.2018.1178
https://doi.org/10.1038/35016148
https://doi.org/10.1038/35016148
https://doi.org/10.1098/rsbl.2009.0099
https://doi.org/10.1098/rsbl.2009.0099
https://doi.org/10.1242/jeb.083212
https://doi.org/10.1242/jeb.083212
https://doi.org/10.1242/jeb.083212

RESEARCH ARTICLE

Journal of Experimental Biology (2020) 223, jeb212498. doi:10.1242/jeb.212498

Noren, D. P., Holt, M. M., Dunkin, R. C. and Williams, T. M. (2017). Echolocation is
cheap for some mammals: dolphins conserve oxygen while producing high-
intensity clicks. J. Exp. Mar. Biol. Ecol. 495, 103-109. doi:10.1016/j.jembe.2017.
07.002

Oberweger, K. and Goller, F. (2001). The metabolic cost of birdsong production.
J. Exp. Biol. 204, 3379-3388.

Ophir, A. G., Schrader, S. B. and Gillooly, J. F. (2010). Energetic cost of calling:
general constraints and species-specific differences. J. Evol. Biol. 23, 1564-1569.
doi:10.1111/j.1420-9101.2010.02005.x

Parks, S. E., Clark, C. W. and Tyack, P. L. (2007). Short- and long-term changes in
right whale calling behavior: the potential effects of noise on acoustic
communication. J. Acoust. Soc. Am. 122, 3725-3731. doi:10.1121/1.2799904

Payne, R. and Webb, D. (1971). Orientation by means of long range acoustic
signaling in baleen whales. Ann. N. Y. Acad. Sci. 188, 110-141. doi:10.1111/j.
1749-6632.1971.tb13093.x

Pirotta, E., Booth, C. G., Costa, D. P., Fleishman, E., Kraus, S. D., Lusseau, D.,
Moretti, D., New, L. F., Schick, R. S., Schwarz, L. K. et al. (2018). Understanding
the population consequences of disturbance. Ecol. Evol. 8, 9934-9946. doi:10.
1002/ece3.4458

Prestwich, K. N., Brugger, K. E. and Topping, M. (1989). Energy and
communication in three species of hylid frogs: power input, power output and
efficiency. J. Exp. Biol. 144, 53-80.

Quanjer, P. H., Tammeling, G. J., Cotes, J. E., Pedersen, O. F., Peslin, R. and
Yernault, J.-C. (1993). Lung-volumes and forced ventilatory flows. Report
working party standardization of lung-function tests. European-community for
steel and coal. Official statement of the European respiratory society. Eur. Respir.
J. 6, 5-40. doi:10.1183/09041950.005s1693

Rendell, L. E. and Gordon, J. C. D. (1999). Vocal response of long-finned pilot
whales (Globicephala melas) to military sonar in the Ligurian Sea. Mar. Mamm.
Sci. 15, 198-204. doi:10.1111/j.1748-7692.1999.tb00790.x

Ridgway, S. H. and Carder, D. A. (1988). Nasal pressure and sound production in
an echolocating white whale, delphinapterus leucas. In Animal Sonar: Processes
and Performance (ed. P. E. Nachtigall and P. W. B. Moore), pp. 53-60. Boston,
MA: Springer US.

Roian Egnor, S. E. and Hauser, M. D. (2006). Noise-induced vocal modulation in
cotton-top tamarins (Saguinus oedipus). Am. J. Primatol. 68, 1183-1190. doi:10.
1002/ajp.20317

Ruben, J. (1995). The evolution of endothermy in mammals and birds: from
physiology to fossils. Annu. Rev. Physiol. 57, 69-95. doi:10.1146/annurev.ph.57.
030195.000441

Russell, B. A., Cerny, F. J. and Stathopoulos, E. T. (1998). Effects of varied vocal
intensity on ventilation and energy expenditure in women and men. J. Speech
Lang. Hear. Res. 41, 239-248. doi:10.1044/jslhr.4102.239

Ryan, M. J. (1985). Energetic efficiency of vocalization by the frog Physalaemus
pustulosus. J. Exp. Biol. 116, 47-52.

Scheifele, P. M., Andrew, S., Cooper, R. A,, Darre, M., Musiek, F. E. and Max, L.
(2005). Indication of a Lombard vocal response in the St. Lawrence River beluga.
J. Acoust. Soc. Am. 117, 1486-1492. doi:10.1121/1.1835508

Sgrensen, P. M., Wisniewska, D. M., Jensen, F. H., Johnson, M., Teilmann, J.
and Madsen, P. T. (2018). Click communication in wild harbour porpoises
(Phocoena phocoena). Sci. Rep. 8, 9702. doi:10.1038/s41598-018-28022-8

Southall, B. L., Bowles, A. E., Ellison, W. T., Finneran, J. J., Gentry, R. L.,
Greene, C. R,, Kastak, D., Ketten, D. R., Miller, J. H., Nachtigall, P. E. et al.
(2007). Marine mammal noise exposure criteria: initial scientific
recommendations. Aquat. Mamm. 33, 411-521. doi:10.1578/AM.33.4.2007.411

Taigen, T. L. and Wells, K. D. (1985). Energetics of vocalization by an anuran
amphibian (Hyla versicolor). J. Comp. Physiol. B—Biochem. Syst. Envir. Physiol.
155, 163-170. doi:10.1007/BF00685209

Thomas, R. J. (2002). The costs of singing in nightingales. Anim. Behav. 63,
959-966. doi:10.1006/anbe.2001.1969

Titze, I. R. and Riede, T. (2010). A cervid vocal fold model suggests greater glottal
efficiency in calling at high frequencies. PLoS Comput. Biol. 6, €1000897. doi:10.
1371/journal.pcbi.1000897

Urick, R. J. (1983). Principles of Underwater Sound. Los Altos, CA: Peninsula
Publishing.

van der Hoop, J. M., Fahlman, A., Shorter, K. A., Gabaldon, J., Rocho-Levine,
J., Petrov, V. and Moore, M. J. (2018). Swimming energy economy in bottlenose
dolphins under variable drag loading. Front. Mar. Sci. 5, 465. doi:10.3389/fmars.
2018.00465

Ward, S. (2004). Singing is not energetically demanding for pied flycatchers,
Ficedula hypoleuca. Behav. Ecol. 15, 477-484. doi:10.1093/beheco/arh038

Ward, S. and Slater, P. J. B. (2005). Heat transfer and the energetic cost of singing
by canaries Serinus canaria. J. Comp. Physiol. A Sens. Neural Behav. Physiol.
191, 953-964. doi:10.1007/s00359-005-0022-4

Ward, S., Speakman, J. R. and Slater, P. J. B. (2003). The energy cost of song in
the canary, Serinus canaria. Anim. Behav. 66, 893-902. doi:10.1006/anbe.2003.
2250

Wells, K. D. and Taigen, T. L. (1989). Calling energetics of a neotropical treefrog,
Hyla microcephala. Behav. Ecol. Sociobiol. 25, 13-22. doi:10.1007/BF00299706

Williams, R., Lusseau, D. and Hammond, P. S. (2006). Estimating relative
energetic costs of human disturbance to killer whales (Orcinus orca). Biol.
Conserv. 133, 301-311. doi:10.1016/j.biocon.2006.06.010

Wisniewska, D. M., Johnson, M., Teilmann, J., Siebert, U., Galatius, A., Dietz, R.
and Madsen, P. T. (2018). High rates of vessel noise disrupt foraging in wild
harbour porpoises (Phocoena phocoena). Proc. R. Soc. B 285, 20172314. doi:10.
1098/rspb.2017.2314

11

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


https://doi.org/10.1016/j.jembe.2017.07.002
https://doi.org/10.1016/j.jembe.2017.07.002
https://doi.org/10.1016/j.jembe.2017.07.002
https://doi.org/10.1016/j.jembe.2017.07.002
https://doi.org/10.1111/j.1420-9101.2010.02005.x
https://doi.org/10.1111/j.1420-9101.2010.02005.x
https://doi.org/10.1111/j.1420-9101.2010.02005.x
https://doi.org/10.1121/1.2799904
https://doi.org/10.1121/1.2799904
https://doi.org/10.1121/1.2799904
https://doi.org/10.1111/j.1749-6632.1971.tb13093.x
https://doi.org/10.1111/j.1749-6632.1971.tb13093.x
https://doi.org/10.1111/j.1749-6632.1971.tb13093.x
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1002/ece3.4458
https://doi.org/10.1183/09041950.005s1693
https://doi.org/10.1183/09041950.005s1693
https://doi.org/10.1183/09041950.005s1693
https://doi.org/10.1183/09041950.005s1693
https://doi.org/10.1183/09041950.005s1693
https://doi.org/10.1111/j.1748-7692.1999.tb00790.x
https://doi.org/10.1111/j.1748-7692.1999.tb00790.x
https://doi.org/10.1111/j.1748-7692.1999.tb00790.x
https://doi.org/10.1002/ajp.20317
https://doi.org/10.1002/ajp.20317
https://doi.org/10.1002/ajp.20317
https://doi.org/10.1146/annurev.ph.57.030195.000441
https://doi.org/10.1146/annurev.ph.57.030195.000441
https://doi.org/10.1146/annurev.ph.57.030195.000441
https://doi.org/10.1044/jslhr.4102.239
https://doi.org/10.1044/jslhr.4102.239
https://doi.org/10.1044/jslhr.4102.239
https://doi.org/10.1121/1.1835508
https://doi.org/10.1121/1.1835508
https://doi.org/10.1121/1.1835508
https://doi.org/10.1038/s41598-018-28022-8
https://doi.org/10.1038/s41598-018-28022-8
https://doi.org/10.1038/s41598-018-28022-8
https://doi.org/10.1578/AM.33.4.2007.411
https://doi.org/10.1578/AM.33.4.2007.411
https://doi.org/10.1578/AM.33.4.2007.411
https://doi.org/10.1578/AM.33.4.2007.411
https://doi.org/10.1007/BF00685209
https://doi.org/10.1007/BF00685209
https://doi.org/10.1007/BF00685209
https://doi.org/10.1006/anbe.2001.1969
https://doi.org/10.1006/anbe.2001.1969
https://doi.org/10.1371/journal.pcbi.1000897
https://doi.org/10.1371/journal.pcbi.1000897
https://doi.org/10.1371/journal.pcbi.1000897
https://doi.org/10.3389/fmars.2018.00465
https://doi.org/10.3389/fmars.2018.00465
https://doi.org/10.3389/fmars.2018.00465
https://doi.org/10.3389/fmars.2018.00465
https://doi.org/10.1093/beheco/arh038
https://doi.org/10.1093/beheco/arh038
https://doi.org/10.1007/s00359-005-0022-4
https://doi.org/10.1007/s00359-005-0022-4
https://doi.org/10.1007/s00359-005-0022-4
https://doi.org/10.1006/anbe.2003.2250
https://doi.org/10.1006/anbe.2003.2250
https://doi.org/10.1006/anbe.2003.2250
https://doi.org/10.1007/BF00299706
https://doi.org/10.1007/BF00299706
https://doi.org/10.1016/j.biocon.2006.06.010
https://doi.org/10.1016/j.biocon.2006.06.010
https://doi.org/10.1016/j.biocon.2006.06.010
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.1098/rspb.2017.2314

Journal of Experimental Biology: doi:10.1242/jeb.212498: Supplementary information

Frequency (kHz)
SRS

S O

—_ =
NS

Frequency (kHz)

~ o o O

Tt4560

Frequency (kHz)
o

S~ o =

Figure S1 — Example spectrograms of whistles from the three study animals. Each dolphin produced whistles with unique
frequency modulation pattern. The whistles are highly stereotyped, and the fundamental contour was used as part of the validation
process for inclusion in the study. Spectrogram settings FFT size 1024, 95% overlap.
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