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  Many species respond to increases in environmental noise by increasing the amplitude, duration, and/or repetition rate of their vocalizations.
Potential costs of noise-induced vocal modifications include increased energetic costs but no empirical data in marine mammals exist. This
study's objective was to compare the metabolic costs of communicative sounds produced by captive bottlenose dolphins (N=2) under two
conditions (low- and high-amplitude vocalization trials) to assess energetic costs of vocal responses to noise. An experimental trial consisted of
a 10-min rest period to determine resting metabolic rate, followed by a two-minute vocalization period, and concluded with another 10-min rest
period to measure recovery. Open-flow respiratory was used to measure oxygen consumption during each trial component. Vocalizations were
recorded using a calibrated hydrophone for analysis. Both dolphins tended to produce longer vocalizations during high-amplitude trials. Thus,
metabolic rates were related to total sound energy of all vocalizations produced during the vocal period for each trial. Metabolic costs tended to
be higher during high sound energy trials, but only verged on statistical significance when vocal-performance differences were at least 10 dB
(in cumulative sound exposure level). This study provides key data to assess biological consequences of anthropogenic noise exposure in
marine mammals.
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BACKGROUND

Many species rely on sound for reproductive behavior and prey-predator interactions.  Noise that disrupts the use 
of these sounds may have effects on the survival and reproduction of an individual.  Animals often respond to 
increases in environmental noise by increasing the amplitude, duration, and/or repetition rate of vocalizations
important for communication. Potential biological costs of noise-induced vocal modifications include energetic, 
behavioral and ecological costs.  Energetic costs result from potential increases in metabolic rate and changes in 
activity budgets, and behavioral and ecological costs might arise from the modification of sounds that result in sub-
optimal signals within animal communication systems.  Understanding these biological costs is needed to inform the 
conservation needs of animals living in noise-polluted environments.  

Marine mammals rely on sound in the ocean where increased noise from human sources is a concern.  Vocal 
modification in response to increased noise has been well-documented in a variety of marine mammal species
(Miller et al., 2000; Buckstaff, 2004; Holt et al., 2009; Parks et al. 2011).  However, costs of such responses, 
particularly energetic costs of signaling louder, longer and/or more often have not been empirically explored in these 
animals. Generalizing the limited data available on metabolic costs of vocal changes in terrestrial species (e.g.,
Oberweger and Goller, 2001) is likely inappropriate given differences in physiology and sound production 
mechanisms in marine mammals.  This study’s objective was to compare the metabolic costs of communicative 
sounds produced by captive bottlenose dolphins (N=2) under varying vocal performance to assess energetic costs of 
noise-induced vocal modification.

METHODS

Two male Atlantic bottlenose dolphins, Dolphin A (age 32) and Dolphin B (age 26), served as subjects of the 
study. They were maintained in outdoor pools at Long Marine Laboratory in Santa Cruz, California (USA). Each 
dolphin was trained, using positive reinforcement techniques, to rest and produce vocalizations on command under a 
metabolic hood to measure oxygen consumption. Subject participation was voluntary such that the dolphin could 
exit the metabolic hood at anytime. Experimental trials consisted of three consecutive phases: 1) a 10-min pre-vocal 
rest period to determine resting metabolic rate (RMR), 2) a 2-min vocal period when the dolphin was given a 
vocalization cue from the trainer, and 3) a post-vocal recovery period that lasted at least 10 min or until oxygen 
consumption appeared to return to resting values.  Trials were conducted with each dolphin separately after an 
overnight fast.  The dolphin was rewarded with food after completing the entire trial.    

Each subject was consistent with the type of sound he produced during trials but the sound type differed between 
subjects.  One dolphin produced whistles and the other produced squawks during the trial, as illustrated in the 
spectrograms of Figure 1.  Training to facilitate differences in vocal performance between trials within a subject 
involved the use of two different discriminative cues, one for low amplitude sound production and the other for
higher amplitude sound production.  The goal was for higher amplitude sounds to be +10 dB (of the same sound 
type within a subject) relative to lower amplitude sounds.  Only one training cue (to produce either low or high 
amplitude sounds) was given during the vocal period of a given trial. Sound production during a trial was 
acoustically monitored in real-time and recorded using a Reson TC-4013 hydrophone that was molded in a suction 
cup for contact.  The contact hydrophone was placed on the melon of the dolphin in a precise, repeatable manner 
before each trial began.  The hydrophone was connected to a Reson VP2000 preamplifier, and the output was fed 
into a data acquisition device (MOTU Traveler) that digitized the incoming signal at 96 kHz.  Acoustic recordings
were made using Ishmael software (Mellinger, 2001) and stored on a PC laptop for later analysis.  

During a trial, oxygen consumption was measured via flow-through respirometry using a Field Metabolic System 
(FMS model, Stable Systems International).  Air was pulled through a metabolic hood at 300L min-1 and a sub-
sample of the excurrent air was dried (Drierite) and scrubbed of CO2 (Barilyme) before entering the calibrated 
oxygen analyzer (Sable Systems International).  Equation 4b in Withers (1977) was used to calculate metabolic rate 
for each component of the metabolic trial (pre-vocal, vocal, post-vocal). For each trial, RMR was calculated by 
averaging the most level 5 min segment of the baseline period, excluding the first two minutes after the dolphin 
swam into the hood.  Metabolic rates during vocalizations (vocal MRs) were calculated by averaging oxygen 
consumption during the 2-min vocal period.  Because there is a period of recovery associated with an increase in 
metabolic rate, the mean metabolic rate for the 2 min immediately following the vocal period were also analyzed 
(post-vocal MR).  Vocal and post-vocal MRs were then compared to the baseline RMR for that trial to determine the 
mean increase in metabolic rate during and immediately following the vocalization period. In addition, the total 
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metabolic cost of sound production above resting (in mL O2) and total recovery duration (min) were also determined
as in Noren et al. (in press).

Recordings of sounds produced during the vocal period of each trial were analyzed using Avisoft SASLab Pro 
(v.5.1.17; Avisoft Bioacoustics) to compare vocal performance across trials.  Start and end time, duration, received
acoustic pressure and received acoustic energy were calculated for each vocalization.  From these measurements, the 
number of vocalizations, mean duration (in sec), mean received sound pressure level (SPL in dB re 1 µPa) and 
cumulative sound energy level (SEL in dB re 1 µPa2-s) for sound production during the vocal period for each trial
were calculated. Due to the metabolic requirements of the study, source levels of vocalizations could not be 
measured because sounds were produced under a reverberant hood at the air-water interface and recorded from a 
contact hydrophone. Received levels reported here were measured to compare vocalization performance across
trials and relate these measures to metabolic costs. It is likely that received levels reported in the study are 
underestimates of entirely water propagated signals.  Linear regression analysis was performed to determine the 
relationship between metabolic performance and vocal performance for each dolphin separately, given that they 
produced two different sound types.

FIGURE 1. Spectrograms of sounds made during the vocal period of a trial by Dolphin A (upper panel) and Dolphin B (lower 
panel).

RESULTS AND DISCUSSION

Although the intent was to train both dolphins to only change the loudness of their vocalizations between trial 
types, both tended to produce longer vocalizations when the “loud” cue was given.  Dolphin A also produced more 
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vocalizations during “loud trials” while Dolphin B produced fewer, on average.  Thus, metabolic measurements 
were related to total sound energy or cumulative sound energy level (SEL in dB re 1 µPa2-s) of vocal production. A
total of 27 and 29 trials were included in the analysis for Dolphin A and B, respectively.  The total metabolic cost of 
vocalization ranged from 382.5 to 2600.5 mLO2 for Dolphin A and from 506.0 to 4086.8 mLO2 for Dolphin B. In 
general, SEL was higher and the range was greater in Dolphin B relative to Dolphin A. The percentage increase in 
metabolic rates over RMR during the 2-min following the vocal period significantly increased in Dolphin A as SEL 
increased.  The percentage increase in metabolic rates over RMR during the vocal period and total metabolic cost 
had a tendency to increase as SEL increased in Dolphin A but these results were not significant. The lack of 
statistical significance in these cases was likely due to a restricted range of vocal performance in this subject. In 
contrast, the percentage increase in metabolic rates over RMR during the vocal period, the 2-min following the vocal 
period, and total metabolic cost significantly increased as SEL increased in Dolphin B. Total recovery duration did 
not change with increasing SEL in either subject.  This study provides the first experimental evidence of metabolic 
consequences of vocal modifications in a marine mammal species. Our findings provide new evidence of a 
metabolic cost associated with increases in the acoustic energy of communicative sounds produced by dolphins.  
Increases in acoustic energy are a consequence of increasing the amplitude and/or duration of sounds produced 
which are consistent with behavioral modifications in noise in free-ranging animals.  Energetic and biological 
consequences on the individual level are, in turn, discussed to understand potential negative effects.  This study 
provides novel findings that contribute to improved understanding of the biological effects of vocal modifications in 
noise to address conservation needs of animals that rely on acoustic communication for fundamental life functions.
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